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Abstract

Climate-driven range expansion of ecosystem-defining foundation species can have wide-
reaching ecological consequences. Expansion may also result in mating system changes in these
foundation species because of the ecological characteristics of range margins, such as greater
conspecific isolation and reduced pollinator availability. It is important to understand how

mating systems may change during expansion due to their direct influence on intraspecific
genetic and demographic dynamics. Here, we used 12 microsatellite loci to genotype progeny
arrays of the neotropical black mangro®ei¢ennia germinans) at six collection sites (n = 23

maternal trees; 1,612 genotyped propagules) along a latitudinal gradient towards a northern
distributional limit on the Atlantic coast of Florida, USA (27.56 — 3tN) 1where mangroves

have expanded into salt marsh over the past several decades. We assessed mating system
variation at three spatial scales. First, at the species-distribution level, published outcrossing rates

for tropical conspecifics were more than two times higher than those for subtropical Rlorida
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germinans, consistent with reductions in pollinator diversity and in mangrove abundance with
latitude. Second, at the population level, Florida outcrossing rates did not systematically decline
towards the northern range limit, but instead, a more open pollen-dispersal neighbourhood at the
transition from mangrove to salt marsh dominance may elevate outcrossing until conspecific
abundances become too low towards the range limit. Third, at the individual level, outcrossing
increased as conspecific cover increased at the Florida range margin, consistent with density-
dependent plastic shifts in mating system. These findings suggest that ecological structure
influences thé\. germinans mating system at varying spatial scales. Further research needs to
evaluate the effect &. germinans mating system variation on the survival and fitness of

offspring and on the extent of population-level local adaptation at expanding distributional

limits.

Keywords: density-dependent; foundation species; outcrossing; pollinator diversity; range

expansion; self-fertilisation

Introduction

Climate-driven redistributions of species are now commonplace and can lead to important
changes in ecological communities, ecosystem function, and human well-being (Pecl et al.,
2017). For instance, range expansion of ecosystem-defining foundation species (e.g., long-lived
tree and shrub species) can result in entire biome shifts with wide-reaching ecological

consequences (Beck et al., 2011; Pefiuelas and Boada, 2003; Saintilan et al., 2014).

Colonisation of new habitat has long been associated with greater self-fertilisation in plants

(i.e., Baker’'s Law; Baker, 1955) as characteristics of expanding range margins, such as greater
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isolation among conspecifics (Eckert et al., 2010; Ghazoul, 2005) and reductions in pollinator
availability (Kalisz et al., 2004; Moeller et al., 2012; Yin et al., 2016), are known to select for
increased self-fertilisation (Hargreaves and Eckert, 2014). However, adaptive shifts in mating
system are not thought to be general attributes of the expansion of long-lived trees and shrubs
because these species generally maintain outcrossing independent of their environment (Barrett
and Harder, 2017). Instead, density-dependent plastic shifts towards greater self-fertilisation may
occur during initial colonisation (Morgan et al., 2005; Peterson and Kay, 2015), with subsequent
changes post-colonisation as increased conspecific density favours shifts back towards greater
outcrossing (Pannell, 2015). Understanding mating system variation is important because of its
direct influence on genetic and demographic dynamics within a species (Barrett and Harder,

2017 and cites within).

Mangroves are an assortment of intertidal tree and shrub species that are ecologically-
important coastal foundation species (Tomlinson, 1986). Mangroves originate in the tropics and
decline in abundance towards latitudinal range limits that correspond to ecological thresholds in
temperature and/or precipitation (Osland et al., 2017). The pantropicalAy¢cersia consists
of eight species, of which three are found in the Neotropics (Duke, 1992). Of these three
neotropicalAvicennia speciesAvicennia germinans (neotropical black mangrove) is the most
widespread, with a distribution across the tropics and into the subtropics (Lonard et al., 2017).
On the Atlantic coast of Florida (USA), mangroves are the dominant coastal foundation species
at lower latitudes where three mangrove spedegef minans, plusRhizophora mangle and
Laguncularia racemosa) form dense forests, but the higher-latitude mangrove range margin
consists of discrete patches of isolated individuals (almost exclugivgégminans) in a salt

marsh-dominated landscape (Kangas and Lugo, 1990). Lack of extreme winter freezes over the
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past several decades have been linked to proliferation and expan8iaewhinans at this

northern distributional limit (Cavanaugh et al., 2019, 2014; Rodriguez et al., 2016) and further
expansion is forecast with climate change (Cavanaugh et al., 2019, 2015). This ongoing shift
from salt marsh to mangrove dominance at this expanding range margin will presumably lead to
significant changes in ecosystem structure and services essential to human well-being, including
nutrient storage, storm protection, and habitat availability for certain fauna (Doughty et al., 2017,

2016; Kelleway et al., 2017; Osland et al., 2018; Simpson et al., 2019).

Avicennia germinans is hermaphroditic with clusters of white flowers (each with one stigma
and four stamens) on axillary or terminal inflorescences (Lonard et al., 2017), and is recognised
as predominantly outcrossed via insect pollination (Tomlinson, 1986). However, higher-latitude
mangroves may encounter far less diverse sets of pollinators than their tropical conspecifics
(Hermansen et al., 2014b). Few pollination studies exigi.fgerminans, but those that do
demonstrate greater pollinator diversity at lower latitudes (Sanchez-Nufiez and Mancera-Pineda,
2012) compared to higher latitudes (Landry, 2013). Consistent with this latitudinal decline in
pollinator diversity, indirect genetic evidence (via inbreeding coefficiepfsstipports
predominant outcrossing MW germinans populations closer to the range centre of this species
(Cerdn-Souza et al., 2012; Mori et al., 2015; Nettel et al., 2008; Odwala et al., 2019; but,
see Salas-Leiva et al., 2009), with observations of elevated inbreeding towards range limits
(Kennedy et al., 2020a; Mori et al., 2015; Ochdavala et al., 2019). Direct evidence via
progeny arrays witl\. germinans in Mexico also supports predominant outcrossing closer to the
range centre (Nettel-Hernanz et al., 2013), but we still lack equivalent direct estimates of mating

system toward#. germinans distributional limits.
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Here, we used progeny arrays to estinfatger minans outcrossing rates at six collection
sites along a latitudinal gradient towards the expanding northern distributional limit of this
species on the Atlantic coast of Florida. We then assessed variation in mating system (i.e.,
outcrossing versus self-fertilisation rates; Neal and Anderson, 2005) at three spatial scales. First,
at the species-distribution level, we compared published outcrossing rates based on progeny
arrays from tropical conspecifics to rates observed here for subtrépgaiminans. Second, at
the population level, we assessed whether outcrossing rates decreased along the Florida
latitudinal gradient that reaches the northern range limit of this species. Third, at the individual
level, we assessed whether conspecific cover influences outcrossing rates of individual trees at
the expanding range margin. We tested the following predictions: (1) outcrossing rates will
decline from the tropics to subtropics; (2) population-level outcrossing rates will decline along
the latitudinal gradient in Florida; (3) tree-level outcrossing rates will increase as conspecific

cover increases at the Florida range margin.

M aterials and methods
2.1 Collection sites and sampling methods

On 7-8 October 2017, we collected ~100 propagules from and recorded GPS coordinates for
each of 30 maternal trees at six collection sites (n = 5 trees per site) along a latitudinal gradient
(27.56 — 30.0N) on the Atlantic coast of Florida. We systematically collected propagules from
around the entire canopy of each maternal tree. A leaf was also collected from each maternal tree
and dehydrated in silica gel to obtain maternal genotypes. Atlantic Florida mangroves are
replaced by salt marsh as the dominant coastal foundation species at approxinfately 29

(Spalding et al., 2010). Our three most southern collection sites (27.56 2\D887 areas
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within the A. germinans continuous range core where mangroves are the dominant coastal
foundation species; whereas, our three most northern collection sites (29.41°NB3ar6areas

at theA. germinans range margin where salt marsh species are dominam. gedminans exists

as discrete patches of isolated individuals (Fig. 1). Population genetic data for each of these
collection sites was previously collected in 2015 (Table 1; Kennedy et al., 2020a). All
propagules from an individual tree were kept together in one plastic bag during field collections.
Propagules that were eventually genotyped had their pericarps removed and were stot€d at -20

until DNA extraction.

Our study design reflects two principal factors: (1) Atlantic FloAdger minans exhibits a
considerable reduction in genetic variation towards the northern distributional limit (Kennedy et
al., 2020a) and (2) limited polymorphism can restrict our ability to detect differences using
molecular markers (Arnaud-Haond et al., 2005). We were concerned that reduced genetic
variation may inhibit our ability to quantify reliable outcrossing rates and, as such, we needed to
focus more sampling effort on the number of offspring per tree. This concern proved valid, as we
determined that a relatively large number of offspring were needed to obtain reliable tree-level
outcrossing estimates (s28 Descriptive analyses). Hence, for practical reasons, we were
limited in the number of sampled maternal trees that could be included in this study. We
included 23 maternal trees. From south to north, we genotyped progeny arrays fromn =5, 2, and
2 maternal trees at each of the three range-core sites, and n = 4, 5, and 5 maternal trees at each of
the three range-margin sites (Table 1). We focussed more effort on the range-margin sites to
better address our third prediction (i.e., tree-level outcrossing rates will increase as conspecific
cover increases at the range margin). Although only two maternal trees were analysed at two of

the range-core sites, we attempted to capture variation across as large of an area as possible.



136  These two forest patches (code: MH, U; Table 1) extend for approximately 2.3 and 3.9 km,
137  respectively, along the adjacent river channel, and we selected trees that were separated by 1.3

138 and 1.2 km, respectively (i.e., 56% and 31% of the linear extent of these collection sites).

139
(b)
30°N -
29°N -
28°N -
27°N -
81°W 80°W
140

141  Fig. 1. Six collection sites along a latitudinal gradient (27.56 — 38{pan the Atlantic coast of
142  Florida (USA) forAvicennia germinans progeny arrays. (a) The three most southern sites (blue
143  circles) are areas within the continuous range core of this species, where mangroves are the

144  dominant coastal foundation species. The three most northern collection sites (red circles) are
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areas at the range margin of this species, where salt marsh species are dom#kant and
germinans exists in discrete patches. Mangrove distribution is shown in green (Giri et al., 2011).

(b, c) Representative picture of range-margin and range-core community structure, respectively.

2.2 DNA isolation and microsatellite genotyping

For leaves from the 23 maternal trees, genomic DNA was isolated from 20 mg of dry tissue with
the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) following the standard protocol, with an
extended incubation of 45 minutes. Trees were genotyped at 12 previously-developed nuclear
microsatellite loci (Ceron-Souza et al., 2012, 2006; Mori et al., 2010; Nettel et al., 2005)
following the protocol outlined in Kennedy et al. (2020a). We performed PCR on a Prime
thermal cycler (Techne, Straffordshire, UK), analysed fragments on an Applied Biosystems 3730
DNA Analyzer (Applied Biosystems, Foster City, California, USA) with LIZ 500 size standard,
and scored alleles in the R-package Fragman (Covarrubias-Pazaran et al., 2016). We amplified
and genotyped DNA from each maternal tree twice to ensure we had the correct multi-locus

genotype.

For each propagule, we removed the cotyledons and extracted DNA from portions of the
hypocotyl and radicle, the eventual stem and root of the germinating seedling. Genomic DNA
from propagules was isolated from 50 mg of frozen hypocotyl/radicle tissue with the DNeasy 96
Plant Kit (Qiagen, Hilden, Germany) following the standard protocol. Subsequent genotyping
steps were identical to those for leaves, but we modified the PCR volumes outlined in Kennedy
et al. (2020a). Each of the two multiplex PCR contained a total volumealoivth 2.5puL

Multiplex PCR Master Mix, 0.nL primer mix, and 3iL of genomic DNA. We also randomly
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re-amplified and re-genotyped 5% of our propagule DNA samples to estimate a study error rate

(Bonin et al., 2004).

2.3 Descriptive analyses: maternal genotypes and sample sizes

We performed a discriminant analysis of principal components (DAPC) (Jombart et al., 2010) in
the R-package adegenet 2.1.1 (Jombart and Ahmed, 2011) as a visual assessment of genetic
differences among the 23 maternal trees. We retained nine principal components, the minimum
number that explained ~90% of the total variance, identified two clusters, and retained three
discriminant functions. We extracted each individual’s coordinates on the two principal axes of

the DAPC (i.e., ind.coord) and plotted them in ggplot2 (Wickham, 2011).

We performed an initial analysis to estimate how many genotyped propagules would be
needed to provide reliable tree-level outcrossing estimates. For each of two trees (code: MH1,
MH3), we genotyped as close to 100 propagules as possible (n = 87, 82, respectively) and
estimated tree-level detectable outcrossing rates with the direct approach outlined befov (see
Outcrossing calculations). We then reduced the number of propagules in the data set by
increments of five (i.e., n = 80, 75, 70, 65, 60, 55, 50, 45) and re-calculated outcrossing rates for
each of these new subsets. This approach enabled us to visualise how outcrossing estimates
changed as sample sizes decreased. Estimates of these subsets remained relatively consistent
with the initial estimates (MH1: 0.6 — 6.8% change; MH3: 2.5 — 9.3% change) griib nvhen
values became more variable (MH1: 7.7 — 13% change; MH3: 16.1 — 43.1% change) (Fig. 2). As
such, we determined that160 propagules per tree should be sufficient to estimate reliable tree-

level outcrossing rates.
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Fig. 2. Initial analysis to estimate an appropriate sample size of propagules to calculate tree-level
outcrossing rates. Systematic reductions in sample size for two trees (MH1, MH3) continued to
provide estimates of detectable outcrossing ratedfiatively consistent with initial estimates

until n< 55 when values became more variable (MH1: 7.7 — 13% change; MH3: 16.1 — 43.1%
change). This threshold is shown with a vertical dashed line. We determinegt6at n

propagules should provide reliable estimates of tree-level outcrossing rates.

2.4 Outcrossing calculations: population-level and tree-level

To assess population-level mating system variation towards the FAoiggeminans range limit,
we calculated multi-locus outcrossing rategg {or each of the six collection sites with the
maximum likelihood-based MLTR (Ritland, 2002). We also calculated levels of biparental

inbreeding (k — t) and we used the proportion of offspring with the same fatj(en)]rto
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calculate the number of effective pollen donors [lm)] for each collection site. We used
default parameters, 500 bootstraps to calculate standard errors, and resampled among individuals

within families.

To assess mating system variation among individual trees, we used a direct approach based
on allelic differences between maternal genotypes and their sampled offspring to calculate
apparent outcrossing rates (Cruzan et al., 1994). First, detectable outcrossing rages (t
calculated as the number of propagules that possessed an allele not present in the maternal
genotype (i.e., detectable outcross event) divided by the number of propagules genotyped.
However, there may also be a percentage of offspring that appear to be the product of self-
fertilisation, but are instead the result of outcrossing to individuals with similar genotypes to the
maternal tree (i.e., undetectable outcross event). Hence, maternal genotypes with high-frequency
alleles in a population will result in greater undetected outcrossing. Using allele frequency data
from each of these six collection sites in 2015 (Kennedy et al., 2020b), we calculated the
probability of an undetectable outcross event [P{o) each of the 23 maternal trees as the
product across loci of the frequencies of each maternal allele within the corresponding collection
site (Cruzan et al., 1994). For each maternal tree, we multiplied its specifioyRiwg number
of propagules that were not identified as outcrossed to obtain an estimate of the number of
potential undetected outcross events. We then calculated apparent outcrossing aatese(t
number of detectable outcross events plus the number of potential undetected outcross events
divided by the number of propagules genotyped. We also estimated these tree-level outcrossing
rates with the maximum likelihood-based MLTR, as described above for population-level

estimates.
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2.5 Estimates of conspecific cover at the range margin

It remains difficult to remotely assess mangrove cover at fragmented range margins (Bunting et
al., 2018). However, mangrove patches within salt marsh can generally be manually identified
with relative ease in satellite images, while also aided by knowledge of the collection site. For
each of the three range-margin collection sites, we manually measured approximate estimates of
area covered withA. germinans within a 10 m radius circle around each maternal tree (n = 14
GPS-referenced trees) with the polygon function in Google Earth Pro 7.3.2.5776. We chose this
size because 10 m was the longest distance that permitted reliable estimates around maternal

trees adjacent to terrestrial hammock forest patches.

2.6 Statistical analyses

We performed all statistical analyses in R v3.4.2 (R Core Team, 2013). To test prediction 1
(decline in outcrossing from tropics to subtropics), we compared mean multi-locus outcrossing
rates (t) for these Florida collection sites (n = 6 sites) to published values for conspecifics in
Mexico (n = 3 sites; Nettel-Hernanz et al., 2013) with a two-sample t-test. To test prediction 2
(decline in outcrossing along the Florida latitudinal gradient), we evaluated the relationship
between  and latitude with a Spearman’s rank correlation (n = 6 sites). To test prediction 3
(increase in outcrossing with increased conspecific cover at the range margin), we evaluated the
effect ofA. germinans cover around each range-margin maternal tree on tree-level apparent
outcrossing ratesgftwith a linear regression (n = 14 trees). We natural log-transfoAned

germinans cover to meet the statistical assumption of normality.
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Results
3.1 Maternal genotypes, sample sizes and study error rate

Each of the 23 maternal trees produced consistent multi-locus genotypes after being amplified
and genotyped a second time. All 23 maternal genotypes were unique, with a range from 1 of 12
to 10 of 12 matching loci, and exhibited a clear separation between range core and margin
genotypes (Fig. 3). We genotyped a total of 1,612 propagules, with a mean sample size per tree
of 70.1 £ 5.3 (SD; range: 64 — 87). We re-amplified and re-genotyped DNA from 87 propagules
(5.4% of all samples) and found an error rate of 0.01% (one error out of 1,044 locus

comparisons). This locus-specific error was removed from the data set.

4_
A
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© . O A
s A O MH
% ) O Moy
of O E = N
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A
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0 °
A ™
-2
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™
10 5 0 5
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Fig. 3. Discriminant analysis of principal components (DAPC) of maternal tree multi-locus
genotypes. All 23 maternal trees possessed unique multi-locus genotypes and exhibited a clear

separation between range core and margin. Open shapes indicate range-core sites (A, Avalon;



262  MH, Maritime Hammock; U, Ulumay); filled shapes indicate range-margin sites (N, North

263  Peninsula; GS, GTM South; GN, GTM North).
264
265 3.2 Population-level mating system variation

266  Population-level multi-locus outcrossing rateg (b Florida ranged from 0.14 + 0.02 (SE) to
267 0.49 £ 0.03 (Table 1). Florida tvere, on average, more than two times lower than published
268  values for tropical conspecifics in Mexico (megrtorida: 0.32, Mexico: 0.71;5=-4.8,p =

269 0.006) (Fig. 4).

270 Population-level outcrossingytdid not systematically decline along the Florida latitudinal
271 gradient (Spearman’s correlationFr-0.20, p = 0.70). Instead, highest and lowest values were
272 observed in range-margin sites (Fig. 4). All collection sites exhibited low levels of biparental
273  inbreeding (h— t=-0.01 — 0.06) (Table 1). MLTR could not calculate the proportion of

274  offspring with the same father,(m)] for one range-margin site (code: GS), presumably because
275  this site exhibited the lowest outcrossing rates (Table 1, 2). Estimapéspivere calculated

276  for all other collection sites and the number of effective pollen donors(fh)] varied from 2.5

277  to 20.4, with the lowest number of pollen donors at the northern range limit (code: GN) and the

278  highest number at the most southern range-margin site (code: N) (Table 1).



279  Table 1 Population-level genetic diversity and mating system parametéssaghnia germinans from six collection sites on the
280  Atlantic coast of Florida (USA). AR, allelic richredHs, unbiased gene diversity; arrays, number of progeny arrays sampled; n, total
281  number of propagules genotyped, multi-locus outcrossing rate; + &, biparental inbreedingy(m), proportion of offspring with the
282 same father; 1 pfm), number of effective pollen donors. Standard error in parentheses. Note: estimsgepfof collection site GS
283 could not be calculatedData from Kennedy et al. (2020a) based on n = 30 adult trees per collection site genotyped at the same 12
284  nuclear microsatellite loci used here.

genetic diversity progeny arrays
Site Code Latitude AR Hs arrays n tm tm- ts rp(m) 1/(m)
Avalon A 275468 3.40 (0.64) 0.42 (0.05) 5 336 0.37 (0.03) 0.03 (0.01) 0.16 (0.04) 6.2
Maritime Hammock ~ MH  27.9566 3.14 (0.48) 0.42 (0.05) 2 169 0.22 (0.04) 0.03 (0.01) 0.17 (0.07) 5.8
Ulumay U 28.3756 2.33 (0.24) 0.31 (0.05) 2 135 0.39 (0.05) -0.01 (0.02) 0.08 (0.12) 13.2
North Peninsula N 29.4096 2.83 (0.61) 0.35 (0.06) 4 277 0.49 (0.03) 0.00 (0.02) 0.05 (0.02) 20.4
GTM South GS 29.7159 2.85 (0.42) 0.40 (0.06) 5 342 0.14 (0.02) 0.02 (0.01) - - -
GTM North GN 30.0144 2.14 (0.29) 0.21 (0.05) 5 353 0.31 (0.02) 0.06 (0.01) 0.41 (0.07) 25

285
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Fig. 4. Population-level multi-locus outcrossing rateg ¢or tropicalAvicennia germinans in
Mexico (Nettel-Hernanz et al., 2013) and subtropfcaerminans in Florida (this study).
FloridaA. germinans mean {, was more than two times smaller than their tropical conspecifics
(ts.8=-4.8, p = 0.006). Outcrossing,(tdid not systematically decline along the Florida
latitudinal gradient ¢=-0.20, p = 0.70). Non-significant correlation is depicted with a dotted
line. A. germinans in Mexico is shown in black, in Florida range core is shown in grey, and in

Florida range margin is shown in white. Populatimorebars are standard error. **, p <0.01.
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3.3 Tree-level mating system variation

Tree-level detectable outcrossing ratgsrénged from 0.05 to 0.58 (Table 2). Probabilities of an
undetectable outcross event were generally lowd®9) and, as such, the number of potential
undetected outcross events was also generally lew4(@) (Table 2). However, there were two
notable exceptions with probabilities of 0.17 ar@P0and a total of 9 and 12 potential
undetected outcross events (tree: GN1, GN4; Tabléh®se two exceptions were trees at the
northern range limit, the least genetically-divessbection site (Table 1). After incorporating
potential undetected outcross events into our caicms, tree-level apparent outcrossing rates
(ty) still ranged from 0.05 to 0.58 (Table 2) and were highly correlated w(ifearson’s
correlation, r = 0.97, p < 0.0001). Tree-level esaties calculated with MLTR were also highly

correlated with bothyt(r = 0.99, p < 0.0001) and(r = 0.97, p < 0.0001).

Conspecific cover at the range margin, measurekeasrea covered by, germinans within
a 10 m radius circle around each range-margin nelténee, varied considerably from 15.5 to
177.4 nf (7 — 57% cover), with highest values at the most southern range-margin site (tree: N2-
5; Table 2). Apparent outcrossing ratgyiftcreased as conspecific cover increasgd {0.46 +
0.20*In(cover), k2= 21.0,p = 0.0006,25dj = 0.61), with a 2% increase in outcrossing with

every 10% increase i germinans cover (nf) (Fig. 5).



311 Table2 Tree-level outcrossing rates and conspecific cover around range-margin trees. n, number
312 of propagules genotyped; tletectable outcrossing rate; F(pyobability of an undetectable

313  outcross event; undetected, number of potentialtectil outcross events, apparent

314  outcrossing rate; coved, germinans cover within a 10 m radius circle around each maternal tree

315 at range-margin sites. Note: cover was not caladifsterange-core collection sites.

316
Tree Latitude Longitude n ty P(uj undetecte ta covel
Al 27.56044  -80.3283C 72 0.3¢ 0.00(¢ 0.C 0.3: -
A2 27.55935  -80.32¢391 67 0.4¢ 0.05( 1.7 0.5Z -
A3 27.55941 -80.32¢857 66 0.4z 0.00z 0.1 0.4< -
A4 27.5587( -80.330114 64 0.1 0.00z 0.2 0.1 -
A5 27.55796€  -80.329:1C 67 0.4z 0.01¢ 0.€ 0.4: -
MH1 27.9507z -8051509: 87 0.2¢ 0.00¢< 0.2 0.2¢ -
MH3 27.95081 -80.50904 82 0.2C 0.001 0.1 0.2C -
U3 28.37227¢ -80.68440. 70 0.28 0.08¢ 4.7 0.3C -
U5 28.38(151 -80.68545 65 0.52 0.00z 0.1 0.52 -
N2 29.4(7971 -81.09977 65 0.4C 0.00¢ 0.2 0.4C 177.¢
N3 29.4067¢ -81.09892 70 0.4C 0.03¢ 1.t 0.4z 44t
N4 29.40°87z -81.09916 70Q 0.5¢ 0.02¢ 0.S 0.5¢ 111.1
N5 29.40741 -81.09961 72 0.5¢ 0.00z 0.1 0.5¢ 173.2
GS1 29.72¢16€  -81.24066. 65 0.0t 0.00¢ 2 0.0t 28.2
GS: 29.73(15¢  -81.24063 66 0.0¢€ 0.03¢ 2 0.1C 21.2
GS: 29.730077 -81.24159 70 0.1C 0.01¢ 1.C 0.11 32.€
GS/ 29.73(19C -81.24197 71 0.14 0.01: 0.€ 0.1t 54.1
GSt 29.729(001 -81.24244 70 0.31 0.07¢ 3.6 0.37 87.1
GN1 30.016!224  -81.34592  7C 0.2t 0.22:¢ 12.C 0.4C 45t
GN2 30.01666C  -81.34595. 72 0.4: 0.01¢ 0.€ 0.4 39.7
GN3 30.014781 -81.34468 72 0.4¢ 0.081 3.C 0.52 93.2
GN4 30.0147¢  -81.34475 69 0.2t 0.171 9.C 0.3¢ 91.2
GN5 30.013¢4t -81.34502 70 0.0¢ 0.02¢ 1.7 0.0¢ 15.5
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Fig. 5. Tree-level apparent outcrossing ratgsificreased as conspecific cover [In(cover)]
increased at thA&. germinans range margin on the Atlantic coast of Florida (USA). Conspecific

cover was measured as the area coveregtl grminans within a 10 m radius circle around each

maternal tree at the three range-margin collectii@s.s

Discussion

We used progeny arrays to characterise mating systémicennia germinans at six collection
sites along a latitudinal gradient towards the reritdistributional limit of this species on the

Atlantic coast of Florida (27.56 — 30Dl). We assessed variation in mating system at three



327 spatial scales: (1) at the species-distribution level, (2) at the population level along the Florida
328 latitudinal gradient, and (3) at the individual lemenong conspecifics at the expanding Florida
329 range margin. First, published outcrossing ratesréqrical conspecifics in Mexico were, on

330 average, more than two times higher than thoseutairgpical FloridaA. germinans. Second,

331 population-level outcrossing rates did not systeradi decline with latitude towards the

332 northern range limit in Florida. Third, tree-leveltorossing rates increased as conspecific cover

333 increased at the Florida range margin.
334
335 4.1 Reduced outcrossing from tropics to subtropics

336 In contrast to the prevailing idea thatgerminans is predominantly outcrossed, we found that
337 all Florida collection sites were predominantly deltilised. Tropical conspecifics in Mexico
338 (14.61 — 15.9%) exhibit predominant outcrossing (Nettel-Hernanz et al., 2013), with

339  outcrossing rates more than double our observatosrsibtropical Florida\. germinans.

340 Predominant outcrossing has also been documentedcfmioccurring neotropical congenar,
341  schaueriana, at lower latitude (0.85) (Mori et al., 2015). Reduced outcrossing towaxds

342  germinansdistributional limits is consistent with a global decline in plant outcrossing rates
343  towards higher latitude (Moeller et al., 2017). Hoere Moeller et al. (2017) found that this
344  global pattern is mostly shaped by latitudinal cleanig life history and growth form (i.e., lower
345 latitude: greater frequency of perennial and trexigs; higher latitude: greater frequency of
346  annual and herbaceous species), and propose thadtimas of mating system variation in

347  species with broad latitudinal distributions willjhdetter understand the potential impact of

348  plant-pollinator interactions in shaping latitudipatterns in mating systems.
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Reduced outcrossing in subtropiéalgerminans is consistent with reductions in pollinator
diversity across this species’ broad distributiamgea At lower latitude, four highly-effective
pollinators were identified on the small, Caribbésdand of San Andrés (12.94) (Sanchez-
Nufez and Mancera-Pineda, 2012), and a diversd petlimators (including wasps, flies, and
bees) was also identified for the neotropical coegek schaueriana (7.68’S) (Nadia et al.,
2013). At higher latitude, only one principal po#itor, the exotic European honey bApi$
mellifera), accounted for 87% of flower visits at a location in Southeast Florida (5.03
(Landry, 2013). However, we cannot disregard adddtidactors that could also impact the
germinans mating system in Florida, such as reduced mangrove abundances towards
distributional limits (Osland et al., 2017) and thghly-fragmented nature of Atlantic Florida
mangroves due to anthropogenic modifications ofdluesstal ecosystems (Brockmeyer et al.,
1996). Outcrossing often increases with conspedditsity and pollinator abundance, but these
two factors are not independent for animal-pollidgtants because dense groupings generally
attract more pollinators (Ghazoul, 2005). Reseasdr the southern latitudinal limits (33.94 —
34.63S) of a widespread Indo-West Pacific congeAemarina, highlights this point. Exotic
European honey bees were also identified as thesogiyficant pollinator for this species
(Hermansen et al., 2014b) and smaller, more fragedestnds attracted fewer pollinators with
altered foraging behaviour that may facilitate geeatlf-fertilisation (i.e., bees spent more time
foraging on individual trees) (Hermansen et al.,44)1As a result, these smalkermarina
stands exhibited reduced outcrossing comparedderatands (Hermansen et al., 2015). Our
observation of reduced outcrossing in subtropicatié A. germinans may be the product of the
interactive effects of reduced pollinator diversityd more fragmented mangrove area, that could

also reduce pollinator abundances, compared tocabpiangrove forests. Further research



372  needs to directly link assessments of mating system with plant-pollinator surveys across the
373 broad, latitudinal distribution d&. germinans, as well as othehvicennia species, to provide
374  definitive answers. In addition, research also néedsnsider further environmental (e.g.,
375  seasonality; Chybicki and Dzialuk, 2014; Yin et 2D,16) and biological factors (e.g., fecundity,

376  phenology; Ghazoul, 2005; Kameyama and Kudo, 2018)dan shape mating system variation.

377 Reductions in outcrossing are the product of a coatlan of biparental inbreeding and

378  self-fertilisation. We found low biparental inbreediat all collection sites, consistent wih

379 germinansprogeny arrays in Mexico(t ;= 0.01 — 0.06; Nettel-Hernanz et al., 2013).

380 However, progeny arrays with the neotropical congeheschaueriana, exhibited a greater

381 effect of biparental inbreeding{(+ t:= 0.15; Mori et al., 2015), and even higher rates were

382 found at the southern latitudinal limits of the IRd&est Pacific congeneA. marina (tm — =

383 0.29 - 0.53; Hermansen et al., 2015). Differencesngnthese studies may be explained by

384 interspecific variation in reproductive biology, iaion in kinship structure among collection

385 sites (Hasan et al., 2018), or simply methodologidétrences (e.g., number of progeny arrays,
386  of propagules sampled, and of loci genotyped) thatimpact these parameter estimates

387 (Ritland, 2002). Our findings suggest that reducgidrossing in subtropical Florida

388 germinansis predominantly via self-fertilisation, either autonomous (within the same flower) or
389  geitonogamous (among flowers on the same planf)oéljh we lack evidence fé« germinans,

390 multiple Avicennia species are self-compatible, including the neotropical cong&ner,

391 schaueriana (Nadia et al., 2013), and three Indo-West Pacific congeners (Aluri, 1990; Raju et al.,
392 2012), with a much higher fruit set via geitonogasioampared to autonomous self-fertilisation
393 for all species. Geitonogamous self-fertilisatiosasnmon in bee-pollinated plants (Harder and

394  Barrett, 1995; Mitchell et al., 2004), is thoughtaid mangrove colonisation (Primack et al.,
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1981), and seems to be a likely mechanisw. igerminans as inflorescences have multiple

flowers open simultaneously.

4.2 Density-dependent mating system variation towards range limits

We did not observe a systematic decline in outongssites towards the expandig

germinans northern range limit in Florida, consistent with the prevailing view that adaptive shifts
in mating system are not common during range exparwdilong-lived trees and shrubs (Barrett
and Harder, 2017). Instead, density-dependent plgisifits in mating system may occur, with
transitions between increased self-fertilisatiotoat density and mixed mating at higher density
(Morgan et al., 2005; Peterson and Kay, 2015). Wladdowest outcrossing at the range

margin, but we also observed highest outcrossitigeatnost southern range-margin site (Fig. 4).
While low density and greater spatial isolation aghoanspecifics at range margins can reduce
outcrossing (Ghazoul, 2005), the same can alsalbartrareas with higher species diversity that
may increase competition for pollinators (Vamosalet2006). Higher-density forests can also
restrict routes of pollen vectors and lead to deglim the diversity of tree-level pollen donors
(Gonzalez-Varo et al., 2009). Lower-latitude Floridangroves consist of dense forests with
germinans and two other mangrove speci&bigophora mangle, Laguncularia racemosa), with
evidence of competition for pollinators betwergerminans andL. racemosa (Landry, 2013).

In contrast, higher-latitude range-margin Floridangraves are patches of almost exclusively
germinans individuals surrounded by lower-stature salt marsh species (Kangas and Lugo, 1990).
A more open pollen-dispersal neighbourhood and dichibterspecific competition at the higher-
latitude range margin could facilitate inter-tredlipation amongA. germinans, consistent with

our observation of highest outcrossing and largesther of effective pollen donors at the most
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southern range-margin site. However, this greater potential for inter-tree pollination would be
overshadowed farther north where limited numbeisaspecifics would provide very few
potential pollen sources, as evidenced by the lomasiber of effective pollen donors at the

northern range limit.

At the range margin, tree-level outcrossing incréaseconspecific cover increased. Lowest
outcrossing ¢= 0.05) at ar. germinans cover of 28.2 (7% of surrounding area covered by
A. germinans) was more than ten times smaller than highest outcrosgm@ ($8) at a cover of
173.2 n§ (57% covered byA. germinans). We presume that continued proliferationfof
germinans at this range margin, forecast with climate change (Cavanaugh et al., 2019, 2015),
will drive further mating system changes as incréasmspecific density shifts mating systems
towards greater outcrossing (Pannell, 2015)AAgerminans becomes more abundant, inter-
individual distances will decline, presumably thdseser patches will attract more pollinators,
and tree-level outcrossing will increase. Henceudwented loss of genetic diversity towasAls
germinans range limits (Kennedy et al., 2020a; Mori et al., 2015; Ocltavala et al., 2020,
2019; Sandoval-Castro et al., 2014), and for oftvezennia species (Arnaud-Haond et al., 2006;
Binks et al., 2019; De Ryck et al., 2016; Maguiralet2000), may be the product of founder
effects combined with density-dependent plastiashifwards greater self-fertilisation. Areas
that experience subsequent proliferation and imriaravill then transition towards greater
outcrossing and increased offspring genetic diwerbiit will exhibit unique genetic signatures
because of the disproportionate contribution ofahiolonisers to the gene pool (e.g., Goldberg

and Heine, 2017).

Plastic shifts towards greater self-fertilisatiomaaige margins can be advantageous as a

form of reproductive assurance (Hargreaves and E&@t4) and tend to elevate seed



441  production when pollinators or mates are unreliable (Morgan et al., 2005). However, these
442  advantages may be offset by the genetic costs assdavith inbreeding depression (e.qg.,

443  reduced offspring survival and fertility) (Charlesttoand Willis, 2009). These costs are

444  documented near the southern latitudinal limithefihdo-West Pacific congendy, marina,

445  where smaller, less-outcrossed stands exhibitecdtegdeproductive success, reduced propagule
446  size, and reduced seedling recruitment comparetger stands (Hermansen et al., 2017).

447  However, our finding of predominant self-fertilisatiin A. germinans runs contrary to

448  mangrove performance at the Atlantic Florida rangegim. These mangroves have undergone
449  proliferation and expansion for several decades@angh et al., 2019, 2014; Rodriguez et al.,
450  2016), with evidence from a co-occurring mangrovecgs,Rhizophora mangle, of precocious
451  reproduction and increased propagule size (Dangrdraod Feller, 2016) and greater

452  reproductive success (Goldberg and Heine, 2017) aceddo Florida conspecifics farther south.
453  Characterisation oA germinans mating system coupled with assessments of offspring

454  performance at this range margin is needed to garsights into the potential influence of

455  mating system on these expanding populations.
456
457 4.3 Considerations

458  Mating system assessments are a balance betweeartier of progeny arrays and the number
459  of offspring genotyped per progeny array. Here, esai$sed our efforts more on genotyping
460 larger numbers of offspring per progeny array. Gumngling design was shaped by our concern
461 that reduced genetic variation towards this nortldéstributional limit could inhibit our ability
462  to quantify outcrossing rates. This concern waghasi we found that a substantial tree-level

463  effort (n> 60 propagules per tree) was likely needed to obtain reliable estimates. In addition,
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although the probability of an undetectable outcross event was low across most maternal trees,
two trees at the northern range limit exhibitedtreddy high probabilities, with 9 and 12

potential undetected outcross events. Estimatesl lmassmaller sample sizes per tree,

comparable to research in the tropics (14-18 prdpagwn average per tree; Nettel-Hernanz et

al., 2013), could have been overwhelmed by unddikctatcross events and potentially

underestimated outcrossing at this northern ramgié li

However, a greater investment of resources at geel@vel inevitably limited our ability to
genotype progeny arrays from a larger number of makérees (n = 2-5 trees per collection
site). Our sampling design may have provided rotrastlevel estimates, but our estimates
scaling up to the population level should be intetgual with caution. Sampling few maternal
trees can bias these estimates towards tree-spegtficossing rates that may not be
representative of the entire collection site. Althlowur estimates (based on n = 23 maternal
trees) are consistent with a substantial reductiauicrossing compared to estimates from
tropical conspecifics (based on n = 22 maternaktridettel-Hernanz et al., 2013), and are not
consistent with a systematic adaptive shift in ngaigstem towards the northern range limit,
further supported by evidence of density-dependanation at the range margin, more intensive
sampling of progeny arrays at each collection siteeieded to obtain more definitive estimates
of population-level mating system variation. Furthesearch into mating systems at range
margins, or areas with reduced genetic variatiooyshconsider an investment in both more
progeny arrays and large numbers of offspring peggmy array to generate reliable population-

level outcrossing estimates.

4.4 Conclusions



487  This research suggests that ecological structure influences the mating system of the neotropical
488  black mangroveA. germinans, at varying spatial scales towards its expanding northern

489 distributional limit on the Atlantic coast of FloadFirst, subtropical Florida. germinans

490 exhibited significant reductions in outcrossing canga to tropical conspecifics, consistent with
491  reductions in pollinator diversity and mangrove atance with latitude. Second, the transition
492  from mangrove to salt marsh dominance along Atldfticida may create a more open pollen-
493  dispersal neighbourhood that is conducive to eleMAtgerminans outcrossing, until

494  conspecific abundances become too low towards tigermit. Third, greater inter-individual
495 isolation at the range margin resulted in drastiticgons in tree-level outcrossing, consistent
496  with density-dependent plastic shifts in mating sgsthat we presume will continue to shift

497  towards greater outcrossing as these mangrovesiaertt proliferate with forecast climate

498  trends. Further research needs to evaluate the eff@cgerminans mating system variation on
499  the survival and fitness of offspring and on theeakbf population-level local adaptation at

500 expanding distributional limits.
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Highlights

» Range expansion of foundation species may lead to shiftsin their mating systems.
» Subtropical Forida Avicennia germinans exhibited predominant self-fertilization.
» Outcrossing did not systematically decline towards the Florida range limit.

» Outcrossing increased with conspecific cover at the Florida range margin.

» Ecologica structure may impact mangrove mating systems at varying spatial scales.
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