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Abstract

Genetic diversity can modulate a population's response to a changing environment
and plays a critical role in its ecological function. While multiple processes act to
maintain genetic diversity, sexual reproduction remains the primary driving force.
Eelgrass (Zostera marina) is an important habitat-forming species found in temper-
ate coastal ecosystems across the globe. Recent increases in sea surface tempera-
tures have resulted in shifts to a mixed-annual life-history strategy (i.e., displaying
characteristics of both annual and perennial meadows) at its southern edge-of-
range. Given that mating systems are intimately linked to standing levels of genetic
variation, understanding the scope of sexual reproduction can illuminate the pro-
cesses that shape genetic diversity. To characterize edge-of-range eelgrass mat-
ing systems, developing seeds on flowering Z. marina shoots were genotyped from
three meadows in Topsail, North Carolina. In all meadows, levels of multiple mating
were high, with shoots pollinated by an average of eight sires (range: 3-16). The
number of fertilized seeds (i.e., reproductive success) varied significantly across
sires (range: 1-25) and was positively correlated with both individual heterozygo-
sity and self-fertilization. Outcrossing rates were high (approx. 70%) and varied
across spathes. No clones were detected, and kinship among sampled flowering
shoots was low, supporting observed patterns of reproductive output. Given the
role that genetic diversity plays in enhancing resistance to and resilience from eco-
logical disturbance, disentangling the links between life history, sexual reproduc-
tion, and genetic variation will aid in informing the management and conservation

of this key foundation species.
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1 | INTRODUCTION

Genetic diversity is a fundamental characteristic of populations, de-
termining their response to a changing environment (Fisher, 1930)
and playing a critical role in ecological function (Hughes et al., 2008;
Whitham et al., 2006). Especially in systems where an organism
serves as a foundation species, the functional traits displayed by
different genotypes can have profound effects on community per-
sistence and productivity (Reusch, 2006; Reynolds et al., 2012;
Wimp et al., 2004) in ways comparable to species diversity in other
systems (Crutsinger et al., 2006; Wimp et al., 2004). While multi-
ple processes act to maintain genetic diversity, sexual reproduction
remains the driving force, particularly over short time scales, and
is highly dependent upon life-history strategy and mating system
(Williams, 1975).

Seagrasses (i.e., marine flowering plants) act as foundation
organisms for highly productive nearshore habitats and provide
essential ecosystem services such as habitat for an array of epifau-
nal species and fisheries, coastal protection from storm surge and
wave action, sediment stabilization via root and rhizome growth,
and the mitigation of excess nutrient loads and eutrophication
(Duarte et al., 2013; Gillanders, 2006). Seagrass meadows are,
however, experiencing a trajectory of decline, and a global net loss
of 5602km? (19.1% of surveyed meadow area) has occurred since
1880 (Dunic et al., 2021). Rates of seagrass loss are comparable
to those reported for mangroves, coral reefs, and tropical rainfor-
ests, which places seagrass meadows among the most threatened
ecosystems on Earth (Waycott et al., 2009). On average, only 37%
of restoration efforts are successful (Van Katwijk et al., 2016),
highlighting the importance of conserving existing meadows be-
fore collapse occurs.

The seagrass Zostera marina (eelgrass) is commonly found in the
temperate regions of the world (Green & Short, 2003) and experi-
ences a range of abiotic and biotic stressors (Kendrick et al., 2019;
Lefcheck et al., 2018; Orth et al., 2017). Such selective pressures
can lead to changes in life-history strategy and mating system dy-
namics (Cabaco & Santos, 2012). As such, Z.marina's allocation to
sexual reproduction varies across its geographic range (Phillips
et al., 1983). Specifically, extreme environmental conditions result
in annual populations characterized by yearly shoot mortality, de-
velopment of only reproductive shoots, high seed production, and
biennial establishment of seedlings (Phillips & Backman, 1983);
within-range, perennial populations are less reliant on flowering and
sexual reproduction, additionally undergoing clonal extension of the
rhizome to form ramets (Silberhorn et al., 1983). However, even in
the same region, flowering can vary widely within and among pop-
ulations for reasons still largely unknown (Von Staats et al., 2021).
Perennial populations maintained by asexual, clonal growth were
once assumed to be the primary life history strategy of Z.marina
(Den Hartog, 1970). Now, sexual recruitment from seed is becom-
ing more widely acknowledged as an important driver in both the
maintenance and expansion of perennial (Johnson et al., 2020) and
annual populations (Xu et al., 2018).

At its southern edge-of-range, Z. marina populations experience
annual loss of biomass due to heat stress and are shifting primarily to
a mixed-annual life-history strategy characterized by annual, com-
plete loss of biomass, development of both vegetative and reproduc-
tive shoots, reestablishment from seeds alone, and seedlings that
flower in their first year of growth (Allcock et al., 2022; Bartenfelder
et al., 2022; Jarvis et al., 2012). Because they rely heavily on sex-
ual reproduction, southern edge-of-range meadows may represent
valuable genetic diversity hotspots among Z.marina populations
(Diekmann & Serrdo, 2012). Importantly, in Z.marina, genotypic di-
versity has been associated with resistance and resilience to natu-
ral disturbances (Hughes & Stachowicz, 2004, 2009, 2011; Reusch
et al., 2005), and allelic richness and relatedness have both been
linked to increased biomass and productivity (Hughes et al., 2016;
Stachowicz et al., 2013). Therefore, the mating system can be espe-
cially influential in genetic diversity hotspots by impacting standing
levels of variation within these populations.

Measures of the genetic mating system include polyandry (i.e.,
the degree to which females multiply mate), paternity skew (i.e.,
the extent to which mating can be monopolized by a fraction of the
available males), and outcrossing rates (i.e., the proportion of cross-
fertilized versus self-fertilized progeny). Currently, we have a limited
understanding of basic characteristics of the sexual mating system in
Z.marina. Of the relatively few eelgrass mating system studies, the
majority have investigated population-level patterns in clonal struc-
ture and outcrossing rates. Results reveal population-specific pat-
terns in clone structure (Billingham et al., 2007; Furman et al., 2015;
Peterson et al., 2013; Reusch, 2001), related to environmental im-
pacts on life-history strategies (Harwell & Rhode, 2007). Additionally,
there are population-specific patterns in outcrossing rates in which
meadows range from almost entirely outcrossing (Furman et al., 2015;
Reusch, 2000b; Ruckelshaus, 1995) to nearly entirely selfing (i.e., self-
fertilizing) in instances of low genotypic diversity (Reusch, 2001).
Furthermore, some populations contain spatially organized kin groups
(Billingham et al., 2007; Furman et al., 2015; Hays et al., 2021), sug-
gesting that kin interactions have the potential to shape seagrass be-
havior, life-history strategy, and resource allocation.

Fine-scale analyses on individual-level patterns in mating sys-
tem have been conducted in perennial meadows and report mul-
tiple paternities within inflorescences, confirming that marine
angiosperms are polyandrous (Follett et al., 2019; Hays et al., 2021,
Reusch, 2000b). Several studies have also shown that within-
meadow hydrodynamics play a significant role in shaping mating sys-
tems of Z.marina of the Northwestern Atlantic, in which outcrossing
rates increase in deep water and near the top of the meadow canopy
(Follett et al., 2019, Hays et al., 2021). Importantly, the presence of
multiple and varying paternities within a maternal brood (in this case,
an inflorescent spathe) can reflect potential differences in male sir-
ing success and levels of inbreeding. For example, Z.marina genet
size in the German Baltic Coast was positively correlated with het-
erozygosity (Hammerli & Reusch, 2003a). Similarly, self-fertilization
has been shown to decrease seed set in Z.marina (Hammerli &
Reusch, 2003b), suggesting that the impacts of mating system can
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extend to other plant traits, such as seed size and germination rates,
which results in important ecological ramifications for meadow
health (Delefosse et al., 2016).

Because edge-of-range populations experience annual stress and
display a shifting reliance on sexual reproduction (Jarvis et al., 2012),
analysis of the mating system as a driver of genetic diversity is
needed. Here, we investigate within-plant patterns in polyandry, sir-
ing success and outcrossing in three mixed-annual eelgrass meadows
by genotyping all seeds within a given reproductive shoot. This ap-
proach overcomes the limitations of previous work by greatly increas-
ing the sample size per reproductive shoot, enabling an assessment of
both structural and temporal patterns of mating system variation. By
illuminating the links between life history, sexual reproduction, and
genetic variation, this study represents an in-depth characterization
of within-plant genetic mating system dynamics of Z.marina at its
southern limit along the western North Atlantic Ocean. More broadly,
as eelgrass systems globally have flowering densities and seed out-
puts that are similar in magnitude despite their differing life-history
strategies (Combs et al., 2021), our results may thus be representative

across a wide range of meadow types and locations.

2 | METHODS
2.1 | Study organism

During Z.marina's reproductive season, reproductive shoots (i.e.,
flowering shoots) extend from a basal node and form multiple
flowering branches (rhipidia). Each rhipidium contains additional
branches with several spathes (i.e., inflorescences) containing flow-
ers (De Cock, 1981; Kuo & Den Hartog, 2006; Thayer et al., 1984).
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Spathes contain a spadix with rows of both male and female flow-
ers clustered in ratios of 2:1. Flowering occurs in two stages: (1) the
flowering and exposure of ovaries and (2) the opening of anthers
and release of pollen, each separated by approximately 5days (De
Cock, 1980). Past studies describe sequential flowering of spathes
(i.e., temporal dichogamy) within Z.marina reproductive shoots be-
ginning with basal structures (De Cock, 1980, 1981). Specifically,
one spathe per rhipidium flowers at a time, during which the next
spathe of the same rhipidium is not yet entirely developed. The sec-
ond spathe starts flowering a few days following the first spathe
opening its anthers. Temporal dichogamy seemingly does not exist
across rhipidia (De Cock, 1980, J. Jarvis, unpubl. data). In the present
study, spathe position is therefore used as a proxy for reproductive
timing, and rhipidium position is used as a proxy for height within
the water column, consistent with previous literature (e.g., Follett
etal., 2019; Furman et al., 2015).

2.2 | Study sites and sample collection

Three seagrass meadows located in Topsail Sound, North Carolina,
were sampled to characterize Z.marina mating system variation.
The meadows were in a shallow coastal lagoon (34.22 N, 77.37 W)
protected from the Atlantic Ocean by Topsail Island (Figure 1). This
lagoon contains Z.marina in both monospecific and mixed assem-
blages (i.e., co-occurring with Halodule wrightii and Ruppia maritima)
(NCDEQ, 2021). Sites were classified as shallow subtidal (depth
<2m MLLW) and were on a narrow shelf between the Intracoastal
Waterway and the adjacent shoreline. Twelve flowering shoots were
haphazardly collected roughly 5 m apart from each site (=36 shoots
total) on May 4, 2021, and transported on ice to the University of

® Surf City

o
Site 3

FIGURE 1 Location of Zostera marina
meadows sampled within the Topsail
Sound Intracoastal Waterway, North
Carolina.

® Site 1 A

® Topsail Beach

@ Site 2

Atlantic Ocean " km

Site 1: N 34.397880 W -77.614960
Site 2: N 34.405453 W -77.600864
Site 3: N 34.426836 W -77.562427
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North Carolina Wilmington's Center for Marine Science. Shoots
were then cleaned and blotted dry, and the morphological position
of each seed was recorded. Each seed was given a position within a
spathe, assigned to a given spathe and to a given rhipidium. Labels
were assigned in ascending numeric order from increasing prox-
imity to the rhizome (e.g., basal positions were given a value of 1)
(Figure 2).

Seeds were removed from spathes, cleaned, blotted dry, and
tested for viability using the “squeeze test” by gently compress-
ing individual seeds with a pair of tweezers (Marion & Orth, 2010).
Those with a seed coat that compressed were considered nonvia-
ble. Viable seeds were removed from the seed coat and genotyped.
Historically, the “squeeze test” is performed on seeds that have
been released from the flowering shoot; however, if this had been
done, the position of the seed within and the identity of the parent
plant would not have been known. Moreover, seeds were sampled
in May at the peak of the eelgrass reproductive season in North
Carolina where most sampled seeds were mature (i.e., at stages 4
and 5; Combs et al., 2021). Indeed, when the sites were re-visited
one-week post-sampling, all seeds had been released from their spa-
dices (Jarvis, pers. obs.) indicating that seeds collected as part of this
study were mature at the time of collection. Moreover, any imma-
ture seeds released from the spadix within 1week were effectively
nonviable; they would not have successfully germinated.

2.3 | Seed genotyping

DNA was extracted from viable seed samples using a PowerPlant®
Pro DNA Isolation Kit. Ten microsatellite loci previously character-
ized for Z. marina (Oetjen et al., 2010; Oetjen & Reusch, 2007; Reusch

et al., 1999; Table A1) were amplified in two multiplex Polymerase

Chain Reactions (PCR). Individual primer working stocks contained
1uL of 10puM fluorescently labeled forward primer and 10pL each
of 50 uM unlabeled forward and reverse primers diluted in 80 uL of
ddH,O. Primers were then combined into two primer mixes - each
containing five different primers (Table A1). PCR conditions for all
multiplex conditions were as follows: 95.0°C for 15min; 2cycles of
94.0°C for 155, 60.0°C for 30s, 72.0°C for 45s; 2cycles of 94.0°C
for 155, 59.0°C for 305, 72.0°C for 45s; 2cycles of 94.0°C for 15s,
58.0°C for 30s, 72.0°C for 45s; 2cycles of 84.0°C for 15s, 57.0°C
for 30s, 72.0°C for 455s; 28 cycles of 94.0°C for 155, 56.0°C for 30s,
72.0°C for 45s; and a final 2min extension at 72.0°C. Following
PCR, two reactions were prepared: one containing 0.5pL of each
PCR product from each of the multiplex mixes. PCR products were
added to 9pL of highly deionized formamide (HiDi) and 0.4pL of
GeneScan-600 (LIZ) size standard (Applied Biosystems, Foster
City, CA, USA) for capillary sequencing on an ABI Prism 3130XL
Genetic Analyzer. Fragments were scored using Applied Biosystems
Microsatellite Analysis Software (ThermoFisher Scientific Inc.).

2.4 | Paternity analyses

Known maternal half-siblings were used for sibship reconstruc-
tion and paternity assignment with the maximume-likelihood ap-
proach in COLONY v2.0.7.0 (Jones & Wang, 2010). COLONY
parameters included a polygamous mating system for both sexes,
inbreeding, and a monecious, diploid species. A long run with
medium-likelihood precision and a genotyping error rate of 1%
was performed. Maternal and paternal genotypes were recon-
structed using an allele probability threshold of 0.925 for allele
calls at each locus. Seeds were categorized as selfed if the putative

father had the same genotype as the putative mother. Outcrossing

N\

Rhipidium 1
Rhipidium 2

P
//:'—\_§Eﬂm
\\]))\
>\\)
// FIGURE 2 Labeli t f Zost
el Sathe 1 | abeling system of Zostera
marina flowering shoots. Rhipidia (shown
' in blue, teal, pink, and green colors) form
branching structures on each flowering
shoot. Spathes (i.e., inflorescences) of
each rhipidium (shown only for Rhipidium
2 in varying shades of green) constitute a
[“Seeds 1-n | branch of a rhipidium and contain a spadix

with flowers and eventually seeds.
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rates were calculated as the proportion of outcrossed offspring
per meadow, shoot, rhipidium, and spathe. The effective number
of sires and paternity skew per spathe, rhipidium, and shoot were
calculated after Neff et al. (2008) in which effective sires=1/X(rs,/
seeds)? where rs;=the number of offspring assigned to sire i, and
the summation is over all sires contributing to a maternal spathe,
rhipidium, or reproductive shoot. Skew was then expressed as 1
- (effective number of sires/actual number of sires). As such, a
value of O implies no skew in which case all sires contribute equally
to a seed set, and a value approaching 1 implies maximal skew in
which case nearly all offspring are assigned to a single father. The
paternity skew of each sire was calculated as the proportion of
genotyped seeds per shoot sired by a particular sire.

Using the reconstructed genotypes, average kinship (k), ob-
served and expected heterozygosity (H, and Hp, respectively) and
clonality were calculated for the parent plants in each meadow using
GENODIVE (Meirmans & Van Tienderen, 2004). Following lacchei
et al. (2013), individuals were categorized by levels of kinship (k):
“nearly identical,” 0.57 > k>0.375; “full siblings,” 0.375>k>0.1875;
“half-siblings,” 0.1875>k>0.09375; and ‘“quarter siblings,”
0.09375>k>0.047 (Loiselle et al., 1995). In addition, the heterozy-
gosity of each paternal genotype was calculated as the proportion of
heterozygous loci.

2.5 | Statistical analyses

Statistical analyses were conducted in RStudio with R v4.2.1 (Posit
Team, 2023; R Core Team, 2022), and figures were generated with
“ggplot2” and “lattice” (Sarkar, 2008; Wickham et al., 2016). Data
were tested for outliers, collinearity, even sample size, and normal
distribution (Zuur et al., 2007). To assess patterns in seed viability,
a generalized linear mixed model (GLMM) was fit to test the fixed
effects of meadow, rhipidium position, and spathe position on the
number of viable seeds per spathe (Poisson distribution, offset by
the number of seeds per spathe). A random effect of maternal iden-
tity was added to account for differences among mothers. To assess
patterns in mating system variation, GLMMs with the appropriate
distribution were fit to test the fixed effects of meadow, rhipidium
position, and spathe position on the response variables of number
of outcrossed seeds (Poisson distribution), paternity skew (log+1
transformed, Gaussian distribution), and number of sires (Poisson
distribution) per spathe using the package “Ime4” (Bates et al., 2015).
A random effect of seeds per spathe was added to control for ex-
pected variance due to the fair raffle process in sperm competition
(Parker, 1990; Zuur et al., 2007), and random effect of maternal iden-
tity was added to account for differences among mothers. Model re-
siduals were visually inspected for normality and homogeneity using
the package “DHARMa” (Hartig & Lohse, 2022). Global models were
used to perform ANOVAs (a=.05) and post hoc pairwise compari-
sons (a=.05) using the package “car” (Fox & Weisberg, 2011).

To explore whether the number of sires was influenced by (a)
the number of genotyped seeds, (b) the total number of seeds, and
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(c) the proportion of selfed offspring, GLMMs (Poisson distribution)
were also fit on both a “per spathe” and “per shoot” basis, with a
random effect of maternal identity. To assess the impact of paternal
genotype on reproductive success, GLMMs (Poisson distribution)
were fit to test paternal heterozygosity, whether a sire selfed or out-
crossed, and their interaction on (a) the number of seeds sired per
male and (b) paternity skew per male, with a random effect of the
number of successfully reconstructed loci per sire. Model residuals
were visually inspected for normality and homogeneity using the
package “DHARMa” (Hartig & Lohse, 2022).

3 | RESULTS

A total of 1745 seeds were collected from 36 flowering Z.marina
shoots. On average, there were 3+0.14 rhipidia per shoot (range:
2-5), 3+0.13 spathes per rhipidia (range: 1-9), and 7+0.16 seeds
per spathe (range: 1-22). Of the seeds collected, 524 were found
to be nonviable. Processing error resulted in the loss of 177 seeds,
resulting in 1044 seeds able to be genotyped. During quality con-
trol, 198 seeds were removed from the dataset to ensure sufficient
replication. Specifically, any rhipidium at position 5; any spathe at
position 5, 6, 8, or 9; and any spathe with less than 50% genotyped
seeds were removed from analysis. This resulted in a final dataset of
844 seeds from 26 shoots (7 shoots from meadow 1, 11 shoots from
meadow 2, 8 shoots from meadow 3). On average, 5 seeds were
genotyped per spathe (i.e., 85% of each spathe), 10 seeds per rhi-
pidium (i.e., 85% of each rhipidium), and 29 seeds per shoot (i.e., 84%
of each shoot; see Table A2 for additional details on sample sizes
per shoot). Among the 524 nonviable seeds, there were, on average,
15+2.3 nonviable seeds per shoot (range: 0-54), 5+ 0.6 nonviable
seeds per rhipidium (range: 0-36), and 2+0.2 nonviable seeds per
spathe (range: 0-21).

Overall, 93% of offspring loci were successfully amplified and
scored (7849 of 8440 loci). All loci were polymorphic, ranging from
two alleles (ZM10, meadow 3) to nine alleles (ZM3, meadows 1 and
2) (Table A3). Given the small quantity of DNA extracted per seed
(~5ng/pL in a 10pL volume), re-runs were rarely possible. The anal-
yses presented below were performed on this complete dataset of
844 seeds. COLONY reconstructed 251 of 260 maternal loci (97%)
with an average probability of 0.997 and 1322 of 2080 paternal loci
(64%) with an average probability of 0.994. Additional analyses on
a reduced data set of 688 seeds that were successfully genotyped
at 29 loci were also performed and gave qualitatively similar results

(see Tables A1-A5 for analyses on the reduced dataset).

3.1 | Paternity

Multiple sires were present in 100% of shoots, 87% of rhipidia,
and 82% of spathes with means of 8 +0.6 sires per shoot (range:
3-16), 4+0.3 sires per rhipidium (range: 1-13), and 3+0.1 sires
per spathe (range: 1-7) (Table 1). In total, 208 distinct sires were
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TABLE 1 Mating system

Structure n Outcrossing n sires n fertilized Skew characterization of the 26 sampled
Spathe 162 0.70+0.03 3.1+0.1 2.4+0.1 0.12+0.01 flowering shoots from meadows in
Rhipidium 83 0.70+0.04 44403 1.8+0.1 0.23+0.02 Topsail, NC (n=844 seeds).

Shoot 26 0.71+0.05 8.0+0.6 1.0+0.0 0.49+0.02

Note: Variables include the number of genotyped morphological structures (n), the proportion
of outcrossed seeds per genotyped seeds X +SE, the number of sires (x + SE), the number of

structures fertilized per sire (x + SE), and paternity skew (x +SE).

60 4

F
o
1

Frequency

20- ‘|l
0

FIGURE 3 Histogram depicting
the frequency of the number of seeds
fertilized per sire (n=208 sires).

0 5 10 15
Number of offspring

detected, including sires that self-pollinated. Self-pollination was
detected in 19 out of 26 shoots (73%). No sire was found to have
fertilized seeds across meadows or on more than one shoot, though
they did fertilize seeds on different rhipidia (2+0.1, range: 1-4) and
different spathes (2+0.1, range: 1-12) of the same shoot. A mean
of 4+0.3 seeds (range: 1-25) were fertilized per sire, though indi-
vidual reproductive success varied substantially. Paternity skew was
high and varied across spathes (mean=0.12+0.01, range: 0.00-
0.44), rhipidia (mean=0.23+0.02 range: 0.00-0.56), and shoots
(mean=0.49 +0.02, range: 0.23-0.66) (Table 1), with reported values
indicating that most pollen donors fertilized very few seeds, though
a small fraction were highly successful (Figure 3). Outcrossing rates
per spathe averaged 0.70+0.03, which were similar to outcrossing
rates across rhipidia (0.70+0.04), shoots (0.71 +0.05), and meadows
(0.71+0.01) (Table 1). Among the 26 reconstructed maternal geno-
types, no clones were detected, and the average kinship among indi-
viduals varied between -0.005 and 0.026, corresponding to kinship

20 25

values for unrelated individuals (Table 2). Among the 208 recon-
structed paternal genotypes, the average kinship among individuals
varied between 0.009 and 0.013. Across meadows, observed het-
erozygosity (Hy) was generally lower than expected heterozygosity
(Hg; Table 2).

3.2 | Predictors of mating system variation

Meadow and rhipidium position did not significantly influence
seed viability, outcrossing rates, number of sires, or paternity skew
(Table 3). Similarly, spathe position did not influence number of
sires or paternity skew. However, the proportion of viable seeds
varied significantly across spathe positions (estimateSpathe ,=-0.14
(0.07), estimatespathe ,=-0.25 (0.09), estimatespathe 4,=-0.70 (0.12),
;(2=33.5, df,=3, df,=215, p<.0001; Table 3), decreasing from
0.86+0.03 at spathe position 1 to 0.52+0.07 at spathe position 4
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TABLE 2 Genetic diversity indices of
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. Meadow 1 Meadow 2 Meadow 3
maternal shoots and pollen donors (sires)
in three meadows located in Topsail, NC, Shoots  Sires All Shoots Sires All Shoots  Sires All
using genotypes reconstructed from
COLONY. n 7 55 62 11 75 86 8 58 66
k 0.006 0.013 0.014 -0.005 0.009 0.006 0.026 0.010 0.010
H, 0.402 0.202  0.240 0.436 0.199 0.247 0.468 0.282  0.318
He  0.395 0.329 0.337 0.405 0.335 0.350 0.410 0.380 0.384
Ny 2.7 4.4 4.4 3.4 4.4 4.9 2.7 3.6 3.7

Note: Variables include n (sample size), k (mean kinship coefficient), H, (observed heterozygosity),
He (expected heterozygosity), and N, (number of alleles).

TABLE 3 Global generalized linear
mixed model results for the effects of
meadow, rhipidium position, and spathe
position on mating system characteristics.

Response

n viable seeds

n outcrossed seeds

nsires

Paternity skew

Predictors df,, df, Va F-ratio p
Meadow 2,216 1.106 0.205 .575
Rhipidium 3,215 6.105 1.512 107
Spathe 3,215 33.499 11.391 2.53e-7
Meadow 2,159 0.020 0.062 990
Rhipidium 3,158 3.792 1.198 .285
Spathe 3,158 8.771 2.973 .033
Meadow 2,159 0.556 3.294 757
Rhipidium 3,158 1.279 0.907 734
Spathe 3,158 4.842 1.322 184
Meadow 2,159 5.715 0.496 .057
Rhipidium 3,158 2.495 0.151 476
Spathe 3,158 3.966 3.518 .265

Note: Significant predictors (p<.05) are indicated in bold.

(Figure 4). Outcrossing rates also varied significantly across spathe
positions (estimateSpathe ,=-0.12 (0.09), estimatespathe ;=-0.38
(0.13), estimate . ,=-0.19 (0.22), 4*=8.77, df, =3, df,=158,
p=.033; Table 3), decreasing from 0.74+0.04 at spathe position 1
to 0.62+0.06 at spathe position 3 (Figure 5). There was a signifi-
cant, positive correlation between the number of genotyped seeds
and the number of sires per spathe (estimate=0.18 (0.03), df=159,
p<.0001; Table 4) and between the total number of seeds and
the number of sires per spathe (estimate=0.15 (0.03), df=159,
p<.0001; Table 4). There was a significant, negative correlation
between the proportion of selfed seeds and the number of sires
per spathe (estimate=-0.76 (0.16), df=159, p<.0001; Table 4).
The same patterns were observed on a “per shoot” basis (Table 4).
Finally, there was a significant interaction between the paternal
traits of heterozygosity and selfing. If a sire outcrossed, the positive
effect of heterozygosity on both the number of seeds fertilized (es-
timate, ,....tion="1.96 (0.50), df =204, p<.001) and paternity skew
(estimate, =-1.68 (0.51), df =204, p=.00101) was stronger

interaction

than if a sire self-fertilized (Table 5, Figure 6).

4 | DISCUSSION

Zostera marina meadows growing at the southern edge-of-range
in the western North Atlantic experience a high degree of thermal

stress and annual summer mortality (Bartenfelder etal.,2022; Thayer
et al., 1984). As a result, recent shifts from a primarily perennial to
a mixed-annual life-history strategy have been observed (Jarvis
et al.,, 2012), along with resultant increases in flowering densities
(Combs et al., 2021; Jarvis et al., 2012; Thayer et al., 1984) and
genetic diversity (Allcock et al., 2022). Our characterization of the
mating system in three regional meadows revealed high levels of
multiple paternity and outcrossing rates across individual repro-
ductive shoots. Mating systems also varied temporally, with some
spathe positions showing significantly higher levels of selfing.
Moreover, fertilization was not evenly distributed among individu-
als as reproductive success varied significantly among males - those
with higher heterozygosity and those that self-fertilized produced
greater numbers of seeds and displayed higher reproductive skew
(i.e., monopolized a greater fraction of the available seeds). Our find-
ings reveal an edge-of-range eelgrass mating system consistent with
shifts in life-history strategy toward greater sexual recruitment and
highlight the impact of male traits on reproductive output.

Multiple mating occurred in all sampled shoots and was not
significantly different among the three Z.marina meadows. The
number of sires per spathe (i.e., polyandry) was similar to those
found in several other sampled Z.marina populations (Follett
et al.,, 2019; Hays et al.,, 2021), despite the larger number of
spathes sampled in this study. Overall, shoots displayed high
degrees of polyandry (8 +0.6; range: 3-16), which is typical in
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FIGURE 4 Mean proportion of viable seeds per spathe as a
function of spathe position. A, AB, B, and C refer to group bins
based on post hoc within-group pairwise comparisons (a=.05).
Individual spathe values are plotted using the jitter function in R.

angiosperms (Pannell & Labouche, 2013), particularly in dense
populations (e.g., Friedman & Barrett, 2011). For example, up to
nine sires within a single fruit have been reported in the terrestrial
angiosperms scarlet gilia (Ipomopsis aggregata) (Campbell, 1998),
white campion (Silene latifolia) (Teixeira & Bernasconi, 2007), and
Allegheny monkeyflower (Mimulus rigens) (Mitchell et al., 2005). A
fair raffle process in sperm competition (Parker, 1990) predicts a
positive correlation between the number of seeds and number of
sires. That is, larger reproductive shoots are more likely to con-
tain offspring from each of the males a female mates with, simply
because of the chance probability that each male's pollen contrib-
utes to at least one of the offspring. Indeed, this is reflected in the
positive correlation detected between both the number of seeds
(total and genotyped) and number of sires. Polyandry was also in-
fluenced by the proportion of selfed seeds (Table 4). In instances
of high degrees of self-fertilization, few sires monopolize available
ovules, resulting in lower levels of polyandry. Therefore, the ob-
served variance in the number of sires appears to be a function of
the fair raffle process and the degree to which the parent plant
selfed. In general, polyandrous mating systems may be advanta-
geous as a mechanism for producing genetically diverse progeny
(Karron & Marshall, 1990) and selecting for male phenotypic traits
that provide the greatest offspring fitness (Lankinen et al., 2009;
Schlichting et al., 1990) which, in turn, may lead to population
growth (Ashman et al., 2004).

Paternity skew varied markedly within and among flowering
shoots and was not correlated with meadow, rhipidium, or spathe
position. Some sires fertilized up to 2400% more offspring than
others (Figure 3), and such variance in reproductive success is often
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Spathe position

FIGURE 5 Mean proportion of outcrossed seeds per spathe as a
function of spathe position. A, AB, and B refer to group bins based

on post hoc within-group pairwise comparisons (a@=.05). Individual
spathe values are plotted using the jitter function in R.

attributed to variance in either offspring mortality or male quality
(Hedgecock, 1994; Hedrick, 2005). Differential patterns of offspring
mortality could contribute to paternity skew among males, with
some males producing fewer viable seeds than others. As genotyp-
ing was only performed on viable seeds that were close to maturity
at the time of sampling, the paternal influence on nonviable seeds
remains unknown. While there are reviews of hydrophilous (i.e.,
water-mediated) pollination in the seagrasses (e.g., Ackerman, 2000;
Furmanetal., 2015; Ruckelshaus, 1996), there have been no attempts
to link pollination to male genotype. Male fertilization success in an-
giosperms is presumed to be impacted by a variety of factors, includ-
ing pollen production (Field et al., 2012), pollen clumping (Martin
et al., 2009), and pollen competition (Mulcahy & Mulcahy, 1975).
Indeed, intraspecific variation in pollen production and viability has
been observed in terrestrial angiosperms and linked to male geno-
type (i.e., some males produce more or better pollen than others), re-
sulting in some males contributing significantly more offspring than
others (Danti et al., 2022; Devasirvatham et al., 2012). Additionally,
pollen clumping can increase fertilization success in wind-pollinated
species - clumped pollen fertilizes nearby conspecifics, while sin-
gle pollen fertilizes plants at a greater distance (Martin et al., 2009).
Seagrasses are hydrophilous pollinators and the formation of pol-
len clouds, similar to pollen clumps, has been suggested in Z. marina
populations from Shinnecock Bay, New York (Furman et al., 2015)
and in other seagrass species (McConchie & Knox, 1989). Because
sires that self-fertilized (regardless of heterozygosity) had consis-
tently higher fertilization success than outcrossing males, proximity
between anther and stigma also appears to significantly increase
males' fertilization success.

85U8017 SUOWWOD A1) 8|l jdde ay) Aq peusencb e sajoie YO ‘85N JO S9N I0j ARIqIT 8UIUQ A8]1M UO (SUONIPUOD-PUe-SLLBIWOD A8 |1 ARe.d1joul [Uo//:SANy) SUONIPUOD pue swie | 8y} 89S *[20z/20/0T] uo Akeiqiauluo A8IM * Unjpquebs usine Ag 809TT €899/200T 0T/I0P/Wo A8 im Azeiq1jeul|uoy//sdny wouy pepeojumod ‘9 ‘vZ0Z ‘85,2502



SGAMBELLURI ET AL.

TABLE 4 Generalized linear mixed
models results for the effects of the
total number of seeds, the number of
genotyped seeds, and the proportion of
selfed seeds per spathe and per shoot on
the number of sires detected.

Response

n sires/spathe

n sires/shoot

Ecology and Evolution 90of17
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Note: Significant predictors (p <.05) are indicated in bold.

TABLE 5 Generalized linear mixed
models results for the effects of paternal
heterozygosity on the number of seeds
fertilized and paternity skew.

Response

n fertilized seeds

Paternity skew

Predictors df Estimate (SE) p

n seeds 159 0.147 (0.029) 5.81e-07

n genotyped seeds 159 0.182(0.027) 3.07e-11

Proportion selfed seeds 159 -0.759 (0.162) 2.66e-06

n seeds 23 0.019 (0.005) .0001

n genotyped seeds 23 0.022 (0.005) 4.56e-05

Proportion selfed seeds 23 -0.335(0.300) .265
Predictor df Estimate (SE) p
Heterozygosity*Selfing 204 -1.9560 (0.5047) .000106
Heterozygosity*Selfing 204 -1.6775 (0.5103) .00101

Note: Significant predictors (p <.05) are indicated in bold.

FIGURE 6 Relationship between (@), .
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While the aforementioned pollen features have not been di-
rectly linked to male genotype in Z.marina, the positive correlation
between male heterozygosity and fertilization success suggests
that male quality may play a role in the observed patterns of repro-
ductive variance. Although heterozygosity is not uniformly found
to be a reliable proxy for reproductive success (Botero-Delgadillo
et al., 2020; Wetzel et al., 2012), in seagrasses, it has been linked to
increased genet size (Hammerli & Reusch, 2003a). Larger genets, in

Paternal heterozygosity

turn, possess more flowering shoots and thus more pollen, though
estimates of clone size and clonal range have not been made in our
system.

Outcrossing rates per meadow, shoot, rhipidium, and spathe
were high (averaging 70% of genotyped seeds) and similar to other
Z.marina populations. Within the species' geographic range, re-
ported outcrossing rates are high (Pacific Northwest: 0.66-1.0
(Ruckelshaus, 1995); Pacific Northwest: 0.91 (Ruckelshaus, 1996);
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German Wadden Sea: 0.96-0.97 (Reusch, 2000b); Western Baltic
Sea: 0.70-0.95 (Reusch, 2001); Northwestern Atlantic: 1.0 (Furman
et al., 2015); Northwestern Atlantic: 0.88 (Follett et al., 2019);
Northwestern Atlantic: 0.79 (Hays et al., 2021)). Approximately,
300 kilometers north of the Topsail, NC sampling sites in the
Chesapeake Bay, populations displayed significant heterozygote
deficiencies - possibly a consequence of an inbred mating system
(Rhode, 2002). The effect of selfing, however, varies by population.
When Zostera in the western Baltic Sea self-fertilized, the theoreti-
cal fitness of selfed offspring decreased (Reusch, 2001); and in the
Ria Formosa, relatedness of parent plants increased rates of seed
abortion (Billingham et al., 2007; Zipperle et al., 2011). Alternatively,
selfed mating produced more viable seeds in the Chesapeake Bay
(Rhode & Duffy, 2004), an area where eelgrass experiences summer
heat stress (Hensel et al., 2023) and is recovering as water clarity
improves (Lefcheck et al., 2018).

Outcrossing rates did not differ across rhipidium positions,
which are often used as proxies for canopy height. In contrast, pre-
vious studies in Z.marina found that the topmost rhipidium of each
shoot displayed high levels of outcrossing, as pollen dispersal was
aided by increased water movement at shallower depths within the
water column (Follett et al., 2019). Canopy-mediated hydrodynamics
had no observed effect on Z.marina mating systems in Topsail, NC,
likely due to differences in canopy height and meadow submergence
between these meadows and those in northern Massachusetts
(Follett et al., 2019). Meadows in northern Massachusetts had a can-
opy height of 85-135cm and were submerged in a tidal height of 3
MLLW (Follett et al., 2019); meadows in NC had a canopy height of
5-35cm and were submerged in a tidal height of 2 MLLW (Jarvis
et al., 2022). The shorter canopy height likely reduced the effect of
hydrodynamics on mating system variation, and the shallower water
depth lessened the effect of above-canopy water velocity. Hays
et al. (2021) also found that meadow depth itself was a significant
driver of mating system dynamics. Shallow depth (I1m MLLW) re-
duced water movement and pollen dispersal, resulting in decreased
outcrossing and paternal richness compared to deeper sites (3 and
5m MLLW). The physical structure of seagrass meadows serves to
increase water velocity above the canopy and decrease water veloc-
ity within the canopy, and the effect of meadows on water veloc-
ity is exaggerated in deeper meadows (Fonseca et al., 1983; Thayer
et al., 1984). Therefore, pollen disperses farther when more deeply
submerged (Fonseca et al., 1983, Thayer et al., 1984).

Outcrossing rates did differ among spathes, suggesting that
mating system characteristics in Z.marina can change over time,
even within a single plant. Given that selfing appears to increase
in younger spathes, within-shoot phenology may provide a poten-
tial explanation for this pattern. When the first spathes open on
a given flowering shoot, pollen must come from another ramet.
However, as subsequent spathes mature and extend their stigmas,
previous spathes are now extending their anthers, allowing for
within-shoot pollen transfer (De Cock, 1980, 1981). Additionally,
temporal changes in pollen availability can occur through quantity
(e.g., not enough pollen to go around) or quality (e.g., decreased

viability, inbreeding depression) limitation (Aizen & Harder, 2007).
Pollen quantity limitation has been reported in the Zosteraceae in
the Netherlands (Van Tussenbroek et al., 2016) and in the Baltic
Sea (Reusch, 2003). The greater proportion of nonviable seeds on
younger spathes observed in this study might thus be the result of
decreased pollen availability as the season progresses, though via-
bility cannot unequivocally be distinguished from immaturity here
as seeds were removed directly from the spathe rather than col-
lected post release.

Seagrass meadows in NC experience frequent natural distur-
bance from tropical storms (Paerl et al., 2019; Zhang et al., 2022),
thermal stress (Bartenfelder et al., 2022; Jarvis et al., 2012), and
sedimentation (Mills & Fonseca, 2003), which are known to pro-
mote increases in sexual reproduction (Cabaco & Santos, 2012). The
high levels of multiple paternity and outcrossing rates are consis-
tent with meadows experiencing high levels of flowering. Moreover,
the observed effects of male heterozygosity and temporal shifts
in both selfing and viability highlight the contribution of fine-scale
processes to population-level patterns of mating system varia-
tion, genetic diversity, and, ultimately, ecological function (Wimp
et al., 2004). Recent literature has emphasized the need to conserve
existing meadows before collapse occurs (Van Katwijk et al., 2016)
and to prioritize genetically diverse meadows for their enhanced
ecosystem services (Reynolds et al., 2012). Z.marina edge-of-range
meadows of the western North Atlantic may represent one such
priority, and our findings reveal processes underpinning the genetic
composition of this species, which is essential for informed conser-

vation and management efforts.

AUTHOR CONTRIBUTIONS

Lauren R. Sgambelluri: Formal analysis (lead); investigation (equal);
methodology (supporting); writing - original draft (lead); writing
- review and editing (equal). Jessie C. Jarvis: Conceptualization
(supporting); methodology (supporting); validation (equal); writing
- review and editing (equal). Stephanie J. Kamel: Conceptualization
(lead); investigation (equal); methodology (lead); validation (equal);

writing - review and editing (equal).

ACKNOWLEDGEMENTS

The authors would like to thank the University of North Carolina
Wilmington for financial support. Special thanks to Randy Taylor,
UNCW!'s Coastal Plant Ecology Lab, and the 2022 cohort of UNCW's
MarineQuest Oceans 17 for field and laboratory assistance. With re-
spect to the land and people who preceded us, the coauthors of this
article acknowledge that this research was conducted on colonized
land, traditionally and ancestrally belonging to Native Peoples, all
of whom have stewarded this land throughout the generations. We
also acknowledge this coastal region profited from the enslavement
and forced labor of African people and their descendants. We rec-
ognize that knowing, acknowledging, and honoring the history of the
land and the people is only the first step and that the continuation
of addressing policies and practices that perpetuate oppression is
needed.

85U8017 SUOWWOD A1) 8|l jdde ay) Aq peusencb e sajoie YO ‘85N JO S9N I0j ARIqIT 8UIUQ A8]1M UO (SUONIPUOD-PUe-SLLBIWOD A8 |1 ARe.d1joul [Uo//:SANy) SUONIPUOD pue swie | 8y} 89S *[20z/20/0T] uo Akeiqiauluo A8IM * Unjpquebs usine Ag 809TT €899/200T 0T/I0P/Wo A8 im Azeiq1jeul|uoy//sdny wouy pepeojumod ‘9 ‘vZ0Z ‘85,2502



SGAMBELLURI ET AL.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

All data used in this paper have been made available on DRYAD.
Microsatellite forward and reverse primer sequences, parent and
offspring microsatellite genotypes, raw and reduced datasets, R
code and corresponding .csv files, and data exploration and sta-
tistical results have been included. LINK: https://doi.org/10.5061/
dryad.dfn2z358x.

ORCID

Lauren R. Sgambelluri "= https://orcid.org/0009-0000-2387-442X

REFERENCES

Ackerman, J. D. (2000). Abiotic pollen and pollination: Ecological,
functional, and evolutionary perspectives. Plant Systematics and
Evolution, 222, 167-185.

Aizen, M. A., & Harder, L. D. (2007). Expanding the limits of the pollen-
limitation concept: Effects of pollen quantity and quality. Ecology,
88, 271-281.

Allcock, K. E., Kamel, S. J., Willeboordse, P. L., Long, Z. T., & Jarvis, J.
C. (2022). Spatiotemporal variation in patterns of genetic diversity,
genetic structure, and life history across Zostera marina meadows
in North Carolina, USA. Marine Ecology Progress Series, 683, 53-66.

Ashman, T. L., Knight, T. M., Streets, J. A., Sekare, P. A., Burd, M.,
Campbell, D. R., Dudash, M. R., Johnston, M. O., Mazer, S. J,
Mitchell, R. J., Morgan, M. T., & Wilson, W. G. (2004). Pollen limita-
tion of plant reproduction: Ecological and evolutionary causes and
consequences. Ecology, 85, 2408-2421.

Bartenfelder, A., Kenworthy, W. J., Puckett, B., Deaton, C., & Jarvis, J. C.
(2022). The abundance and persistence of temperate and tropical
seagrasses at their edge-of-range in the Western Atlantic Ocean.
Frontiers in Marine Science, 9, 917237.

Bates, D., Machler, M., Bolker, B. M., & Walker, S. C. (2015). Fitting linear
mixed-effects models using Ime4. Journal of Statistical Software, 67,
1-48.

Billingham, M. R., Simoes, T., Reusch, T. B. H., & Serrao, E. A. (2007).
Genetic sub-structure and intermediate optimal outcrossing dis-
tance in the marine angiosperm Zostera marina. Marine Biology, 152,
793-801.

Botero-Delgadillo, E., Gilsenan, C., Mueller, J. C., & Kempenaers, B.
(2020). Negative effects of individual heterozygosity on repro-
ductive success in a wild bird population. Molecular Ecology, 29,
3196-3216.

Cabacgo, S., & Santos, R. (2012). Seagrass reproductive effort as an eco-
logical indicator of disturbance. Ecological Indicators, 23, 116-122.

Campbell, D. R. (1998). Multiple paternity in fruits of Ipomopsis aggregata
(Polemoniaceae). American Journal of Botany, 85, 1022-1027.

Combs, A. R., Jarvis, J. C., & Kenworthy, W. J. (2021). Quantifying vari-
ation in Zostera marina seed size and composition at the species'
southern limit in the Western Atlantic: Implications for eelgrass
population resilience. Estuaries and Coasts, 44, 367-382.

Crutsinger, G. M., Collins, M. D., Fordyce, J. A., Gompert, Z., Nice, C.
C., & Sanders, N. J. (2006). Plant genotypic diversity predicts com-
munity structure and governs and ecosystem process. Science, 313,
966-967.

Danti, R., Barberini, S., DiLonardo, V., & Della Rocca, G. (2022). Genotypic
and environmental effect on male flower production in Cupressus
sempervirens clones and selection of genotypes with reduced pol-
len emission. Frontiers in Plant Science, 13, 1032200.

Ecology and Evolution 110f 17
=t e W1 LEY- 1

De Cock, A. W. A. M. (1980). Flowering, pollination and fruiting in Zostera
marina L. Aquatic Botany, 9, 201-220.

De Cock, A. W. A. M. (1981). Development of the flowering shoot of
Zostera marina L. under controlled conditions in comparison to the
development in two different natural habitats in The Netherlands.
Aquatic Botany, 10, 99-113.

Delefosse, M., Povidisa, K., Poncet, D., Kristensen, E., & Olesen, B. (2016).
Variation in size and chemical composition of seeds from the sea-
grass Zostera marina—Ecological implications. Aquatic Botany, 131,
7-14.

Den Hartog, C. (1970). The seagrasses of the world. North Holland
Publishing Company.

Devasirvatham, V., Gaur, P. M., Mallikarjuna, N., Tokachichu, R. N.,
Trethowan, R. M., & Tan, D. K. Y. (2012). Effect of high tempera-
ture on the reproductive development of chickpea genotypes
under controlled environments. Functional Plant Biology, 39,
1009-1018.

Diekmann, O. E., & Serrao, E. A. (2012). Range-edge genetic diversity:
Locally poor extant southern patches maintain a regionally di-
verse hotspot in the seagrass Zostera marina. Molecular Ecology, 21,
1647-1657.

Duarte, C. M., Losada, I. J., Hendriks, I. E., Mazarrasa, |., & Marba, N.
(2013). The role of coastal plant communities for climate change
mitigation and adaptation. Nature Climate Change, 3, 961-968.

Dunic, J. C., Brown, C. J,, Connolly, R., Turschwell, M. P., & Cote, |. M.
(2021). Long-term declines and recovery of meadow area across the
world's seagrass bioregions. Global Change Biology, 27, 4096-4109.

Field, D. L., Pickup, M., & Barrett, S. C. H. (2012). The influence of pollina-
tion intensity on fertilization success, progeny sex ratio and fitness
in a wind-pollinated, dioecious plant. International Journal of Plant
Sciences, 173, 2-191.

Fisher, R. A. (1930). The genetical theory of natural selection. Clarendon
Press.

Follett, E., Hays, C. G., & Nepf, H. (2019). Canopy-mediated hydrody-
namics contributes to greater allelic richness in seeds produced
higher in meadows of the coastal eelgrass Zostera marina. Frontiers
in Marine Science, 6, 8.

Fonseca, M. S., Zieman, J. C., Thayer, G. W., & Fisher, J. S. (1983). The role
of current velocity in structuring eelgrass (Zostera marina L) mead-
ows. Estuarine, Coastal and Shelf Science, 17, 367-380.

Fox, J., & Weisberg, S. (2011). An {R} companion to applied regression. Sage.

Friedman, J., & Barrett, S. C. H. (2011). The evolution of ovule number
and flower size in wind-pollinated plants. American Naturalist, 177,
246-257.

Furman, B. T., Jackson, L. J., Bricker, E., & Peterson, B. J. (2015). Sexual
recruitment in Zostera marina: A patch to landscape-scale investiga-
tion. Limnology and Oceanography, 60, 584-599.

Gillanders, B. M. (2006). Seagrasses, fish, and fisheries. In A. W. D.
Larkum, R. J. Orth, & C. M. Duarte (Eds.), Seagrasses: Biology, ecol-
ogy, and conservation. Springer.

Green, E. P,, & Short, F. T. (2003). World atlas of seagrasses. University of
California Press.

Hammerli, A., & Reusch, T. B. H. (2003a). Inbreeding depression influ-
ences genet size distribution in a marine angiosperm. Molecular
Ecology, 12(3), 619-629.

Hammerli, A., & Reusch, T. B. H. (2003b). Flexible mating: Cross-
pollination effects sex-expression in a marine clonal plant. Journal
of Evolutionary Biology, 16(6), 1096-1105.

Hartig, F., & Lohse, L. (2022). DHARMa: Residual diagnostics for hierarchi-
cal (multi-level/mixed) regression models.

Harwell, M. C., & Rhode, J. M. (2007). Effects of edge/interior and patch
structure on reproduction in Zostera marina L. in Chesapeake Bay,
USA. Aquatic Botany, 87(2), 147-154.

Hays, C. G., Hanley, T. C., Graves, R. M., Schenck, F. R., & Hughes, A. R.
(2021). Linking spatial patterns of adult and seed diversity across

85U8017 SUOWWOD A1) 8|l jdde ay) Aq peusencb e sajoie YO ‘85N JO S9N I0j ARIqIT 8UIUQ A8]1M UO (SUONIPUOD-PUe-SLLBIWOD A8 |1 ARe.d1joul [Uo//:SANy) SUONIPUOD pue swie | 8y} 89S *[20z/20/0T] uo Akeiqiauluo A8IM * Unjpquebs usine Ag 809TT €899/200T 0T/I0P/Wo A8 im Azeiq1jeul|uoy//sdny wouy pepeojumod ‘9 ‘vZ0Z ‘85,2502


https://doi.org/10.5061/dryad.dfn2z358x
https://doi.org/10.5061/dryad.dfn2z358x
https://orcid.org/0009-0000-2387-442X
https://orcid.org/0009-0000-2387-442X

SGAMBELLURI ET AL.

12 of 17 .
Ecol Evol
WI LE Y-Ecelogy and Evolution

the depth gradient in the seagrass Zostera marina L. Estuaries and
Coasts, 44, 383-395.

Hedgecock, D. (1994). Does variance in reproductive success limit effec-
tive population sizes of marine organisms? In A. R. Beaumont (Ed.),
Genetics and evolution of aquatic organisms. Chapman and Hall.

Hedrick, P. (2005). Large variance in reproductive success and the N./N
ratio. Evolution, 59, 1596-1599.

Hensel, M. J. S., Patrick, C. J., Orth, R. J., Wilcox, D. J., Dennison, W. C.,
Gurbisz, C., Hannam, M. P, Landry, J. B., Moore, K. A., Murphy, R.
R., Testa, J. M., Weller, D. E., & Lefcheck, J. S. (2023). Rise of Ruppia
in the Chesapeake Bay: Climate change-driven turnover of founda-
tion species created new threats and management opportunities.
Proceedings of the National Academy of Sciences of the United States
of America, 120(23), €2220678120.

Hughes, A. R, Hanley, T. C., Schenck, F. R., & Hays, C. G. (2016). Genetic
diversity of seagrass seeds influences seedling morphology and
biomass. Ecology, 97, 3538-3546.

Hughes, A.R., Inouye, B. D., Johnson, M. T. J., Underwood, N., & Vellend,
M. (2008). Ecological consequences of genetic diversity. Ecology
Letters, 11(6), 609-623.

Hughes, A. R., & Stachowicz, J. J. (2004). Genetic diversity enhances the
resistance of a seagrass ecosystem to disturbance. Proceedings of
the National Academy of Sciences of the United States of America, 101,
8998-9002.

Hughes, A. R., & Stachowicz, J. J. (2009). Ecological impacts of geno-
typic diversity in the clonal seagrass Zostera marina. Ecology, 90,
1412-1419.

Hughes, A. R., & Stachowicz, J. J. (2011). Seagrass genotypic diversity in-
creases disturbance response via complementarity and dominance.
Journal of Ecology, 99, 445-453.

lacchei, M., Ben-Horin, T., Selkoe, K. A., Bird, C. E., Garcia-Rodriguez, F.
J., & Toonen, R. J.(2013). Combined analyses of kinship and F¢; sug-
gest potential drivers of chaotic genetic patchiness in high gene-
flow populations. Molecular Ecology, 22(13), 3476-3494.

Jarvis, J. C., Kenworthy, W. J., & Puckett, B. (2022). Final report:
Development of SAV sentinel sites in southeastern NC. C. R. F. L.
Program, editor. North Carolina Department of Environmental
Quality.

Jarvis, J. C., Moore, K. A., & Kenworthy, W. J. (2012). Characterization
and ecological implication of eelgrass life history strategies near
the species' southern limit in the western North Atlantic. Marine
Ecology Progress Series, 444, 43-56.

Johnson, A. J., Orth, R. J., & Moore, K. A. (2020). The role of sexual repro-
duction in the maintenance of established Zostera marina meadows.
Journal of Ecology, 108, 945-957.

Jones, O.R., & Wang, J. L. (2010). COLONY: A program for parentage and
sibship inference from multilocus genotype data. Molecular Ecology
Resources, 10, 551-555.

Karron, J. D., & Marshall, D. L. (1990). Fitness consequences of multiple
paternity in wild radish, Raphanus sativus. Evolution, 44, 260-268.

Kendrick, G. A., Nowicki, R. J., Olsen, Y. S., Strydom, S., Fraser, M. W.,
Sinclair, E. A., Statton, J., Hovey, R. K., Thomson, J. A., Burkholder,
D. A., McMahon, K. M., Kilminster, K., Hetzel, Y., Fourqurean, J.
W., Heithaus, M. R., & Orth, R. J. (2019). A systematic review of
how multiple stressors from an extreme event drove ecosystem-
wide loss of resilience in an iconic seagrass community. Frontiers in
Marine Science, 6, 455.

Kuo, J., & Den Hartog, C. (2006). Seagrass morphology, anatomy, and
ultrastructure. In A. W. D. Larkum, R. J. Orth, & C. M. Duarte (Eds.),
Seagrasses: Biology, ecology, and conservation. Springer.

Lankinen, A., Maad, J., & Armbruster, W. S. (2009). Pollen-tube growth
rates in Collinsia heterophylla (Plantaginaceae): One-donor crosses
reveal heritability but no effect on sporophytic-offspring fitness.
Annals of Botany, 103, 941-950.

Lefcheck, J. S., Wilcox, D. J., Murphy, R. R,, Marion, S. R., & Orth, R. J.
(2018). Multiple stressors threaten the imperiled coastal foundation

Open Access,

species eelgrass (Zostera marina) in Chesapeake Bay, USA. Global
Change Biology, 23, 3474-3483.

Loiselle, B. A., Sork, V. L., Nason, J., & Graham, C. (1995). Spatial ge-
netic structure of a tropical understory shrub, Psychotria officinalis
(Rubiaceae). American Journal of Botany, 82, 1420-1425.

Marion, S. R., & Orth, R. J. (2010). Innovative techniques for large-
scale seagrass restoration using Zostera marina (eelgrass) seeds.
Restoration Ecology, 18, 514-526.

Martin, M. D., Chamecki, M., Brush, G. S., Meneveau, C., & Parlange, M.
B. (2009). Pollen clumping and wind dispersal in an invasive angio-
sperm. American Journal of Botany, 96, 1703-1711.

McConchie, C. A, & Knox, R. B. (1989). Pollen-stigma interaction in the
seagrass Posidonia australis. Annals of Botany, 63(2), 235-248.
Meirmans, P. G., & Van Tienderen, P. H. (2004). GENOTYPE and
GENODIVE: Two programs for the analysis of genetic diversity of

asexual organisms. Molecular Ecology Notes, 4, 792-794.

Mills, K. E., & Fonseca, M. S. (2003). Mortality and productivity of eel-
grass Zostera marina under conditions of experimental burial with
two sediment types. Marine Ecology Progress Series, 255, 127-134.

Mitchell,R. J., Karron, J. D., Holmquist, K. G., & Bell, J. M. (2005). Patterns
of multiple paternity in fruits of Mimulus ringens (Phrymaceae).
American Journal of Botany, 92, 885-890.

Mulcahy, D. L., & Mulcahy, G. B. (1975). The influence of gametophytic
competition on sporophyte quality in Dianthus chinensis. Theoretical
and Applied Genetics, 46, 277-280.

NCDEQ. (2021). North Carolina coastal habitat protection plan. Division of
Marine Fisheries.

Neff, B. D., Pitcher, T. E., & Ramnarine, I. W. (2008). Inter-population
variation in multiple paternity and reproductive skew in the guppy.
Molecular Ecology, 17, 2975-2984.

Oetjen, K., Ferber, S., Dankert, I., & Reusch, T. B. H. (2010). New evidence
for habitat-specific selection in Wadden Sea Zostera marina popu-
lations revealed by genome scanning using SNP and microsatellite
markers. Marine Biology, 157, 81-89.

Oetjen, K., & Reusch, T. B. H. (2007). Genome scans detect consis-
tent divergent selection among subtidal vs. intertidal populations
of the marine angiosperm Zostera marina. Molecular Ecology, 16,
5156-5167.

Orth, R. J.,, Lefcheck, J. S., & Wilcox, D. J. (2017). Boat propeller scarring
of seagrass beds in lower Chesapeake Bay, USA: Patterns, causes,
recovery, and management. Estuaries and Coasts, 40, 1666-1676.

Paerl, H. W,, Hall, N. S., Hounshell, A. G., Luettich, R. A., Rossignol, K.
L., Osburn, C. L., & Bales, J. (2019). Recent increase in catastrophic
tropical cyclone flooding in coastal North Carolina, USA: Long-term
observations suggest a regime shift. Scientific Reports, 9, 10620.

Pannell, J. R., & Labouche, A. M. (2013). The incidence and selection
of multiple mating in plants. Philosophical Transactions of the Royal
Society London B - Biological Sciences, 368(1613), 20120051.

Parker, G. A. (1990). Sperm competition games - Raffles and roles.
Proceedings of the Royal Society B, 242, 120-126.

Peterson, B. J., Bricker, E., Brisbin, S. J., Furman, B. T., Stubler, A. D.,
Carroll, J. M., Berry, D. L., Gobler, C. J., Calladine, A., & Waycott,
M. (2013). Genetic diversity and gene flow in Zostera marina pop-
ulations surrounding Long Island, New York, USA: No evidence of
inbreeding, genetic degradation or population isolation. Aquatic
Botany, 110, 61-66.

Phillips, R. C., & Backman, T. W. (1983). Phenology and reproductive
biology of eelgrass Zostera marina L. at Bahia Kino, sea of cortex,
Mexico. Aquatic Botany, 17(1), 85-90.

Phillips, R. C., McMillan, C., & Bridges, K. W. (1983). Phenology of eel-
grass, Zostera marina L, along latitudinal gradients in North America.
Aquatic Botany, 15, 145-156.

Posit Team. (2023). RStudio: Integrated development environment for R.
Posit Software, PBC.

R Core Team. (2022). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

85U8017 SUOWWOD A1) 8|l jdde ay) Aq peusencb e sajoie YO ‘85N JO S9N I0j ARIqIT 8UIUQ A8]1M UO (SUONIPUOD-PUe-SLLBIWOD A8 |1 ARe.d1joul [Uo//:SANy) SUONIPUOD pue swie | 8y} 89S *[20z/20/0T] uo Akeiqiauluo A8IM * Unjpquebs usine Ag 809TT €899/200T 0T/I0P/Wo A8 im Azeiq1jeul|uoy//sdny wouy pepeojumod ‘9 ‘vZ0Z ‘85,2502



SGAMBELLURI ET AL.

Reusch, T. B. H. (2000a). Five microsatellite loci in eelgrass Zostera ma-
rina and a test of cross-species amplification in Z. noltii and Z. japon-
ica. Molecular Ecology, 9, 371-373.

Reusch, T. B. H. (2000b). Pollination in the marine realm: Microsatellites
reveal high outcrossing rates and multiple paternity in eelgrass
Zostera marina. Heredity, 85, 459-464.

Reusch, T. B. H. (2001). Fitness-consequences of geitonogamous self-
ing in a clonal marine angiosperm (Zostera marina). Journal of
Evolutionary Biology, 14, 129-138.

Reusch, T. B. H. (2003). Floral neighbourhoods in the sea: How floral
density, opportunity for outcrossing and population fragmen-
tation affect seed set in Zostera marina. Journal of Ecology, 91,
610-615.

Reusch, T. B. H. (2006). Does disturbance enhance genotypic diversity
in clonal organisms? A field test in the marine angiosperm Zostera
marina. Molecular Ecology, 15, 277-286.

Reusch, T. B. H., Ehlers, A., Hammerli, A., & Worm, B. (2005). Ecosystem
recovery after climatic extremes enhanced by genotypic diversity.
Proceedings of the National Academy of Sciences of the United States
of America, 102, 2826-2831.

Reusch, T. B. H., Stam, W. T., & Olsen, J. L. (1999). Microsatellite loci
in eelgrass Zostera marina reveal marked polymorphism within and
among populations. Molecular Ecology, 8, 317-321.

Reynolds, L. K., McGlathery, K. J., & Waycott, M. (2012). Genetic diver-
sity enhances restoration success by augmenting ecosystem ser-
vices. PLoS One, 7,e38397.

Rhode, J. M. (2002). Microevolutionary processes in Chesapeake Bay
(Virginia, USA) eelgrass, Zostera marina L (PhD dissertation). College
of William and Mary.

Rhode, J. M., & Duffy, J. E. (2004). Seed production from the mixed
mating system of Chesapeake Bay (USA) eelgrass (Zostera marina;
Zosteraceae). American Journal of Botany, 91, 192-197.

Ruckelshaus, M. H. (1995). Estimates of outcrossing rates and of inbreed-
ing depression in a population of the marine angiosperm Zostera
marina. Marine Biology, 123, 583-593.

Ruckelshaus, M. H. (1996). Estimation of genetic neighborhood param-
eters from pollen and seed dispersal in the aquatic angiosperm
Zostera marina L. Evolution, 50, 856-864.

Sarkar, D. (2008). Lattice multivariate data visualization with R introduction.
Springer.

Schlichting, C. D., Stephenson, A. G., & Small, L. E. (1990). Pollen loads
and progeny vigor in Cucurbita pepo: The next generation. Evolution,
44,1358-1372.

Silberhorn, G. M., Orth, R. J., & Moore, K. A. (1983). Anthesis and seed
production in Zostera marina L. eelgrass from the Chesapeake Bay.
Aquatic Botany, 152, 133-144.

Stachowicz, J. J., Kamel, S. J., Hughes, A. R., & Grosberg, R. K. (2013).
Genetic relatedness influences plant biomass accumulation in eel-
grass (Zostera marina). American Naturalist, 181, 715-724.

Teixeira, S., & Bernasconi, G. (2007). High prevalence of multiple pater-
nity within fruits in natural populations of Silene latifolia, as revealed
by microsatellite DNA analysis. Molecular Ecology, 16, 4370-4379.

Thayer, G. W., Kenworthy, W. J., & Fonesca, M. S. (1984). The ecology of
eelgrass meadows of the Atlantic coast: A community profile. U.S. Fish
and Wildlife Services.

Van Katwijk, M. M., Thorhaug, A., Marba, N., Orth, R. J., Duarte, C.
M., Kendrick, G. A., Althuizen, |. H. J., Balestri, E., Bernard, G.,
Cambridge, M. L., Cunha, A., Durance, C., Giesen, W., Han, Q. Y.,
Hosokawa, S., Kiswara, W., Komatsu, T., Lardicci, C., Lee, K. S., ...
Verduin, J. J. (2016). Global analysis of seagrass restoration: The
importance of large-scale planting. Journal of Applied Ecology, 53,
567-578.

Ecology and Evolution 13 of 17
=t e W1 LEY- 2

Van Tussenbroek, B. |., Soissons, L. M., Bouma, T. J., Asmus, R., Auby,
I., Brun, F. G., Cardoso, P. G., Desroy, N., Fournier, J., Ganthy, F.,
Garmendia, J. M., Godet, L., Grilo, T. F.,, Kadel, P., Ondiviela, B.,
Peralta, G., Recio, M., Valle, M., Van der Heide, T., & Van Katwijk,
M. M. (2016). Pollen limitation may be a common Allee effect in
marine hydrophilous plants: Implications for decline and recovery
in seagrasses. Oecologia, 182, 595-609.

Von Staats, D. A, Hanley, T. C., Hays, C. G, Madden, S. R., Sotka, E. E., &
Hughes, A. R. (2021). Intra-meadow variation in seagrass flowering
phenology across depths. Estuaries and Coasts, 44, 325-338.

Waycott, M., Duarte, C. M., Carruthers, T. J. B, Orth, R. J., Dennison, W.
C., Olyarnik, S., Calladine, A., Fourqurean, J. W., Heck, K. L., Hughes,
A.R., Kendrick, G. A., Kenworthy, W. J., Short, F. T., & Williams, S. L.
(2009). Accelerating loss of seagrasses across the globe threatens
coastal ecosystems. Proceedings of the National Academy of Sciences
of the United States of America, 106, 12377-12381.

Wetzel, D. P, Stewart, I. R., & Westneat, D. F. (2012). Heterozygosity
predicts clutch and egg size but not plasticity in a house sparrow
population with no evidence of inbreeding. Molecular Ecology, 21,
406-420.

Whitham, T. G., Bailey, J. K., Schweitzer, J. A,, Shuster, S. M., Bangert, R.
K., LeRoy, C. J,, Lonsdorf, E. V., Allan, G. J., DiFazio, S. P., Potts, B.
M., Fischer, D. G., Gehring, C. A., Lindroth, R. L., Marks, J. C., Hart,
S. C., Wimp, G. M., & Wooley, S. C. (2006). A framework for com-
munity and ecosystem genetics: From genes to ecosystems. Nature
Reviews Genetics, 7(7), 510-523.

Wickham, H., Chang, W., Henry, L., Pedersen, T. L., Takahashi, K., Wilke,
C., Woo, K., Yutani, H., & Dunnington, D. (2016). ggplot2: Elegant
graphics for data analysis. Springer-Verlag.

Williams, G. C. (1975). Sex and evolution. Princeton University Press.

Wimp, G. M., Young, W. P., Woolbright, S. A., Martinsen, G. D., Keim,
P., & Whitham, T. G. (2004). Conserving plant genetic diversity for
dependent animal communities. Ecology Letters, 7, 776-780.

Xu, S., Wang, P,, Zhou, Y., Zhang, X., Gu, R., Liu, X., Liu, B., Song, X., Xu,
S., & Yue, S. (2018). New insights into different reproductive ef-
fort and sexual recruitment contribution between two geographic
Zostera marina L. populations in temperate China. Frontiers in Plant
Science, 9, 15.

Zhang, Y. S., Swinea, S. H., Roskar, G., Trackenberg, S. N., Gittman,
R. K., Jarvis, J. C., Kenworthy, W. J., Yeager, L. A., & Fodrie, F. J.
(2022). Tropical cyclone impacts on seagrass-associated fishes in a
temperate-subtropical estuary. PLoS One, 17(10), e0273556.

Zipperle, A. M., Coyer, J. A, Reise, K., Stam, W. T., & Olsen, J. L. (2011).
An evaluation of small-scale genetic diversity and the mating sys-
tem in Zostera noltii on an intertidal sandflat in the Wadden Sea.
Annals of Botany, 107, 127-134.

Zuur, A. F, leno, E. N., & Smith, G. M. (2007). Analyzing ecological data.
Springer Science + Business Media, LLC.

How to cite this article: Sgambelluri, L. R., Jarvis, J. C., &
Kamel, S. J. (2024). Multiple paternity, fertilization success, and
male quality: Mating system variation in the eelgrass, Zostera
marina. Ecology and Evolution, 14, e11608. https://doi.
org/10.1002/ece3.11608

85U8017 SUOWWOD A1) 8|l jdde ay) Aq peusencb e sajoie YO ‘85N JO S9N I0j ARIqIT 8UIUQ A8]1M UO (SUONIPUOD-PUe-SLLBIWOD A8 |1 ARe.d1joul [Uo//:SANy) SUONIPUOD pue swie | 8y} 89S *[20z/20/0T] uo Akeiqiauluo A8IM * Unjpquebs usine Ag 809TT €899/200T 0T/I0P/Wo A8 im Azeiq1jeul|uoy//sdny wouy pepeojumod ‘9 ‘vZ0Z ‘85,2502


https://doi.org/10.1002/ece3.11608
https://doi.org/10.1002/ece3.11608

14 of 17 .
Ecol Evol
WI LE Y-Ecelogy and Evolution

APPENDIX

SGAMBELLURI ET AL.

Open Access,

TABLE A1 Microsatellite forward and reverse primer sequences.

Primer mix

A

Microsatellite
locus

CL559CONTIG

CL32CONTIG2

ZOSMARGA-3

ZMC12075

ZOSMARCT-19

ZOSMARCT-3

CL172CONTIG1

ZOSMARCT-12

ZMC19017

ZMC19062

Dye
NED

FAM

VIC

PET

FAM

VIC

PET

FAM

FAM

NED

Referred
to as

ZM1

ZM2

ZM5

ZM8

ZM9

ZM3

ZM4

ZMé

ZM7

ZM10

Source

Oetjen et al. (2010)

Oetjen and Reusch (2007)

Reusch et al. (1999)

Oetjen and Reusch (2007)

Reusch (2000a)

Reusch et al. (1999)

Oetjen et al. (2010)

Reusch (2000a)

Oetjen and Reusch (2007)

Oetjen et al. (2010)

Primer sequence (5'-3’)
F: CCACTTCCGTAGTTGCTGTT
R: CGATGAGGACGATGAGGAAT

F: AATCTGTTGCCACGAAGGAG
R: TCACCTTCATCAAGCAGTCG

F: CGACGATAATCCATTGTTGTTGC
R: GCTTTTCATTTATCCAATAGTTTGC

F: CCTCTTTTTTCCTCTCTCTCTCTCT
R: CTTCTGCGAATGATGCCATA

F: CCCAAGAAATATAAAATCGGGG
R: CTTCTCCTTCCGCCGCTAC

F: TGAAGAAATCCCAGAAATCCC
R: AGACCCGTAAAGATACCACCG

F: CTCCTGGACGCAGAAATATG
R: GACAAACGTTAATTCAGAAACAAAA

F: CGTTCATCTTGTCCTCGTCC
R: TTTCATTTCCATTTCCCACC

F: TCGTCGAGAAAGAGGAGGAA
R: TGTTCTGATTCCGTTCTCCA

F: CACTCTCCTCTTTCCGTTCG
R: CAGGGGCCTTCCTCTTACTC

n alleles

7

10
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TABLE A2 Sample sizes for each

reproductive shoot used in the reported Genotyped seeds per X ge.nc.)typed seeds per X genotyped seeds
dataset (n=844). Shoot shoot (percent) rhipidium (percent) per spathe (percent)
1 39 (85) 10 (84) 5(84)
2 29 (97) 10 (97) 6(97)
3 21(81) 7(82) 5(79)
4 21 (88) 11 (86) 5(88)
5 29 (88) 15(87) 5(87)
6 26 (90) 7 (89) 5(91)
7 41 (89) 14 (89) 5(90)
8 42 (95) 14 (97) 5(96)
9 37 (86) 9(91) 5(88)
10 19 (79) 6(83) 3(79)
11 32(74) 8 (68) 5(74)
12 38(79) 13 (80) 6(78)
13 21 (81) 5(80) 5(80)
14 51(91) 17 (91) 6(92)
15 34 (81) 11 (81) 5(82)
16 30 (91) 10 (93) 6(92)
17 28 (76) 7 (75) 5(76)
18 20 (87) 5(86) 5(86)
19 10(77) 3(77) 3(77)
20 10 (56) 5(56) 3(56)
21 33 (66) 17 (66) 6 (66)
22 59 (97) 20 (96) 6(97)
23 34(97) 11(98) 6(98)
24 57 (80) 14 (81) 5(81)
25 30(83) 8(86) 5(84)
26 53(91) 18 (91) 7 (90)
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TABLE A3 Mating system characterization of original (=844
seeds) and reduced dataset (n =688 seeds) using only offspring
with 29 successfully genotyped loci.

n genotyped
Seeds

Spathes
Rhipidia

Shoots
Outcrossing rate
Per spathe

Per rhipidium
Per shoot

X sires

Per spathe

Per rhipidium
Per shoot

X fertilized per sire
Spathes
Rhipidia

Shoots

X paternity skew
Per spathe

Per rhipidium

Per shoot

Response

n outcrossed seeds

nsires

Paternity skew

Note: Predictors approaching significance (p <.06) are indicated in bold.

Original dataset

844
162
83
26

0.70+0.03
0.70+0.04
0.71+0.05

3.1+0.1
4.4+0.3
8.0+0.6

24+0.1
1.8+0.1
1.0+0.0

0.12+0.01
0.23+0.02
0.49+0.02

Predictors

Meadow
Rhipidium
Spathe
Meadow
Rhipidium
Spathe
Meadow
Rhipidium
Spathe

Reduced dataset

688
135
76
26

0.76+0.03
0.78+0.03
0.78+0.05

29+0.1
4.0+0.3
71+0.7

2.2+0.1
1.7+0.1
1.0+0.0

0.10+0.01
0.19+0.02
0.43+0.03

=y
=

s

3.303
6.467
7.774
0.561
3.269
3.147
3.473
5.403
1.580

W WwWN W WN W WwN

F-ratio
1.137
2.022
2.588
0.512
0.994
1.131
1.596
1.737
0.527

192
.091
.051
.755
.352
.369
176
145
664

TABLE A4 Global generalized linear
mixed model results for the effects of
meadow, rhipidium position, and spathe
position on mating system characteristics
using the reduced dataset.
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TABLE A5 Global generalized linear mixed model results for the effects of paternal heterozygosity and selfing on the number of seeds
fertilized and paternity skew using various datasets.

Dataset
1

Response

n fertilized seeds

Paternity skew

n fertilized seeds

Paternity skew

n fertilized seeds

Paternity skew

Predictors

Heterozygosity

Selfed or outcrossed
Heterozygosity*Selfing
Heterozygosity

Selfed or outcrossed
Heterozygosity*Selfing
Heterozygosity

Selfed or outcrossed
Heterozygosity*Selfing
Heterozygosity

Selfed or outcrossed
Heterozygosity*Selfing
Heterozygosity

Selfed or outcrossed
Heterozygosity*Selfing
Heterozygosity

Selfed or outcrossed

Heterozygosity*Selfing

df

53
53
53
53
53
53
176
176
176
176
176
176
51
51
51
51
51
51

Estimate (SE)

3.641 (0.454)
2.073(0.276)
-3.731(0.642)
3.261 (0.450)
1.980(0.277)
-3.249 (0.644)
1.731(0.229)
0.302 (0.332)
-0.809 (0.572)
1.633(0.234)
0.388 (0.341)
-0.752 (0.586)
2.119 (0.337)
0.949 (0.282)
-1.198 (0.624)
1.794(0.338)
0.953(0.287)
-0.913(0.635)

p
1.01e-15
5.72e-14
6.18e-9
4.29e-13
9.25e-13
4.58e-7
3.90e-14
362
157
2.74e-12
.254
199
3.14e-10
0.0007
.055
1.15e-7
.0008
151

Note: Significant predictors (p <.05) are indicated in bold. Dataset 1 used reconstructed paternal genotypes from the COLONY run with all seeds
(n=844); here only sires with an average genotype probability of 2.925 were used. Datasets 2 and 3 used reconstructed paternal genotypes from
the COLONY run with seeds for which =9 loci successfully amplified (n=688). Dataset 2 used only paternal loci that were reconstructed with a

probability of 2.925. Dataset 3 used sires with an average genotype probability of 2.925.
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