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Abstract

Seagrasses are threatened by anthropogenic stressors and climate change, with numerous
population declines reported. In South Africa, Zostera capensis is restricted to estuarine
environments and has a disjunct distribution and declining status. With the majority of the
distribution of Z. capensis on the west and south-west coasts of South Africa, the isolated,
eastern-most populations in KwaZulu-Natal (KZN) are of particular interest. Following the
extirpation of Z. capensis at Durban and St Lucia, only five populations remain, of which three
(in the Amatikulu, Mlalazi, Mhlatuze) are situated <50km apart. Previous molecular analyses
have showed strong population structure between Z. capensis populations, but this has not
included these geographically close populations. In this study, using Single Nucleotide
Polymorphisms (SNPs) isolated from 31 individuals collected from the three northern KZN
estuaries we provide evidence for distinct population clusters, with unique evolutionary
signals. Zostera capensis in the Mlalazi estuary have low levels of genomic diversity, likely as a
result of a small, dynamic population unable to persist prolonged freshwater exposure. Our
results suggest that conservation efforts need to consider unique population signals even in
geographically close populations, in particular within the context of restoration, where

genomic compatibility may determine persistence of restored populations.
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Introduction

Seagrass populations are in decline globally (Dunic et al. 2021). In South Africa,
populations of seagrasses have been extirpated at St Lucia and Durban, with decreases in
abundance reported across numerous other locations (Adams 2016). This has been largely
driven by changes in salinity levels, such as in St Lucia, but other anthropogenic impacts have
been reported as additional factors, including eutrophication, direct habitat disturbance such
as through bait digging, and pesticide pollution (Adams 2016; van Wyk et al. 2022). Declines
in seagrass meadows negatively impact seagrass-associated biodiversity (Pillay et al. 2010)
and have also been linked to loss of evolutionary potential (Phair et al. 2020), which in turn
may decrease the resistance of Z. capensis meadows to ongoing and future environmental
and climate changes. Estimating metrics such as genomic diversity and the levels of population
divergence is crucial for the conservation and management of natural populations (von der
Heyden 2009; Phair et al. 2021; Nielsen et al. 2023), especially for coastal species like
seagrasses which are increasingly under threat. In addition, successful restoration of seagrass
populations may depend on choosing appropriate donor and recipient sites, not only for
environmental and ecological similarity, but also for genomic compatability (Sinclair et al.
2013; Jahnke et al. 2015; Pazzaglia et al. 2021).

The Cape eelgrass Zostera capensis is the most abundant seagrass species in South
Africa, with a distribution ranging from the cool-temperate west coast, to warm-temperate
and sub-tropical estuaries on the east coast (Adams 2016; Phair et al. 2019). Unlike other
seagrasses, Z. capensis is only found in low flow estuarine environments, across ~62 estuaries
in the region, with highly fragmented populations. This likely limits exchange of plant
propagules across sites, potentially leading to increased population structuring and elevated
levels of inbreeding. For example, using frequency differences of putative outlier loci (that
may reflect local adaption and selection) and neutral Single Nucleotide Polymorphisms (SNPs),
Phair et al. (2019) provided evidence for two distinct genomic lineages of Z. capensis across
southern and east Africa, likely shaped by historical, environmental and habitat suitability.
Phair et al. (2019) also showed generally low genomic heterozygosity and that populations in
the eastern lineage were more distantly related than those in the western lineage, which may
reflect refugial dynamics and population stability (Phair et al. 2019). Although this provided
insights across the entire range of Z. capensis, small spatial scale dynamics remain unknown.

For instance, in KZN, Z. capensis is mostly absent due to flow dynamics (Adams 2016), with



only five populations remaining in the Amatikulu, Mlalazi, Mhlatuze, Richards Bay and Kosi
estuaries, since the loss of the Durban and St Lucia populations. The closest populations of Z
capensis to the ones in KZN are considerable distances away, being found in Maputo Bay
Mozambique and the Mnyameni Estuary in the Eastern Cape of South Africa. As such, the
populations in KZN are likely geographically isolated and require additional insights to ensure
that the potentially unique evolutionary dynamics of Z. capensis in the region are maintained.

This study used SNPS isolated through reduced representation sequencing, we
examined population-level dynamics across three geographically close populations of Z
capensis in KZN (Amatikulu, Mlalazi, Mhlatuze; Figure 1) that are ~50km apart, representing
an ideal study system to better understand genomic patterns of Z. capensis at small spatial
scales. Notably, population sizes and stability of Z. capensis differ between these estuaries
with more stable and larger populations in Mhlatuze and Amatikulu, and a smaller, transient,
population in Mlalazi. Further, Z. capensis plugs were introduced to Mhlathuze in the early
1990s from St Lucia (R. Taylor, pers. comm), some of which may represent the extant
population of Z capensis in Mhlatuze. We hypothesise that despite their geographic
proximity, locations will show some level of genomic differentiation due to a lack of
contemporary gene flow with unique SNPs found in each population and that genomic
diversity is reflected in population size, with Mlalazi having the lowest genomic diversity of

the populations.

Materials and Methods

Sample collection

Samples were collected from the Amatikulu (n = 20), Mlalazi (n = 4) and Mhlatuze (n = 25)
estuaries (Table 1), as well as from the Kosi Estuary (n = 15) (Figure 1), with plants collected
between 20 - 2500 m apart to minimize collection of clones (Phair et al. 2019). Each sample
was cleaned with water to remove epiphytes and placed with silica beads in labelled
envelopes. Upon molecular examination of SNP data (unpubl. data), it was found that plants

collected from Kosi Estuary may not be Z. capensis and were not included in further analyses.
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Figure 1. Map showing sampling locations of eelgrass Zostera capensis (a) within South Africa, and (b)

in KwaZulu-Natal Province. Symbols refer to extant and extinct population.



Table 1: Sampling locations with sample numbers (n) and summary statistics: number of SNPs (Nb of
SNPs), number of private SNPs (Private SNPs), expected heterozygosity (He), observed heterozygosity

(Ho), nucleotide diversity (rt), and inbreeding coefficient (Fis) for each site.

Sampling n Nb of Private He Ho n Fis
site SNPs SNPs

Mhlatuze 12 1675 105 0.32(10.004)  0.68 (+0.004)  0.34 (+0.004)  -0.030
(HLA)

Mlalazi 4 452 2 0.12 (£0.005)  0.88 (¥0.005)  0.16 (+0.007)  -0.818
(MLA)

Amatikulu 15 1689 213 0.31(+0.004)  0.69 (+0.004)  0.32(+0.004)  0.042*
(AMT)

*Significantly different from zero

DNA extraction, library preparation and sequencing

All samples were individually treated with liquid nitrogen, and a mortar and pestle were used
to disrupt tissues; DNA was extracted using the E.Z.N.A. Plant DNA DS Kit (Omega Bio-tek),
following modifications to the protocol outlined in Jackson (2022). The quality and integrity
of DNA extractions were checked using agarose gels and Qubit fluorometry. DNA extracts
were sent to LGC Biosearch Technologies (Berlin, Germany) for library preparation and
Illumina sequencing, where a genotyping by sequencing (GBS) approach was used to generate
150 bp paired-end reads using the Pstl and Msel enzymes, with sequencing carried out in one

lane of an Illumina NextSeq 500/550.

Bioinformatic analyses

Data was analysed in STACKS (Catchen et al. 2011, 2013) following the same approach and
parameter optimization protocols as in Jackson (2022). This was done in two ways: 1) mapping
reads against the genome of Zostera marina and 2) using a de novo assembly in order to better
understand the impact of mapping to a cross-species reference genome. As some individuals
lost up to 90% of their sequencing data when mapped to Z. marina (Supplementary Materials
Table 1), all analyses were carried out using the de novo assembly. SNP calling was done
through the populations programme in STACKS with the following filtering parameters:
minimum minor allele count = 3, minimum 50% of individuals across a population had to

possess a locus for it to be processed and only one random SNP per locus was selected. The



populations programme was used to calculate expected heterozygosity (He), observed
heterozygosity (Ho), nucleotide diversity (n), the inbreeding coefficient (Fis), population
differentiation (Fst) and to generate SNP data in a Variant Call Format (VCF) which was used
in downstream analyses. As there were uneven sample sizes (with only four individuals
obtained from Mlalazi) some of the analyses, such as Fsr and Principal Components Analysis
(PCA), were also performed using a subset of the data with four individuals from each

population to account for differences in sample size.

Population differentiation and outlier loci detection

A Principal Component Analysis (PCA) was carried out with the PCAdapt package (Luu et al.
2017) in R v4.1.1 (R Core Team, 2021) to determine divergence between populations based
on the estimated genetic distances. In addition, pairwise Fst values were estimated in
populations and levels of clonality determined in the R package poppr v2.9.3 (Kamvar et al.
2015). To estimate admixture coefficients, a sparse Non-Negative Matrix Factorization (SNMF)
algorithm, using the R package LEA (Frichot and Francois 2015), was employed. This function
estimates the ancestry proportions of each individual, which relates to a specific number of
ancestral gene pools (Boehm et al. 2015). Lastly, outlier loci were identified using the package
PCAdapt (Luu et al. 2017). Putative outlier loci were removed from the dataset and a PCA was
carried out to determine if the same patterns found in the presence of outlier loci were

observed in the neutral dataset.

Results
A total of 158 440 758 raw reads were retrieved, with 109 708 057 reads retained post-
filtering. A total of 6 430 194 reads aligned to the Z. marina genome, with 581 SNPs retained,
and a mean depth coverage of 1.3X. In contrast, a total of 10 992 252 reads mapped to the
de novo assembly, with 7 758 SNPs retained, and a mean depth coverage of 18.4X
(Supplementary Table S1. As such, the de novo assembly was used for all downstream
analyses.

No clones were detected. The Mlalazi population showed the lowest diversity metrics
(He, nucleotide diversity) compared to seagrasses in the other two locations. Positive but low
Fis values were observed for Mhlatuze and Amatikulu, in contrast to plants from Mlalazi with

a negative Fis close to zero (Table 1). The Fsr analysis revealed significant differentiation



between all populations and ranged from 0.07 to 0.152, with the PCA confirming that
individuals from each population cluster together and separately per location (Figure 2). ).
The sNMF analysis provided almost equal support for two or three clusters (Supplementary
Figure S1), but with some admixture between populations detected (Figure 3). In all analyses,
the Mlalazi population was the most distinct, but all populations had private SNPs (2 to 213;
Table 1). Putative outlier analyses identified 33 loci as outliers, hereby denominated the
“adaptive” dataset. However, comparison of the full data set with the “adaptive” dataset
revealed no difference in the patterns of population structure (Supplementary Materials
Figure 2), nor did they match the previously identified private SNPs (Phair et al. 2019). Results
from the reduced dataset with only four individuals per population did not differ to those

from the full data set with 31 individuals (Supplementary Materials Figure 2).
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Figure 2: Clustering Principal Component Analysis plots showing distinct population structure of Z

capensis in KwaZulu-Natal. Refer to Table 1 for sample site abbreviations.
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Figure 3: Admixture plot, where each line represents one individual, with individuals grouped by

population. Refer to Table 1 for sample site abbreviations.

Discussion

In South Africa, population genetic structuring has been reported for many coastal species
(Dalongeville et al. 2022), which often aligns with regional biogeographic patterns (Teske et al.
2011). This is not surprising, given that strong environmental gradients influence the coastal
environment, resulting in a dynamic interplay of biotic and abiotic factors that shape
distributions of diverse local communities (Griffiths et al. 2010). These factors include
contemporary and historical aspects of habitat availability (Toms et al. 2014; Phair et al. 2019),
as well as water temperature and salinity (Teske et al. 2019; Nielsen et al. 2020). However,
known evolutionary dynamics stem primarily from large-scale studies that consider
individuals sampled hundreds of kilometres apart, with finer-scale levels of population
genomic differentiation poorly understood. Using the endangered seagrass Z. capensis as a
model, we show population differentiation across only ~50 km of distribution, with two
distinct population clusters identified in the Amatikulu and the Mlalazi estuaries, with
admixture in the Mhlatuze Estuary. This pattern is probably not only driven by unique genomic
signals, as there were few private SNPs at each population, but is likely largely due to
frequency differences at both neutral and putative outlier loci between populations. This most
likely reflects historical divergence that is maintained by a lack of ongoing contemporary gene

flow, given the uncertainty of whether the thin blades of seagrass can survive transport in



inshore marine conditions. Other studies globally have also shown small-scale differences in
genomic structure among seagrasses (e.g. Halophila ovalis: Liu and Hsu 2021; Z. marina: Kamel
et al. 2012; Z. muelleri: Sherman et al. 2016), suggesting that small spatial genomic structure
is prevalent in this group, despite the potential for high dispersal, either through vegetative
matter or even seeds. This finding may also be linked to the smaller sample sizes from Mlalazi
Estuary, both for missing data and the number of individuals included in the study, although
the patterns of distinct population structure remained when only four individuals per
population were analysed.

A second important finding of our work is the different levels of genomic diversity
across estuaries, with Mlalazi showing significantly lower levels of diversity than those
elsewhere. At the time of collection, only four plants were evident in the estuary (R. Taylor,
pers. comm), with only a few small beds of Z capensis in general (Adams 2016). The
population in the Mlalazi is particularly dynamic and may not be detected for a few years at a
time when conditions are dominated by freshwater. As such, any population increase may only
come from a few propagules, with the low genomic diversity a signal of a population
bottleneck comprising of closely related individuals. Genomic diversity has long been
considered important for the persistence of species and their ability to adapt to changing
environmental conditions (DeWoody et al. 2021; Nielsen et al. 2023) and in seagrasses, it has
been shown to increase both resilience and resistance to change (Phair et al. 2020). In South
Africa, genomic erosion has been documented for some seagrass populations, thereby
threatening the evolutionary dynamics and persistence of these keystone species in the region
(Phair et al. 2020). Further, Z. capensis exposed to thermal stress show a variety of responses
in gene expression (Ndhlovu & von der Heyden 2022), further highlighting the need for
maintaining genomic diversity to help natural populations adapt to changing conditions.
However, disentangling population declines from natural dynamics, where seagrass cover
fluctuates in response to, for example, salinity and turbidity in response to rainfall and
freshwater flow regimes, is difficult, particularly for estuarine systems with temporary mouth
closures (Adams 2016; Mokumo et al. 2023).

Our findings have significant implications for both the management and potential
restoration of Z. capensis in KZN. First, from a conservation perspective, the finding of distinct
population clusters suggests that each Z. capensis population should be managed separately

rather than as a combined management unit, and that each estuary, with its distinct threats
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and pressures, should be evaluated individually to ensure the persistence of this seagrass.
Second, maintaining and allowing for natural processes to potentially increase genomic
diversity of seagrasses (such as through somatic mutations, as documented in Z. marina [Yu
et al. 2020]), by preventing loss from anthropogenic disturbances, is critical. Given that Z.
capensis can survive challenging environmental conditions and exhibits dynamic responses to
environmental changes, even if in only small populations, conservation agencies should wait
several years before declaring Z. capensis extinct in any particular estuary—and only then
consider the introduction of plants from another estuary. For example, St Lucia has been
without any detected Z. capensis for several years and may be a candidate for restoration once
conditions are suitable. However, this would require careful consideration of donor sites
(potentially the Mhlatuze Estuary, which may still harbour genomic signals from St Lucia
transplants in the 1990s, although there are no records of where seagrasses were
transplanted to and whether they survived, to the best of our knowledge). Overall, the
monitoring of seagrasses in South Africa needs to be strengthened considerably, which will
allow us to better understand individual population dynamics and make stronger evaluations
of their threat status.

Third, restoration, particularly the movement of donor plant material to other sites,
must consider not only ecological and environmental but also genomic aspects, given the
importance of genomic similarity in transplant success (e.g. Sinclair et al. 2013; Jahnke et al.
2015). Restoration trials are not yet common for Z. capensis, and given the limited success of
transplant experiments within (Mokumo et al. 2023) and between (Adams 2016) populations
in South Africa, as well as the unique evolutionary dynamics of Z. capensis populations as
characterised to date (Phair et al. 2019; Jackson 2022), genomic profiling of potential donor
and recipient sites will be crucial to maximise transplant success and thus safeguard the long-

term persistence of this valuable ecosystem engineer.
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