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Abstract

Context.
Wetland restoration is critical for the recovery of biodiversity, ecosystem functions and services. In highly
modified landscapes, conservation must navigate complex trade-offs among these goals. Local-scale
information on the genetic structure and trajectory of species can support the design of restoration
strategies that maximise diversity.

Objectives.
We investigated population genetics of Syzygium maire (maire tawake), a critically threatened canopy
tree of swamp forests in the Greater Wellington Region of Aotearoa New Zealand.

Methods.
We sampled leaves of adult trees and seedlings in 12 sites across the region applying low-coverage
whole genome resequencing to each individual. We characterised genetic structure in the adult and
seedling cohorts, examining patterns of kinship and diversity using hierarchical Analysis of Molecular
Variance. Further, we compared the decay in spatial autocorrelation among trees in this region to that of
a relatively large and intact reference population.

Results
. Our data suggest historical homogeneity and admixture across extensive pre-fragmentation swamp
forests, but fine-scale genetic structure and decay of spatial autocorrelation within a few kilometres
indicates recent fragmentation now constrains gene flow. Small yet significant reductions in genetic
diversity and increased inbreeding in seedlings point to early genetic erosion in remnant habitat patches.
Although genetic loss is not yet severe, continued isolation risks accelerating degradation in future
generations.

Conclusions.
Restoration should prioritise reconnecting fragmented populations, maximizing genetic diversity by
replanting with broadly sourced seed and reestablishing habitat for avian seed-dispersers. These
findings highlight how genetic information can inform restoration planning and improve the long-term
resilience of habitat specialist.

Introduction
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Wetlands provide numerous ecosystem services and habitat for diverse species, yet they are threatened
and in decline globally. Historically, wetlands covered about 9% of Aotearoa New Zealand’s land
area(Dymond et al. 2021) and formed an essential taonga (treasured) life-system for Māori, the
indigenous peoples of Aotearoa (Pa Ropata McGowan 2021. Since European settlement, 90%, of wetland
have been lost nationally, with far higher losses across Te Ika-a-Māui (the North Island) {Dymond, 2021
#562), and more than 95% in the Greater Wellington Region (Ausseil et al. 2008, Singers et al. 2018). The
most severely affected ecosystem in the region is swamp forest, occupying less than one percent of its
historical range (Singers et al. 2018, Tomscha et al. 2019). Once extensive across Kāpiti Coast, the Hutt
River Valley, Wainuiomata and Wairarapa (Fig. 4.1), these forests have been largely converted to
farmland and urban areas, leaving small and isolated remnant swamp forests (Singers et al. 2018)
(Figures S1-4).

Swamp forests are especially susceptible to the negative genetic effects of fragmentation (Vranckx et al.
2012, Schlaepfer et al. 2018). Isolated habitat patches harbour less genetic diversity and increase the
risk of inbreeding and genetic drift by breaking up metapopulations and limiting dispersal (Aguilar et al.
2008, Borrell et al. 2020, Walter et al. 2020). Models suggest that fragmentation-induced genetic
degradation occurs once habitat loss exceeds 70%, as reduced connectivity among remnant patches
accelerates genetic drift (Pflüger et al. 2019). Much of the deforestation in Aotearoa has occurred within
the last 200 years, and the genetic effects of swamp forest fragmentation are likely still to play out.

Syzygium maire, an endemic swamp forest tree, has become a central focus of wetland restoration
across Aotearoa. Until 2018, it was little known and largely absent from conservation planning. The
arrival of myrtle rust (Austropuccinia psidii), prompted an national assessment of Myrtaceae
biodiversity, after which S. maire was classified as nationally critically threatened due to extensive
habitat loss and high pathogen susceptibility (de Lange et al. 2018, McCarthy et al. 2019). Since then, S.
maire has gained recognition as a flagship species for swamp forest health and recovery. Despite this,
restoration projects may inadvertently compound risks by failing to capture the species’ full genetic
diversity or to enhance connectivity among remnant populations.

S. maire is particularly vulnerable to genetic degradation under fragmentation due to its highly
specialised habitat requirements and reproductive biology. It is hermaphroditic and capable of self-
fertilisation(Bucan 2006, Clarkson 2014). While selfing can maintain reproduction in isolation, over time
it compounds inbreeding and genetic loss (Aguilar et al. 2008, Chen et al. 2017). S. maire’s generalist
dispersal strategy, reliant on multiple insect and birds species (Bucan 2006, Clarkson 2014), may buffer
low levels of fragmentation, but effectiveness depends on disperser density, movement behaviour, and
habitat continuity (Bond 1994, McRae 2006, Gómez et al. 2007, Vranckx et al. 2012). Insect typically
disperse only hundreds of meters (Goverde et al. 2002, Brunet et al. 2019), while birds such as the kererū
(Hemiphaga novaeseelandiae), a key disperser, deposit most seed within 100 m (Coates and Hamley
1999, Llorens et al. 2004) and seldom exceed 1.5 km (Wotton and Kelly 2012) (Zhang et al. 2021). Kererū
and other fauna also avoid crossing non-native habitats (Coates and Hamley, Schlaepfer et al.). As most
remnant swamp forest in the Greater Wellington Region now occur within urban and pastoral landscapes
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(Singers et al. 2018, Tomscha et al. 2019), dispersal is likely restricted and reproduction largely confined
to isolated stands, and further constrained by low disperser abundance and introduced predators (Clout
and Hay 1989, Wotton 2007, Carpenter et al. 2021). Furthermore, S. maire seed is recalcitrant and does
not form a natural seedbank (van der Walt 2020, van der Walt et al. 2020), and therefore once it is lost
from an area there is little option for natural regeneration.

Previously, we described the national-scale genetic structure of S. maire (Balkwill et al. 2025), but most
human-induced effects occur at finer spatial scales, within regions and individual habitat patches,
especially given the species’ dispersal dynamics and extreme fragmentation. Inbreeding and high
kinship have been detected in isolated populations, likely reflecting founder effects and low migration
among remnants (Balkwill et al. 2024). This fine-scale spatial genetic structure (FSGS) arises from the
interaction of dispersal, life-history, mating system and mate density across the landscape (Vekemans
and Hardy 2004). Assessing the decay of FSGS provides insight into dispersal ability and degree of
reproductive isolation among remnant stands (Smouse and Peakall 1999, Rousset 2000, Vekemans and
Hardy 2004). Understanding these dynamics is critical for designing restoration that maintains
connectivity and genetic diversity. Although no tree species in Aotearoa has yet been assessed for FSGS,
recent work suggests large areas of restorable S. maire habitat remain in the Greater Wellington Region
(Herbert et al. 2025) and that regional genetic diversity remains comparable to other populations
(Balkwill et al. 2025), indicating substantial genetic potential for recovery.

Severe habitat loss and fragmentation in the Greater Wellington Region make information on swamp
forest protection particularly valuable. Given the region’s historically extensive swamp forests, remaining
remnants are expected to retain relatively high diversity and to provide suitable seed sources for
restoration. However, limited animal-mediated dispersal combined with high levels of fragmentation will
isolate remnant stands, resulting in FSGS, close kinship and genetically depauperate seed. To address
these concerns, we aimed to 1) quantify standing levels of genetic diversity and kinship across the
region, 2) assess historical genetic connectivity among remnant patches by determining spatial
autocorrelation decay in adult trees and 3) compare diversity metrics between adult and seedling
cohorts at isolated sites.

Materials and Methods
Study sites and sample collection

We studied 12 sites across the Greater Wellington Region (Figure 1, Table S1). Sites were defined as
areas hosting naturally occurring S. maire, surrounded by less suitable habitat or human altered land
(Correa Ayram et al. 2016). Study sites were a mix of remnant sites surrounded by pasture at Fensham
Reserve (FHR) and Allen/Lowe’s Bush (ALB), non-swamp indigenous forest at Zealandia (ZLD) and
Kaitoke (KTK), urban parkland at Ngā Manu/Parkwood (NGP), Gentian Park (GEP) and Te Haukāretu Park
(THP) and small isolated patches in regenerating bush in Silverlea (SLV), Sylvan Way (SYL), McLean
(PMP) and Carter’s Scenic Reserve (CSR). All sites existed in a complex mosaic of landcovers (Table S1,
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Figures S1-4). Sites were chosen during 2020 based on iNaturalist records and consultation with local
landowners and mana whenua (indigenous Māori peoples of the region). At the time, these locations
were among the only recorded occurrences of S. maire. Sampling permits were obtained from Greater
Wellington Regional, Wellington City and Upper Hutt City Councils for work in their reserves, or from
landowners and through mana whenua, in this case Ngāti Kahungunu ki Wairarapa and Te Āti Awa ki
Whakarongotai. For the isolation by distance analysis, we used an additional 41 samples derived from
Waipoua Forest in Northland. These were collected from sites positioned closer together and were
primarily interspersed with indigenous forest, providing for finer-scale assessment of naturally
fragmented stands of trees.

Sample collection

Whole leaf samples were collected from adult trees and seedlings between January 2021 and May 2022.
Seedlings were defined as individuals less than 5cm tall. As there is no seedbank, all seedlings represent
breeding events which occurred within the previous few years. It cannot be assumed that all seedlings
were from the previous season as growth rates have not been quantified and it is possible that some had
germinated earlier.

Ten to twenty adult samples were collected at each study site. Where more than 20 adult trees were
present, effort was made to sample individuals from across the site to minimise over representation of
highly related individuals. If multiple trunks emerged from the same area of ground, leaves were only
collected from one. Seedlings were collected if present and the nearest adult noted. To minimise impact,
we harvested single leaves from seedlings. GPS coordinates and diameter-at-breast height were
recorded for all adult samples. Samples were transported on ice, flash frozen in liquid nitrogen and
stored at -80 ⁰C.

DNA extraction and variant calling

DNA was extracted and sequenced as in Balkwill et al. (2024) and Balkwill et al. (2025). Where specific
cohorts were needed for analysis, individuals, age groups or populations were removed from the
analysis using gl.drop.pop or gl.drop.ind in DartR v2.9.7 (Gruber et al. 2018) in R v4.2.1 (R Core Team
2013). Monomorphic variants were removed and locus statistics recalculated for each subset. We used
a dataset filtered for missing and uncommon alleles (minor allelic frequency greater than 0.05) as the
sample size was small and contained many related individuals. Missing data or under sampled alleles
may therefore have a large effect on analyses. For kinship analyses a dataset without minor allele
frequency (MAF) filtering was used, as recommended previously (Weir and Goudet 2017, Goudet et al.
2018). 

Genetic structure

To identify genetic clusters within the data we used k-means clustering, principal component analysis
and discriminant analysis of principal components. All clustering analyses were performed using the
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adegenet v2.1.10 package in R (Jombart 2008). Nonparametric methods (principal component analysis
and discriminant analysis of principal components) were chosen to account for potential bias in our data
resulting from small numbers of potentially highly related samples. We ran principal component analysis
using the dudi.pca function without norming for column vectors and the number of kept axes set to the
number of individuals. We ran principal component analysis on all samples, as well as adult only and
adult-seedling (AvS) datasets. K-means clustering was performed with the maximum number of clusters
set at 20 and the number of principal components to the number of individuals in the analysis. Choice of
the optimal number of clusters was made interactively based on Bayesian information criterion score. As
a final clustering method, we ran discriminant analysis of principal components (Jombart et al. 2010).
Prior groups were defined according to subregion (Table 4.1). The number of principal components was
set to the number of individuals and all discriminant functions were retained as the number was small.
For maintaining a sufficient number of principal components that discriminated between groups, we
used the optim.a.score function, and reran discriminant analysis of principal components with the
number of principal components set to that which generated the best a-score.

In order to test for differences in levels of population structure we used a hierarchical AMOVA (Analysis
of Molecular Variance) (Meirmans 2012) with strata set as subregions with nested sampling sites.
Molecular variance components for each hierarchy was estimated in the R package poppr v2.9.3
(Kamvar et al. 2014) using the function poppr.amova with method set to ade4 and 99999 permutations.
Statistical significance of these components was tested using randtest in ade4 v1.7-22 (Dray and Dufour
2007) at 99999 permutations.

Summary statistics

Summary statistics were calculated for all adult trees at the site level, except for the removal of CSR as
only a single tree was sampled, All analyses were conducted in R. Population specific and overall fixation
index (FST) with 2.5 and 97.5 % confidence intervals, inbreeding statistic (FIS) and gene diversity was
obtained using the methods of Weir and Goudet (2017) with 1000 bootstraps according to the hierfstat
v0.5-11 function betas (Goudet 2005). Observed and unbiased heterozygosity (corrected for sample
size) were obtained per site and per individual using gl.report.heterozygosity in DartR. Pairwise FST with
confidence intervals at 2.5 and 97.5 % was calculated according to Weir and Cockerham (1984) using
the genet.dist and boot.ppfst functions in hierfstat with 100 bootstraps. Pairwise private alleles, fixed
alleles and allelic frequency differences for all populations were identified using the gl.report.pa function
in DartR. Comparisons were made both for pairwise site to site comparisons, and between each site and
all other sites pooled. 

Spatial autocorrelation

We sampled individuals every few meters for the length and breadth of each site. However, due to the
small size of remnant patches, we could not sample along the complete dispersal distance of each tree.
Isolation by distance was assessed between sites and between individuals using the gl.ibd function in
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DartR. The method was based on FST for analyses between sites. Individual assessments were run using
proportion of shared alleles. Mantel tests for correlation between genetic and geographical distance was
performed on 99999 permutations. Spatial autocorrelation between individuals was examined using
gl.spatial.autoCorr in DartR. This is a nonparametric assessment developing on the methods of Smouse
and Peakall (1999), Peakall et al. (2003) and Smouse et al. (2008) allowing tests for statistical
significance. We used Euclidean distances for both linear geographic and genetic distances and
calculated spatial autocorrelation in 10.5 bins of equal distance, representing distances increasing by
approximately 10 km for each bin. Significance and confidence intervals were assessed using 1000
permutations. To obtain a better understanding of the pattern of decay in autocorrelation, we also tested
these statistics for the Northland populations. Sampling of these populations was more regular and over
a lesser distance, allowing decay to be calculated at smaller intervals and with less missing information.
We chose to assess decay with 31.2 intervals, the maximum distance in km of any pair of individuals, to
assess decay per kilometre.

Kinship

We estimated inter-individual kinship and per-individual inbreeding using the Weir and Goudet (2017)
beta-estimator with the beta.dosage function in hierfstat (inb = TRUE). These measures account for
small numbers of related samples (Weir and Goudet 2017, Goudet et al. 2018). Calculations were
performed on the MAF0.00 dataset, as filtering for rare alleles may reduce accuracy of kinship
estimators (Goudet et al. 2018).

Age group comparisons

To test for differences between cohorts, we used a hierarchical AMOVA (Meirmans 2012) with hierarchy
set to sampling site and nested age groups (adult or seedling). Molecular variance components for each
hierarchy were estimated in poppr using the function poppr.amova with method set to ade4 and 99999
permutations. Statistical significance of these components was tested using randtest in ade4 at 99999
permutations.

Differences in genetic diversity between adult and seed populations were tested using the
gl.test.heterozygosity function in DartR with 1000 replications (Gruber et al. 2018). This function
calculates statistical significance through re-randomization comparison of expected heterozygosity
estimates. A null hypothesis of no difference was tested at p = 0.05 and p=0.001. Pairwise private
alleles, fixed alleles and allelic frequency difference for all adult-seedling pairs were identified using the
gl.report.pa function in DartR. Individual level kinship and inbreeding statistics were calculated with the
beta.dosage function in hierfstat (inb = TRUE).

Results
Study sites and sampling
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Sites were visited from early summer to late autumn and flowering or fruiting trees were observed at the
majority of sites. Seedlings were noted at only a few sites, primarily those with boggy ground and closed
canopy cover. Myrtle rust was not present at the time but has since been reported in the region.

Sites were small, fragmented fenced off reserves experiencing no understory browsing from farm
animals with most receiving active invasive predator control. All sites represent small reserves, apart
from KTK and PMP which intersect the broader Tararua Forest Park. All stands comprised fewer than 50
trees, barring ALB, which had fewer than 100 (Table S1). Less than 10 trees were observed at CSR, PMP,
THP and KTK. The largest populations of intact swamp forest were ALB, FHR, NGP and GEP. No larger
populations were known at the time. Plant cover at ALB, FHR and GEP consisted of waterlogged pukatea
(Laurelia novae-zelandiae) swamp forest surrounded by kahikatea (Dacrycarpus dacrydioides). NGP was
primarily dry ephemeral mixed swamp forest, waterlogged swamp forest and open water vegetation
shared with kiekie (Freycinetia banksia). Smaller populations were also sampled at SVL (waterlogged,
regenerating swamp forest in rural context), ZLD (dry stream fan in regenerating urban reserve), SYL
(suburban gully in regenerating bush), THP (waterlogged bush remnant near roadside in urban setting)
and PMP (boggy, flax with emergent trees). Only a single individual was sampled at CSR, an open water
wetland site with flax and emergent trees. Seedlings were collected at GEP, ALB, FHR and THP as they
could not be located at other sites. All patches were isolated and more than 1.5 km from the next
nearest patch apart from GEP-THP which were ~1.4 km. The next closest pair was NGP-SLV at 3.5 km. 

Variant calling and datasets

Variants were successfully detected for 186 individuals across the Greater Wellington Region (Table S2).
Of these, 111 were adults of breeding age and 74 were seedlings (Table S1). We further filtered this
dataset for adult-seedling (AvS) pairs derived from ALB, FHR, GEP and THP for a total of 54 adults and
74 seedlings. At ALB and FHR, sample sizes were roughly equal for age cohorts, while at GEP we
obtained twice as many seedlings. We were only able to sample two seedlings at THP. At MAF > 0.05 the
dataset yielded 55,709 SNPs across all 186 individuals, while that for just adults was based on 55,708
SNPs and AvS on 53,633 SNPs (Table S2). For kinship analysis, the dataset filtered for a MAF of 0.00 and
no missing data yielded 171,172 SNPs for adult analyses and 156,672 for AvS.

Genetic structure

Weak clustering by site was observed in the principal component analysis (Figure S5). For the dataset
containing only adults, axis one explained 6.1% of the variation, while axis two explained 5.1% and axis
three 3.6%. Axis one explained variance separating subregions, a rough Kāpiti Coast-Hutt Valley cluster
and a Wairarapa group. ZLD and PMP formed tight groups segregated from the rest. K-means clustering
suggested that five clusters existed in the dataset. However, when examined more closely, clustering did
not seem to fully align to sites or subregions, with some individuals grouped with others from sites
across the region (e.g., Wairarapa samples with the Kāpiti Coast). For discriminant analysis of principal
components, LD1 (48.8%) primarily explained the separation of ZLD from the rest, and LD2 (35.8%) and
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LD3 (15.5%) explained segregation of broader subregions (Figure 2). In general, clusters were tight,
barring some FHR and THP individuals and CR01 approaching the NGP/SLV cluster.

The AMOVA suggested that most genetic variation of S. maire in the Greater Wellington Region was
contained within sites, followed by among sites and finally among subregions (Table 1). 

Table 1: Hierarchical AMOVA for adult S. maire trees in the Greater Wellington Region. Percentage
covariance, phi statistics and significance of results at 99999 permutations are shown. Variance was
tested for sampling sites nested within subregions. 

Comparison % covariance Phi P-value

Variation among subregions 5.74 0.06 0.00952

Variation among sites within a subregion 18.72 0.20 0.00001

Variation within sites 75.53 0.24 0.00001

Summary statistics

We observed medium fixation index (0.18) and inbreeding (0.1) across all of the Greater Wellington
Region,  (Table 2). At the site level, NGP showed the lowest fixation index (0.04) followed by ALB (0.09)
and FHR (0.07), while the highest fixation indices occurred at PMP (0.256) and KTK (0.44). Confidence
intervals for all fixation index values fell within 0.01 or less of the estimate. Trends in allelic frequency
difference values were similar, although differences were less extreme.

Heterozygosity values were comparable (uHe from 0.22 to 0.25) for all populations except KTK (0.15)
and PMP (0.11) (Table 2, Figure S6). Multi-locus beta-diversities were also lowest in PMP and KTK, and
near identical to heterozygosity values, with medians at 0, suggesting that most loci were homozygous
across these trees (Table 2, Figure S6). Standard deviations were all high for heterozygosity and variation
in beta-diversity and individual Ho was high within sites (Figure S6, Table S3). Inbreeding values within
sites were lowest at NGP (0.01), THP (0.04), FHR and SLV (0.06) and ALB (0.07), and highest at KTK
(0.37 and PMP (0.57) (Table 2, Figure S7). Variation in individual inbreeding statistics per site was lowest
in NGP and PMP. 

Pairwise fixation indices among sampling sites ranged between 0.04 (NGP-SVL) and 0.52 (KTK-PMP)
(Table S3). All the highest pairwise differences (>0.20) were between KTK or PMP and other sites. The
lowest values (<0.10) were between SYL and NGP, FHR and ALB. Confidence intervals ranged within less
than 0.01 of the estimated pairwise fixation index.

Table 2: Population-specific and overall summary statistics for adult S. maire trees sampled across the
Greater Wellington Region. 
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Site FST 2.5% CI FST FST 97.5% CI FIS uHe β-gene diversity AFD

ALB 0.09 0.09 0.09 0.07 0.24 0.24 0.09

FHR 0.06 0.07 0.07 0.06 0.24 0.24 0.08

GEP 0.11 0.12 0.12 0.12 0.23 0.23 0.10

KTK 0.43 0.44 0.45 0.37 0.15 0.15 0.19

NGP 0.04 0.04 0.05 0.01 0.25 0.25 0.10

PMP 0.56 0.57 0.57 0.42 0.11 0.11 0.19

SLV 0.13 0.14 0.14 0.06 0.22 0.22 0.12

SYL 0.13 0.13 0.13 0.17 0.23 0.23 0.10

THP 0.10 0.10 0.11 0.04 0.23 0.23 0.12

ZLD 0.14 0.15 0.15 0.13 0.22 0.22 0.12

Overall 0.18 0.18 0.19 0.11   0.26  

Inbreeding values are the average for individual FIS. Unbiased expected heterozygosities (uHe) are
corrected according to sample size. Allelic frequency differences (AFD) were calculated relative to all
other samples.

Spatial autocorrelation

We did not detect significant isolation by distance across the dataset using Mantel tests between
subregions (r = 0.71, p = 0.08) or between sites (r = -0.08, p = 0.59) (Table 3, Table S5). Significant
isolation by distance at the individual level (r = 0.50, p = 1e-5), however, was detected for both Greater
Wellington (Table 3, Figure S8A) and Northland (Table 3, Figure S8B).

Spatial autocorrelation declined rapidly from the first distance class (10 km, r = 0.07) to the second (20
km, r = 0.01) in the Greater Wellington Region (Figure 3A, Table S6), with both values exceeding the upper
limit expected under the null hypothesis of no spatial autocorrelation. All other distance classes were
negatively correlated and exceeded the lower bound of the null hypothesis. Correlation was, however,
weak at all levels. Significant negative correlation was observed at 19 and 20 km. All other distance
classes were not different from zero. In the Northland samples, autocorrelation decreased rapidly from
one (r = 0.029) to two (r = 0.006) and became negative by three kilometres (Figure 3B, Table S7).
Significant positive correlation was detected only in the first distance class, although the strength of this
association was weak.

Table 3: Isolation by distance of S. maire trees across the Greater Wellington Region using the Mantel
test statistic. 
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Comparison r (Mantel statistic) p-value Upper quantiles of permutations

90% 95% 97.5% 99%

Among subregions 0.71 0.08 0.59 0.60 0.66 0.70

Among sites -0.08 0.59 0.31 0.39 0.45 0.49

Among individuals 0.50 1E-05 0.03 0.04 0.05 0.06

Isolation by distance was tested at three levels: between subregions (Wairarapa, Kāpiti, Hutt Valley and
Wellington), between sites and between all individuals across Greater Wellington. Geographic distances
were based on Euclidian distance in meters, while genetic distance was FST for subregions and sites and
proportion shared alleles for indivduals. Significance was tested for 99999 permutations.

Allelic analyses

In pairwise comparisons between populations, we observed the lowest allelic frequency differencesfor
ALB-FHR (0.07), the largest populations (Table S8), while the highest values (>0.2) were obtained for
comparisons of  small, inbred populations. For comparisons between each sampling site and the rest of
the pooled dataset, the lowest allelic frequency differences were ascribed to FHR, ALB, NGP and GEP
(Table 2, Table S9). The largest were for CSR and PMP. No unique alleles were observed for any one site.
However, differences in allelic frequency were found when comparing site to site pairwise (Table S9).

Kinship

Across the Greater Wellington Region, we find evidence for both strongly inbred and outcrossed
individuals, with individual kinship ranging from -0.15 to 0.55. Varying kinship was often observed
between individuals within sites (Figure 4). Relatedness blocks between sites existed for Kāpiti Coast
and Hutt Valley populations. Within sites, PMP and KTK were the most related, with high inbreeding and
kinship among all individuals in PMP. By contrast, ALB, FHR and NGP had the lowest within site
inbreeding and kinship values. Outliers were present at all sites.

Age group comparisons

Seed for all sites appeared to represent the complete variation of adults in principal component graph
space, suggesting they captured a substantial proportion of total adult diversity (Figure 5). For the
principal component analysis of only the sites where seed was sampled, axis one explained 10.6% of the
variance, axis two 5.5% and axis 3, 3.0%. GEP and Wairarapa sites (ALB, FHR) were differentiated along
axis one, with THP in the centre. Axis two primarily explained variation within GEP. Clustering was far
tighter in the Wairarapa samples, with GEP samples representing a far looser association.

Differences in heterozygosity between sites were small, ranging from -0.005 (FHRA - ALBS) to 0.110
(FHRA - THPS) (Table S10). Excluding THP, the maximum deviation was 0.013 (FHRA to GEPS). The

difference in heterozygosity between ALB cohorts was 0.001, which was statistically significant (Table
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4). Differences between FHR and GHP cohorts respectively were 0.004 and 0.001, both at p-values <
0.001. Interestingly, non-significant differences were observed for ALBA-FHRS and ALBS-FHRS

comparisons (Table S10). uHe ranged from 0.224 to 0.242 for all sample sets apart from THPS at 0.166
(Table S11).

Table 4: Comparison of genetic diversity statistics for adult and seedling S. maire trees from single
populations. 

Site FIS Adult FIS Seed uHe Adult uHe

Seed

He diff p-value He diff AFD

ALB 0.0338 0.0554 0.2362 0.2341 0.0009 0.022 0.07

FHR 0.0101 0.0155 0.2420 0.2371 0.0043 <0.001 0.072

GEP 0.1226 0.1418 0.2292 0.2243 0.0013 <0.001 0.048

THP 0.0685 0.2992 0.2330 0.1659 0.0892 <0.001 0.154

Inbreeding values are the average for individual FIS. Unbiased expected heterozygosities (uHe) are
corrected according to sample size. Differences in expected heterozygosity for adult-seedling pairs (He

diff ) was calculated with 1000 replications for significance testing. Allelic frequency differences (AFD)
were calculated relative to all other samples.

Pairwise allelic frequency difference between adults and seedlings ranged from 0.048 for GEPAvS to
0.203 for FHRAvS-THPAvS (Table 4, Table S10). Excluding THP, the maximum allelic frequency difference
was GEPA-FHRS (0.143). Allelic frequency difference for adult seedling pairs were 0.070, 0.072 and 0.154

for ALB, FHR and THP respectively. For the GEP pair, seedlings had 4,308 alleles (7.8% of the SNP
dataset) not represented in adults, while adults had 974 not present in seedlings (Table S10). FHR and
ALB adults lacked 2,435, and 2,563 seedling alleles. The seedling-adult relationships showed the least
number of pairwise private alleles. Except in the case of ALB, seedlings showed higher allelic frequency
difference than adults at the same site (Table S8). At the regional level, adult and seedlings from the
same site have similar allelic frequency difference and number of missing alleles compared to all other
pooled populations (Table S9).

For the adult-seedling dataset, pairwise individual kinship was generally highest within sampling sites
and seedlings were most often most closely related to adults within sites (Figure S9). There were,
however, exceptions, with some individuals showing higher kinship with individuals at other sites
compared to their own. For instance, two adults in THP displayed similar kinship to adults and seedlings
in GHP. There was also a range of individual inbreeding values and inbreeding was consistently higher for
seedling cohorts compared to adults (Table 4, Figure 6). Seedlings in GEP appeared most related to each
other and GEP had higher within-site kinship compared to ALB and FHR.
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AMOVA suggested that most variation existed withing age groups (80.39%) followed by between sites
(18.48%) (Table 5). Differences between age groups explained a very small proportion of the variation
and was marginally significant with a p-value of 0.03. When THP cohorts were removed from the
analysis, between age group variance was no longer significant (0.07).

Table 5: Hierarchical AMOVA for adult versus seedling trees.

Comparison % covariance Phi P-value

Including THP      

Variation between site 18.48 0.19 0.00001

Variation between age group within site 1.14 0.01 0.02979

Variation within age group 80.39 0.19 0.00001

Excluding THP      

Variation between site 18.16 0.19 0.00001

Variation between age group within site 0.86 0.01 0.06759

Variation within age group 80.99 0.18 0.00001

Variance was tested for age group nested within sample sites. Percentage covariance, phi statistics and
significance of results at 99999 permutations are presented.

Discussion
We assessed local-scale genetic structure, isolation by distance and fragmentation effects on the
genetic diversity of remnant S. maire stands across the Greater Wellington Region. We identified
evidence of weak structure and admixture, as well as varying heterozygosity, inbreeding and kinship
within sites, likely relating to isolation by distance and natural fragmentation in micro-habitats.
Significant and rapid decay of spatial autocorrelation over just a few kilometres indicates that remnant
patches will likely experience genetic erosion due to habitat fragmentation. Small but significant
differences in heterozygosity and higher inbreeding in seedlings suggest remnants are experiencing
effects of fragmentation. Restoration and conservation goals would best be served by capturing
diversity within the region and improving population connectivity to better emulate the natural dispersal
state of the species, especially through expanding existing swamp forest and restoring swamp forest
habitat within a few kilometres of remnant patches.

Across the region, there is evidence of weak genetic structure. Principal component and discriminant
analysis of principal component analyses suggest broad clusters corresponding to subregions
(Wairarapa, Hutt Valley, Wellington and Kāpiti Coast), and medium to high fixation index values further
suggest population differentiation. However, AMOVA results and deviations from subregion-based



Page 14/27

clustering in k-means and pairwise FST analyses indicate that this structure is weak. The absence of
private alleles at any one site relative to others suggests that observed structure reflects differences in
allele frequencies rather than unique genetic variants. Small sample sizes and exclusion of rare alleles
may also have limited detection of site specific variation. Apart from PMP and KTK, diversity measures
are similar across subregions, again, implying that structure arises from frequency shifts or allelic
combinations, rather than distinct genetic content. Because adaptation may depend on specific
combinations of alleles, some of this structure could reflect selective processes. Nevertheless, adaptive
variation is unlikely to be highly localised as historically extensive swamp forests would have promoted
outbreeding and admixture with neutral processes, isolation by distance or patch-level selection shaping
site-level allelic frequencies. Homogenization of allelic content through admixture, followed by selection
favouring locally advantageous genotypes, could maintain overall genetic diversity, a process consistent
with balancing selection (Slotte et al. 2010, Delph and Kelly 2014, Kutschera et al. 2020).

Larger, historically continuous swamp forest sites (ALB, FHR, NGP) showed greater genetic diversity and
lower differentiation (fixation indices, inbreeding statistics and allelic frequency differences) than
smaller, isolated patches (KTK and PMP). Even low migration rates can homogenise variation across a
species’ range, and extensive swamp forest would have provided abundant mating opportunities.
However, insect pollinators tend to remain, within forest patches rather than move between them
(Didham et al. 1996, Goverde et al. 2002), and birds are unlikely to move far if food resources are
sufficient (Wotton and Kelly 2012). Chance long-distance dispersal into small or marginal habitats is
therefore likely followed by inbreeding and selfing. This pattern suggests that large, admixed populations
maintain higher genetic diversity, whereas dispersal into ephemeral or isolated habitats produces
founder effects and selfing. Thus, population context should be carefully considered when selecting
sites for conservation and seed sourcing.

Stands that were once part of extensive swamp forest also show much lower kinship, suggesting that
local substructure results from the dispersal dynamics of this animal dispersed tree. Spatial genetic
structure was detected at the individual level for both the Northland and Wellington populations, with
Mantel tests indicating moderate to strong isolation by distance. Spatial autocorrelation declined sharply
within 1–10 km, beyond which it became non-significant or negative, consistent with the maximum
estimated seed dispersal distance of kererū (Wotton and Kelly 2012). No isolation by distance was
evident within individual patches, either reflecting limited sampling or or genuinely weak structure at this
scale. The rapid decay and weak autocorrelation suggest that historic populations in large swamps
experienced sufficient gene flow to maintain admixture. In wind-pollinated beech and oak, spatial
autocorrelation decays within as little as 60 meters due to pollen influx from outside stands (Nakanishi
et al. 2009, Sandurska et al. 2024). Insect-mediated pollen transfer rarely exceeds a few hundred meters
(White et al. 2002, Hardesty et al. 2006, Hoebee et al. 2007, Byrne et al. 2008, Dick et al. 2008). For
insect-pollinated, bird-dispersed species like Copaifera langsdorffii, pollination occurs within 150 meters
(Sebbenn et al. 2011) and most seedlings are clustered within 100 meters of their mother tree. In the
context of these studies, admixture at the kilometre scale in large S. maire populations is plausible but
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fragmentation likely leads to dispersal failure once remnants are widely separated and disperser density
is low.

In S. maire seedlings from isolated stands, we observed significant loss of heterozygosity, increased
inbreeding and small but significant shifts in allele frequencies. Despite this, seedlings retained most
alleles present in their parents, and allele frequencies remain comparable to their parents and other
outbred populations. Similar patterns have been observed for temperate, wind dispersed (Guillardin et al.
2024, Liesebach et al. 2024) and tropical, animal dispersed species with mixed mating system (Sebbenn
et al. 2011, Waqar et al. 2021). Molecular variance analysis revealed significant age cohort differences
only when THP was included, indicating possible bias from small sample size, a likely reality for many S.
maire populations with limited recruitment. These results indicate that the region’s genetic diversity
remains broadly represented across populations. Moreover, because alleles present at any single site are
also found elsewhere, there is still time to capture and propagate this diversity through well-designed
restoration. However, fragmentation effects are expected to intensify if patches are kept isolated, and
passive restoration alone will not sustain genetic diversity. Active, wide-ranging seed collection is the
best strategy. Sources at NGP, FHR and ALB were the most diverse and should be prioritised for
conservation and seed sourcing, though relatedness within stands cautions against relying on only a few
populations.

Given the species’ natural dispersal dynamics, the current spatial arrangement is unlikely to maintain
sufficient levels of migration or viable meta-population sizes. A rule-of-thumb for the species may be that
any patch greater than 2 km from another should be considered isolated. Restoration should prioritise
sites within 2 km of existing patches. Where this is not possible, artificial migration with mixed
provenancing would serve to maximise retained diversity. Ex situ collections should also be established
to insure against mortality due to myrtle rust incursion, drought or other challenges. Although seed
banking is not an option, nursery propagation is well described (Bettoni et al. 2022). Furthermore,
increasing native forest cover as disperser habitat, even in non-swamp areas, would likely enhance
connectivity among S. maire remnants. Conservation and restoration planning should also ensure that
disperser populations remain sufficiently dense to maintain gene flow, by expanding suitable habitat in
the surrounding matrix and reducing predation pressure. In some cases, however, it may be beneficial to
retain a degree of isolation to buffer against the spread of myrtle rust.

The limited number of sampling sites, especially in adult-seedling comparisons, and non-exhaustive
sampling design is acknowledged as a limitation of this study. Future studies would benefit from
exhaustive sampling to achieve larger sample sizes. Since data collection, additional S. maire
populations have been discovered, creating opportunities for expanded analysis. With a reference
genome available (Balkwill et al. 2024), and this preliminary information, ultra-low coverage whole
genome resequencing could provide cost-effective means to genotyping many more individuals (Martin
et al. 2021). Collecting seed from known maternal trees would increase power to detect crosspatch
pollination events and to describe pollination-dependant dispersal dynamics. Finally, integrating these
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data into landscape-scale dispersal models that incorporate standing genetic diversity would provide a
valuable basis for evidence-based restoration planning in the region.

In conclusion, restoration in the Greater Wellington Region should prioritise reestablishing habitat
patches that enhance connectivity among existing S. maire remnants. Where this is not feasible, or
where sites are located more than 2 km from the nearest patch, planting should incorporate seed
sourced multiple populations to maintain genetic diversity. Local authorities should also focus on
conserving the larger, more outbred populations at ALB, FHR and NGP. These recommendations are
likely to be relevant to S. maire populations throughout Aotearoa, as well as other habitat-specialist
species world-wide. However, restoration strategies should always account for species-specific
dispersal mechanisms and the surrounding landscape context to determine acceptable levels of habitat
fragmentation and ensure long-term population resilience.
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Figure 1

Locations of sampling sites used for this study.Red depicts extant wetland habitat, while light orange
depicts historical wetland. Light grey relief represents surviving native forest. Urban areas are coloured
dark grey. Information was derived from the New Zealand Landcover Database version 5 (LRIS),
geographical borders from NZ Coastlines and Islands Polygons (LINZ) and Greater Wellington Regional
Council.
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Figure 2

Three-dimensional representation of discriminant analysis of principal components for 111 reproductive
age S. maire trees sampled in the Greater Wellington Region.Analyses were based on 55,708 SNPs at a
minor allele frequency of 0.05, filtered for linkage disequilibrium and without missing information.
Individual points represent single trees coloured according to sampling sites. Points are coloured
according to region, with tones according to sample site.
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Figure 3

Decay in spatial autocorrelation among S. mairetrees in Greater Wellington (A) and Northland (B)
populations. The blue points, line and error ribbon depict estimated autocorrelation coefficient (r) and its
bootstrapped upper and lower limits. The grey ribbon shows the calculated upper and lower limits for the
null hypothesis of no spatial autocorrelation. Autocorrelation is significant if its estimate exceeds the
limits of the null hypothesis.
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Figure 4

Kinship and inbreeding coefficients for reproductive age S. maire trees in the Greater Wellington Region .
A) Boxplots representing the distribution of pairwise individual kinship within sampling sites. B)
Heatmap depicting inbreeding and pairwise kinship of all individuals. Calculations were based on
171,172 SNPs filtered for linkage disequilibrium and missing information but not minor allele frequency.
Inbreeding coefficients are displayed on the diagonal of the heatmap. Individuals are grouped into sites
from which they were sampled, as depicted by multi-coloured bars alongside each heatmap.
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Figure 5

PCA of adult and seedling S. maire SNPs coloured by sampling site and cohort.,  symbols denote
individual trees. Analyses were based on 53,633 SNPs at a minor allele frequency of 0.05, filtered for
linkage disequilibrium and without missing information. Individual points represent single trees coloured
according to sampling sites. Subscripts depict whether the point is a seedling (S) or adult (A).
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Figure 6

The distribution of individual inbreeding values across adult and seedling cohorts of S. maire for each
sampling site. FIS was calculated per individual using Weir and Goudet (2017)’s beta-estimators.
Subscripts represent whether a data is shown for seed (S) or adult (A) trees.
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