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Abstract

Taxus baccata L. is a highly valuable species with wide distribution but scattered and locally rare occurrence. Human
intervention, including forest management practices and fragmentation, can significantly impact the species’ genetic diver-
sity, structure, and dynamics. In this study, we investigated these factors within 7. baccata populations in the Bavarian
Forest National Park (NP) in Germany and their implications for conservation. We used 13 EST-SSRs to assess the genetic
diversity and structure of the population. Our analysis revealed a scarcity of small-diameter trees, indicating limited natural
regeneration over time. However, conservation efforts, like selectively removing competitor species and using protec-
tive fencing, have improved growth conditions and promoted seedling emergence. The NP’s natural zone has no active
management, which is confined to the development and management zones. Genetic diversity assessments revealed high
genetic diversity (H,: 0.612 and 0.614 for seedlings and adults, respectively) compared to other studies in Taxus bac-
cata, dispelling concerns of significant inbreeding and showcasing a stable genetic structure. However, significant spatial
clustering of related individuals (family structures) in both cohorts and low effective population size in the progeny hints
at restricted gene flow, necessitating conservation efforts prioritizing safeguarding and promoting natural regeneration in
development and management zones. Limited natural regeneration and the recent decrease in effective population size in
the NP populations indicate habitat fragmentation and human interventions. Effective population size estimates emphasize
the need for diverse conservation strategies. Conservation efforts should prioritize protecting natural regeneration and
enhancing gene flow by actively promoting European yew, e.g., by shelterwood cutting, to ensure the long-term viability
of T. baccata in the region outside the NP.
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Introduction

Communicated by Marta Pardos. Loss of genetic variation increases the risk of extinction
(Frankham 1995), and currently, the biological diversity is
being depleted because of direct or indirect consequences
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identifying genetic diversity hotspots (Porth and El-Kassaby
2014). These markers can provide insights into the level and
distribution of genetic variation within and among popula-
tions, the level of inbreeding, effective population size, and
bottleneck events (Gailing et al. 2009; Mariette et al. 2010;
Eliades et al. 2011; Porth and El-Kassaby 2014).

Stand-forming and common tree species have received
more attention than rare and scattered species like Taxus
baccata L. (English yew), which is widely distributed but
typically rare (Ruprecht et al. 2010). One of the most nota-
ble characteristics of the species is its longevity and very
slow growth rate (Hulme 1996). In the middle age due to
the wide range of artifacts made from yew wood, the species
was on the verge of extinction in Europe (Hartzell 1991;
Benham et al. 2016). Today, it remains an important tree
species that is widely used, e.g. as a source of anti-cancer
taxane alkaloid (Suffness 1995; Hageneder 2013; Gardner
et al. 2019) alongside its role in hedging and gardening.

English yew is native to European temperate and Medi-
terranean forests; from Scandinavia and North Africa to the
Iberian Peninsula and the Caspian Sea, this species is present
in a wide range of geographical regions. Therefore, it occurs
under various environmental conditions, including oceanic,
continental, and Mediterranean environments (Deforce and
Bastiaens 2007; Thomas and Garcia-Marti 2015; Chybicki
and Oleksa 2018). Although the species is found throughout
a wide range of habitats, it is in decline, and may face local
extinction, as some parts of Europe have witnessed extinc-
tion and the isolation of populations (Svenning and Magérd
1999; Dubreuil et al. 2010; Schirone et al. 2010; Alavi et al.
2019; Mayol et al. 2019; Ahmadi et al. 2020).

The species is wind-pollinated, and seeds are dispersed
mainly by birds and also by gravity (Hulme 1996; Thomas
and Polwart 2003; Chybicki et al. 2011). Despite the consid-
erable potential for seed and pollen dispersal, yew popula-
tions demonstrate pronounced kinship structure (Chybicki
et al. 2011). In addition, the species has limited gene flow,
in contrast to other often wind dispersed gymnosperms, and
the genetic diversity is highly structured at the local and
regional scale (Dubreuil et al. 2010; Gonzalez-Martinez et
al. 2010; Chybicki et al. 2012).

In some areas, conservation management targets the pro-
tection of yew populations in Germany. To this end, a fence
surrounding mature trees and seedlings is used to prevent
deer from eating or trampling them; while the fences will
not have an effect on bird movement and seed dispersal,
they reduce the browsing pressure on seedlings and saplings
(Dhar et al. 2008). This approach fosters natural regenera-
tion only in close vicinity of seed trees by protecting seed-
lings partially from animal damage. However, they are
vulnerable to snails, mice, fungi, and even dry periods after
germination. In an isolated population in Poland, birds and
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other animals dispersed 95% of seeds up to 109 m from the
mother trees, while the pollen traveled up to 704 m (Chy-
bicki and Oleksa 2018).

Yew expanded its range during several Pleistocene inter-
glacial periods and played a prominent role in the vegetation
of Europe (de Beaulieu et al. 2001; Deforce and Bastiaens
2007; Delahunty 2007). However, it has experienced effec-
tive population size declines since the last interglacial
(Mayol et al. 2019). In addition to environmental change,
human interventions have aggravated this population reduc-
tion (Linares 2013; Thomas and Garcia-Marti 2015). Nev-
ertheless, there has been an expansion in population size
in certain parts of southern Europe, attributed to favorable
environmental conditions (Kassioumis et al. 2004). Simi-
larly, targeted management and conservation initiatives,
such as selective cutting of beech trees in northern Europe
(Svenning and Magard 1999), have contributed to positive
developments in specific regions.

Climate change also threatens the yew populations, i.e.
the species has limited capacity to migrate north of its dis-
tribution range in Europe because of its slow migration rate,
specific soil requirements, and limited potential to adapt to
the anticipated climate change (Thomas and Garcia-Marti
2015). The scattered distribution, along with less favorable
climate, slow growth, weak reproductive capacity, ille-
gal trade, and over-harvesting of Taxol from the bark and
leaves, have caused the species to be threatened in most
countries (Deforce and Bastiaens 2007; Jia et al. 2022).

T. baccata is principally a dioecious species (strictly out-
crossing); thus, monoecious individuals are extremely rare
(Thomas and Polwart 2003; Zatloukal and Vanc¢ura 2004;
Deforce and Bastiaens 2007; Dubreuil et al. 2008). Dioe-
cious species face a greater threat from habitat fragmen-
tation than monoecious species. In large populations, the
representation of both sexes is roughly equal (Zatloukal and
Vancura 2004); small stands, however, may deviate from a
1:1 distribution (Leinemann and Hattemer 2006). Usually,
the sex of trees can be distinguished at sexual maturity;
T baccata reaches maturity at around 30-35 years when
it receives sufficient light. However, if it grows in heavily
shaded areas, it takes much longer to mature, sometimes not
until 70 or even 120 years (Zarek 2016). Its scattered distri-
bution, unequal numbers of male and female trees and low
population density in small fragments may promote bipa-
rental inbreeding even in an outcrossing species (Dubreuil
et al. 2008).

A 2013 Federal Office for Agriculture and Food (BLE
2013) survey found roughly 60,000 naturally growing adult
yew trees across 342 populations in Germany. Only 50 popu-
lations have more than 100 trees, with 13 having over 1,000.
The German federal state of Thuringia harbors most yew
trees (about 33,000), while most of the stands (128 mapped
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occurrences), and about a quarter of all trees (14,761) are
located in Bavaria. Lack of natural regeneration is observed
in many yew populations in Germany, and less than 12%
fall into the age group of 1-60 years (BMELV 2012).

The Bavarian Forest National Park (NP) was the first
national park in Germany (established in 1970) and together
with the Sumava National Park in the Czech Republic, it
forms the largest continuous protected area for woodland in
Central Europe (Heurich et al. 2015). Forests cover 97% of
the NP. The major part of the forest habitat is a mix of mon-
tane beech, silver fir and spruce trees (Krenova and Kiener
2012; Van der Knaap et al. 2020). There is no management
in the natural zone of the NP, and conservation, bark beetle
control measures, and wildlife management are restricted to
the development and management zones. Moreover, man-
agement practices for 7. baccata conservation have been
implemented in the development and management zones
since 2016, when the first 7axus inventory was conducted,
and competing trees of other species were cut down and
fences were constructed to promote natural regeneration.

Research on 7. baccata includes the study of population
genetic diversity and structure at a limited set of nuclear
SSRs (Dubreuil et al. 2008), e.g. Gonzalez-Martinez et al.
(2010) in the western Mediterranean Basin, Gargiulo et al.
(2019) in Britain, Maroso et al. (2021) in Cantabrian-Atlan-
tic Region, Komarkova et al. (2022) in Czech Republic, and
Mayol et al. (2015) used them in 238 sampling sites covering
the entire distribution range. Mayol et al. (2019) also ana-
lyzed single nucleotide polymorphims (SNPs) to infer the
demographic history and to test for molecular signatures of
selection at different geographical scales. In Germany, stud-
ies have been conducted on the population genetic structure
and diversity of English yew at allozyme and ¢pSSR mark-
ers (Hertel and Kohlstock 1996; Cao et al. 2004; Leinemann
and Hattemer 2006). A broader geographical sampling in
Europe, including German populations revealed that most
of the populations from Germany harbor high levels of het-
erozygosity and comprise trees with admixed ancestry from
the western and eastern European gene pools of the species
(Romsakova and Paule 2009; Mayol et al. 2015).

T baccata, as a woody plant with a long lifespan, wide
geographical range, outcrossing breeding system, wind-pol-
lination and animal dispersed seeds, is expected to maintain
a high level of genetic diversity even in moderately frag-
mented populations (Hamrick et al. 1992). In order to assess
the conservation status of the population in the NP, to evalu-
ate and develop suitable management strategies and to deal
with the potential threats, we investigated the genetic diver-
sity and structure in different zones, i.e. in the natural zone
(unmanaged), the management zone, the development zone
and outside of the NP. To characterize the genetic variation
of T baccata in the NP, we used 13 EST-SSRs, developed

specifically for Taxus spp. (T baccata, T. chinensis var.
mairei (Lemee & Levl.) Cheng & L.K.Fu and T cuspidata
Siebold & Zucc (Ueno et al. 2015)). The trees sampled in
this study represent all yew trees and seedlings exhaus-
tively sampled in the NP and a random subsample from one
adjacent population. In addition, close-by private forests
may contain yew trees that were not accessible. Since we
collected samples from three management zones, a stand
outside of the NP and grouped them into two age cohorts
(adults and seedlings), we can compare the population
genetic diversity between two generations and investigate
the pattern of genetic diversity in populations with different
management intensity. We also assessed the sex distribu-
tion and estimated the genetic variation in male and female
trees. Assessing the two cohorts’ samples provides a better
understanding of the effect of forest management and con-
servation programs. During environmental changes, disper-
sal capacity plays a critical role in species’ establishment,
persistence, and range dynamics. Hence, we characterized
the fine-scale spatial genetic structure (SGS) to determine
the patterns of family relationships in both cohorts. Effec-
tive population size estimates always reflect the effective
population size of the previous generation. While the adult
trees established a long time ago from a potentially diverse
parental generation, we hypothesize a lower effective popu-
lation size estimate based on the seedling generation due
to periods with insufficient natural regeneration and non-
random mating.

Materials and methods
Study population and plant material

Situated in South-East Bavaria (48.9597° N, 13.3949° E),
the Bavarian Forest NP extends along the border to Czech
Republic. The total area of the NP is 245 km? and the eleva-
tion ranges from 600 to 1453 m a.s.l. An exhaustive sam-
pling was conducted in the area to include all 7. baccata
individuals (Fig. 1 and Supplementary material, Fig. S1).
According to the DBH histogram (Supplementary mate-
rial, Table S3 and Figs. S2 and S3), in adult trees, the DBH
ranged from 4 to 74.4 cm, and the mean DBH was 36.31 cm.
The adult trees’ height was also recorded, it ranged from 2
to 22.1 m.

Needle samples (183 seedlings and 216 adult trees, 399
samples in total) were collected in three management zones
of the NP and in a private forest in the vicinity of the NP
from October to November. Despite collecting all seedling
and adult samples from five forestry districts (1, 5, 7, 8 and
9), no natural regeneration was found in the central area
of the NP in forestry district 7 (Supplementary material,
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Fig. 1 Taxus baccata sampling
locations. Colors represent the
different management zones
(development zone, management
zone, natural zone and outside

of the Bavarian Forest National
Park (NP), Germany, see Table 1)
in the NP. Trees protected by
fences are shown with black
circles. The dark grey color
depicts the area of the NP. For

a map showing the distribution
of seedlings see Supplementary
material, Fig. STA. Copyright:

© 2023 Nationalparkverwaltung
Bayerischer Wald, © Geobasis- ©
daten: Bayerische Vermessungs-
verwaltung 2023, © Européische
Union, 1995-2023

Zone

Natural zone

“
O

Development zone
Management zone
© Outside of NP

O Fenced tree

Table 1 Characteristics of the population of Taxus baccata sampled
in the Bavarian Forest National Park (NP), Germany. The samples
include three management zones and one population outside of the NP

Forest zone based Number of Eleva- Mean Mean
on management  samples tional DBH* Height*
range (m (cm) (m)

Adult Seedlings a.s.l.)

Development 92 108 650-1100 3594 11.82

zone

Management 26 1 650-950 3551 10.52

zone

Natural zone 77 30 700-950 35.50 11.06

Outside of NP 21 44 745-1030 41.64 -

Total in cohort 216 183 36.31

Total 399
“mean DBH and height measured only for adult trees

Fig. S1A). In addition, natural regeneration is not uniform
throughout the NP area; instead, it is confined to a limited
number of patches surrounding mature trees.

The management zones in the NP encompass the natural
zone, the management zone, and the development zones.
The natural zone is an area where no forest management
or human intervention occurs. The management zone, on
the other hand, acts as a protective barrier for the forests
adjacent to the NP. Its purpose is to perform conservation
management (e.g., to protect 7. baccata) and to safeguard
adjacent forests from damage caused by bark beetles (Konig
et al. 2023b), which can naturally develop within the NP.
Effective forest protection measures, including bark beetle
control (e.g., debarking of trees), are implemented within
the management zone, which extends 500 m wide. Lastly,
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Ccz

Bavarian Forest
© National Park

the NP’s development zones consist of forests designated to
undergo a gradual transition towards natural development.
These areas are intended to be incorporated into the natural
zone over time (Table 1). As of the annual report in 2022,
it was determined that 75% of the NP is now classified as
natural zone (Kdnig et al. 2023a).

Sex determination was based on the observation of male
cones and seeds between October and November 2020.
Trees with no reproductive structures observed were labeled
with NA.

In total, the sex of 142 adult trees (93 females and 49
males) was identified and for the rest of the trees, the sex
could not be determined (NA) (Fig. 2). Twenty adult trees
in the development, management zones and outside of NP
with their seedlings were protected by 10x 10 m fences
since 2016 (Supplementary material, Table S1), although,
no seedlings were found around two female and four fenced
adult trees with unknown sex.

The maximum distance between sampled trees from the
North (forestry districts 1, 5 and 7) to the South (forestry
districts 8 and 9) of the sampling area was 22.7 km. All the
samples were collected from within the protected natural
forests with the exception of samples (21 adult trees and
44 seedlings) collected from a privately owned forest (von
Poschinger;  https://www.poschinger.de/land-und-forst/),
outside the protected area. Development zones belong to
the northern part of the NP and individuals from outside the
NP are located South of the sampling area (Supplementary
material, Fig. S1B). In addition to diameter at breast height
(DBH at 1.40 m), the height of the adult trees and GPS
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Sex
e Male trees

e Female trees

@ National Park

Fig. 2 Taxus baccata sex distribution in the Bavarian Forest National
Park (NP), Germany. The dark grey area depicts the total area of the
NP. Copyright: © 2023 Nationalparkverwaltung Bayerischer Wald,

(GPSMAP® 65s, Garmin, USA) coordinates for each indi-
vidual (seedling and adult) were recorded. In 7° baccata the
DBH is significantly correlated with tree age (Iszkulo and
Boratynski 2005), hence, trees with a greater DBH indicate
advanced age.

DNA extraction, marker testing, and genotyping

DNeasy 96 Plant Kit (Qiagen, Germany) was used to
extract genomic DNA from dried needles according to the
manufacturer’s protocol (Qiagen, Germany). We assessed
DNA quality and quantity in 1% agarose gels stained with
Roti®Gelstain (Carl ROTH, Germany), then visualized
under UV light and compared them with a Lambda DNA
size marker (Roche, Germany). Isolated DNA was diluted
1:10 for PCR amplification. Forty-one SSR markers (Sup-
plementary material, Table S2), including 25 EST-SSRs
originally developed for T baccata, T. cuspidata, a close
relative of T baccata, T. chinensis var. mairei and T. X media
(Ueno et al. 2015), eight chloroplast SSRs developed for

© Geobasisdaten: Bayerische Vermessungsverwaltung 2023, ©
Européische Union, 1995-2023

Pinus thunbergii (cpSSRs) (Vendramin et al. 1996; Liu et
al. 2019) and eight nuclear SSRs developed for 7. baccata
(Dubreuil et al. 2008; Huang et al. 2008), were tested in
eight samples to amplify and detect polymorphisms. For
all markers, amplification success was evaluated by visual-
izing PCR products on agarose gels (Supplementary mate-
rial, Table S2). 13 EST-SSR markers originally developed
for Taxus spp. (Supplementary material, Table S2) showed
clear amplification and polymorphism when amplification
products were separated on an ABI 3130x] Genetic Ana-
lyzer (Applied Biosystems, USA). Ultimately, these 13
polymorphic markers were genotyped in all samples. Poly-
merase chain reactions (PCRs) were performed with M13
tails (5’-CACGACGTTGTAAACGAC-3") and dye-labeled
adaptors complementary to the forward primers (Schuelke
2000; Kubisiak et al. 2013) and PIG-tail sequences
(5’-GTTTCT-3’) (Brownstein et al. 1996) added to the 5’
end of reverse primers. A touchdown program was used
for amplification with the following protocol in a Biometra
thermocycler (Analytik Jena, Germany): first denaturation

@ Springer
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at 95 °C for 15 min, followed by ten cycles including a
denaturation step of 1 min at 94 °C, an annealing step at
60 °C for 1 min (-1 °C per cycle), an extension step at 72 °C
for 1 min, then 25 cycles with the same denaturation and
extension time and temperature, but 50 °C annealing for
1 min, and a final extension at 72 °C for 20 min.

The PCR mix consisted of 1.0 pL genomic DNA (ca. 10
ng/uL), 1.5 uL 10x reaction buffer B (Solis BioDyne, Esto-
nia), 1.5 uL MgCl, (25 mM), 1.0 uL dNTPs (2.5 mM each
dNTP), 0.2 uL (5 U/ pL) HOT FIREPol® Tag DNA poly-
merase (Solis BioDyne, Estonia), 0.2 pL tailed (Schuelke
2000; Kubisiak et al. 2013) forward primer (5 pM/uL), 0.5
pL PIG-tailed (Brownstein et al. 1996) reverse primer (5
pM/uL), 1 pL (5 pM/uL) dye-labeled (6-FAM or HEX)
M13 primer, and HPLC grade H,O (filled up to a volume
of 13 pL). GS 500 ROX (Applied Biosystems, USA) was
used as an internal size standard in the genetic analyzer ABI
3130x1. We visualized and called fragment sizes of PCR
products using GeneMapper v.4.0 software (Applied Bio-
systems, USA).

Genetic variation and differentiation

Among the 25 EST-SSRs (Ueno et al. 2015) 13 showed
polymorphism. Five of the polymorphic loci were derived
from 7T baccata (B-16372-214B, B-26,615-282 A,
B-23775-301D, B-20,918-231 C and B-17,952-496 C),
five from T. cuspidata (C-52987-385B, C-29073-907B,
C-703-364D, C-56,747-365 A and C-58157-573B) and
three from 7. mairei (Ma-14186-166D, Ma-10038-2563B
and Ma-10,506—40 C). These were the 13 markers used in
subsequent analyses. Other markers did not yield reliable
genotypes. One of the EST-SSRs (B-12953-780B) did not
amplify and three were monomorphic (C-52641-193B, Ma-
10302-425D and Ma-18,795-254 C), while the remaining
markers produced weak or non-specific amplification prod-
ucts. Out of eight nuclear SSRs, six produced non-specific
bands and two did not amplify, even though all of them were
originally developed for 7. baccata (Dubreuil et al. 2008;
Huang et al. 2008). One of the cpSSRs (cpSSR-33), origi-
nally developed for Pinus thunbergii was polymorphic, five
were monomorphic (cpSSR-00, cpSSR-34 from P. thun-
bergii) and the remaining did not amplify. The cpSSR-33
was not highly polymorphic and only two haplotypes were
found without clear geographic pattern in the adult cohort
(Supplementary material, Fig. S4).

MICROCHECKER v.2.2.3 (Van Oosterhout et al.
2004) was used to check for the presence of null alleles.
Null alleles were detected with low frequencies in four
markers in seedlings (C-52987-385B, B-23775-301D,
C-58157-573B and B-17,952-496 C) and in three markers
(C-56,747-365 A, C-58157-573B and B-17,952-496 C)

@ Springer

in adult cohorts. We used SPAGeDi 1.5d (Hardy and
Vekemans 2002) to assess the genetic diversity param-
eters, number of alleles per locus and averaged over loci
(M), effective number of alleles (N,.), allelic richness on
a standardized sample of gene copies (4g), and observed
and expected heterozygosity (H,, H,) over all loci. The
inbreeding coefficient (F,) was calculated at the eight
markers with no indication of null alleles, for age cohorts,
forest management zones and for the two sexes and also
for each EST-SSR marker separately. Furthermore, due to
the limited number of samples available from the manage-
ment zone (27 samples), we randomly selected 27 sam-
ples from each forest zone and assessed genetic diversity
characteristics accordingly. Also, analysis of molecular
variance (AMOVA) was performed using GenAlEx v.6.5
(Peakall and Smouse 2006). Fgr was used to determine
genetic differences between age cohorts, different manage-
ment zones and the two sexes.

The significance of differences in genetic diversity
parameters, observed and expected heterozygosity were
tested, among the age cohorts and the two sexes (females
and males and non-recognized sex) using a Kruskal-Wallis
test with multiple comparisons implemented in the R statis-
tical software (v4.2.2; R Core Team 2022) package pgirm-
ess v.2.0.0 (Giraudoux 2022). Also, associations between
individual heterozygosity (proportion of heterozygous loci/
sample) and DBH (440 cm and 40—74.4 cm, small and large
DBH groups, respectively) were evaluated by Pearson’s
correlation coefficient. To visualize the results of the cor-
relation between heterozygosity and DBH, a scatter smooth
plot was generated in the R package stats v.4.2.2 using the
function ggscatter from the ggpubr package v.0.4.0 (Kas-
sambara 2020).

To understand the relationships and genetic structure
between adults and seedlings and also between forest zones,
a Principal Coordinate Analysis (PCoA) and a Bayesian
clustering algorithm implemented in STRUCTURE v2.3.4
(Pritchard et al. 2000) were used. PCoA was performed
using GenAlEx v.6.5 (Peakall and Smouse 2006) based on
Nei’s unbiased genetic distances between individual sam-
ples (Nei 1978). In STRUCTURE, we ran the admixture
model with correlated allele frequencies and tested K 1 to
10 with 10 replicates per K. Each run consisted of a length
of burn-in period of 10,000 followed by 100,000 Markov
Chain Monte Carlo (MCMC) replicates. For the choice of
the most likely K, the AK method described by Evanno et
al. (2005), implemented in STRUCTURE HARVESTER
v.0.6.94 (Earl and VonHoldt 2012), was used. Bar plots for
the optimum K were visualized using CLUMPAK pipeline
(Kopelman et al. 2015). Pie charts representing admixture
results for K=2 were generated by the R package scatter-
pie (Yu 2021) and ggplot2 (Wickham 2016), showing the



European Journal of Forest Research (2024) 143:1249-1265

1255

spatial distribution of seedling and adult individuals in for-
est zone 5 in the NP.

The fine-scale spatial genetic structure (SGS) was esti-
mated using SPAGeDi 1.5d (Hardy and Vekemans 2002),
with the pair-wise Loiselle kinship coefficient ' between
individual samples (Loiselle et al. 1995) regressed on
the logarithm of spatial distances. This was done sepa-
rately for the two age cohorts (adult and seedlings). In
order to quantify the fine-scale SGS, the Sp statistic
was estimated. The Sp statistic was obtained from the
formula Sp = -b/(F;-1), where F; is the mean kinship
coefficient of individual pairs belonging to the first dis-
tance class and b, is the regression slope (Vekemans and
Hardy 2004). 10,000 permutations of individuals among
spatial positions were used to assess the significance of
the regression slope (bg). This analysis was performed on
each cohort separately to avoid parent-offspring pairs. In
SPAGeDi, the distance classes were chosen ensuring that
each distance class contained at least thirty individual
pairs. Therefore, the first distance class for seedlings was
10 m and for adult trees it was 25 m.

Two approaches were used to detect signals of past
demographic events. First, the 72 statistic implemented
in INEST v.2.2 (Chybicki and Burczyk 2009), initially
described by Cornuet and Luikart (1996), was used for the
detection of a recent bottleneck. When using SSR markers,
and the number of SSRs is less than 20, the recommended
test and model to investigate the bottleneck event are Wil-
coxon signed-rank test and the Two-Phase Model (TPM,
Piry et al. 1999). However, some microsatellites are known
to follow an Infinite Allele Model (IAM). Therefore, we
report the bottleneck test statistics of both models, TPM
and IAM. INEST v.2.2 provides improved p value estimates
for the Wilcoxon signed-rank test based on 10° permuta-
tions (Chybicki 2017). We used the default settings for the
TPM (proportion of multi-step mutations=0.22 and aver-
age multi-step mutation size=3.1) to assess the bottleneck
effect.

Additionally, we tested for ancient bottleneck events by
calculating the M ratio according to Garza and William-
son (2001) under TPM and IAM. The M ratio (M=Fk/r) is
defined as the number of observed alleles (k) over the num-
ber of expected alleles in the allele size range (r), which was
also assessed using INEST. Both tests were run on the eight
loci that showed no signs of null alleles.

Given the inherent complexities and challenges associ-
ated with estimating effective population size (JV,) in large
continuous tree populations or small genetically connected
units within such populations, it is imperative that N, esti-
mates are interpreted with a high degree of caution (San-
tos-del-Blanco et al. 2022). Liesebach et al. (2024) stated

that the sibship assignment (SA) method provides more
robust results than the other N, estimators. The unique char-
acteristics of tree populations, including their extensive
spatial distribution and often vast numbers, pose specific
methodological and statistical hurdles that demand careful
consideration.

It is worth emphasizing that in the case of large popula-
tions, the estimation of contemporary N, based on genetic
data may introduce a downward bias that persists even as
more genetic loci are used (Santos-del-Blanco et al. 2022).
Considering these challenges, NeEstimator v.2.1 1 (Do et
al. 2014) and COLONY 2.0.6.9 (Jones and Wang 2010)
software were used to estimate the effective population size
(V). However, it is important to mention that even with
the use of these software and statistical methods, interpret-
ing N, estimates in such complex populations should be
approached with a cautious and nuanced perspective.

The linkage disequilibrium (LD) method (Hill 1981;
Waples 2006; Waples and Do 2010) for seedlings and adult
trees was used as implemented in NeEstimator (N p))-
Assuming random mating/absence of inbreeding, the most
suitable method for estimating N, is the LD method. We
reported parametric confidence intervals based on a chi-
square approximation (Waples 2006). The threshold of 0.02
was used as the lowest allele frequency to estimate the N,
values.

Additionally, the adult cohort was divided into two
groups based on DBH size, smaller and larger than 36 cm.
COLONY uses the sibship assignment method to estimate
N, (Ng(sa)) which is described by Wang (2009) as propor-
tion of full-, half-sib and unrelated pairs among a cohort
of genotyped individuals. This method can provide addi-
tional insights into N, when combined with the LD esti-
mates. It offers a different perspective by considering the
familial relationships among individuals and can contrib-
ute to a more comprehensive understanding of the popula-
tion dynamics. Based on sibship assignments, the number
of full-siblings and half-siblings in the sample, N, was
estimated. We used the following settings for COLONY:
female and male polygamy, with inbreeding system, dioe-
cious species, medium length of run, the full-likelihood
analysis method, medium likelihood precision, only one
run and 1000 random number seed. We assumed a random
mating population so deviations from Hardy Weinberg
equilibrium are negligible (Alpha=0). Among the adult
trees, 93 were identified as females, 49 as males and for
74 trees the sex could not be determined (NA) (Supple-
mentary material, Table S3). To estimate N, the sample
includes males, females, and seedlings. Individuals with
NA sex are included in both the male and female groups as
potential mothers and fathers.
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Results
Genetic diversity

F, estimates for EST-SSRs ranged from —0.028 to 0.235
for individual markers and in combination did not indicate
inbreeding (Supplementary material, Table S4). The Fi, val-
ues for four markers were negative, but not significantly
different from zero (B-20,918-231 C, B-26,615-282 A, Ma-
10038-2563B, and C-29073-907B).

The level of genetic diversity was not significantly differ-
ent between the adults and seedlings (Table 2). In the seed-
lings, H, was 0.612 and H, was 0.587; in the adult cohort,
H,and H, were 0.614 and 0.587, respectively. Mean H, and
H, in all samples, were 0.615 and 0.588, respectively. Nei-
ther H, nor H, significantly differed between development,
management, natural zones and outside of the NP. F, values
based on the 8 loci without evidence of null alleles in seed-
lings and adult trees were not significantly different from
zero (Table 2).

A total of 72 alleles were observed across the 13 markers
in 399 individuals. Genetic diversity characteristics based
on all samples and also based on 27 samples, between dif-
ferent zones were similar and did not differ significantly
(Table 2). H, and H, and allelic richness were similar in
female and male groups, and no significant difference was
observed (Supplementary material, Table S5). Based on the
Kruskal-Wallis test, differences in observed and expected
heterozygosity between the two age cohorts and female and
male trees were insignificant. The genetic variation over all
13 loci for seedling and adult cohorts is presented in the
Supplementary material, Tables S6 and S7.

Allelic richness values (4g k=364) in seedlings and
adults, were 5.31 and 5.13, respectively, showing slightly
higher Ay in seedlings (Table 2). Comparing the genetic
diversity of adults and seedlings in different zones showed

slightly higher allelic richness for adults in the Natural and
the Development zone (Supplementary material, Table S8).
Among the different zones, the natural zone has a higher 4
(4.42) than the other zones, with the lowest Ay being 4.31
for the management zone, however, none of the differences
was significant (Table 2).

Seedling and adult cohorts and also different manage-
ment zones showed low but significant differentiation
(between age cohorts: Fgp = 0.007, p<0.001 and among
management zones: Fgr = 0.008, p<0.001). In addition, a
low and non-significant Fgy value was found between sexes
(female, male, Figp < 0.0001, p=0.394).

Correlation analyses revealed a significant positive but
weak association between individual heterozygosity and
DBH for larger adult trees (DBH: 40.0-74.4 cm), but not
for smaller adult trees (4.0-40 cm). However, based on all
samples (4.0 to 74.4 cm) a significant correlation between
DBH and individual heterozygosity was observed (Supple-
mentary material, Figs. S5, S6 and S7).

Genetic structure of the population

Based on Nei’s unbiased genetic distance, PCoA (Principal
Coordinates Analysis) did not reveal any genetic structure
between cohorts and between forest zones (Supplemen-
tary material, Fig. S8). Furthermore, no clear genetic clus-
ters were found in the STRUCTURE analysis (Fig. 3 and
Supplementary material, Fig. S9). However, as opposed to
the rest of the population, some seedlings and mature trees
particularly in forestry district 5 belong to a different clus-
ter (Supplementary material, Fig. S9). The AK approach by
Evanno (Evanno et al. 2005) indicated K =2 as best explain-
ing our data (Supplementary material, Figs. S11 and S12).
Visual inspection showed some individuals may belong to
different clusters, a pattern reflected in both age cohorts,
but more common in seedlings (Fig. 3 and Supplementary

Table 2 Genetic variation over 13 loci based on age (seedling and adult cohort) and management zones of Taxus baccata from the Bavarian For-

est National Park (NP), Germany, N, number of samples; N,, number of alleles; N,

1> the effective number of alleles; Ay, the allelic richness of a

standardized sample of gene copies; H,, expected heterozygosity; H, observed heterozygosity; F;,, inbreeding coefficient (across the eight loci

showing no evidence of null alleles); p values of F

Cohort #N N, Ny Ag (k=364) H, H, Fy p value (Fy,)
Seedlings 183 5.31 2.90 5.31 0.612 0.587 -0.011 0.512
Adults 216 5.15 2.89 5.13 0.614 0.587 0.014 0.378
Zone #N N, N, Ar(k=54) H, H, Fy p value (F)
Development zone 200 5.08 2.85 4.34 0.606 0.582 -0.002 0.890
Management zone 27 4.31 2.90 4.31 0.618 0.561 0.067 0.144
Natural zone 107 4.85 2.90 4.42 0.620 0.608 -0.007 0.772
Outside of NP 65 4.85 271 4.41 0.595 0.580 -0.038 0.199
Zone (rarefied to N=27) #N N, Ny Ar(k=50) H, H, F; p value (F)
Development zone 27 4.46 2.76 4.41 0.597 0.565 -0.004 0.986
Management zone 27 4.31 2.90 428 0.618 0.561 0.067 0.133
Natural zone 27 438 3.01 435 0.624 0.585 0.014 0.743
Outside of NP 27 4.23 2.59 4.21 0.573 0.568 -0.051 0.255
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Al 5.1 A.5

Fig.3 Structure barplot of ancestry proportions of two genetic clusters
(K=2) for 399 Taxus baccata samples sorted by cohort and forestry
zones in the Bavarian Forest National Park (NP), Germany. K: 2; A.1,
adult trees, forest zone 1; S.1, seedlings, forest zone 1; A.5, adult trees,

Table 3 Characterization of the fine-scale spatial genetic structure
using 13 microsatellite markers in 7axus baccata in the Bavarian For-
est National Park (NP), Germany for seedlings and adult trees. F,
multilocus kinship coefficient between individuals of the first distance
class (Loiselle et al. 1995); by regression slope of F; on natural log
distance; Sp, quantification of the fine-scale SGS

Cohort i b, Sp P value (b))
Seedlings 0.096 -0.010 0.012 <0.001
Adults 0.151 -0.005 0.006 <0.001

material, Fig. S9). In general, seedlings were found in the
vicinity of a limited number of adults (183 seedlings around
only 39 adults). The distribution of these seedlings is very
dense. This composition is better seen in forestry district 5,
where half of the seedlings are located. Here, a large frac-
tion of seedlings are assigned to the same genetic cluster as
a small fraction of adjacent adults (Fig. 3). Using COLONY
software, the analysis of seedlings and adults in this district
confirmed their parent-offspring relationship.

Fine-scale spatial genetic structure

The fine-scale SGS indicated a significant family structure
in both cohorts. The results showed a strong and significant
Sp value in seedling and adult cohorts of 0.0120 and 0.0063,
respectively (Table 3; Fig. 4), revealing a stronger fine-
scale SGS in the seedling cohort. The minimum number

0.15 Seedlings

10 100
distance [m]

Fig. 4 Fine-scale spatial genetic structure in seedling and adult Taxus
baccata cohorts in the Bavarian Forest National Park (NP), Germany
using EST-SSRs. The mean Loiselle kinship coefficient per distance

A8

S.8 A9

S.5 A7 5.9

forest zone 5; S.5, seedlings, forest zone 5; A.7, adult trees, forest zone
7; A.8 adult trees, forest zone 8; S.8, seedlings, forest zone §; A.9,
adult trees, forest zone 9; S.9, seedlings, forest zone 9

of pairwise comparisons per distance class in the seedling
cohort was 83, whereas it was 34 in the adult cohort. A nota-
ble fine-scale spatial genetic structure, extending roughly
1000 m in seedlings and 400 m in adults was observed.

Bottleneck and effective population size

It has been suggested that a significant heterozygosity excess
in populations can be attributed to a bottleneck that occurred
recently. Under TPM and IAM, significant p values and
positive 72 values showed signs of recent population size
reduction in the NP; although in adult trees, under TPM, it
was statistically not significant (72 p value =0.054), there is
a clear tendency. Interestingly, Garza-Williamson’s M ratio,
most suitable for detecting more ancient bottleneck signals,
showed no significant M ratio under TPM but significance
under IAM (Table 4).

Effective population size based on linkage disequilib-
rium (N, p)) when allowing for 0.02 as the lowest allele
frequency was estimated as 50 (95% CI=42.1-59.7) and
234 (95% CI=167.6-358.4) for seedling and adult cohorts,
respectively (Table 5). Also, N, for the small DBH size
class of the adults of 42.2 (95% CI=15.5-174.5), is less
than for the large DBH size class of adults equaling 279.3
(95% CI=33.9 — ). Additionally, effective population size,

0.2
0.15
0.1
0.05

Adults

a

-0.05
10 100

distance [m]

1000

class, Fp, was plotted against the logarithm of geographical distances
between individuals. Dashed gray lines represent the 95% confidence
interval
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Table 4 Genetic bottleneck tests in Taxus baccata cohorts in the Bavarian Forest National Park (NP), Germany under the Two-Phase (TPM)
and the Infinite-Allele Model (IAM) using the Wilcoxon signed-rank test, as well as the M ratio approach. The T2 statistic (combined Z-score
in INEST) and M ratio (observed MR and MR, in an equilibrium population averaged over loci) are reported, and the p values are based on 10°

permutations
Cohort 72 under TPM 72 under IAM M-ratio under TPM M-ratio under IAM

12 P value 12 P value MR MR, P value MR MR, P value
Seedling 1.960 0.003 3.425 0.003 0.844 0.865 0.278 0.844 0.997 0.040
Adult 1.418 0.054 3.101 0.004 0.842 0.862 0.325 0.842 0.997 0.040

Table 5 Effective population size for Taxus baccata cohorts in the
Bavarian Forest National Park (NP), Germany based on two estima-
tion methods, linkage disequilibrium (LD) and sibship assignment
(5A)

Cohort Estimated  95% confidence ~ Sam-
N, intervals ple
size
Seedlings (N p)) 50 42.1-59.7 183
Adults (N p) 234 167.6-358.4 216
Small adults (N p)) 422 15.5-174.5 108
Large adults (No ) 279.3 339-w 100
Sibship assignment (N g4)) 61 43-86 399

according to the sibship assignment method (Ngsa)), was
estimated as 61 (95% CI=43-86) for the whole population.

Discussion

The genetic diversity of species is a crucial component of
biodiversity, as it enables adaptation to different environ-
ments (Hoban et al. 2020). This is especially important
during an era of rapid global change that challenges local
adaptation of natural populations. To conserve and man-
age forest genetic resources, it is critical to understand the
genetic impacts of forest management practices on genetic
diversity and counteract these negative effects (Ratnam et
al. 2014).

Dynamic natural forests should exhibit a greater abun-
dance of trees with smaller diameters, indicating abundant
natural regeneration. Throughout the NP, 7. baccata exhib-
ited a scattered natural regeneration and a low representa-
tion of small-diameter classes, indicating that the level of
natural regeneration is low. A total of only 29 young trees
are present (less than 25 cm DBH), which is considerably
fewer than the 150 trees in the intermediate size class (25—
50 cm DBH). In all categories, by sex and forest zone, low
DBH individuals are less abundant. In the forest zone out-
side the NP, average DBH is 6 cm larger (ranges from 31.5
to 42.5 cm, equally distributed) than that of other inner areas
of the NP (Supplementary material, Table S3 and Figs. S2
and S3).

The results indicated that there were low levels of natural
regeneration in the NP for a considerable period of time.
Nevertheless, the conservation management in the NP and
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outside has led to the emergence of seedlings in recent
years. The fencing protected seedlings that are vulnerable to
damage, such as browsing by deer.

Genetic diversity

The population of 7. baccata in the NP, characterized using
EST-SSRs, revealed comparatively high levels of heterozy-
gosity. The heterozygosity in this study (H, = 0.615) was
higher than in other yew populations studied using 18 EST-
SSRs in Poland (H, = 0.564) (Stefanowska et al. 2021) with
partly the same markers. Furthermore, the application of 13
isoenzymes by Rau et al. (2021) on 19 Bavarian yew popu-
lations revealed considerable diversity in the NP.

The different cohorts studied here (seedling and adult)
did not show statistically significant differences in genetic
diversity. Consequently, the genetic makeup of individu-
als within a population is relatively uniform, regardless of
their age or life stage. However, a positive correlation exists
between individual heterozygosity and DBH at later devel-
opmental stages (see below). Therefore, we conclude that
the population will not undergo genetic erosion if natural
regeneration is protected and promoted in development,
management, and natural zones and outside of the NP.

Cao et al. (2004), reported nearly equal numbers of
female and male trees in six German 7. baccata populations.
There were 116 female and 108 male individuals, with only
one population showing an exception by deviating from
the 1:1 sex ratio. Furthermore, based on isozyme and SSR
loci, significant disparities in genetic structure between the
female and male trees within the stands were detected, a
phenomenon that may be attributed to genetic drift and
the small size of the populations. Populations with greater
numbers of individuals displayed higher levels of heterozy-
gosity, highlighting the influence of population size on the
genetic diversity of 7. baccata in Germany. In the NP, the
genetic diversity of females (H, = 0.616) and males (H, =
0.614) and trees with unknown sex (H, = 0.611) of T. bac-
cata did not show any significant difference.

Although both male and female 7. baccata individuals
are found in the NP, they may respond differently to envi-
ronmental stress and adversity (Juvany and Munné-Bosch
2015). The sex ratio in the study, at least for recognizable
individuals, was found to deviate from the expected 1:1
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ratio, with a higher proportion of female individuals present
(~2:1). Since male trees are difficult to recognize, the num-
ber of female trees could have even been underestimated
(immature female trees). Factors contributing to similar lev-
els of expected heterozygosity in 7. baccata despite different
male and female sample sizes include its outcrossing nature
and efficient means of gene dispersal, possibly resulting in
similar levels of genetic variation in males and females and
low genetic differentiation between sexes. Factors such as
efficient pollen dispersal by wind, the species’ longevity,
and slow growth may help maintain genetic diversity over
time.

F, estimates in our study (Table 2) did not deviate sig-
nificantly from zero and were similar to the reported Fig
(0.007) in Poland (Stefanowska et al. 2021) with partly the
same EST-SSRs. The F in the present study and in Ste-
fanowska et al. (2021) are the lowest inbreeding coefficients
estimated for 7. baccata in the distribution range of the spe-
cies, while other studies using nSSRs have estimated higher
values (Dubreuil et al. 2010; Chybicki et al. 2012; Gargiulo
et al. 2019; Maroso et al. 2021; Hematzadeh et al. 2023)
possibly as result of a higher frequency of null alleles at
non-genic nuclear SSRs. Besides, other Taxus species have
been observed to exhibit different levels of inbreeding. For
example in southwestern China species 7. yunnanensis,
Miao et al. (2016) observed high F; values, with extreme
mean Fi; values reaching 0.702. Similar observations were
reported in 7. contorta from Pakistan (£}, = 0.219-0.418;
Poudel et al. 2014) and in 7. mairei from eastern and south-
ern China (Fi, = 0.24; Luo et al. 2021).

The absence of signatures of inbreeding and the com-
paratively high level of genetic variation suggest efficient
gene flow within the NP and possibly with populations from
Sumava National Park on the other side of the border with
hundreds of yew individuals (Komarkova et al. 2022). The
nearest natural population to the NP in Germany is approxi-
mately 100 km away (Regensburg), and other species occur-
rences are mostly plantations or overgrown garden forms.

Correlation between gene diversity and DBH

The correlation observed between a trees’” DBH and its
individual multilocus heterozygosity suggests a discern-
ible pattern of selection favoring higher levels of indi-
vidual heterozygosity over time (Supplementary Figs. S5,
S6 and S7). Although, the correlation is not significant for
trees with DBH from 4 to 40 cm, it shows a significant
and positive relationship for all samples (DBH from 4 cm
to 74.4 cm) and especially for DBH from 40 to 74.4 cm.
These results can be interpreted as a selective advantage
of heterozygous individuals, especially at later develop-
mental stages.

Similar positive correlations between ontogenic stages
and diversity have been observed in other species. For
example, in Pitch pine (Pinus rigida Mill), trees with higher
heterozygosity exhibit greater mean annual growth, with
the relationship between growth rate and heterozygosity
increasing with trees age (Ledig et al. 1983). Similarly, the
tropical tree species Hymenaea courbaril and Jacaranda
copaia show an increase in heterozygosity with the age
of individuals (Jones and Hubbell 2006; de Lacerda et al.
2008). Furthermore, it has been observed that seedlings of
Ardisia escallonioides exhibit an excess of homozygosity
compared to the adult trees in most populations (Pascarella
1997). Similarly, in offspring populations of Thuja occiden-
talis, a reduced level of heterozygosity has been reported
compared to the parent stands (Perry and Knowles 1990).

Genetic structure of the population

In forestry district 5 (Supplementary material, Fig. S1) most
of the seedlings were assigned to only one genetic cluster
(62 out of 91 seedlings) that is underrepresented in the NP
and shared by only a small group of adult trees (11 out of
76 trees) in this district (Supplementary material, Fig. S10).
These seedlings are clustered around the few adult trees of
the same genetic cluster and apparently originate from mat-
ings between a limited number of adults. The close genetic
relatedness of these adult trees and seedlings assessed by
COLONY confirms this conclusion.

Fine-scale SGS

Several factors can affect the SGS in 7. baccata, including
limited gene flow because of restricted seed and pollen dis-
persal (Chybicki et al. 2016) and dioecy (Nazareno et al.
2013). Dioecious plants may face limited gene dispersal
and reduced genetic variability resulting from increased
genetic drift when there is an unbalanced sex ratio (Allen-
dorf et al. 2012). Furthermore, the sex ratio influences SGS
as well (Chybicki et al. 2016). In conifer populations where
males are underrepresented, the intensity of SGS is higher
than for populations with balanced sex ratios, especially
for paternally compared to biparentally inherited DNA
(Chybicki et al. 2016). In the NP, the number of male indi-
viduals is approximately equal to half of the female trees,
at least among individuals whose sex has been identified.
Also considering the challenges and uncertainties associ-
ated with determining the sex of male trees, it is important
to note that the limited number of male trees might influ-
ence SGS. Unlike the observed distribution pattern in cen-
tral Italy (Garbarino et al. 2015), where female T. baccata
trees displayed a clumped distribution at a scale of 30 m and
male trees exhibited random distribution, in the NP, a more
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random distribution pattern characterizes both the male and
female trees.

In addition, species with effective means of pollen and
seed dispersal (through wind or biotic vectors) show weaker
SGS compared to species with gravity-dispersed seeds
(Vekemans and Hardy 2004). Certain species’ populations
can exhibit significant SGS despite being wind-pollinated,
attributed to pollen and seed movement limitations. The
two T. baccata natural populations in Poland assessed at
SSR markers showed strong SGS (Sp=0.006 and 0.009)
(Chybicki et al. 2011). The Sp value (0.006) for the adult
cohort is comparable to that observed in Poland. However,
the Sp value exhibited by the seedlings is higher. This dis-
parity can be attributed to the distance between seedlings
and the mother tree and the high density of seedlings where
natural regeneration occurs. Consequently, the family struc-
ture within the seedling population demonstrates more
pronounced family structures than that observed in the
adult trees. This underscores the importance of conserva-
tion efforts, particularly in the development and manage-
ment zones, to prioritize conservation and promotion of
natural regeneration. Population density has been frequently
acknowledged as a critical factor influencing genetic struc-
ture (Vekemans and Hardy 2004).

The presence of family structures may promote biparen-
tal inbreeding and a decrease in effective population size
over time. However, we found no evidence for inbreeding
in the adult or seedling generation, but comparatively low
values of effective population size (see below).

Bottleneck and effective population size

Various factors can cause bottlenecks, including habitat
fragmentation (Luikart et al. 1998), overharvesting (Fageria
and Rajora 2013), and changing environmental conditions
(Canham and Murphy 2017).

The results from the bottleneck analysis suggested the
occurrence of a significant heterozygosity excess in the
populations, indicating a possible recent bottleneck event.
However, when specifically considering adult trees under
TPM, the reduction is not statistically significant, although
there is a clear tendency for a population size reduction.

Interestingly, the analysis of Garza-Williamson’s M ratio,
which is more suitable for detecting ancient bottleneck sig-
nals, reveals no significant M ratio under TPM but shows
significance under IAM. This suggests that the population
may have experienced ancient bottleneck events as detected
by the IAM model.

In a recently studied T baccata population in Northern
Iran (the eastern part of the distribution range of the spe-
cies), no bottleneck effect in most of the populations was
observed (Hematzadeh et al. 2023), however, in Poland
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(the western part of the distribution range of the species)
significant but variable signals of genetic bottlenecks were
observed (Stefanowska et al. 2021). The findings obtained
from the TPM model for the adult cohort in our study align
with Stefanowska et al. (2021) findings in Poland, indicat-
ing less pronounced genetic bottlenecks and larger effective
population sizes in the adult compared to the seedling gen-
eration. Thus, promoting natural regeneration is necessary
to widen the population’s age distribution and maintain their
genetic variation.

Human intervention can cause fragmentation of indi-
vidual populations (Franklin and Gutiérrez 2002; Chybicki
et al. 2011), consequently, the absence of spatial continu-
ity among populations can result in an increase in inbreed-
ing (Ledig 1992). This, in turn, can lead to a decline in the
effective population size (Gilpin 1991). Accurate estimates
of IV, in the NP face complex challenges, including the spe-
cies’ metapopulation structure and overlapping generations.
Overlapping generations of the species can also violate the
assumption of discrete generations (Santos-del-Blanco et al.
2022). As a consequence of these challenges, accurately esti-
mating the effective population size becomes problematic.

N, was expected to be lower in seedlings as the genetic
diversity of the seedlings is derived from only a subset of
the adult population, which can result in a lower effective
population size due to genetic drift.

Newp) estimates for seedling and adult cohorts indicated
that the N, of adult individuals is larger than that of the seed-
lings. The wider confidence intervals for the adult cohort
indicate greater uncertainty in the N, estimation or larger
effective population sizes. Additionally, the Ny, estimate
based on sibship assignment in COLONY was 61. This
method takes into account the actual family structure within
the population and provides a more detailed understand-
ing of mating patterns and family sizes. It provides an esti-
mate for the current effective population size which indeed
yielded a similar estimate as the N,y p, estimates of the
seedling cohort and of the young adult cohort. This effective
population size of the natural regeneration and young adult
cohort is not sufficient for the long term survival of this
local population. Effective management measures such as
fencing of all female trees and removing competitors must
be undertaken to maintain genetic variation of the current
adult tree population (Table 5, N, = 234).

The relatively smaller N,y p, for seedlings and young
adults compared to older adults suggested a decline and a
potential vulnerability to genetic drift and reduced genetic
diversity. In contrast, the larger Ny p, for adult and large
adult stages indicated a previously more robust effective
population size. These findings highlight the importance of
considering different life stages when assessing population
dynamics and conservation strategies.
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Implications for conservation

Selective cutting of competitor species and fencing in the
development zone have shown a significant positive impact
on the abundance of natural regeneration around the par-
ent trees. As a result of selectively removing trees of other
species, the parent trees and their natural regeneration were
provided with more resources, space, and light. Fences
also protected natural regenerations from being browsed
by deer. Although the development zone is comparatively
small (Fig. 1), half of the sampled individuals in this study
were found in this area (108 seedlings and 92 adults). In
addition, the presence of shrubs is known to positively influ-
ence natural regeneration of yew (Garcia et al. 2000; Garcia
and Ramoén Obeso 2003; Devaney et al. 2014; Calvia et al.
2023). Nevertheless, no such observations were made in the
NP, where most yew locations lacked a shrub layer (Dun-
kel 2017). By increasing light penetration, selective cutting
enhances natural regeneration.

Conservation strategies should aim to increase the genetic
diversity of the population, by promoting the establishment
of new seedlings from a variety of different adult trees, and
by reducing human disturbances that may affect the repro-
ductive success of the trees. In forestry district 5 (Supple-
mentary material, Figs. S9 and S10), two genetic clusters
are found in adult trees and their natural regeneration. Most
seedlings spatially cluster around and originate from only a
few adult trees. Seed harvest activities and in situ conser-
vation measures should consider this genetic differentiation
at a small spatial scale. Selective removal of competitors
should be conducted to promote natural regeneration of
underrepresented female trees.

Planting new trees using reproductive material from local
sources is suitable in areas where the density of yew is low
or the species has disappeared. The yew population in the
NP heavily depends on the presence of fences and active
management practices to ensure its survival and long-term
viability as otherwise natural regeneration appeared to be
heavily browsed. Effective fencing is essential for ensur-
ing for long-term conservation, spanning a minimum of 20
years, required to support natural regeneration (Vancura et
al. 2004).

In the NP, 94 seedlings from fenced adult trees and 89
seedlings from unfenced adult trees were observed. Nota-
bly, these 94 seedlings from fenced trees were derived from
a relatively limited number of only 20 fenced adult trees
within the sampled area (Supplementary material, Fig. S13).
Without such measures, the prospects for natural regenera-
tion would be severely hindered, ultimately jeopardizing
the population’s future existence. Over time, the lack of
new individuals joining the population and of gene influx
from outside would lead to a decline in overall numbers,

increasing the risk of local extinction and irreversible loss
of this valuable species within the NP. Changing environ-
mental conditions, particularly due to climate change, may
adversely impact both the distribution and genetic diversity
of this species. Yew may struggle to swiftly adopt to chang-
ing climatic conditions, potentially resulting in its extinc-
tion (Thomas and Garcia-Marti 2015; Alavi et al. 2019).

Conclusion

The genetic diversity of T. baccata is critical for its ability
to adapt to changing environmental conditions, especially
in the face of rapid global changes. Conservation efforts
should consider the genetic impacts of forest management
practices to ensure the long-term viability of this species.

The study revealed several key findings. First, the low
representation of small-diameter trees in the NP indicated
limited natural regeneration over an extended period. How-
ever, conservation efforts, including selective removal of
competitor species and fencing, have led to the emergence
of seedlings in recent years. These measures protect vulner-
able seedlings from browsing, contributing to the species’
recovery.

Genetic diversity assessments using EST-SSRs revealed
high heterozygosity in the NP population. Unlike prior stud-
ies in other populations, we found no significant inbreeding.
Furthermore, the analysis of genetic bottlenecks indicated a
relatively recent bottleneck event, possibly caused by habitat
fragmentation and limited natural regeneration. The popula-
tion size reduction tendency, underscored the importance of
promoting natural regeneration to maintain genetic diversity.

The presence of significant family structures in both
adult and seedling cohorts highlighted the potential impact
of spatial aggregation and restricted gene flow on genetic
structure. While inbreeding was not detected, the relatively
small effective population size of seedlings and small adults
suggested vulnerability to genetic drift. This effective popu-
lation size (N, ~ 50 individuals) is not sufficient for the long-
term survival of this local population. Effective management
measures such as fencing of all female trees, implementa-
tion and test of fenced areas of different size, and removal of
competitors have to be undertaken to maintain the levels of
genetic variation of the current adult tree population.

In summary, the study emphasized the need for conserva-
tion efforts that prioritize protecting and promoting natural
regeneration in 7. baccata populations. Selective cutting of
neighboring competitor species, fencing, and habitat man-
agement have proven effective in enhancing seedling sur-
vival. These strategies should be combined with planting
new trees from local sources to increase genetic diversity.
The continued presence of fences and active management
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practices is crucial for the long-term viability of 7. baccata
populations, as they prevent decline, local extinction, and
irreversible loss of this valuable species within the NP.
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