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Genetic diversity underpins forest resilience and adaptation, yet centuries of human

activity have reshaped woodland ecosystems worldwide. We studied the population

genetics of pedunculate oaks (Quercus robur) in Wytham Woods, UK, across stands

with different ages and management histories. We found high within-stand diversity,

low genetic differentiation among stands and signs of inbreeding in the youngest plan-

tation. These findings suggest oak's adaptation and resilience to genetic erosion but

highlight the result of intense management. Our results inform forest management,

conservation policy and long-term ecological research by providing critical baseline

data for monitoring keystone tree species across human-modified landscapes.

Summary

• Genetic diversity is fundamental for adaptation to changing environments. It is

particularly important in forest trees because of their significant role in nature's

contribution to people. However, forests have been significantly changed by

human activities in the past centuries with potential effects on genetic diversity.

• This paper presents a population genetic study on the keystone producer, pedun-

culate oaks (Quercus robur) in Wytham Woods, UK, one of the most researched

woodlands on Earth. We genotyped 210 trees and quantified levels of genetic

diversity across stands with different histories and management regimes.

• We detected a weak population structure with the 218,567 SNPs, such that most

genetic variation occurred within but not among stands, which included semi-

natural woodland areas and plantations aged between 200 and 50 years ago. We

also observed little difference in observed and expected heterozygosity among

stand types, but detected signs of inbreeding in the youngest plantation. We dis-

covered 161 genes (0.42%) that were under putative balancing selection (Tajima's

D > 2), enriched in defence-related functions.

• We suggest that the life history traits of oak contribute to its resistance against

genetic erosion. Preference for oaks as a timber tree and the tendency to use local
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seed sources might have resulted in the homogeneous population structure. How-

ever, tree-to-tree differences may still harbour variation in putatively adaptive loci.

Our study contributes crucial baseline information on the conservation and man-

agement of human-modified woodlands, in addition to supporting long-term eco-

logical studies on many other species, which depend on this keystone oak species.

K E YWORD S

forest management, genetic diversity, genetic monitoring, land use change, natural history,
population structure

1 | INTRODUCTION

Genetic diversity is fundamental for the adaptation of populations to

changing environmental conditions, underpinning species' adaptabil-

ity, persistence and evolution (Atkins & Travis, 2010; Frankham

et al., 2019). Genetic diversity is particularly important for current

populations, as new challenges emerge, such as pests, diseases, cli-

mate change, inbreeding and habitat degradation (Frankham, 2005;

Holderegger et al., 2006). Understanding genetic diversity in forest

trees is of broad importance, as they have a significant role in main-

taining biodiversity (Stange et al., 2020), supporting community struc-

ture (Hughes et al., 2008) and stabilising ecosystem properties in

natural environments (Ratnam et al., 2014a), in addition to sustaining

productivity and resilience in forestry (Potter et al., 2017). Thus,

genetic diversity in trees represents an essential aspect of nature's

contribution to people (Des Roches et al., 2021).

Trees are among the most genetically diverse organisms on land

(Savolainen & Pyhäjärvi, 2007). From an evolutionary perspective,

they share unique life history traits and characteristics, including high

levels of genetic diversity but usually low nucleotide substitution rates

(Hamrick et al., 1992; Savolainen & Pyhäjärvi, 2007). Trees are pre-

dominantly outcrossing and thus maintain a high level of gene flow

through efficient dispersal mechanisms (Koski, 1970), self-

incompatibility (Williams & Savolainen, 1996) and severe inbreeding

depression (Jiménez-Ramírez et al., 2021). Spatial analyses of popula-

tion genetic structure in long-lived, woody trees reveal that most spe-

cies have a higher within-population variation and a lower among-

population variation compared to herbaceous and annual plants

(Porth & El-Kassaby, 2014).

Forest trees are largely undomesticated but, human activities

have influenced them with potential impacts on their adaptability. For

example, forest management practices have modified tree density and

demographics, connectivity and effective population size leading to

effects on their genetic diversity (Ledig, 1992). In Europe, there is a

long history of over-exploitation and loss of forest cover during medi-

eval and early modern times (Bradshaw, 2004; Hosius et al., 2006).

Forest cover has increased since the mid-20th century through both

artificial and natural regeneration (Ratnam et al., 2014a). Simulta-

neously, human activities, such as species introduction, pollution and

urbanisation, have exerted novel selective pressures with potentially

long-term negative effects on fitness (Swain et al., 2007).

It has been speculated that forest plantations may have adverse

genetic impacts on wild populations and pose genetic risks that are

largely neglected (Fussi et al., 2016). Potential consequences could

include loss of genetic variation, breakdown of adaptations, changes

to genetic composition within populations and breakdown of popula-

tion structure (Laikre et al., 2010). In England, the lack of genetic

diversity in tree planting stocks and its potentially damaging impacts

on forest health has led to renewed interest in understanding the

genetic basis of resilience in trees (Forestry Climate Change Working

Group, n.d.). However, a global synthesis of tree species has also

shown cases where there is no significant erosion of genetic diversity

despite widespread plantations (Ratnam et al., 2014b).

1.1 | Wytham Woods: a living laboratory

Wytham Woods are among the world's best-studied ecosystems and

have been part of the UK Environmental Change Network since 1992,

with other environmental and species population data continuously

monitored for over 70 years (Sykes & Lane, 1996). Research conducted

in Wytham Woods has contributed significantly to understanding wild-

life populations and ecosystem dynamics, including the impact of climate

variation on badgers (Macdonald et al., 2010), carbon dioxide fluxes in

deciduous woodlands (Thomas et al., 2011) and climate-driven

responses in great tits (Charmantier et al., 2008), among many others.

One-third of its area is characterised as ancient woodland continuously

wooded since at least 1,600 (Peterken, 1977) and traditionally managed

by coppicing, where pedunculate oaks (Q. robur) are present as standard

trees (Mihók et al., 2009). The rest consists of a mixture of self-sown

stands and plantations with an oak component from c. 1810 through to

the 1960s (Grayson & Jones, 1955; Savill et al., 2011).

Characterising the patterns of genetic diversity in Wytham Woods

oaks is important for three main reasons (Kirby et al., 2014). First, oak

has been the main timber tree in the Woods for centuries, but its

importance is declining as a consequence of changes in land use and

management regimes, which may impact its genetic diversity (Savill

et al., 2011). Second, mature oak trees in the Woods display spatial vari-

ation in crown health (Cole et al., 2021) due to a form of chronic oak

decline, in which the crown condition is seen to gradually decline over

decades (Gagen et al., 2019a). Genetic differences may underpin the

variation in susceptibility and resistance to chronic oak decline (Gagen
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et al., 2019b). Third, substantial and consistent tree-to-tree variation

has been reported in tree phenology (Cole et al., 2021), which is likely

due at least in part to genetic differences among individuals (Firmat

et al., 2017). Variation in oak phenology has implications for the life

cycles of birds and insects, which have been particularly well-studied at

Wytham Woods (Cole et al., 2021). In contrast, the oaks themselves

have remained comparatively understudied in this ecosystem.

The overarching aim of this study is to analyse the spatial pattern

of genetic diversity across different stand types in Q. robur in Wytham

Woods, which has adjacent semi-natural woodlands and plantations

aged 200 to 50 years ago. We utilise a new reference genome assem-

bled under the Darwin Tree of Life project and analyse 210 individual

trees from five stand types across the Woods by using Genotyping by

Sequencing (GbS), which has produced more reliable markers than

RAD-seq (Ulaszewski et al., 2021). First, we analyse the population

genetic structure. Second, we calculate and compare the genetic

diversity among different stand types. Third, we scan for genome-

wide outlier signals which may imply selection.

2 | METHODS

2.1 | Study site, study species and sampling

Wytham Woods is a c.400 ha woodland in Oxfordshire,

United Kingdom (�51.77� N, 1.32� W) (Savill et al., 2011). The soils

are predominantly ill-drained Oxford Clay on the lower slopes where

most of the oak occurs, while on the top of the hill shallow base-rich

soils over limestone occur. In between is a narrow belt of more acidic

sandy soil. The ancient woodland was historically managed as

coppice-with-standards: about half has been left unmanaged since

1945, the ‘semi-natural’ stands, composed of native species that have

not been planted, but have been managed in the past (Tansley, 1949).

The rest has been replanted at various times including with stands of

oak. Other woodland has developed on farmland, mainly former pas-

ture over the last 200 years, through a mixture of planting and natural

colonisation (Grayson & Jones, 1955; Savill et al., 2011).

Alongside the oaks, the woodland is dominated by European ash

(Fraxinus excelsior), sycamore maple (Acer pseudoplatanus), birch

(Betula spp.) and European beech (Fagus aylvatica) (Kirby et al., 2014).

The mature oaks are almost exclusively Q. robur, except sessile oak

(Quercus petraea), and northern red oak (Quercus rubra), and a few old

Turkey oak (Quercus cerris), planted after 1945.

The oaks in the ancient semi-woodland are the relict standards

from the coppice-with-standards management. They are mainly

c. 150–200 years old and self-grown as there was relatively little

planting of oaks before 1800. Three broad phases of subsequent

plantings have been identified and mapped. The fifth Earl of Abing-

don, who owned the Woods between 1799 and 1854, initiated a mas-

sive programme of restructuring and planting following the Enclosure

Acts in 1814 and 1816 with some further planting by his successors

during the later part of the 19th century (Grayson & Jones, 1955). In

the 20th century, there was heavy felling during the World Wars and

after WWII the University of Oxford's Department of Forestry orga-

nised widespread planting of oaks and other species to fill the gaps

created and to expand the woodland extent. In some areas, the

planted oaks are mixed with others that appear to be natural colonisa-

tion (Grayson & Jones, 1955; Savill et al., 2011).

We explored what genetic differences could be detected in these

five types of oak stands of different origins across the Woods

(Figure 1): (N) ancient semi-natural woodland where trees are self-

sown; (M) mixture of self-sown and planted oaks; (P-E19) early 19th-

century plantation; (P-M19) mid-to-late 19th-century plantation; and

(P-M20) mid-20th-century plantation.

Foliage of Q. robur was sampled across 210 random mature trees

from a broad range of semi-natural stands and plantations within the

woods between June and September of 2023 (NCBI BioSample

records under BioProject PRJNA1135559). Sample sizes were

N = 84, M = 33, P-E19 = 27, P-M19 = 33, P-M20 = 33. For each

tree, 3–5 healthy, non-senescent leaves were collected using either

extendable secateurs or an arborist slingshot. Foliage for each sample

was placed in a paper envelope, kept in a sealed plastic bag containing

silica beads for desiccation and preservation, and then moved to

a �20�C freezer at the end of the day.

The metadata of the samples can be found in Table S1.

2.2 | Library preparation and GbS

Dried foliage tissues were ground using a Retsch TissueLyser II (Qiagen,

United Kingdom) at a frequency of 25 s�1. Genomic DNA was isolated

and purified by using the DNeasy Plant Mini Kit (Qiagen, United

F IGURE 1 Map of WythamWoods showing different woodland
stand types (N = semi-natural woodland, M = mixed, P-E19 = early
19th-century plantation, P-M19 = mid-19th-century plantation,
P-M20 = mid 20th-century plantation). The inset map at top right
corner shows the approximate location of WythamWoods. Black
dots represent individual trees and blue dots represent trees that
potentially arise from clonality.
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Kingdom), according to the protocol with two slight modifications for

effective lysis of plant tissues. First, a mix of 370 μl of Lysis Buffer and

30 μl of protease were used at the lysis step. Second, the incubation time

was increased to 1 hour. DNA quantity and quality were assessed using

NanoDrop 2000 (Thermo Scientific, United States) and Qubit dsDNA

Broad Range assay, respectively (Thermo Scientific, United States).

Samples of �200 ng genomic DNA were normalised in 10 μl of

TE buffer and sent to the Genomic Analysis Platform, Institute of Inte-

grative and Systems Biology, Université Laval (Quebec, Canada) for

the preparation of GbS libraries. DNA was digested with PstI

(CTGCA#G), NsiI (ATGCA#T) and MspI (C#CGG) according to the 3D-

GbS protocol for library preparation (de Ronne et al., 2023). Sub-

libraries were barcoded and pooled to equimolarity, then sequenced

on an Illumina NovaSeq 6,000 system with a paired-end mode of

150 bp at the Génome Québec (Montreal, Canada).

2.3 | Variant calling

Raw reads were demultiplexed with Sabre 1.0 (Joshi, 2013) and

trimmed with Cutadapt 1.18 (Martin, 2011) to remove the adaptors

and sequences shorter than 50 bp. Reads were aligned against

dhQueRobu3.1 (GCA_932294415.1), the reference genome of

Q. robur from the Darwin Tree of Life project, using bwa-mem 2.2.1

(Md et al., 2019). The alignments were indexed and sorted using SAM-

tools 1.12 (Danecek et al., 2021). Variant pileup and calling were per-

formed with bcftools 1.19 (Danecek et al., 2021). Variants were

filtered with the proportion of missing data of 0.2 and MAF of 0.01

using VCFtools 0.1.16 (Danecek et al., 2011). Linkage disequilibrium

was estimated using PLINK v1.90b6.21 (Purcell et al., 2007), and one

SNP per pair was removed based on a r2 threshold of 0.5 in a genomic

window of 50 Kbp and a sliding window of 5 bp.

Estimates of heterozygosity values from SNPs are context depen-

dent due to sample size and population differentiation (Schmidt

et al., 2021; Sopniewski & Catullo, 2024). Thus, while the filtering

above produces sufficient markers for assessing population structure,

we also curated another set of SNPs for estimating ‘autosomal het-

erozygosities’ (Hohenlohe et al., 2010). Variants were filtered so that

no missing data were allowed but included all monomorphic markers

for unbiased estimation of genetic diversity.

2.4 | Estimation of inter-individual relationships

Pairwise relatedness of individual trees was assessed using VCFtools

0.1.16 (Danecek et al., 2011) based on the KING inference

(--relatedness2). According to the manual, estimated kinship coeffi-

cients of > 0.354, 0.177–0.354, 0.0884–0.177 and 0.0442–0.0884

correspond to duplicate or monozygotic twin, 1st-degree, 2nd-degree

and 3rd-degree relationships, respectively. First-degree relationship

means no other members in the direct heredity between two individ-

uals, such as parent and child. We also assessed the spatial correlation

in the genetic relatedness among individuals by computing

Spearman's rho between pairwise genetic relatedness and geographic

distance, where geographic distance was calculated using sf 1.0–17

(Pebesma, 2018).

2.5 | Population genetic structure

We ran a sparse non-negative matrix factorisations (sNMF) algorithm

in the LEA 3.10 R package (Frichot & François, 2015) to estimate

the number of discrete genetic clusters (K) using 10 repetitions for

each value of K from 1 to 10. This algorithm was considered more sta-

tistically robust to departures and violations from classical population

genetic model assumptions and computationally efficient than

likelihood-based approaches such as STRUCTURE and ADMIXTURE

(Frichot et al., 2014). The optimal K was selected for the lowest cross-

entropy.

We also cross-validated the population structure using principal

component analysis (PCA) using PLINK v1.90b6.21. Eigenvalues were

used to plot the scree plot to investigate the proportion of variance

explained, and the first two eigenvectors (principal components) were

then visualised.

We conducted an analysis of molecular variance (AMOVA) to par-

tition the genetic variation within and among stand types using poppr

2.9.6 (Kamvar et al., 2014), with 1,000 replications for the Monte

Carlo procedure.

2.6 | Genetic diversity among different stand types

We calculated the observed heterozygosity (HO), the expected

heterozygosity (HE) and the inbreeding coefficient (FIS) using hierfstat

0.5–11 (Goudet, 2005) with bootstrapping, for each stand type (N, M,

P-E19, P-M19 and P-E20). We also assessed deviations from Hardy–

Weinberg Equilibrium (HWE) for each SNP for each stand type using

pegas 1.3 (Paradis & Barrett, 2010), with 1,000 replications for the

Monte Carlo procedure. We also calculated and reported the autoso-

mal aHO, aHE and aFIS which consider all polymorphic and monomor-

phic sites for unbiased estimations.

2.7 | Identification and enrichment analysis of
genes under putative selection

We identified genes that were potentially under selection using the

Tajima's D statistics calculated by VCFtools 0.1.16 (Danecek

et al., 2011). We retained only those with an absolute value of

Tajima's D larger than 2. We visualised the results using a Manhattan

plot. We also obtained Araport11 annotation (Cheng et al., 2017) for

the gene models in dhQueRobu3.1 with BLASTx 2.11.0 + (Camacho

et al., 2009). We also calculated the nucleotide diversity (π) for each

gene using VCFtools 0.1.16.

We ranked the genes with descending values of Tajima's D value

and performed enrichment analysis on these genes under putative
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selection with clusterProfiler 4.0 (Wu et al., 2021) on both Gene

Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes

(KEGG).

3 | RESULTS

3.1 | GbS results and processing

We obtained 448.10 M � 2 reads in paired-end mode from Illumina

GbS, representing 135.33 Gbp in total, from 210 individual oaks. After

demultiplexing and cleaning, we retained an average of 2.01 M

(± 46.14 K) � 2 paired-end clean reads from each sample, whereas

14.53 M � 2 of sequences were unclassified (3.24%). More than 90%

of these reads had quality scores ≥ 30, implying successful data clean-

ing. The read data were deposited in the NCBI Sequence Read

Archive (SRA: SRR29822091–SRR29822300) under BioProject

PRJNA1135559. After filtering, we obtained a final set of 218,567

SNPs (Data S1), which we utilised for pedigree estimations and ana-

lyses of population structure and genetic diversity.

3.2 | Pedigree estimation

Among the 21,945 (C210
2 Þ pairwise relationships between the 210 indi-

vidual trees, most of the pairwise relatedness estimates were

negative, with a mean of �0.092 (Figure 2a, Table S2). The vast

majority of relationships (98.68%) were classified as unrelated, fol-

lowed by 3� relationship (0.29%), 2� relationship (0.06%), 1� rela-

tionship (0.02%), 0� relationship (0.01%) (Figure 2b,c). We detected

only two pairs (0.0091%) of clonal trees: WWO_B59 and

WWO_E6, which shared a relatedness of 0.43, and also

WWO_B75 and WWO_B97, which shared a relatedness of 0.37

(Figure 1).

Three trees, 20,729, P6B and B199, had a slightly positive aver-

age relatedness with all other trees, of 0.0383, 0.0306 and 0.0118,

respectively (Figure S1). All other trees had a negative averaged relat-

edness with others as expected. There was a very weak negative rela-

tionship between the pairwise geographic distance and genetic

relatedness (Spearman's rho = �0.053, P = 3.33e–15), suggesting lit-

tle spatial correlation (Figure S2).

3.3 | Population genetic structure

Cross-entropy analysis revealed that K = 3 was the most informative

clustering in explaining the population genetic structure using the sNMF

analysis (Figure 3a), while K = 2 and 4 were closely similar. The cross-

entropy escalated quickly after K ≥ 5. However, a complementary PCR-

based approach revealed no clear spatial genetic structure, as the scree

plot decayed quickly and remained flat (Figure 3b,c). We visualised the

optimal K = 3 sNMF pattern in Figure 3d and the raw ancestry coeffi-

cients can be found in Table S1. Figure S3 visualised the K = {2, 3, 4,

5, 6, 7, 8, 9, 10} scenarios. As K increased, the genetic clustering broke

down for only a small portion of trees, with the remaining large portion

unexplained, revealing a very unbalanced hierarchical population

structure.

This very weak population genetic structure indicated that

there was very little genetic differentiation between the stand

types. Only 1.34% of the genetic variation (df = 4, SS = 97481.14,

MS = 24370.29) was partitioned between stands, and the other

98.66% (df = 200, SS = 3193578.25, MS = 15967.89) was between

trees within stands. The genetic variance components were statisti-

cally significant (P = 0.001, Monte Carlo test, n = 1,000).

3.4 | Genetic diversity within different stand types

The levels of observed and expected heterozygosity for oak trees

in Wytham Woods were as follows: mean HO = 0.120, mean

HE = 0.133, mean aHO = 0.105 and mean aHE = 0.102. There was no

substantial difference in HO or aHO among different stand types

(Figure 4a,d), where M19 plantation had slightly higher values than

the others of 0.123 and 0.106, followed by semi-natural woodland

(0.121 and 0.104), mixed plantation (0.120 and 0.105), E19 plantation

(0.118 and 0.104) and M20 plantation (0.117 and 0.106). There was

also no substantial difference in HE or aHE among different stand

types (Figure 4b,e), where M19 plantation again had slightly higher

values of 0.137 and 0.101, and was followed by M20 plantation

F IGURE 2 (a) Density distribution of pairwise relatedness among

individual trees. (b) Proportion of pairwise relatedness among
different categories of relationships, where relatedness coefficients of
> 0.354, 0.177–0.354, 0.0884–0.177, 0.0442–0.0884, < 0.0442
correspond to duplicate or monozygotic twin (0�), 1st-degree (1�),
2nd-degree (2�), 3rd-degree (3�) and unrelated (>3�) relationships,
respectively. (c) Boxplot of pairwise relatedness among different
categories of relationships.
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F IGURE 3 Population genetic structure of pedunculate oaks in WythamWoods across different stand types and different numbers of
clusters K predicted by sparse non-negative matrix factorisation (sNMF). (a) Cross entropy with increasing K. (b) Scree plot of SNP-based PCA. (c)
Population structure from SNP-based PCA visualised using the first two principal components. (d) The optimal K = 3 was determined with the
lowest cross-entropy value.

F IGURE 4 (a) Observed heterozygosity (HO), (b) expected heterozygosity (HE) and (c) inbreeding coefficient (FIS) of all loci and (d–f) their
autosomal estimates across different stand types: semi-natural (N), mixed (M), early-19th-century (P-E19), mid-to-late-19th-century (P-M19) and
mid-20th-century plantations (P-M20). For inbreeding coefficients, the error bar denoted 95% confidence interval determined with
bootstrapping.
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(0.136 and 0.108), semi-natural woodland (0.133 and 0.100), mixed

plantation (0.132 and 0.101) and E19 plantation (0.130 and 0.100).

When using FIS, we detected signs of inbreeding in all stand types,

where FIS differed significantly from zero (95% confidence interval,

bootstrapping) (Figure 4c). The highest inbreeding was observed in

the most recent M20 plantation, with FIS of 0.130, followed by semi-

natural population (0.0923), M19 plantation (0.0898), E19 plantation

(0.0873) and mixed plantation (0.0843). However, when using aFIS, we

only detected signs of inbreeding in the most recent M20 plantation,

with an aFIS of 0.0123. Other stand types had aFIS with 95% confi-

dence intervals overlapped with zero (Figure 4f).

3.5 | Identification and enrichment analyses of
genes under putative selection

We computed the Tajima's D for all 35,638 gene models and

detected 161 genes that were under putative selection (jDj > 2). In

F IGURE 5 (a) Frequency distribution histogram of Tajima's D values across 35,638 genes. (b) Manhattan plot of Tajima's D values. Dark blue
dots denote genes under putative selection (jDj > 2). (c) Observed heterozygosity (HO), (d) expected heterozygosity (HE) and (e) inbreeding
coefficient (FIS) and (f) nucleotide diversity (π) of genes under putative selection across different stand types: semi-natural (N), mixed (M), early-
19th-century (P-E19), mid-to-late-19th-century (P-M19) and mid-20th-century plantations (P-M20). For the inbreeding coefficient, the error bar
denoted a 95% confidence interval determined with bootstrapping.
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particular, these 161 genes were under balancing selection (D > 2)

while none of the genes were under directional selection (D < �2).

Tajima's D ranged from �1.73 to 3.69, with a median of �0.0092

(Table S3).

The levels of observed and expected heterozygosity for the genes

under putative selection indicated low to medium levels of genetic

diversity but slightly higher than for all loci (mean HO = 0.310,

HE = 0.306). In addition, there was considerable difference in HO

among different stand types (Figure 5c,f). It was highest in the M19

plantation with 0.319, followed by semi-natural woodland (0.318),

mixed plantation (0.314), E19 plantation (0.309) and M20 plantation

(0.290). The exact same ranking of values was observed for HE

(Figure 5d,g), where M19 had the highest value (0.309), then semi-

natural woodland (0.309), mixed plantation (0.306), E19 plantation

(0.305) and M20 plantation (0.300). We used nucleotide diversity (π)

instead of autosomal heterozygosities to provide an unbiased esti-

mate for per-gene statistics. π followed a similar trend where it is

highest in the M19 plantation (0.00051), but followed by semi-natural

woodland (0.000493), M20 plantation (0.000491), E19 plantation

(0.000474) and mixed plantation (0.000472). When considering FIS,

we detected potential signs of inbreeding in the most recent M20

plantation with a positive FIS of 0.0265, however, its 95% confidence

interval overlapped with zero (Figure 5e).

We were able to assign an annotation to 34,815 out of 35,638

gene models (97.69%) of dhQueRobu3.1 with Araport11. This was

followed by enrichment analysis of gene ontology (GO) which identi-

fied 61 Biological Process (BP) terms, 14 Cellular Component

(CC) terms and 19 Molecular Function (MF) terms were over-

represented among the genes under putative selection (P < 0.05, after

Benjamini-Hochberg correction). Biological processes included protein

phosphorylation (GO:0006468), phosphorylation (GO:0016310),

response to bacterium (GO:0009617), defence response to bacterium

(GO:0042742) and response to fungus (GO:0009620) (Figure 6a,

Table S4). Cellular components included cell wall (GO:0005618),

plant-type cell wall (GO:0009505), cell–cell junction (GO:0005911),

plasmodesma (GO:0009506) and cell junction (GO:0030054).

(Figure 6b, Table S5). Molecular functions included protein kinase

activity (GO:0004672), protein serine/threonine kinase activity

(GO:0004674), kinase activity (GO:0016301), phosphotransferase

activity, alcohol group as acceptor (GO:0016773) and transferase

activity, transferring phosphorus-containing groups (GO:0016772)

(Figure 6c, Table S6).

We detected six enriched KEGG pathways among the genes

under putative selection (P < 0.05, after Benjamini-Hochberg correc-

tion), including biosynthesis of secondary metabolites (ath01110),

plant-pathogen interaction (ath04626), motor proteins (ath04814),

phenylpropanoid biosynthesis (ath00940) and cysteine and methio-

nine metabolism (ath00270) (Table S7).

4 | DISCUSSION

Forest trees face a range of challenges from changing environmental

conditions and human activities which have been shown to alter their

genetic diversity significantly. Understanding of the standing genetic

diversity in pedunculate oaks (Q. robur) is thus essential to monitor

and predict the adaptability of this species across the shifting climate

of the Anthropocene. The present study constitutes the first popula-

tion genetic study of pedunculate oaks in Wytham Woods and pro-

vides a historical perspective of management regimes that may

underpin the differences among stand types.

4.1 | Small difference in genetic diversity among
stand types

We detected minor differences in genetic diversity among the five dif-

ferent stand types of Wytham Woods comprised of semi-natural

woodland and plantations of different ages. We only observed a sig-

nificant signal of inbreeding (aFIS > 0) in the most recent plantations

established mid-20th century (P-M20). The P-M20 trees possessed an

excess of homozygotes (aHO < < aHE) but nonetheless showed the

F IGURE 6 Dot plots of top 10 enriched gene ontology (GO) terms associated with negative Tajima's D values in categories of (a) biological
processes, (b) cellular components and (c) molecular functions, whereas gene models of dhQueRobu3.1 were annotated with Araport11.
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highest aHO and aHE among all stand types. There are two potential

reasons that may explain these observations. First, it may be a classic

example of Wahlund effect, where trees (or subpopulations) with dif-

ferent allelic frequencies are combined during the plantation process,

thus maintaining a comparable level of genetic diversity as other sub-

populations but showing an excess of homozygotes (Duminil

et al., 2009). Second, oak trees only mature and start to produce

acorns regularly at 40 to 50 years old (Woziwoda et al., 2019). There-

fore, the germplasm that was used for establishing P-M20 is likely to

come from the youngest trees at the time with limited reproductive

capacity and low levels of gene flow (Ruiz-González et al., 2023).

It has been widely speculated that forest management practices

can have significant effects on genetic diversity and effective popula-

tion size (Ratnam et al., 2014b). However, global synthesis of research

has shown that although genetic diversity can be adversely affected,

such as in coppiced oak species (Quercus spp.) in the Mediterranean

region which has fragmented populations (Ortego et al., 2010;

Valbuena-Carabaña et al., 2008), no decline in genetic diversity was

found between semi-natural woodlands and plantations in several

cases, such as European beech (Fagus sylvatica) (Rajendra et al., 2014),

black spruce (Picea mariana) (Rajora & Pluhar, 2003), lodgepole pine

(Pinus contorta)(S. E. Macdonald et al., 2001), Douglas fir (Pseudotsuga

menzeisii) (Neale, 1985). These species share several important life his-

tory traits in common with pedunculate oak including long generation

time, longevity and effective gene flow due to wind pollination, which

might have contributed to the resistance to genetic erosion (Ratnam

et al., 2014b).

Our study also highlighted the importance of standardised

methods for the quantification of heterozygosity. At first glance, the

genetic diversity of pedunculate oaks in Wytham Woods (mean

HO = 0.120 and mean HE = 0.133) may seem lower than previous

reports in the same species, such as in the eastern range of Russia

(mean HE = 0.669–0.773) (Semerikova et al., 2023), the southern

range of Serbia (mean HE = 0.740–0.793) (Kesi�c et al., 2021) or

Croatia (0.195–0.962) (Popovi�c et al., 2023). However, such differ-

ences are to be expected when contrasting genome-wide SNP marker

data as in the present study, and more targeted marker sets, which

are usually selected as polymorphic, as reported in oaks including

either isozymes (Gömöry et al., 2001), microsatellites (or simple

sequence repeats SSR) (Kesi�c et al., 2021; Popovi�c et al., 2023;

Semerikova et al., 2023) or small sets (< 100) of SNP markers (Degen

et al., 2021). The heterozygosity levels cannot be compared directly

because of the difference in the marker types. For example, SSRs har-

bour exceptionally high mutation rates and polymorphism levels when

compared to SNPs (Hansson & Westerberg, 2002), and higher esti-

mates of heterozygosity across several species (Fischer et al., 2017;

Sunde et al., 2020; Zimmerman et al., 2020).

There are a few tree species that have been assessed with both

genome-wide SNP analyses and SSRs for genetic diversity. A GbS

study on Norway spruce reports a HO of 0.237 and a HE of 0.271

(Korecký et al., 2021) for SNPs but the same authors report a mean

HO of 0.585 and a mean HE of 0.722 when using SSR (Bínová

et al., 2020). Similarly, work in Siamese rosewood reported a mean HO

of 0.56 and a mean HE of 0.57 with SSR, but a mean HO of 0.18 and a

mean HE of 0.18 using RAD-seq SNP (Hartvig et al., 2020). Even when

considering 130 SNP loci in Russian populations of mixed Q. robur and

Q. petraea, HO was between 0.259 and 0.291 and HE was between

0.219 and 0.272 (Blanc-Jolivet et al., 2020), providing a strong con-

trast with SSR findings in the same geographic area.

4.2 | Weak population structure and history of
Wytham Woods

The nature and intensity of woodland management has changed con-

siderably in Wytham Woods, over the last few hundred years as the

coppice management of the 18th to early 19th centuries was gradu-

ally replaced by high forest and plantations in the 20th century

(Grayson & Jones, 1955).

However, we found only weak population structure in Wytham

oaks, such that most of the genetic variation occurs between

individual trees but not among stand types. First, the lack of differ-

ence in genetic diversity across stands dating from different periods

may reflect a tendency to use local seed sources. Estates often

had their own nurseries and might collect acorns from their best

stands (Whittet et al., 2017). Second, despite the overwhelming

preference for oak as a timber tree, there may only be a strong

impact at loci controlling economic traits, maintaining the overall

homogeneity of genetic makeup (Finkeldey & Ziehe, 2004). The

weak structure was also reflected in the pedigree analysis such that

most individuals were completely unrelated. The exception of two

clonal pairs might likely arise from artificial propagation materials in

plantation efforts.

The signs of inbreeding in younger stands absent in older stands

in Wytham Woods reflect a potential mechanism for the progressive

elimination of inbred trees. Despite oaks being largely outcrossing,

the potential high frequency of pollination at short distances (Vranckx

et al., 2014) and the homogeneity of population structure might still

contribute to potential inbreeding in saplings in younger stands. A

similar pattern was also observed in an outcrossing dominant tree

species Castanopsis sieboldii, where it was suggested that pronounced

inbreeding depression would result in mortality or reduced growth,

thus the level of inbreeding would decay in subsequent generations

(Nakanishi et al., 2015).

4.3 | Balancing selection on resistance-
related genes

Genomic scans can offer important insights into natural selection and

local adaptation. Given the weak population structure and limited for-

est area, the outlier test based on the empirical distribution of FST and

departure from Hardy–Weinberg equilibrium might fail to detect loci

under selection (Waples & Gaggiotti, 2006; Wigginton et al., 2005).

Therefore, we utilised the Tajima's D which analysed the site fre-

quency spectrum of alleles across the population of Wytham Woods.
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When Tajima's D is negative, it suggests an excess of low-frequency

alleles, indicative of population expansions or selective sweeps from

positive natural selection (Kawecki et al., 2021). Conversely, positive

Tajima's D reflects an excess of intermediate alleles from balancing

selection which may indicate an adaptive advantage in a fluctuating

environment (Ryynänen & Primmer, 2004).

Our study revealed significantly enriched gene ontology terms

and pathways that include genes related to pathogen response and

immune reactions, which shared negative Tajima's D values consistent

with balancing selection. The most highly enriched pathway, biosyn-

thesis of secondary metabolites, which produce diverse flavonoids,

terpenoids, alkaloids and phenolics, critical for plant defence (Zaynab

et al., 2018). Pathogens and hosts often engage in a rapid evolutionary

arms race driven by strong selection, such that hosts evolve resistance

and pathogens evolve means to evade or tolerate those resistance

traits (Bishop et al., 2000). Balancing selection particularly operates on

the host's resistance and its genomic architecture across the tree of

life (Bourgeois et al., 2021; Cornetti et al., 2024; Delph & Kelly, 2014;

Koenig et al., 2019). In plants, balancing selection in resistance-related

genes is observed in both model and crop species, such as in

Arabidopsis and its relative Capsella rubella (Koenig et al., 2019; Q. Wu

et al., 2017), rice (Gladieux et al., 2024), grass (Zhang et al., 2019) and

field mustard (O'Hara et al., 2021). Balancing selection in resistance-

related genes is also observed in forest trees (Van der Hoorn

et al., 2002), which may reflect their exposure to a large diversity of

pathogens during their lifetime (Naidoo et al., 2019).

4.4 | Implications for conservation of oaks and
future studies in Wytham Woods

Intraspecific variation, as a major component of biodiversity, has

received relatively little attention when formulating conservation

plans for wild species and ecosystem services management (Heuertz

et al., 2023; Laikre, 2010). The genetic consequences of land use

change and human-induced climate change in many species and popu-

lations still remain poorly characterised (Aguilar et al., 2008; Ratnam

et al., 2014b). The recent Kunming–Montreal Global Biodiversity

Framework, from the Convention on Biological Diversity meeting in

2022 (COP15), sets out new guidelines to monitor, manage and report

on the genetic status of species in local, regional and global pro-

grammes, where intraspecific genetic variation is a key indicator

(Hoban et al., 2024; Mastretta-Yanes et al., 2024).

There is a very limited number of population genetic studies on

oaks within the UK. They either do not report genetic diversity met-

rics (Nocchi et al., 2022) or use an incomparable one, such as chloro-

plast DNA (Cottrell et al., 2002) or microsatellite markers (Cottrell

et al., 2003). As discussed above, the choice of markers for estimating

genetic diversity can greatly influence the results. We, therefore,

advise future studies to use unbiased parameters, such as autosomal

heterozygosities (Hohenlohe et al., 2010), which consider both mono-

morphic and polymorphic sites, so that we can continue to monitor

and compare genetic diversity meaningfully, especially when they are

important parameters in forest conservation and management (Weeks

et al., 2011).

By combining studies of the genetic diversity in oaks in Wytham

Woods with its known history, we are able to suggest possible mech-

anisms for how changes in land use and forestry practices affect

genetic diversity. In return, the many continuing, long-term ecological

studies in the Woods may benefit from a better understanding of the

genetic variation in a keystone species. Moreover, we believe that

our study of the genetic diversity of oak trees in Wytham Woods

may be relevant for other co-occurring species, opening new

research avenues that can benefit both conservation and productive

forestry.
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