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Abstract
Context:

Increasing the structural and species diversity of planted forests may improve their ability to face ongoing environmental
shifts. However, converting planted forests to Continuous Cover Forestry (CCF) may reduce genetic diversity of these
stands, potentially hindering their ability to cope with environmental changes.

Aims:

To assess the genetic diversity of planted trees and their offspring in six stands of Pseudotsuga menziesii at different
stages of conversion to Continuous Cover Forestry (CCF).

Methods:

We conducted species diversity surveys and determined the genotypes of 513 individuals in adult and juvenile stand
strata.

Results:

The observed heterozygosity was consistently high (0.48 on average); however, the effective population size (Ne) was
variable with Ne < 500 at five of six sites. Overall, we did not observe any loss of heterozygosity or statistically significant
differences in Ne among generations, i.e., between the adult trees and juvenile seedlings.

Conclusion

Our findings suggest that stand conversion to CCF does not cause a short-term trade-off between species diversity and
genetic diversity. Our study highlights the key aspects associated with the maintenance of standing genetic diversity in
conjunction with CCF in the face of ongoing environmental changes.

Key message
Transitioning plantations into Continuous Cover Forestry (CCF) effectively increases species diversity without
compromising the standing genetic diversity. This ensures that high levels of heterozygosity are maintained across
generations, from adult canopy trees to juvenile seedlings. Such diversity is essential for ensuring the long-term potential
of planted forests relying on natural regeneration to face ongoing environmental changes.

1. Introduction
Continuous Cover Forestry (CCF) is a forest management approach that avoids large-scale clearfelling, thus maintaining a
permanent tree cover. CCF uses silviculture based on ecological and environmental principles, maximising species and
structural heterogeneity in the woodland (Mason et al., 1999). Essentially, this approach provides the tools to manage an
irregular forest of mixed species considering both the site potential and the multi-use purpose of woodlands (Kirby &
Watkins, 2015). This approach has been predicted to be more effective in curbing the impact of climate change than other
traditional forestry practices (Helliwell & Wilson, 2012; Mason et al., 1999).

Forest management must also consider the risk that rapid environmental changes will outpace the ability of tree species
to adapt to new conditions (Rosenzweig et al., 2008; St. Clair & Howe 2007; Taylor et al., 2015, Tew et al., 2023). To
anticipate the potential effects of environmental change on forests, it is vital to understand both the phenotypic plasticity
and adaptation ability of forest species to cope with observed and predicted conditions (Kremer et al., 2014; Peters,
1990). Researchers have outlined the potential benefits of the CCF approach for increasing woodland resilience, have
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defined silvicultural practises to transform even-aged plantations to an irregular woodland structure (Kerr et al., 2010;
Mason & Kerr, 2000), and described methods to monitor the transition (Bennett et al., 2020; Kerr et al., 2017). Currently,
CCF is being deployed in some UK woodlands to increase biodiversity, increase resilience, and mitigate climate change
while maintaining timber production. However, there is a paucity of studies looking at genetic effects of applying CCF in
woodlands.

Finkeldey (2002) discussed the genetic impact of forests being transformed into CCF associated with a change in the
population density due to selective cutting. A decrease in the number of individuals that could contribute genetically to the
offspring (effective population size (Ne)) leads to an increase in inbreeding and selfing, limiting the gene pool of future
natural generations. Similarly, Smith et al. (2025) suggest that there may be a trade-off between the increase of species
diversity and the levels of genetic diversity due to the reduction of individuals per species. As a result, future stands may
have reduced standing genetic diversity and be less able to adapt to emerging climate stressors (Finkeldey 2002).
Additionally, when primary trees hold a reduced gene pool as may be observed in planted woodlands, the vigour of the
future forest may be further compromised. To address this issue, several genetic diversity indexes are used, such as
heterozygosity or nucleotide diversity; however, Ne has become an important parameter for monitoring and conserving
genetic diversity (Capblancq et al., 2020; Hoban et al. 2020; Slavov et al., 2012; Wojacki et al., 2019).

Pseudotsuga menziesii (Mirb.) Franco has become a predominant introduced species in UK CCF-managed forests. Several
studies have investigated the genetic diversity of planted P. menziesii stands in central Europe (Eckhart et al., 2017; Pakull
et al., 2021; van Loo et al., 2019; Wojacki et al., 2019), including a comparison between adults and juveniles (Neophytou et
al., 2019) but none have included woodlands in the UK nor woodlands under CCF. Essential genetic resources are
available for P. menziesii, including a genome sequence (Neale et al., 2017), comprehensive transcriptome (Howe et al.,
2013), and informative Single Nucleotide Polymorphism (SNP) datasets (Howe et al., 2013, 2020; Krutovsky & Neale,
2005; Müller et al., 2012).

Trade-offs in genetic diversity may result from managing to increase species diversity, such as in the context of CCF
(Smith et al. 2025). Specifically, we hypothesized that CCF may reduce genetic diversity from one generation to the next
because CCF may rely primarily on natural regeneration. To test this hypothesis, we analysed planted P. menziesii trees
and their naturally regenerated offspring using PCR-based genotyping methods. The main goal of this study was to
assess genetic diversity differences among the six sites and between adults and their juvenile offspring from UK
woodlands in transition to CCF. Specific objectives were to: 1) characterise the level of transformation of the CCF stands
based on species diversity and stand structure; 2) design and validate a reliable SNP genotyping assay; and 3) compare
the genetic diversity in planted adults and naturally regenerated juveniles within each stand and among stands.

2. Material and methods

2.1. Study sites: structure and species diversity
We sampled six sites at different stages of CCF development located in England (UK) that included P. menziesii as part of
the canopy. These sites, which are identified as Ringwood (R), Mortimer (M), Stourhead1 (S1), Stourhead2 (S2), Longleat1
(L1), and Longleat2 (L2) (Fig. 1), were composed of at least 100 adult trees as recommended by Wojacki et al. (2019).

We characterised the stand structure and diversity by performing a forest survey (Northwest Natural Resource Group,
2014). We established up to 25 randomly located plots at each site using QGIS (QGIS, 2023). We used 8 m and 3 m radius
plots for the adults and juvenile offspring, respectively. We measured each tree over 10 cm in diameter inside the plot. We
measured diameter at breast height (DBH) using a DBH tape, and height using the Bitterlich Relascope method (Bitterlich,
1984). We estimated the overall canopy density of each plot by using a densiometer and the basal area using the Bitterlich
Relascope (Bitterlich, 1984).
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Species diversities of adult canopy trees and juvenile offspring were estimated using the Shannon diversity index, H′,
(Shannon, 1948). To do so, we counted the number of species and their frequencies in each plot, and then applied the
following formula (1) where S = species richness (i.e., number of species) and pi = relative abundance of species i.

1

2.2. Overview of genetic analyses
We designed two SNP assays that offer cost-effective genotyping of informative SNPs. SNPs were genotyped by using
the 1) Standard Biotools microfluidics SNP genotyping platform (Std Biotools, San Francisco, CA, USA) (Std Biotools
assay) and 2) MassARRAY® iPLEX GOLD technology (Agena Bioscience, San Diego, California, USA) (MA assay). The
initial objective was to develop a Std Biotools assay for use in our laboratory; however, we were able to validate and to
extend the dataset by using an independent external platform, i.e., MA assay, which was available for P. menziesii and has
been used in other conifers (Godbout et al., 2017; Trembizki et al., 2014; Vidal et al., 2017).

To develop the Std Biotools assay, we selected 96 SNPs from available resources of 28,904 SNPs (Howe et al., 2020) to
design the panel based on desirable SNP characteristics (Fig. 2). The MA assay includes two 40 sets of SNPs. The first
set was previously developed and tested by Howe et al (unpublished), and the other set was designed through a
collaboration between the Conifer Breeding Co-operative, the University of Oxford, Forest Research, and the UK Centre for
Hydrology and Ecology. These MA assays allowed us to increase the number of markers to provide better statistical
power in our population genetics analysis.

2.2.1. Sampling and DNA isolation
Foliage was collected from canopy trees following Youngentob et al. (2016) using an arborist slingshot. We collected
foliage from naturally regenerated seedlings near every adult that was sampled. We collected leaf material from around
50 adults and 50 juveniles to estimate Ne (Manunza et al., 2025) at each site, for a total of 513 sampled trees. DNA was
isolated using the DNeasy Plants mini kit (Qiagen, USA, Valencia, CA) following Guillardin et al. 2023.

2.2.2. SNP assay design & genotyping
The Std Biotools assay (Fig. 2) was developed by selecting 96 SNPs from the SNPs discovered by Howe et al., (2020). We
filtered by minor allele frequency (MAF) > 0.4 because SNPs with high MAFs may represent common variants that have
higher likelihoods of being polymorphic in our study populations. We aligned the SNP sequences to the P. menziesii
genome assembly (Neale et al., 2017) using BLAST (Camacho et al., 2009), and kept those with a complete alignment
(Fig. 2). We retained only one SNP per scaffold to maximise the genome coverage, and then we used the efetch e-utility
tool from NCBI (Kans, 2023) to identify the SNP genome location and corresponding scaffold. This allowed us to extend
the flanking sequence to 100 bp to enable primer design. We submitted the SNP sequences to the D3 assay primer
designer (Std Biotools) and ordered 156 primers with 40–60% GC content to ensure stable binding to the template DNA.
We tested them using FlexSix IFC plates and used the call rate and level of polymorphism on ten samples to select the
final 96 SNPs (Fig. 2).

To genotype the samples, we used the 192.24 ICF plates on the Std Biotools microfluidics SNP genotyping platform. We
used the Juno system to load and combine the microfluidics and the Biomark (Std Biotools) to perform the PCR. We
followed a modified preparation protocol (Std Biotools, 2015a) using the Fast Probe Master Mix (Biotium Inc. Fremont,
CA) and avoided the pre-amplification step, which improved the assay performance. The results were visualised using the
FluidiGM SNP genotyping software (Std Biotools) (confidence threshold: 50). We removed SNPs that had > 50% missing
data.

H′ = −∑
S

i=1
pi ⋅ ln (pi)
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The MA assay included two multiplexes each containing 40 SNPs which showed high levels of polymorphisms in previous
tests using materials from North America (Howe, unpublished) (Fig. 2). The samples were genotyped at the Genome
Transcriptome Facility of Bordeaux (INRAE, University of Bordeaux) using the Sequenom MassARRAY® iPLEX GOLD
technology (Agena Bioscience).

2.2.3. Genetic diversity analysis
We estimated genetic diversity indicators, including observed heterozygosity (Ho), unbiassed expected heterozygosity
(uHe), inbreeding coefficient (Fis), and effective population size (Ne) using both SNP genotyping datasets (assays)
individually and combined. We used the gl.report.heterozygosity function from the dartR package (Mijangos et al., 2022)
implemented in R studio (R Core Team, 2018; RStudio Team, 2020) to estimate Ho and uHe. We then used the
gl.test.heterozygosity function to test differences among age classes and sites. The gl.test.heterozygosity function
implements a pairwise re-randomised approach to test heterozygosity differences between defined groups. We used the R
package diveRsity (Keenan et al., 2013) to estimate mean Fis and 95% confidence intervals based on 1000 bootstraps. We
estimated the contemporary Ne of adults and juveniles using the linkage disequilibrium method implemented in
NeEstimator V2.1 software (Do et al., 2014), and used the recommended Jackknife method to estimate confidence
intervals (Jones et al., 2016).

3. Results

3.1. Structure and species diversity of study sites
We assessed stand structure and vegetation diversity for each site individually and across all sites. S1 and S2 were the
largest sites at > 13 ha, whereas M, R, L1, and L2 had surface areas between 5 and 9 ha. On average, L1 had the tallest P.
menziesii trees, although the tallest tree (55 m) was found at L2 (Table 1). Canopy cover across all species ranged from
63.5% at L2 to 85.9% at M (Table 1). The basal area was similar across sites, with lower basal areas found at S2 (35.2
m2/ha) and L2 (35.8 m2/ha), and the highest basal area was at M (43.2 m2/ha) (Table 1).

Table 1
Stand characteristics at six forest sites. See methods for details.

Site Year
planted

Site area
(ha)

Canopy cover
(%)

Basal area
(m2/ha)

Avg. Height
(m)

Max. Height
(m)

M 1980 5.3 85.9 43.2 27.9 48.0

R 1961 5.8 75.5 40.5 25.1 38.5

S1 1957 13.3 69.6 37.1 25.9 48.0

S2 1939 18.6 73.5 35.2 29.4 44.5

L1 1950 6.3 80.4 38.2 34.1 42.0

L2 1925 8.8 63.5 35.8 26.3 55.0

Species diversity (H′) of the juvenile trees was similar across sites, ranging from 1.25 to 1.75, whereas the diversity of the
adult trees ranged more widely from 0.25 to 1.75. L2 and S2 had high species diversity (H′ > 1.5) in adults and juveniles, M
and L1 had very low species diversity in adults (H′ < 0.5), whereas S1 and R had intermediate diversity in adults and
juveniles (Fig. 3 panel A). S2 had a reverse-j diameter distribution, indicating a late stage of CCF development, but had few
trees in the smallest diameter class. L2 and S1 seemed to be transitioning towards a reverse-j diameter distribution but
showed a rotated sigmoidal curve, indicating some type of intervention may have occurred. M and L1 had a distribution
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profile indicative of a plantation, whereas R had two peaks, which suggests an intermediate stage of transition into a CCF
(Fig. 3 panel B) according to Pommerening & Murphy, (2004).

3.2. Genotyping assay
We designed the Std Biotools assay using the 96 SNPs that were most polymorphic, had the highest call rates, and had
the lowest levels of missing data (see methods for details). We genotyped 513 individuals across six study sites using
these 96 SNPs and then visualised the results using FluidiGM SNP genotyping software. We retained data from 72 SNPs
that had < 50% missing data across all sites. The resulting dataset had an overall call rate of 91.2% and contained no
private or non-polymorphic SNPs at any of the sites (Fig. 2).

He ranged from 0.47 to 0.48 across sites using the MA platform, compared to 0.48 to 0.49 using the Std Biotools
platform. Thus, both platforms gave the same pattern of genetic diversity. Therefore, we combined datasets, resulting in a
total of 152 analysed SNPs (Fig. 2).

3.3. Genetic diversity
Each study site had high levels of observed and expected heterozygosity, ranging from Ho = 0.437 in S1 to Ho = 0.467 in
S2, and uHe = 0.483 in M to uHe = 0.486 in S2 and R (Table 2). The only significant difference found among sites was
between M and R (Table 2). Regarding the genetic diversity within each site, we found no significant differences between
adults and juveniles across sites (Table 3). Overall, the inbreeding coefficient (Fis) was relatively low across all sites,
ranging from 0.034 to 0.095 (Table 2). However, Fis was significantly lower in S2, L2, and M than in S1 and L1. We found
no significant differences in Fis between adults and juveniles within sites (Table 3). Estimates of Ne were first obtained
for all trees within a site, both adults and juveniles, and these ranged widely among sites and generally showed large
confident intervals. Only L1 had Ne > 500 (Ne = 840), whereas three sites had Ne < 300 (L2, M, and S1), (Table 2). Ne was
also estimated separately for adults and juveniles across sites. Although Ne varied substantially, the only statistically
significant difference was in M, in which juveniles showed higher Ne than the adult trees (Table 3).
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Table 2
Genetic diversity indicators among sites. Asterisks indicate that

differences among sites were significant at a p-value < 0.05. Ns: number
of samples collected, Ne: effective population size, C.I: confidence
intervals for Ne or Fis, Ho: observed heterozygosity, uHe: unbiased
expected heterozygosity, S.D: standard deviation, Fis: inbreeding

coefficient.
Ns S2 L2 M R S1 L1

80 87 80 89 90 87

Ne 425 284.5 210.7 347.5 259 840

lower C.I 242.6 182.9 139 220.8 156.4 345.9

upper C.I 1444.1 583.1 399.5 747.6 635.3 Inf

Ho 0.467 0.464 0.462 0.451 0.437 0.443

Ho S.D 0.073 0.078 0.085 0.068 0.074 0.094

uHe 0.486 0.485 0.483− 0.486+ 0.484 0.484

uHe S.D 0.023 0.019 0.025 0.021 0.025 0.026

Fis 0.034− 0.039− 0.038− 0.067 0.092+ 0.095+

lower C.I 0.015 0.021 0.019 0.050 0.071 0.068

upper C.I 0.051 0.057 0.057 0.083 0.115 0.120
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Table 3
Genetic diversity indicators among sites and age classes. Asterisks indicate that differences between adults (A) and

juveniles (J) within each site were significant at a p-value < 0.05. Ns: number of samples collected, Ne: effective
population size, C.I: confidence intervals for Ne or Fis, Ho: observed heterozygosity, uHe: unbiased expected

heterozygosity, S.D: standard deviation, and Fis: inbreeding coefficient.

  S2 L2 M R S1 L1

A J A J A J A J A J A J

Ns 37 43 42 45 39 41 42 47 43 47 40 47

Ne 479.2 427.5 299.6 266.8 137.1 228.5 1650.2 352.8 348.8 264.3 566.5 410.4

lower
C.I

199 205.8 166.8 160.4 96.7 140.1 315.7 192 182.6 161.5 219.6 206.7

upper
C.I

Inf Inf 1212.3 714.7 226.5 565.1 Inf 1693.5 2467 663.6 Inf 5869

Ho 0.468 0.466 0.473 0.452 0.462 0.457 0.452 0.451 0.430 0.438 0.439 0.442

Ho
S.D

0.091 0.090 0.090 0.094 0.102 0.098 0.088 0.092 0.095 0.092 0.113 0.101

uHe 0.486 0.484 0.485 0.486 0.481 0.484 0.486 0.486 0.483 0.483 0.483 0.483

uHe
S.D

0.027 0.028 0.024 0.024 0.032 0.028 0.026 0.022 0.030 0.030 0.032 0.032

Fis 0.025 0.026 0.013 0.058 0.027 0.045 0.059 0.062 0.099 0.083 0.080 0.074

lower
C.I

-9e-
04

7e-04 -0.018 0.035 0.002 0.016 0.036 0.039 0.066 0.055 0.045 0.030

upper
C.I

0.052 0.049 0.042 0.079 0.048 0.072 0.081 0.086 0.134 0.109 0.113 0.112

4. Discussion
We investigated genetic and species diversity in planted P. menziesii woodlands under transformation to CCF in the UK.
Species diversity varied among stands with different age class distributions and estimates of genetic diversity varied
across genetic diversity indicators. Heterozygosity was high across all sites, both among the planted adults and their
naturally regenerated juvenile offspring, and Ne was generally low and highly variable across sites. Overall, our results
suggest that there is no trade-off between species diversity and genetic diversity. We discuss how these findings may
inform forestry management practices in CCF woodlands, and how our results might contribute to sustainable genetic
conservation strategies.

4.1. Site biodiversity and levels of transformation
Based on the criteria described by Pommerening & Murphy (2004), our six P. menziesii study sites were at different stages
of transformation toward CCF (Fig. 3). Species diversity (H′) varied across sites, and higher levels of diversity were found
at more structurally complex sites (L2 and S2), which is consistent with other studies (Bravo-Oviedo et al., 2014; Gärtner &
Reif, 2004; Kerr et al., 2010, 2017). At three sites, the adult canopy had a Shannon diversity index between 1 and 2, but at
one site (M, age 40), it was much lower (H′ = 0.17). Pommerening, (2002) reported H′ = 0.42 in a 24-year-old P. menziesii
plantation under transformation to CCF in Germany. The differences between studies suggest that the number of species
in a stand often depends on factors other than age, such as silvicultural practices or the ability of new species to
regenerate on the site. In two P. menziesii plantations on Vancouver Island (Canada), species diversity was H′ = 0.77 to
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1.01 before commercial thinning (El-Kassaby & Benowicz, 2000). Together, these observations indicate the relative
variability of species diversity, which is a main indicator of change in the transition to CCF.

Higher levels of species diversity were reported in pine dominated forests in Northern Europe (H′ = 2.9) across three sites
classified as near-natural, selected-logged, and managed (De Quesada & Kuuluvainen, 2020). The near-natural pine wood
had a reverse-j profile stand structure, similar to S2, the stand that was closest to complete CCF transformation in our
study. The managed pine forest had a rotated sigmoidal curve, similar to L2, but its largest diameter class was 50 cm (De
Quesada & Kuuluvainen, 2020) whereas L2 had trees over 100 cm.

Overall, the adult trees at L2 had more species diversity and a diameter distribution that indicates a complete transition to
CCF. In contrast, S2 had both high species diversity of adult trees and juvenile offspring (H’ > 1.5), which may lead to a
more diverse canopy in the future. Both R and S1 had diameter distribution profiles and H′ levels that suggested a
transition to CCF, whereas M and L1 had a plantation diameter distribution profile and low canopy species diversity (H′ <
0.5). This variability indicates that the existing complexity and pathway to CCF forest differ between sites.

4.2. Genetic diversity analysis
Heterozygosity was high across sites (Ho > 0.44 and uHe > 0.48) and no differences among adults and juveniles were
found, suggesting no loss of genetic diversity across generations. Other studies found high He rates in European
plantations (using microsatellites markers), with no reduction compared to stands in the species natural range (van Loo et
al., 2019; Neophytou et al., 2019). These studies suggest that the reproductive material imported to Europe was selected
to maintain similar levels of genetic diversity than the original stands. However, contrasting our results, Neophytou et al.
(2019) found a significant reduction of He and allelic richness in the offspring of these imported plantations, which may
indicate a population bottleneck caused by a limited number of reproducing trees.

Ne is predictive of evolutionary change resulting from genetic drift (Waples & Do, 2010) and it may decrease more rapidly
between generations than does heterozygosity (He). Overall, Ne may be a more suitable indicator of genetic adaptability
of populations faced with rapid environmental change (Hoban et al., 2022) and to detect bottlenecks. Ne varied from
137.2 to 1650.2 in adults and from 228.6 to 427.5 in juveniles. Only one of the sites (L1) had a Ne > 500. which has been
recently accepted as a target threshold to monitor losses of genetic diversity and an indicator to monitor genetic
conservation by the Convention on Biological Diversity (CBD) (CBD, 2022; O’Brien et al., 2022). The Ne > 500 target may be
too conservative to be applied in our scenario as the study stands were not fully isolated from other P. menziesii
populations (Mergeay et al., 2026). However, we estimated Ne in each site to detect loss of genetic diversity due to
genetic drift between adults and juveniles. Our results showed no significant reduction of Ne in any of the study sites.
Only M had non-overlapping confidence intervals between the two groups, (adults = 137.2, and juveniles = 228.6). Here, the
higher diversity in juveniles may be driven by external gene flow into the woodland.

5. Conclusion
It is significant that the estimated genetic diversity indicators (heterozygosity and Ne) showed no significant reduction
across generations, suggesting no trade-off between genetic diversity and species diversity when transitioning single-
species plantations into CCF woodlands. These results contrast with the results of Finkeldey (2002) and Smith et al.
(2025), and suggest that reducing the number of trees per species within a site may not affect genetic diversity
substantially. Additionally, gene flow from neighbour stands may compensate the reduction of reproductive individuals
within the sites. Worldwide, plantations are being transformed into CCF woodlands to better support forest service
benefits, such as increasing CO2 sequestration, water quality, and soil protection, among others. CCF introduced
woodlands that hold enough genetic diversity from the start may not need an influx of gene flow to increase their potential
adaptability. On the other hand, five of our six study sites had a Ne < 500 and though a conservative target, these sites
may experience inbreeding depression and genetic drift in the future, which could compromise their adaptability to rapid

Page 9/16



environmental change. Assisted gene flow into these sites is recommended to avoid these effects as part of a resilience
strategy.
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Figure 1

Study site locations. Stand R occurs in Ringwood Forest, M occurs in Mortimer Forest, S1 and S2 are found in Stourhead
Estate, and L1 and L2 are in Longleat forest.
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Figure 2

Genetic analysis workflow. Design of two SNP assays: (1) Std Biotools and (2) MassArray (MA), and (3) the total SNPs
used in the genotyping step. MAF = minor allele frequency.
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Figure 3

Structural and Species diversity. A) Shannon diversity index (H′) of adult and juvenile trees at each site, B) Structural
diversity of adult trees at each site shown as the number of trees per diameter class. N: number of trees, DBH: diameter at
breast height. Pm: P. menziesii individuals are coloured in green.
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