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Abstract
The threat of ash dieback (Hymenoscyphus fraxineus), which is decimating European ash 
(Fraxinus excelsior) populations, has heightened the need for a cheap and simple method to 
propagate potentially tolerant trees. We tested the effects of mother plant age, mycorrhiza, 
rooting hormone, timing and substrate type on the rooting of ash cuttings in order to 
optimise current propagation techniques. Semi-hardwood and hardwood cuttings from two 
age classes of mother plant were subject to factorially combined treatments. These included 
different substrate types (peat-based and peat-free), rooting hormone concentrations (0–2% 
indole-3-butyric acid), and mycorrhizal inoculations. The most effective treatment was 
tested on cuttings from an intermediate age class of potentially ash dieback-tolerant trees. 
None of the cuttings from trees of an intermediate or older age rooted. Cuttings taken from 
1–3-year-old plants rooted readily, especially when taken as semi-hardwood cuttings (91% 
rooted, whereas 54% of hardwood cuttings rooted). The use of higher rooting hormone 
concentrations improved rooting percentages in all cuttings from young plants by about 
10%. There were no differences in rooting between peat-based and peat-free substrates. 
Finally, mycorrhizal inoculations had no effect on semi-hardwood cuttings, but inhibited 
the rooting of hardwood cuttings. A good protocol was obtained using semi-hardwood 
cuttings of young material, which could be used to propagate juvenile or rejuvenated 
disease-tolerant ash.
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Introduction

Trees provide a variety of essential ecosystem services, yet they are increasingly threatened 
by pests and pathogens, the most important group being fungi and oomycetes (Boyd et al. 
2013). Fraxinus excelsior (European ash) is a deciduous, fast-growing tree species which 
can grow on a wide range of habitat types, and is important both in primary and secondary 
succession (Dobrowolska et  al. 2011). It was the third most common tree in British 
woodlands (Thomas 2016) and a keystone species: at least 953 species are associated with 
ash, 44 of which have obligate interactions with the tree (Mitchell et al. 2014). However, 
the invasive ascomycete fungus Hymenoscyphus fraxineus (ash dieback, hereafter referred 
to as ADB) is predicted to cause a mortality of at least 30–75% of the F. excelsior 
population in Europe within the next 30 years (Coker et  al. 2019). Since 1–5% of ash 
tree individuals demonstrate tolerance to ADB (Kjær et al. 2017; McKinney et al. 2014), 
conserving and propagating material from these trees has been identified as a priority of 
the UK government in response to the disease (Defra 2019).

Though known to be a valuable tool for breeding programmes, vegetative propagation 
techniques are underdeveloped in European silviculture, which still remains heavily reliant 
on the use of seeds (Lelu-Walter et  al. 2013). Research has improved micropropagation 
techniques in recent years. For example, shoot cultures established from ash seed have 
been shown to root relatively efficiently, although bacterial contamination can affect 
rooting and survival (Fenning et  al. 2022). Lebedev and Shestibratov (2016) provide an 
efficient protocol for the in vitro propagation of ash by rejuvenating shoots of 60-year-old 
trees. However, micropropagation techniques can be complex and expensive. Grafting has 
also proved a highly successful form of vegetative propagation for ash, but seed-raised 
rootstocks may be a source of ADB infection in otherwise tolerant grafted trees (Nemesio-
Gorriz et al. 2019). Propagation from cuttings would enable the provision of ADB-tolerant 
rootstocks for grafting or, if the technique can be improved sufficiently, bypass the grafting 
stage and enable the production of ADB-tolerant trees growing on their own roots.

Propagating ash trees from cuttings has proved challenging, however, and an effective 
protocol has yet to be perfected. Stutz et al. (1983) found that F. excelsior cuttings from the 
crown of 20-year-old trees did not root, and that cuttings from older stump shoots rooted 
less frequently compared to those originating from younger material. The best rooting rate 
was found in semi-hardened cuttings taken at the end of June. In a study conducted by 
Jinks (1995), semi-hardwood F. excelsior cuttings rooted significantly more frequently (at 
a rate of 65%) in enclosed mist, compared to open mist systems. Thompson et al. (2001) 
were able to obtain a rooting percentage of 92% in ash cuttings derived from seedlings 
or micropropagated plants when auxin was applied at 8000 mg/L indole-3-butyric acid 
(hereafter, IBA), although this was also dependent on substrate type. Cuttings derived 
from coppiced hedges rooted less frequently, but 10 times more often when collected at 
the end of July, compared to those collected in mid-June (Thompson et al. 2001). Different 
genotypes of ash also produce cuttings with varying rooting rates (Douglas et al. 2017). 
Based on this evidence, timing and type of cutting, maturity of the mother tree, propagation 
system, rooting hormone concentration, substrate and genotype are all factors that can 
influence the rooting of ash cuttings. Other environmental and endogenous factors are not 
yet understood.

Inoculation with mycorrhizal fungi has been seen to increase rooting rates and 
accelerate root formation in Scots pine (Pinus sylvestris) and Douglas fir (Pseudotsuga 
menziensii) in vivo cuttings (Niemi et al. 2000; Parladé et al. 1999). It is hypothesized that 
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such effects are due to the ability of mycorrhiza to release specific growth regulators which 
can induce rooting, although response still depends on the genotype of the cuttings (Niemi 
et al. 2000). Though this phenomenon has not been investigated in vivo in broadleaf trees, 
Grange et al. (1997) found similar effects of mycorrhiza on the rooting of Prunus avium 
cuttings in vitro. We hypothesized that arbuscular mycorrhiza may improve rooting ability 
in F. excelsior cuttings, since it has been demonstrated that micropropagated F. excelsior 
placed in a substratum inoculated with Rhizophagus irregularis (formerly Glomus 
intraradices), grew larger compared to controls (Lovato et  al. 1994). The inoculation 
with Funneliformis mosseae (formerly Glomus mosseae) also doubled both the above and 
below ground growth of F. excelsior seedlings compared to controls (Pirazzi et al. 1999). 
In a study conducted in German forests, F. excelsior was found to only associate with 
arbuscular mycorrhiza identified as Glomus spp. (Lang et al. 2011).

Considering this evidence, it is of interest to study the effects of arbuscular mycorrhiza 
on the rooting and growth of ash cuttings. However, it must also be considered that soil 
chemistry is known to affect the mycorrhization of F. excelsior (Weber and Claus 2000), 
as well as the rooting of ash cuttings (Thompson et  al. 2001). As the use of peat-based 
composts is unsustainable and subject to increasing restrictions in the UK (Alexander et al. 
2008), peat-alternative substrates need to be trialled. Composted bark, for instance, is a peat 
alternative which has been shown to equally promote microbial activity (Van Gerrewey 
et al. 2020). Green compost and coconut coir dust are alternatives which produce similar 
rooting rates to peat in some ornamental woody cuttings (Nesi et al. 2019). Therefore, we 
trialled the effect of arbuscular mycorrhiza on F. excelsior cuttings alongside different 
age classes of mother trees and rooting compound concentrations in conventional peat 
and different peat-free substrates. We hypothesized that the use of younger material for 
cuttings, mycorrhizal inoculation, and a high concentration rooting compound treatment 
would all improve rooting rates and root growth in F. excelsior cuttings, and that these 
factors may also interact with differences in timing of the cutting event and substrate type.

Materials and methods

F. excelsior cuttings were taken in a series of trials, each one combining different treat-
ments in a factorial design, with the aim of identifying the best protocol for rooting. In 
Trial 1, the use of semi-hardwood cuttings taken in July was investigated under different 
conditions in a mist unit system. More specifically, two age classes of mother plant (young 
and mature), two mycorrhizal treatments (inoculated and control), three substrate types 
(one peat-based and two peat alternatives) and four rooting compound treatments were 
tested. A second trial was used to test a similar combination of treatments on hardwood 
cuttings of ash taken in February (in this case, two age classes of mother plant, two myc-
orrhizal treatments, two substrate types and three rooting compound treatments). Finally, 
the best combination of treatments from the first two trials was tested on 21 genotypes 
of potentially ADB-tolerant ash of an intermediate age class in Trial 3. A small portion 
of young and mature cuttings were also included in Trial 3 in order to facilitate compari-
sons. The variables tested in each trial are shown in Fig. 1 and more detail on the methods 
used in each trial is provided in the following sections. All materials used were deliberately 
selected to be widely available for use in commercial horticulture.
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Trial 1—semi‑hardwood cuttings

717 semi-hardwood F. excelsior cuttings were collected between the 27th and the 30th 
of July 2021 from the Wakehurst estate in West Sussex (managed by the Royal Botanic 
Gardens, Kew). Approximately half of the material (360 cuttings) was harvested from 
two populations of plants estimated to be aged 1–3 years old (classed as young, Fig. 2A) 
and the remainder from five individuals aged more than 20 years (classed as mature, 
Fig. 2B). Three of the mature trees were observed to have been historically coppiced. 
The young populations were respectively growing in Pearcelands Wood (51°04′23″N, 
000°05′09″W), an area of dense coppiced woodland dominated by oak and hazel, and 
in the edges of an open grassland area (51°03′45″N, 000°05′42″W). The population 
from Pearcelands Wood was observed to produce smaller, woodier cuttings compared 
to those from the open grassland (hereafter named “labyrinth population” after the laby-
rinth found nearby).

Fig. 1   Groups of the variables factorially tested in each of the 3 trials of this study (age class, rooting hor-
mone concentration, substrate, mycorrhiza and genotype), as well as the layout of trials 1 and 2. The num-
ber of cuttings per trial is shown in brackets at the age class level. Connecting lines indicate an equal distri-
bution between treatments unless otherwise stated. The times at which each trial started and was assessed 
are also indicated. Surviving cuttings from trials 1 and 2 were assessed again in November 2022 after all 
being placed in high coir substrate with no mycorrhiza
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Fig. 2   A A young mother plant; B and C Mature mother plants; D Young semi-hardwood cuttings; E 
Mature semi-hardwood cuttings; F Young hardwood cuttings; G Mature hardwood cuttings; H Trial 1 set-
up in the mist unit; I Trial 2 set-up; J A rooted cutting; K A callused cutting with no roots
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Each cutting consisted of a terminal bud plus two nodes and was 5–20 cm in length 
due to the variable length found in between nodes. The base leaves and lower buds were 
removed, and wounding of approximately 0.5 cm in length was performed where buds 
were located at the base of each cutting. Wounding is performed by removing some of the 
superficial layers of the cutting, exposing the cambium and stimulating the accumulation of 
hormones and carbohydrates and therefore cell division (Hartmann 2013). Approximately 
the same leaf surface area was left on each cutting, by removing leaflets where necessary 
(Fig. 2D, E).

Cuttings were struck on the same day of harvesting, distributed evenly between three 
different substrate types: a 1:1 mix of peat and perlite (hereafter, peat mix), a 1:1 mix of 
a base containing 60% of coir and perlite (hereafter, high coir mix), and a 1:1 mix of a 
base containing a lower 35% of coir and perlite (hereafter, low coir mix). The high coir 
medium was Peat Free Supreme from Petersfield Growing Mediums (pH: 6), and the low 
coir medium was a Jiffy Peat-free potting mix (pH: 5.7). For the peat substrate, Sinclair 
Growing Medium All Purpose was used (pH: 5.5–6.5). The perlite was standard grade 
from Sinclair.

Half of all the substrate types had been inoculated with an Empathy RHS 
Rootgrow™ mycorrhizal formulation of six arbuscular species (Funneliformis mosseae, 
Funneliformis geosporus, Claroideoglomus clarodeum, Rhizophagus intraradices, Glomus 
micoraggregarum and Diversispora spp.) and one ectomycorrhizal species (Scleroderma 
citrinum), by mixing it in the soil at a rate of 10 ml per L of substrate. Additionally, three 
rooting compound concentrations (0.5%, 1% and 2% IBA in Rhizopon rooting powder) 
were tested, as well as a control treatment with no added rooting compound. The rooting 
powder was applied by dipping the wounds at the base of each cutting in it and removing 
any excess powder prior to striking. This resulted in a factorial design with 14–16 replicates 
per treatment combination.

Cuttings were placed in 12 root trainer trays (53 × 30 × 13.4 cm, H. Smith Plastics) 
within enclosed mist in a shaded glasshouse (Fig. 2H), using a randomized block design. 
However, randomization was not complete since each tray was either inoculated with 
mycorrhiza or not, in order to reduce the possibility of contamination. Additionally, for 
practical reasons the substrate type was randomized in its distribution within groups of 2 
rows of cells of each tray (Fig. 1a). The mist unit initially sprayed for 40 s every 15 min, 
but was manually adjusted depending on temperature in order to keep the leaves moist. 
Additional watering was provided into the trays when necessary.

Temperatures within the mist unit ranged from 6.8 to 31.2°C, with basal heating of 
20°C. The cuttings were regularly checked in order to remove any leaves that had been 
dropped, thereby reducing the risk of mould. A tube of 10,000 Hypoline M (Hypoaspis 
miles) mites was uniformly distributed across the cuttings to provide biological control of 
sciarid fly on the 10th of September 2021. On the 8th of November 2021, when the cuttings 
had mostly defoliated, they were transferred out of the mist unit onto capillary matting in a 
glasshouse with temperatures of 3–8°C and regularly watered.

Trial 2—hardwood cuttings

A second trial was set up between the 8th and the 11th of February 2022 using 
360 hardwood cuttings. These were cut beneath a node without wounding, into 
approximately 20 cm lengths (Fig. 2F, G). Half of the cuttings had been obtained from 
three mature trees (estimated to be > 20 years old, Fig. 2C), two of which were found 
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at the Nymans National Trust estate in Sussex, and one from the Wakehurst estate. The 
other half were from young plants (1–3-year-olds) taken from two different populations 
within the Wakehurst estate. One population was from the labyrinth area already 
sampled in Trial 1, whereas the other population was from a wooded area behind the 
Millennium Seed Bank (51°04′10″N 000°05′31″W—hereafter, the MSB population). 
In this trial (Fig. 1b), the factorial design subjected the two age classes of cuttings to 
two soil types (the peat-based mix and the high coir mix as previously described for 
Trial 1), two mycorrhizal treatments (inoculated and control as in Trial 1) and three 
rooting hormone treatments (control treatment, plus 1% IBA and 2% IBA in Rhizopon 
rooting powder applied to the base of the cuttings as in Trial 1). Each combination of 
variables had 15 replicate cuttings. The cuttings were placed in a randomized block 
design (randomized as in Trial 1, but with rows of three for each substrate type in 
trays, Fig. 1b), in six root trainer trays (53 × 30 cm × 13.4 cm, H. Smith Plastics). They 
were kept in an unheated glasshouse with basal heat supplied via a heated mat set at 
17°C. The trays were elevated in order to reduce contamination between mycorrhizal 
and control trays (Fig.  2I) and kept damp by watering. Due to storm damage to the 
glasshouse, the cuttings had to be removed from the heated matting between the 14th 
of February and the 14th of March 2022.

Trial 3—semi‑hardwood cuttings from an intermediate age class

On the 27th of July 2022, 183 cuttings were taken from 10-year-old trees at an ash 
screening trial managed by the Earth Trust in Selling, Kent. 10–20 cuttings were taken 
from each of 11 trees showing potential ADB-tolerance (scoring four or five out of five 
in tree health assessments carried out in June 2022 by the Future Trees Trust). They 
were transported to the nursery at the Wakehurst estate in humid plastic bags kept 
cool with ice packs, then prepared and inserted on the same day. On the 4th of August 
2022, the same procedure was undertaken to collect cuttings from an ash clonal seed 
orchard in Little Wittenham, Oxfordshire. Here, 15–41 cuttings were taken from each 
of 10 genotypes which scored consistently well for ADB tolerance in 2022, according 
to the Future Trees Trust (1–3 tree clones were sampled per genotype). In total at this 
site, 242 cuttings were taken from fifteen 14-year-old grafted trees (nine different 
genotypes), and 21 from three 8-year-old grafted trees of one genotype. Due to limited 
time availability, the cuttings taken from Little Wittenham were stored in humid plastic 
bags in a refrigerator at 5°C overnight and prepared and struck the following day.

All cuttings from Selling and Little Wittenham were prepared as in Trial 1 and 
dipped in 1% IBA Rhizopon rooting powder before inserting in the high coir mix 
used in the previous trials. To facilitate comparisons with Trial 1, 60 cuttings were 
also taken from young plants found in the MSB population on the Wakehurst estate 
on the 10th of August 2022. Half of these were treated with 1% IBA and the other 
half with 2% IBA rooting powder, all in the high coir mix. The same treatments were 
also evenly applied to a total of 62 cuttings taken from a mature tree at the Nymans 
estate in Sussex on the 12th of August 2022. All cuttings were kept in a randomized 
block design (Fig. 1c), in an enclosed mist system in a shaded glasshouse as in Trial 
1 (temperatures ranged from 9.8 to 33.9°C). They were transferred to an unheated 
glasshouse without misting on the 8th of November 2022, where they were regularly 
watered.
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Data collection

Cuttings from Trial 1 were individually removed from the trays and examined for rooting 
(Fig. 2J) or callusing (Fig. 2K) between the 16th and 19th of May 2022. For each rooted 
cutting, the root was cleaned with water, cut from the stem, pressed against a retro 
illuminated copy stand (Vision executive HF, Kaiser Fototechnik) and photographed 
(Nikon D750 + Nikon AF-S Micro-Nikkor 105 mm) on the day of extraction. The 
photographs were analysed using Rhizovision 2.0.3 (Seethepalli et  al. 2020), in order to 
measure root length. The roots were classed into large (width ~ 3 mm), primary (width ~ 2 
mm) and secondary roots (width ~ 1 mm). Lengths of parts 4 mm or more in width were 
removed from the analysis in order to exclude the remaining stem attachment. The sum 
of the lengths of all roots per root category per cutting (hereafter named root length) were 
measured.

After removing the callused stem, the roots were then placed in labelled paper bags in 
an oven (Genlab ME 200) at 103°C for 48 h and weighed using an analytical balance (AND 
GR-202) to obtain root dry biomass. Cuttings which were still alive but not rooted were 
re-inserted in high coir mix and monitored for further growth. The same procedure was 
repeated for Trial 2 on the 13th of June 2022. On the 23rd of November 2022, all cuttings 
from Trials 1 and 2 which had been placed back in the soil for further monitoring were 
again checked for rooting and callusing. The cuttings that had rooted at this stage were not 
included in the analysis used to compare treatments, since they had all been reallocated in 
the same substrate type, with no mycorrhizal formulation. Finally, cuttings from Trial 3 
were checked for rooting or callusing on the 9th of January 2023. Any surviving cuttings 
were placed back in the soil for further monitoring and checked again on the 22nd—23rd 
of May 2023.

Statistical methods

All analyses were made using the “stats”, “tidyverse” and “plyr” packages in R version 
4.1.2 (R Core Team 2021). Results were always considered significant at the 5% level.

Trials 1 and 2

Due to the absence of rooting in mature cuttings, the difference in rooting and callusing 
percentages between maturity groups were tested with chi squared tests of independence, 
since the data did not fit the assumptions of a logistic regression. Logistic regressions were 
performed with rooting percentage (for young cuttings only), and callusing percentages 
(for young and mature cuttings separately), as the binomial dependent variables. For 
each regression, three independent variables (mycorrhiza treatment, substrate, rooting 
compound treatment) were tested with and without interaction, along with the additional 
blocking factors of mother tree or young plant population and mist unit block, in order 
to select the model with the best fit using the Akaike Information Criterion. Three-way 
ANOVAs with interaction were used to analyse the effects of mycorrhiza, substrate type 
and rooting compound concentration on root measurements (root biomass, root length, and 
large, primary, and secondary root length). In order to meet the assumptions of ANOVA, 
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square root transformations were applied to the root measurements. Whereby a significant 
effect of treatments was found, a Tukey post-hoc test was applied to the ANOVA.

Trial 3

For the cuttings from an intermediate age class, a logistic regression was performed 
with callusing percentage as the binomial dependent variable. The tested independent 
variable was the genotype from which the cuttings were sampled. A chi squared test of 
independence was used to test the differences in rooting percentage between 1 and 2% 
IBA treated cuttings from young plants.

Results

Trial 1

Treatment effects on rooting and callusing

After approximately 10 months in the experiment (in May 2022), none of the cuttings 
from mature trees produced roots, and 44.41% callused. By comparison, 88.33% 
of cuttings from young stock produced roots overall—with only of 6.91% of them 
callusing. These two maturity groups were significantly different in rooting percentage 
(χ2 = 563.11, p < 0.001), and in callusing percentage (χ2 = 130.83, p < 0.001).

Substrate type only significantly explained callusing percentage in young cuttings, 
but none of the other rooting and callusing percentages. In particular, there was a 

Table 1   Percentages of cuttings which rooted or callused in Trial 1 depending on maturity of the mother 
plant combined with other factors: substrate (a), mycorrhiza treatment (b) and rooting hormone concentra-
tion (c)

Maturity Cuttings from 1–3-year-olds (young) Cuttings from > 20-year-olds 
(mature)

a. Substrate Peat
 (n = 119)

High coir 
(n = 121)

Low coir
(n = 120)

Peat 
(n = 120)

High coir 
(n = 119)

Low coir 
(n = 118)

% Rooted 84.03 90.08 90.83 0 0 0
% Callused 12.60 5.78 2.50 46.66 45.38 41.52

b. Mycorrhiza Control 
(n = 179)

Inoculated
 (n = 181)

Control 
(n = 179)

Inoculated 
(n = 178)

% Rooted 89.94 86.74 0 0
% Callused 6.14 7.73 45.81 43.25

c. Rooting 
hormone

Control
 (n = 91)

0.5%IBA 
(n = 90)

1%IBA 
(n = 91)

2%IBA 
(n = 88)

Control 
(n = 89)

0.5%IBA 
(n = 90)

1%IBA 
(n = 89)

2%IBA 
(n = 89)

% Rooted 83.51 86.66 90.11 93.18 0 0 0 0
% Callused 10.98 8.88 4.39 3.41 43.82 47.78 43.82 42.69
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significantly higher callusing percentage in the peat substrate compared to the low coir 
substrate (p = 0.007), but not compared to the high coir substrate (Table 1a).

Mycorrhizal treatments on the other hand had no significant effects on rooting or 
callusing percentages (Table 1b).

The predicted trend of higher rooting percentage obtained with higher rooting hormone 
concentrations could be observed in young cuttings. More exactly, the rooting percentage 
was significantly higher (p = 0.035) with 93.18% when 2% IBA was used, compared to 
83.52% in controls. Significantly less callusing occurred in young cuttings when using 
2% IBA compared to controls with no rooting hormone (p = 0.046). No other significant 
differences could be found between callusing percentages of young or mature cuttings 
depending on rooting hormone treatments (Table 1c).

Cuttings taken from the young population at Pearcelands Wood produced significantly 
more callusing (13.16%) compared to those taken at the labyrinth population (6.25%, 
p = 0.023). Callusing percentage in mature cuttings was only explained by the mother tree 
from which cuttings had been taken (p < 0.001), and not by any treatment factor. Mist unit 
block also significantly explained the callusing percentage of young cuttings (p = 0.03). No 
significant interactions between treatments were observed.

At the time of the second assessment of surviving cuttings in November (approximately 
16 months from the beginning of the trial), none of the mature cuttings had rooted, and the 
total percentage of rooted young cuttings had risen to 91.11%.

Root measurements

Average root biomass did not differ significantly between any of the treatments, nor did 
total root length. However, it could be observed (Fig. 3a) that total root length was highest 
when 1% IBA was used (µ = 1513 ± 142 mm), and lowest when no rooting hormone was 
used (µ = 1217 ± 123 mm). A similar, non-significant trend was true for large root length 
(Fig. 3b, p = 0.08). Primary root length was significantly affected by rooting hormone treat-
ment (p = 0.046) as well as by block (p = 0.01), but by no other treatment. The optimum 
rooting hormone treatment for primary root length was 1% IBA (µ = 253 ± 21.3 mm) which 
was significantly higher than primary root length in controls (µ = 172 ± 12 mm, p = 0.025, 
Fig. 3c).

Although no significant effect of treatments could be found on secondary root length 
(Fig. 3d) the same trend was observed, with the highest values in 1% IBA (µ = 1233 ± 124 
mm) and the lowest in controls (µ = 1025 ± 113 mm), though there was no decline in 2% 
IBA treatments (µ = 1230 ± 115 mm).

Trial 2

Treatment effects on  rooting and  callusing  After about 4 months since the beginning 
of Trial 2 (in June 2022), none of the cuttings from mature trees rooted and 12.22% cal-
lused. Of the young cuttings, 39.44% produced roots and 9.44% callused. Cuttings from 
mature trees differed significantly from cuttings from young plants in rooting percentage 
(χ2 = 85.969, p < 2.2·10–16) but not in callusing percentage (χ2 = 0.460).

Rooting and callusing occurred equally in the peat-based and high coir substrates 
(Table 2a).
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The inoculation with a mycorrhizal formulation had a significantly negative effect on 
rooting percentage (p = 0.004). In particular, only 28.89% of inoculated young cuttings 
rooted, whereas 50.00% of controls produced roots (Table 2b).

Although not significantly, higher rooting hormone concentration did increase rooting 
percentage of young cuttings from 35% in controls, up to 45% when using 2% IBA 
(Table 2c).

The percentage of callusing in mature trees was only significantly explained by the 
mother tree from which cuttings had been taken (p = 0.001) but not by any treatment. 
Callusing percentage of young cuttings was only significantly explained by population 

Fig. 3   Average total root length a, large root length b, primary root length c, and secondary root length d 
per cutting, depending on rooting hormone treatment, in Trial 1. Rooting hormone treatments were control, 
0.5% IBA, 1% IBA and 2% IBA. Each root length is calculated as the sum of the length of all the roots of 
that width class per cutting. Error bars indicate standard errors. When values are indicated with different 
capital letters, there is a significant difference between them according to Tukey’s post-hoc test (p < 0.05). 
Sample sizes are indicated as “n”
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(p = 0.007) and mist unit block (p = 0.004), but by none of the treatments. No signifi-
cant interactions between treatments were observed.

When re-assessing rooting percentage of the surviving cuttings in November 2022 
(9 months after the start of the experiment), the overall rooting percentage of young 
cuttings had risen to 53.88%, whereas still no cuttings from mature trees had rooted.

Root measurements

Average root biomass and primary root length were significantly lower in mycorrhizal 
treated cuttings compared to controls (p = 0.039 and p = 0.010 respectively, Fig. 4). More 
precisely, roots of inoculated cuttings had, on average, a root biomass of µ = 0.096 ± 0.016 
g and a primary root length of µ = 186 ± 28.6 mm, whereas controls had an average root 
biomass of µ = 0.147 ± 0.015 and primary root length of µ = 309 ± 31 mm. On the other 
hand, substrate type and rooting hormone treatment did not significantly affect root bio-
mass or primary root length.

There were no significant effects of any of the tested factors on total, large or secondary 
root length, although these values were also lower in mycorrhiza inoculated cuttings than 
in controls. Additionally, an insignificant trend could be observed with higher values of 
root biomass, and total, primary and secondary root length when higher concentrations of 
rooting powder were used.

Trial 3

Following assessments in January and May 2023 (6 and 9 months since the beginning of 
the trial), none of the cuttings of an intermediate age class had produced roots. Of the 
cuttings taken from ten-year-old trees in Selling, 18.47% had callused. Only 8.21% of 

Table 2   Percentages of hardwood cuttings which rooted or callused in trial 2 depending on maturity of the 
mother plant combined with other factors: substrate (a), mycorrhiza treatment (b) and rooting hormone con-
centration (c)

Maturity Cuttings from 1–3-year-olds (young) Cuttings from > 20-year-olds 
(mature)

a. Substrate Peat
 (n = 90)

High coir
 (n = 90)

Peat
 (n = 90)

High coir
 (n = 90)

% Rooted 40.00 38.89 0 0
% Callused 11.11 7.78 15.55 8.89

b. Mycorrhiza Control 
(n = 90)

Inoculated
 (n = 90)

Control
 (n = 90)

Inoculated
 (n = 90)

% Rooted 50.00 28.89 0 0
% Callused 10.00 8.88 15.55 8.89

c. Rooting hormone Control
 (n = 60)

1%IBA
 (n = 60)

2%IBA
 (n = 60)

Control 
(n = 60)

1%IBA
 (n = 60)

2%IBA
 (n = 60)

% Rooted 35.00 38.33 45.00 0 0 0
% Callused 8.33 11.66 8.33 13.00 13.00 10.00
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cuttings taken from grafted 8 and 14-year-old trees in Little Wittenham had callused. The 
genotype from which cuttings were taken significantly explained callusing percentage 
(p < 0.01).

By January 2023, the young cuttings had rooted at rates of 44.82% and 58.62% when 
respectively subject to 1% IBA and 2% IBA rooting hormone concentrations. These each 
increased to 58.62% and 75.86% by May 2023, with the difference between treatment 
groups remaining non-significant. As in the previous trials, none of the cuttings from the 
mature tree rooted. The full results of the cuttings from both categories can be seen in 
Appendix Table 3.

Discussion

Mother plant age is the determining factor in rooting success rates across trials

An effective protocol to propagate F. excelsior from cuttings is desirable to facilitate the 
production of potentially-ADB-tolerant trees at a lower cost and reduced risk of ADB 

Fig. 4   Average root biomass a and primary root length b per cutting in Trial 2, depending on mycorrhiza 
treatment (inoculated or control). Primary root length per cutting is calculated as the sum of the length of 
all the primary roots of the cutting. Error bars indicate standard errors. When values are indicated with dif-
ferent capital letters, there is a significant difference between them. Sample sizes are indicated as “n”
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infection. This study has provided further clarification of the optimal conditions needed 
to propagate ash from juvenile material, as well as highlighting the difficulty of applying 
conventional cutting techniques to material from older trees. This finding is consistent 
with earlier studies (Stutz et al. 1983) which also found that material from mature ash 
cuttings was not possible to root unless rejuvenated. Our study further suggests that 
cuttings from ash trees as young as 8 or 10 years old may have already lost their ability 
to root in conditions under which cuttings taken from 1–3-year-old plants will readily 
succeed. These results are similar to those observed in some other woody species, such 
as in several Quercus species, which also become very difficult to root as the tree ages 
(Amissah et al. 2008; Chalupa 1993).

It is possible that the extremely warm and dry summer of 2022 may have reduced the 
ability of intermediate age class cuttings in Trial 3 to root successfully. However, it must 
be noted that the young cuttings still produced good results under the same conditions, 
and it is likely that the complete absence of rooting in older material across all of the 
trials was due, at least in part, to physiological or morphological factors relating to the 
age of the mother plant (Thimann and Delisle 1939). For instance, one morphological 
difference due to age of the mother plant was observed by Husen and Pal (2006), who 
found that the number, width and length of vessel elements were all smaller in cuttings 
from younger teak trees (Tectona grandis) compared to cuttings from mature teak trees. 
Liu et al. (2018) found that rejuvenated cutting material of a Juglans cultivar presented 
a diminished amount of sclerenchyma, and more discontinuously distributed tissue, as 
well as differences in levels and distribution of endohormones, compared to cuttings 
from mature trees. In Eucalyptus globulus, rooting of cuttings was significantly reduced 
within only a few months of age of the mother plant, and this was found to be linked to a 
complex combination of factors such as changes in hormone production and sensitivities 
(Aumond Jr et al. 2017). The ability to produce and transport indole-3-acetic-acid was 
reduced with ontogenic ageing in cuttings of Prunus subhirtella ‘Autumnalis’ (Osterc 
and Štampar 2015; Osterc et al. 2009). Overall, this evidence suggests that the use of 
cuttings from mature individuals of difficult-to-root tree species such as ash is likely 
to present complex barriers that cannot be overcome through simple manipulations of 
the growing environment of the cuttings, substrate or the use of conventional artificial 
rooting hormones.

It is important to be able to effectively propagate material from mature trees as these 
can currently be more easily and reliably assessed for potential ADB-tolerance. This is 
because in order to class a tree as potentially ADB-tolerant, it is necessary to observe 
how it displays symptoms after several years of exposure to the disease (George et al. 
2022; Menkis et  al. 2020). This will not be an issue once young plants can be tested 
for ADB tolerance using genetic markers (Stocks et al. 2019) or metabolites (Nemesio-
Gorriz et al. 2020), yet it is also true that only a small number of cuttings can be taken 
from young plants, limiting the amount of clones that can be generated using this 
technique.

The rejuvenation of ash from older trees by maintaining them as hedges, as well 
as the use of micropropagation, have been shown to have potential in overcoming the 
barriers of propagating from cuttings due to mother tree age, and could be further 
developed (Douglas et al. 2017; Jinks 1995). It is also possible that rejuvenating older 
ash trees by re-grafting new shoots could be a further avenue of research, though 
initial investigations by Thompson et  al. (2001) showed no positive effects of this on 
rooting ability. However, it may be of interest to investigate alternative protocols such 
as burying young, grafted plants horizontally, as experimented on a Juglans cultivar by 
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Liu et al. (2018), or air layering (Singh and Ansari 2014). Additionally, more juvenile 
material is often found in shoots arising from the roots or the base of mature tree stumps 
(Wendling et al. 2014) and cuttings from 2-year-old stump shoots of 50-to-70-year-old 
F. excelsior trees were found to root successfully by Stutz et al. (1983). Overall, there 
are a number of opportunities for future research on the rejuvenation of mature ash 
material in order to be able to propagate it from cuttings. Once the barrier due to mother 
tree age is overcome, our study also provides insight into some of the other factors that 
will affect the success of propagating ash trees from cuttings.

Semi‑hardwood young cuttings are highly successful, and hardwood young 
cuttings show promising results

The use of semi-hardwood cuttings kept in an enclosed mist unit as in Jinks (1995) 
was confirmed to be a highly effective methodology when the cuttings were taken from 
young plants. Overall, a rooting percentage of 91.11% was achieved in our study using 
this technique, with some differences between treatment combinations. The fact that the 
rooting percentage achieved by Jinks (1995) was much lower, at 65%, could be due to 
their use of a limited sample size of cuttings from seedlings, combined with cuttings 
from hedgerow plants, whereas our experiments were less affected by maturity-related 
constraints, by only using young material. Another factor which could have played a role 
in this difference is the fact that neither wounding nor mycorrhizal inoculations were 
performed on the cuttings by Jinks (1995), unlike in our Trial 1. Our results could be 
compared to those of Spethmann (1986) and Spethmann and Harms (1993) on Quercus 
petraea and Quercus robur cuttings, who found that rooting was most successful when 
cuttings were taken during a specific 3-week period in June, and only from young or 
rejuvenated mother plants.

Several studies have established that the timing of the cutting event often is an 
important factor determining rooting of cuttings from various woody species (Hansen 
and Kristiansen 2000), with hardwood cuttings sometimes producing high rooting 
percentages when taken at the end of the winter season (Mittempergher et  al. 1992). 
Since hardwood cuttings are dormant and leafless, they do not require high humidity 
levels, and they are also prepared during the least demanding season for horticulturalists, 
making this a simpler and cheaper technique (Whalley 1979). However, no work has 
yet been published on the propagation of F. excelsior from hardwood cuttings. In our 
study, cuttings from young F. excelsior plants still rooted more successfully when taken 
as semi-hardwood cuttings in the summer, compared to our winter hardwood trial. 
However, given enough time, a rooting percentage of 53.88% was achieved overall using 
young hardwood cuttings taken in February, and further work could potentially improve 
this technique to reach rooting percentages which are satisfactory for largescale use. It 
must be noted that in our study, hardwood cuttings were initially assessed after only four 
months, whereas the initial assessment of semi-hardwood cuttings was after 10 months 
with no uprooting – making the trials not fairly comparable.

In order to enhance rooting of hardwood cuttings, it may be of interest to explore the 
use of wounding at the base of the cuttings. Since we performed this technique on semi-
hardwood cuttings in Trial 1, but not on hardwood cuttings in Trial 2, it is not currently 
possible to disentangle the effect of the timing of cuttings from that of wounding. The 
combination of wounding and rooting hormone treatments, has, for instance, been shown 
to significantly improve rooting percentages in Leucospermum ‘Spider’ stem cuttings 
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(Rodríguez-Pérez et al. 2012). Further work on hardwood cuttings could test the use of a 
high concentration of rooting hormone with wounding of the base of the cutting. The use 
of 2% IBA in powder overall provided the best rooting percentage results in our hardwood 
experiment. When working with hardwood ash cuttings it is important to consider that 
it may take more than four months (from February until June in our Trial 2) before the 
rooting period is complete – since an additional 14.44% of cuttings rooted after this point 
in our experiment. Furthermore, it may be of interest to test whether taking hardwood 
cuttings at different timings within the dormant period can improve rooting rates, as has 
been observed in other species (Mittempergher et al. 1992; Szecsko et al. 2001).

Coir based substrates provide a valuable alternative to peat

Different substrates have been shown to influence the rooting ability of cuttings, due to 
differences in parameters such as water-holding capacity, and this can also interact with 
seasonality. Swarts et  al. (2018), for instance, found that Lobostemon fruticosus cuttings 
taken in autumn had the best rooting percentage in a peat-based substrate, whereas those 
taken in spring rooted significantly better in a bark-based substrate compared to other 
substrate types. In an experiment by Chen et al. (2021) comparing different substrate types, 
Castanea henryi cuttings rooted significantly better in a krasnozem substrate, but only 
when taken in May, rather than March or July.

In our trials, it is interesting to note that the use of peat-free substrates did not affect 
the rooting percentages or root growth of ash cuttings. Although Jinks (1995) also did not 
find an effect of substrate type, in the form of different proportions of peat and grit, on 
the rooting of ash cuttings, no work has yet been published comparing the use of peat and 
peat alternative substrates in ash propagation. In fact, studies using peat-free substrates are 
still generally lacking in the field of cutting propagation (Nesi et  al. 2019), even though 
peat extraction is unsustainable due to its negative contributions to climate change, habitat 
destruction and water management (Alexander et  al. 2008) and subject to increasing 
voluntary and regulatory restrictions (Defra 2022). Although substrate type did not 
explain the rooting ability of cuttings in our trials, there were some impacts on callusing 
percentages. In particular, callusing percentage of young cuttings was significantly higher 
in the peat-based substrate compared to the low coir substrate in Trial 1. However, these 
results still indicate that coir-based peat alternative options are viable in ash propagation. 
Our results are in line with those of Nesi et  al. (2019) on four ornamental species and 
are promising in terms of a transition to a more sustainable production of cuttings in 
horticulture.

Mycorrhizal inoculation has a neutral or negative effect on rooting

We had hypothesized that the use of mycorrhizal fungi would improve the rooting ability 
of ash cuttings, as this phenomenon has been observed in other species (Douds et al. 1995; 
Grange et  al. 1997; Linderman and Call 1977; Niemi et  al. 2000; Parladé et  al. 1999). 
Unexpectedly, no effect of mycorrhizal inoculations could be observed in our Trial 1 (semi-
hardwood cuttings), whereas in Trial 2 (hardwood cuttings) inoculated cuttings displayed 
a significantly lower rooting percentage, as well as significantly smaller roots, compared to 
controls. It is possible that the lack of a mycorrhizal effect on semi-hardwood cuttings in 
Trial 1 could be explained by contamination between trays via run-off during watering. For 
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this reason, the effects of mycorrhiza on semi-hardwood ash cuttings may have to be more 
thoroughly tested. In Trial 2, the risk of contamination was minimised by elevating the 
trays in order to avoid water moving between trays.

The fact that in Trial 2 roots were significantly smaller in the inoculated treatment than 
in controls is not without precedent, and may not be detrimental to the survival of the tree. 
This is because mycorrhiza can cause a reduction in root biomass and act as an extension 
of the root system, increasing nutrient uptake (Mohammadi et  al. 2011). However, we 
also observed a negative effect of inoculation on rooting percentage. Other studies have 
already indicated that the enhancement of rooting by mycorrhizal inoculation is susceptible 
to a number of conditions. For instance, although inoculation with Laccaria bicolor and 
Rhizopogon subareolatus significantly increased the rooting percentage of Pseudotsuga 
menziesii cuttings, it is also true that this effect was only observed at one of three locations, 
and that it was not observed when cuttings were inoculated with Melanogaster ambiguous 
(Parladé et  al. 1999). Though mycorrhizal inoculations positively affected the rooting of 
Prunus avium cuttings in vitro, they were sometimes detrimental to the rooting of Prunus 
cerasus and also dependent on fungal genotype (Grange et al. 1997).

It could be argued that our use of a general formulation of different mycorrhizal species, 
without initial soil sterilization, may have increased the chances of a negative interaction of 
our cuttings with one of the symbionts. However, it is also true that Hoeksema et al. (2010) 
found that plants are more likely to respond positively to mycorrhizal inoculations when the 
soil microbial community is more biodiverse. It is possible that the strains or concentration 
of mycorrhiza used in our experiments were not optimal for ash cutting propagation. 
Further work is required to test different strains, concentrations and inoculation methods 
before this methodology can truly be ruled out as an effective rooting enhancer.

Genotype and growing environment affect callusing percentages

Although rooting did not occur using cuttings from an intermediate age class in Trial 3, 
this work also gave us an indication that callusing percentages, at least, do depend on the 
genotype of the mother tree. Additionally, cuttings from mature trees in Trials 1 and 2 
varied in callusing percentage depending on the mother tree, and those taken from young 
plants sometimes produced different results according to population. The fact that young 
cuttings from woodier material found at Pearcelands Wood callused more than those from 
the labyrinth population in Trial 1 suggests that the quality of the cuttings can also be 
impacted by the growing environment of the mother plant. Overall, these results are in 
line with findings by Douglas et  al. (2017) who found differences in rooting ability due 
to genotype in ash, and Chalupa (1993) who observed that light availability to the mother 
plant affected the rooting of Quercus robur and Quercus petraea cuttings.

Additional considerations regarding methodologies

During the course of this project, we found that the use of Rhizovision software 
(Seethepalli et al. 2020) can be an effective way of measuring root systems, since it gave 
us comparable results to those obtained with the more traditional weighing of root dry 
biomass—yet with more accuracy. For instance, the use of this system gave us the ability 
to establish that primary root length was highest when using 1% IBA rooting hormones 
in Trial 1. However, the rooting percentage of young cuttings was actually at its highest 
when using 2% IBA, compared to other rooting hormone treatments, both in Trial 1 and 
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in Trial 3. Though these differences were not significant, they provide an indication that 
the use of 2% IBA may also be an effective way of treating semi-hardwood cuttings. If the 
cuttings were to be grown on in a further study, this could show whether the use of 2% IBA 
provides any impediment to further growth and survival of the tree compared to that of 1% 
IBA.

We chose to measure rooting and callusing percentage of cuttings within each treatment. 
The survival percentage of cuttings was not included in the analysis, since the great 
majority of the rooted cuttings were still alive at the end of the study. Many of the non-
rooted (callused and non-callused) cuttings also survived for extended periods of time 
but did not produce roots. However, the timing of the death of non-rooted cuttings was 
not deemed to be relevant to the objectives of this work. Many cuttings from mature or 
intermediate age classes appeared to callus, but never form roots. On the other hand, in 
all trials some of the cuttings rooted after the first assessment, but not always after they 
had been observed to be callused. Callusing is sometimes considered to be a phenomenon 
that precedes that of adventitious root formation, especially in difficult-to-root species 
(Hartmann 2013; Pérez-Francés et  al. 2000), but they are in fact distinct phenomena in 
most plant species, one not necessarily leading to the other (Khai et al. 2024; Singh and 
Ansari 2014). Our results indicate that the latter option is probably true for F. excelsior. 
However, it was important to include this aspect of our results, since callusing can 
sometimes inhibit adventitious rooting (Khai et al. 2024). The wounding of callus 30 days 
after striking the cuttings could be investigated in future studies, since this technique was 
shown to significantly improve rooting in mature Platycladus orientalis cuttings (Chang 
et al. 2023).

Implications for the propagation of ADB‑tolerant trees

The techniques developed in this study can be used as part of the response to ADB. The use 
of semi-hardwood cuttings from juvenile material, as optimized in this report, can be used 
to bulk up the number of ash trees which can be bred for ADB-resistance—for instance, by 
first crossing ADB-tolerant parent trees (Plumb et al. 2020). As previously discussed, the 
methodology can also be applied to young plants which have been selected using genetic 
or molecular markers for tolerance to the disease, once these techniques are sufficiently 
developed (Nemesio-Gorriz et al. 2020; Stocks et al. 2019), or to rejuvenated material. The 
fact that only very few cuttings can be taken per young plant can be counterbalanced by 
using the best propagation methodology observed in this paper, which has a high success 
rate.

Planting of potentially ADB-tolerant seedlings generated from seed orchards is one of 
the silvicultural techniques proposed in the fight against ADB, as discussed by Skovsgaard 
et  al. (2017), and the use of cuttings can enhance this strategy. Since ADB-tolerance is 
driven by environmental factors as well as by genetics (George et  al. 2022; Skovsgaard 
et  al. 2017), placing cutting-derived clones of potentially tolerant individuals in several 
different environments may increase their probability of survival and therefore reduce the 
genetic bottleneck that F. excelsior is undergoing. Additionally, we recommend practition-
ers channel resources towards the use of juvenile or rejuvenated material for ash cuttings, 
since we have found that cuttings from intermediate or old age classes of trees are very 
challenging to root. Understanding this can now also prevent the waste of time and effort of 
many researchers currently focussing on ash dieback and on ash propagation techniques. In 
particular, a deeper understanding of the maturity constraints in applying such techniques 
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also indicates a need to focus on rejuvenation techniques for mature ash. This will be cru-
cial, given the urgency of such conservation activities, in view of the widespread and sig-
nificant damage that the disease has already caused in European forests over the past three 
decades (George et al. 2022).

Conclusion

In this study, we identified a highly successful protocol for rooting cuttings from 1–3-year-
old ash trees but were not able to root cuttings from mature trees which were ten years 
or older or from 8- or 14-year-old grafted individuals. Rejuvenating material from mature 
potentially ADB-tolerant trees is likely to be necessary before they can be propagated via 
cuttings using conventional horticultural techniques. Options to achieve this were outside 
the scope of this study, but could include the use of coppiced hedge material, micropropa-
gation, air layering or repeated grafting. Once this barrier has been overcome, our study 
suggests that coir-based substrates provide an acceptable alternative to peat. Semi-hard-
wood cuttings taken in summer performed better than hardwood cuttings taken in win-
ter, although there may be potential to improve the latter technique with further research. 
A rooting hormone of 1% or 2% IBA produced the best results in the summer, whereas 
2% IBA was best for winter hardwood cuttings. Finally, mycorrhizal inoculation did not 
increase rooting success, although further research is required to establish whether alterna-
tive formulations promote better results. Our work is highly relevant for the conservation of 
potentially ADB-tolerant ash trees.

Appendix

See Table 3.

Table 3   Percentages of young and mature cuttings which rooted or callused in Trial 3

Maturity Cuttings from 1–3-year-olds (young) Cuttings from > 20-year-olds (mature)

Rooting hormone 1%IBA (n = 29) 2%IBA (n = 29) 1%IBA (n = 31) 2%IBA (n = 29)

% Rooted 58.62 75.86 0 0
% Callused 31.03 10.34 19.35 20.68
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