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Abstract 
Background and aims  Acute oak decline (AOD), a 
decline syndrome affecting mature oaks, involves bac-
terial pathogens which likely act as opportunists under 
host stress. Trees displaying symptoms (bleeding can-
kers) appear in localized clusters, not whole stands. This 
study investigates the potential involvement of local-
scale factors, in interaction with large-scale environmen-
tal drivers, in influencing onset and progression of AOD.
Methods  AOD-symptomatic (n = 30) and asympto-
matic trees (n = 30) across three UK oak woodlands 

were assessed for tree characteristics, their surround-
ing context, and soil properties.
Results  Tree health status was linked to significant dif-
ferences in soil and tree properties across sites. Symp-
tomatic trees exhibited greater loss of crown density, 
lower local stand (0–20  m) basal area and shallower 
depth to gleying. Significant differences in soil proper-
ties included lower concentrations of Olsen P, total N, 
and exchangeable Mg in symptomatic trees, alongside 
higher exchangeable Fe, especially at 40–50 cm depth. 
Depth to gleying and exchangeable Fe were identified 
as the most influential predictors of AOD.
Conclusions  AOD symptomatic trees may experi-
ence seasonal soil water saturation closer to the sur-
face compared to asymptomatic trees, resulting in a 
higher proportion of their roots being exposed to an 
anoxic, iron-reducing environment. This study is the 
first to report such an association between gleying 
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depth, likely seasonal water saturation, and symptom 
status for AOD. It is unclear whether water balance 
and associated soil nutrient variations are predispos-
ing factors or consequences of declining tree health, 
though the identified local-scale factors likely con-
tribute to AOD. A feedback loop is conceptualised 
where declining tree health worsens soil conditions, 
creating a negative cycle that accelerates tree decline.

Keywords  Tree decline · Acute oak decline · 
Quercus robur · Quercus petraea · Soil 
biogeochemistry · Waterlogging · Plant-soil 
feedbacks

Introduction

Acute oak decline (AOD) is a decline syndrome 
within the wider oak decline complex affecting the 
native oak species (Quercus robur and Quercus pet‑
raea) in Britain that was first described by (Den-
man and Webber 2009). The decline is an outcome 
thought to be caused by multiple contributing fac-
tors, the main visible symptom being the presence 
of bleeding cankers exuding from cracks in the outer 
bark of the trunk (Denman et al. 2014; Gosling et al. 
2024). The symptoms are mainly observed on mature 
trees (> 50 years old). Other observed tree changes 
include necrotic lesions in the inner bark around the 
seepage point and often the presence of larval galler-
ies of Agrilus biguttatus, a bark beetle, but the role 
of this beetle in AOD has yet to be fully resolved 
(Reed et al. 2018; Cambon et al. 2024; Tkaczyk and 
Sikora 2024). Symptoms have been shown to affect 
individual trees or localised clusters rather than 
whole stands and are associated with high tree mor-
tality over a relatively rapid time period (3–8 years) 
(Brown et al. 2016; Denman et al. 2022). Some trees, 

however, may callus over infections and enter remis-
sion (Brown et al. 2016). Geographically, in the UK, 
AOD has mainly been reported in the Midlands and 
South-East England (Brown et al. 2017) but, since its 
first description in Britain, AOD has been reported 
more widely across continental Europe as well as Iran 
(Moradi-Amirabad et al. 2019; Gonzalez and Ciordia 
2020; Ruffner et al. 2020; Zalkalns and Celma 2021; 
Crampton et al. 2022; Fernandes et al. 2022).

Various studies have shown that particular bac-
terial species within the family Enterobacteriacae, 
including Brenneria goodwinii (Denman et al. 2012), 
Gibbsiella quercinecans (Brady et al. 2010), Rahnella 
victoriana and Rahnella variigena (Brady et al. 2014) 
can be consistently isolated from the bleeding cankers 
in the stem (Denman et al. 2016, 2018) or are highly 
represented within the lesion microbiome (Sapp et al. 
2016; Denman et al. 2018). Log/tree inoculation tests 
(Denman et  al. 2018) showed that B. goodwinii and 
G. quercinecans alone can cause larger lesions than 
control tests, but that dual inoculations cause the larg-
est lesions, suggesting the production of lesions is the 
result of a polymicrobial infection complex. Intrigu-
ingly, disease symptoms were only ever observed in 
up to 65% of inoculated logs/trees, suggesting that 
either other components of disease are required or 
that some variation in the tree genotype, tree condi-
tion, phenotype or microbiome can affect the devel-
opment of lesions. It follows that these bacteria might 
be endophytes that become opportunistic pathogens. 
Consistent with this, B. goodwinii and G. quercine‑
cans are not only consistently prevalent in the micro-
biome of canker lesions but have also been isolated 
and detected, albeit at low frequency (0.01% of 
sequence reads), in metagenome analyses of healthy 
oak trees (Denman et al. 2018). Subsequent inciden-
tal genetic sampling additionally suggests that AOD-
associated bacteria may be members of the normal 
oak microbiome (Gathercole et al. 2021).

Genome analysis of these and other bleeding can-
ker-associated bacteria (R. victoriana, R. variigena 
and also Lonsdalea Britannica) reveals all to have 
potential virulence genes to support colonisation of 
the plant and contribute to disease (Brady et al. 2012; 
Denman et al. 2018; Doonan et al. 2019). Whilst B. 
goodwinii has been implicated as the primary path-
ogen component, based on its frequency in AOD-
positive lesions and having more candidate virulence 
factors than the other bacteria (Doonan et al. 2019), 
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it is suggested that within the complexity of the can-
ker lesion, the multiple bacterial species interact and 
cause disease, dependent on host condition, without 
an apparent primary pathogen (Broberg et  al. 2018; 
Doonan et  al. 2019). Members of the bacterial fam-
ily Enterobacteriaceae, to which the AOD-associ-
ated bacteria belong, are known to establish a range 
of ecological relationships with host plants, from 
mutualism to opportunistic pathogenesis (Hardoim 
et  al. 2015). Notably, species of the genera Brenne‑
ria (Maes et  al. 2002, 2009) and Rahnella (Kandel 
et al. 2017) have been reported as endophytes on non-
woody (Rosenblueth and Martinez-Romero 2006; 
Torres et al. 2008) and woody (Rosenblueth and Mar-
tinez-Romero 2006; Torres et  al. 2008; Maes et  al. 
2009; Shen and Fulthorpe 2015; Kandel et al. 2017) 
plant species without always causing disease symp-
toms. For instance, Brenneria salicis, typically asso-
ciated with watermark disease in willow, has been 
found as a general endophyte in symptomless willow, 
poplar, and alder trees, indicating that the presence of 
Brenneria in willow does not inevitably lead to dis-
ease (Maes et al. 2009).

The discovery of AOD- bacteria associated with 
symptomless oaks and the presence of closely related 
bacterial strains as endophytes in other symptomless 
plants have prompted further discussion regarding the 
implications of these findings for understanding AOD 
etiology (Maddock et  al. 2023). The possibility that 
G. quercinecans, B. goodwinii and R. victoriana are 
widespread endophytes that are opportunists has been 
previously discussed in the context of AOD and the 
notion that they are opportunists exploiting necrotic 
tissue initiated by another organism has been dis-
counted (Denman et al. 2018). However, a hypothesis 
emerging from recent data (Doonan et al. 2019) sug-
gests that these bacteria exist as endophytes within 
oak trees and could multiply as primary necrotic 
agents when trees become immunocompromised, 
resulting in susceptibility. In this scenario, the endo-
phytes transition into opportunistic pathogens. If this 
hypothesis is correct, it raises critical questions about 
how and why oak trees become susceptible to these 
bacteria.

A general model in tree health is that decline dis-
eases are a function of opportunistic pathogens act-
ing on stress-weakened trees (Houston 1992; Wargo 
1996). The model implies that changes in an ecosys-
tem create a threshold whereby a stressed organism 

changes from a healthy state to a vulnerable one that 
can then be exploited by an opportunistic infection. 
Accepting the preceding argument that the canker 
pathogens associated with trees experiencing AOD 
might be widely present in oak and cause disease 
depending on host condition, it is likely that AOD fits 
this decline disease model, which involves an initial 
role of predisposition and inciting factors in weaken-
ing host resilience (Manion and Lachance 1992; Den-
man et al. 2022).

A spatial study in the UK has shown AOD occur-
rence to be correlated with climate (rainfall, tempera-
ture) and atmospheric deposition (oxidised N, cati-
ons and S) factors, which might act in predisposition 
(Brown et  al. 2018). A review of wider oak decline 
in Europe (Thomas 2008) has highlighted weather 
extremes (drought, winter and spring frost, severe 
waterlogging) and defoliation by lepidopteran larval 
outbreaks (sometimes in combination with late pow-
dery mildew infections), often acting in the same 
year or in temporal sequence, to be important inciting 
stressors in oak decline. Drought compromises tree 
condition through limiting carbon assimilation and 
therefore carbohydrate supply as a result of reductions 
in stomatal conductance that are elicited to prevent 
extreme water-loss (Cochard et al. 1996). Insect defo-
liation also impacts on carbohydrate reserves and can 
be severe for intense or prolonged outbreaks (Thomas 
et  al. 2002). Similarly, spring frost, through damage 
to expanding leaves, depletes carbohydrate reserves 
and can also impact water transport through freeze 
and subsequent thaw of xylem in earlywood vessels 
(Thomas et  al. 2002). The depletion in stored car-
bon reserves or hydraulic compromise could clearly 
undermine a tree’s ability to resist pathogen attack. 
However, given that individual trees within stands or 
localised clusters rather than whole stands (Brown 
et al. 2016) experience AOD, but weather-related fac-
tors and defoliating insect outbreaks act at population 
scales or larger, it is not possible to explain the dis-
tribution of symptomatic trees solely as a function of 
these large-scale processes.

Among-tree genotypic variation in the immune 
system used to either resist canker pathogens or to 
tolerate combinations of large-scale predisposing 
and inciting factors might be one explanation for the 
apparent mixed susceptibility of oak trees in the same 
woodland to acute decline. An alternative (non-mutu-
ally-exclusive) explanation is that local site factors, 
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at the scale of the individual trees, in combination 
with some or all of the larger scale (e.g. climate- or 
weather-related) processes, create the threshold 
that renders certain trees susceptible to opportunis-
tic infection by the canker bacteria. Forest soils and 
environments are notoriously variable in soil physi-
cal and (bio)chemical properties over scales (cm to 
m) that are relevant to individual trees (Farley and 
Fitter 1999; Baldrian 2014; Stursova et  al. 2016). 
Local scale spatial variability arises, in part, from 
historical disturbances, such as wind disturbance and 
felling, deadwood decomposition and also variable 
micro-topographical environments (e.g. hollows and 
ridges) with distinct microclimates, soil depths, nutri-
ent availabilities and understory species compositions 
and plant-soil feedbacks (Beatty 1984; Stursova et al. 
2016).

Local soil conditions that have been discussed 
as contributing to oak decline (but not specifically 
AOD) mainly relate to the role of soil physical prop-
erties (texture, compaction) and their interaction with 
weather extremes (drought or rainfall excess) in con-
trolling the availability of water to roots (Thomas and 
Hartmann 1998; Vincke and Delvaux 2005). In addi-
tion, local properties related to the context of indi-
vidual trees with respect to stand density and social 
status, in interaction with soil moisture status, have 
been shown to have complex effects on drought resil-
ience of Q. petraea (Trouve et al. 2017). In the case 
of soil chemical properties, whilst we have a sound 
understanding of soil nutrient imbalances that might 
be damaging to root and tree growth in oak either 
directly (e.g., excess Mn2+ (Thomas and Sprenger 
2008) or N (Smithwick et  al. 2013) or low Ca: Al 
molar ratios (Vanguelova et  al. 2007)) or through 
influences on beneficial or detrimental root-associ-
ated microorganisms (Jonsson et  al. 2005; van der 
Linde et  al. 2018), the relationship between local 
scale soil chemical properties and oak decline has sel-
dom been studied.

Previous attempts to relate soil chemical status to 
oak (Q. petraea and Q. robur) damage have focussed 
at the stand rather than individual tree level (Thomas 
and Buttner 1998; Jonsson et  al. 2005) and did not 
identify a clear impact of soil chemistry on oak health 
status. We are aware of only one study to date (Rozas 
and Sampedro 2013) to investigate a possible link 
between the tree-scale availability of soil nutrients 
and oak (Q. robur) decline: lower nutrient (N, Ca, Mg 

and Na) concentrations were found in soils surround-
ing dead trees when compared to those designated 
either ‘healthy’ or ‘declining’. In combination with 
tree-ring data, it was concluded that trees with lower 
nutrient (particularly Ca) availability had a reduced 
phenotypic plasticity to stress caused by water excess 
and therefore were more predisposed to die. Whilst 
this study (conducted in Atlantic wet forests in SW 
Spain) did not focus on trees showing the main diag-
nostic external symptom of AOD (i.e. bleeding can-
kers) but on trees classified as declining on the basis 
of dieback, crown transparency, epicormic shoots 
and leaf discolouration, it reveals the interesting link 
between the local availability of soil nutrients and the 
biological response of trees to other stress factors.

When considering the influence of local environ-
mental conditions on oak health, it should also be 
considered that trees, depending on their health sta-
tus, can significantly influence their surrounding 
environment, particularly local soil conditions (Zinke 
1962; Miles 1986; Flinn and Marks 2007), via altered 
litter inputs, nutrient uptake and water dynamics. This 
can complicate the task of disentangling cause from 
effect when analysing factors associated with AOD 
symptomatology. Therefore, with a focus on three 
forest sites in the UK, the objective of this study was 
to analyse soil, tree, and stand context factors at the 
individual tree level, with the aim of understanding 
their relationship with AOD symptoms while also 
considering potential feedback loops between tree 
health and soil properties. Our findings reveal sig-
nificant correlations between AOD symptoms (can-
kers) and specific soil and tree factors, offering novel 
insights into the complex interactions that may drive 
oak decline.

Materials and methods

Study sites

Three oak woodland sites were selected in the south 
of England for detailed site investigations. At the sites 
there had been documented (Booth 2021) or anecdo-
tal reports of oak decline, featuring stems with dark 
necrotic bleeding cankers and dieback of the branches 
in the crown. The three sites, previously investigated in 
a study of root ectomycorrhizal communities of AOD 
symptomatic and asymptomatic trees (Barsoum et  al. 
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2021), were: Writtle Forest (WF), Monks Wood (MW) 
and Stratfield Brake (SB) (Table 1). Each was typical 
of oak woodland in south England, at elevations below 
80 m, comprised of mature pedunculate oak (Quercus 
robur L.) and sessile oak (Quercus petraea (Mat-
tuschka Liebl.)) in mixture with other species on soils 
derived from glacial and riverine deposits. In all three 
woodlands, oak was the dominant species forming over 
60% of the canopy cover.

Writtle Forest is an ancient woodland that was a 
medieval royal hunting forest with records from the 
12th Century; the woodland is comprised mainly of 
oak and hornbeam (Carpinus betulus L.). Monks 
Wood is an ancient woodland of oak, ash (Fraxinus 
excelsior L.) and field maple (Acer campestre L.) 
with an understorey of hazel (Corylus avallana L.), 
blackthorn (Prunus spinosa L.), dogwood (Cornus 
sanguinea L.), wild service tree (Sorbus torminalis 
L. (Crantz)) and willow (Salix cinerea L.) (Steele and 
Welch 1973). Stratfield Brake is a mature secondary 
woodland comprised mainly of oak, with minor com-
ponents of ash, field maple, hazel, hawthorn (Cratae‑
gus monogyna Jacq.) and elm (Ulmus procera Salisb.). 
All three sites have a similar climate, with Stratfield 
Brake further west receiving approximately 10% more 
precipitation than Writtle Forest (measured at Heath-
row) and Monks Wood receiving approximately 10% 
less than Writtle Forest (Table  1). The mean annual 
temperatures are all similar. Each of the woodland sites 
occurs on clayey textured soils highly prone to shrink-
age (in the summer) and swelling (in the winter). This 
causes soils to be impermeable in the wetter winter 
period and more permeable due to cracking in the drier 
summer months. Key surface soil (5–15 cm) properties 
for each site (organic matter, pH, texture, total C and 
N) are reported in Table 2 with full data for surface and 
deeper (40–50 cm) soil properties given in Supplemen-
tary Tables S1 and S2, respectively.

In‑field survey, sampling and analysis for selected 
study trees

Selection of trees

The survey and sampling process was conducted July 
to November 2016 and targeted 10 trees with bleed-
ing canker symptoms (hereafter, regarded as AOD-
symptomatic) and 10 AOD-asymptomatic trees at 
each woodland site. At each site, AOD-symptomatic 

trees were identified through a walking survey of the 
area. Trees exhibiting signs of bleeding canker lesions 
on the lower 5 m (as estimated by eye) of the stem 
were recorded, with their coordinates documented 
to create a comprehensive sampling frame of symp-
tomatic trees. From this list, 10 trees were randomly 
selected for the study. To select asymptomatic trees 
(those without visible bleeding canker lesions), a ran-
dom number between 1 and 60 was used to determine 
a direction (bearing) from each symptomatic tree. 
Following this bearing, the first asymptomatic tree 
encountered after walking a distance of > 20 m from 
the AOD tree was chosen. Latitude/longitude coordi-
nates for the selected study trees is given in Supple-
mentary Table S3. 

These trees formed the focus for in-field assess-
ment of tree and tree context properties (In field tree 
and tree context properties section), soil sampling for 
subsequent laboratory analysis of soil physical and 
chemical properties (Soil sampling and physicochem-
ical analysis section) and leaf sampling for laboratory 
assessment of leaf morphometry (Leaf morphometry 
and genetic characterization of oak species section).

In field tree and tree context properties

After selecting and marking symptomatic and asymp-
tomatic trees (Selection of trees section), a survey was 
conducted to assess the trees and their surronding con-
text. Standard forest mensuration procedures (Hamilton 
1975) and standard forest crown condition monitoring 
protocols (Lakatos et  al. 2014) were used to measure 
dimensions of stem diameter (at breast height, 1.35 
m), tree height, crown dimensions, the proportion of 
the crown intersecting neighbouring crowns, and the 
percentage reduction in crown density. The social sta-
tus (dominant, codominant, subdominant, suppressed, 
dying) of the study tree was recorded. A soil pit, 0.8 m 
deep was excavated at a randomly-located distance of 
5 m from each study tree. Measurements of horizon 
depth, soil texture, stoniness (Pyatt et  al. 2001), and 
presence of roots were recorded, and the soil identified 
using the major soil sub-group classification (Avery 
1990). Depth to gleying measurements were made in 
the soil pits, where a ruler was used to determine the 
distance from the soil surface to the uppermost signs 
of grey or orange mottling, as identified according 
to the Munsell Soil Color Chart. Photographs were 
taken to verify the depths of the gleyed layers. The 
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micro-topography of the site was measured along eight 
radial transects at 2.5 m intervals inside the 10 m radius, 
and at 5 m intervals from the 10 m to 20 m radius. The 
site slope and aspect were also measured and recorded. 
The Topographic Wetness Index, a quantification of 
the topographic control on hydrological processes, was 
calculated according to Sørensen et al. (2006). Finally, 
basal area was measured using a relascope within a 
20 m and a 40 m zone around the tree. Supplementary 
Fig. S1 shows a schematic of the site survey and site 
assessment surrounding each study tree.

Soil sampling and physico‑chemical analysis

For each study tree selected (Selection of trees sec-
tion), eight soil samples (40–50 g field moist) were 
taken from each of two depths (5–15 cm and 40–50 
cm) from randomly-selected positions 1.5–2.0 
m away from the stem base: 2 depths × 8 samples 
depth−1 = 16 samples tree−1. Soil samples were 
subsequently pooled within depth to produce one 
composite sample per depth per tree. Pooled soil 
samples were homogenized by sieving (< 2 mm) 
and air-dried prior to analysis of soil physical and 
chemical properties, as described in the following, 
with the exception of a sub-sample that was stored 
field moist at 4 °C prior to analysis of mineral N 
concentration. Organic matter content was deter-
mined by mass loss on ignition (LOI; 500 °C, 16 
h) and soil pH determined in deionised water (soil: 
water, 1: 2.5 (m/v)). Soil particle size distribution 
was determined using a Malvern Mastersizer 3000 
hydro laser granulometer: samples were dispersed 

in 3.3% (m/v) sodium hexametaphosphate and 0.7% 
(m/v) sodium carbonate and measured in blue and 
red light and data reported using a Fraunhofer size 
distribution model. Total C and N contents were 
determined on ground (Pulverisette 5 Planetary 
Mill) samples using a FLASH CN elemental ana-
lyser (ThermoFisher Scientific). For determination 
of exchangeable cations (Na+, K+, Ca2+, Mg2+, 
Fe2+, Mn2+ and Al3+), soil samples were repeat 
extracted with 0.1 M BaCl2 and pooled extracts 
analysed using a Perkin Elmer 3000 ICP-OES fit-
ted with a cross flow nebuliser (Cools and De Vos 
2016). The cation exchange capacity (µmol(+) 
g−1 soil) and Ca-to-Al molar ratio were calculated 
from the sum of the concentrations of all exchange-
able cations or the Ca2+ and Al3+ data, respec-
tively. Extractable phosphorus was determined by 
the Olsen method (Olsen et  al. 1954) and extract-
able mineral (nitrate- + nitrite- and ammonium-) N 
determined by extraction (1 h, 20 °C) with 1 M KCl 
(soil:KCl, 1: 5 (m/v)) and subsequent colorimetric 
analysis of extracts (Skalar SAN + + continuous 
flow analyser). Techincal replication was included 
for the analysis as follows: LOI (3), pH (3), particle 
size distribution (5), Total C and N (2), exchange-
able cations (2), Olsen P (2), Mineral N (2). In the 
case of KCl extractions for nitrate- + nitrite-N and 
BaCl2 extractions for Na+, Fe2+, Mn2+ and Al3+, a 
low percentage of samples recorded concentrations 
in the extract below the detection limit for the anal-
ysis. Where this was the case, concentrations were 
entered in to calculations as half the detection limit 
(USEPA 2000).

Table 2   Key soil physico-chemical properties at the three study sites

Data are overall mean (± SD) based on soil samples taken from a depth of 5–15 cm around 20 sampled trees (10 symptomatic, 10 
non-symptomatic) per site. Means for each soil characteristic sharing a letter in common are not significantly different (p < 0.05) 
among sites, according to Games-Howell Pairwise Comparisons. Note: clay content may be underestimated due to limitations of 
laser diffraction in resolving clay particles and potential particle aggregation despite chemical dispersion

Monks Wood (MW) Stratfield Brake (SB) Writtle Forest (WF)

Organic matter (%) 13.5 ± 2.7A 15.3 ± 3.1A 16.3 ± 6.4A

pH (H2O) 4.7 ± 0.7A 3.6 ± 0.2B 3.6 ± 0.3B

Clay (%) 1.6 ± 0.8A 0.6 ± 0.3B 0.4 ± 0.5B

Silt (%) 68.7 ± 7.8A 56.2 ± 5.3B 47.6 ± 10.1C

Sand (%) 30.0 ± 7.9C 43.1 ± 5.6B 52.0 ± 10.7A

Total C (%) 6.0 ± 1.5A 7.6 ± 2.2A 8.3 ± 4.0A

Total N (%) 0.47 ± 0.1A 0.52 ± 0.1A 0.42 ± 0.2A
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Leaf morphometry and genetic characterization 
of oak species

From each study tree, five randomly located leaves 
were taken from the outer part of the canopy for mor-
phometric analysis to ascertain the species of oak 
being studied. The morphometric analysis involved 
measuring the lamina, petiole, sinus, number of lobes, 
intercalary veins, shape of the basal auricle, and 
leaf pilosity. From these measurements the species, 
Quercus robur, Quercus petraea or a hybrid, could 
be made based on the method published by Kremer 
et al. (2002). Leaf samples were also sent to INRAE 
(33,610 Cestas, France) for genetic analysis. Species 
identification was conducted using the Sequenom 
genotyping method based on SNP markers described 
in Guichoux et al. (2013).

Statistical analysis

Statistical analysis of tree, tree context and soil 
physico-chemical properties (5–15 and 40–50 cm 
depths) was mainly carried out using the Statsmod-
els module in Python (Seabold and Perktold, 2010). 
Data were tested for normality of residuals using the 
Jarque–Bera test and for heteroscedasticity using the 
Breusch-Pagan test. Raw (non-transformed) data for 
many variables failed to meet either normality or 
equality of variances or both. We therefore performed 
Robust (to unequal variance) type III Two-Way 
ANOVA with site (WF, MW, SB) and health status 
(symptomatic, asymptomatic) as factors. Data were 
Box-Cox transformed: (Yλ−1)/λ  where  λ was cho-
sen so as to minimise the p-value testing normality 
of residuals (using Jarque–Bera). Significant differ-
ences were accepted at p < 0.05. Where the Two-Way 
ANOVA identified significant effects, post-hoc com-
parisons were made using the Games-Howell Method 
and 95% Confidence in Minitab 20. In addition, the 
magnitude of the difference between two means was 
determined as Cohen’s d effect size: x1 – x2/s, where 
x1 and x2 are the means of the two groups being 
compared and s is the unweighted pooled standard 
deviation of the two groups.

The ‘gbm’ package in R was used to apply general-
ized boosted regression models (GBM) to tree health 
status (Greenwell et  al. 2020) using all tree context 
and soil physico-chemical variables as predictors. 
GBM are a type of machine learning algorithm which 

can take multiple predictors to sequentially fit regres-
sion trees with the aim of minimizing a loss function. 
This process allows the most influential set of predic-
tors to be identified and can allow for out-of-sample 
prediction. GBM were applied with a Bernoulli dis-
tribution, allowing two-way interactions between pre-
dictor variables and a minimum of two observations 
per node. Cross validation determined the optimum 
number of regression trees to be approximately 550. 
A training set was created by selecting 70% of the 
samples at random (selecting equally from health sta-
tus and site) with the remainder of the samples used 
as a validation set to test prediction accuracy. Predic-
tion accuracy was determined by calculating the area 
under the curve (AUC), sensitivity and specificity of 
the models using the ‘caret’ package (Kuhn 2021). As 
there was no independent sample available for predic-
tion this process was repeated 100 times and the aver-
age prediction accuracy calculated across all runs.

The top twenty variables, in terms of relative influ-
ence, were taken from each GBM and subsequently 
ranked according to the number of times they were 
selected from each GBM run (1–100). These top 
variables were then sequentially added to a general-
ised linear regression model (GLM) with a binomial 
distribution and a logit link function which predicted 
tree health status. Using forward stepwise regres-
sion, variables were taken from the ranking list and 
included in the model until newly included variables 
were not significant predictors of disease status (p 
< 0.05). Model fit was assessed using residual diag-
nostic functions (DHARMa package (Hartig 2020)). 
Estimated marginal means were calculated for each of 
the significant variables using the’emmeans’package 
(Lenth 2021) and responses back transformed from 
the logit scale for ease of interpretation.

Results

Site properties

Across all three sites (Monks Wood, Stratfield Brake 
and Writtle Forest), surface soils (5–15 cm depth) had 
similar organic matter content and total C and N con-
tents (Table 2) but differed with respect to site across 
other soil physico-chemical properties (Table  S1, 
Fig.  1). Soils from the Monks Wood site were less 
acidic (pHH2O 4.7) than the other two sites (pH 
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3.6) and were the finest textured (silt + clay content 
~ 70%). In addition, Monks Wood soils had the high-
est Cation Exchange Capacity with highest concen-
trations of exchangeable basic cations (Ca, Mg, Na) 
but amongst the lowest exchangeable concentrations 
of acidic cations (Al, Fe, Mn) and Olsen P. Stratfield 
Brake soils were intermediate in their silt and clay 
content, CEC and concentration of exchangeable Ca 
and Na but had the highest exchangeable Aluminium 
(1.7- and 2.8- fold higher than Writtle Forest and 
Monks Wood, respectively). Writtle Forest soil con-
tained over double the concentration of exchange-
able Mn when compared to the other two sites. Soils 
sampled from 40–50 cm displayed similar trends 
in properties to surface soils with respect to site for 
pH, texture, CEC and exchangeable cations but with 
between-site differences for some properties becom-
ing less (Mn and Olsen P) or more (total mineral N, 
organic matter content and total N) pronounced (Sup-
plementary Table S2, Supplementary Fig. S2).

The Ecological Site Classification (ESC) (Pyatt 
et al. 2001) shows all three sites are suitable for oak 
woodlands (Q. robur and Q. petraea). Quercus robur 
is generally considered suitable on surface water gleys 
in central and southern England, that can be water-
logged during winter periods and may be slightly acid 
with Medium to Rich soil nutrient regime. Quercus 

petraea is not as well suited to waterlogged soils but 
may tolerate waterlogging for shorter periods.

Tree properties and AOD symptoms

Species classification based on genetic analysis of 
leaf samples identified that all trees from the Strat-
field Brake and Monks Wood sites were Quercus 
robur (although one tree from Monks Wood did not 
yield DNA of sufficient quality for analysis but mor-
phometric analysis suggested a classification of Q. 
robur) (Supplementary Table  S3). For Writtle, five 
trees were classified as Quercus petraea, while the 
remaining 14 trees were Q. robur (with the species 
identity for one tree not determined). For the trees 
sampled, Q. robur had a relatively even distribution 
of symptomatic (26) and asymptomatic (28) trees. In 
contrast, Q. petraea exhibited a higher proportion of 
symptomatic trees (4 out of 5) (Table S3).

The oak trees under study differed between sites 
(p < 0.05) with respect to tree height, stem diameter, 
rooting depth and crown density but not in crown 
width (Table  3). Overall, Writtle Forest trees were 
larger in terms of height and stem diameter and had 
least reduction in crown density. Across all sites, 
mean rooting depths were between 70 and 80 cm but 
with trees at Stratfield Brake with slightly (~ 5–8 cm) 

Fig. 1   Principal Compo-
nents Analysis of the study 
sites (symbols) and soil 
parameters (vectors) for 
surface (5–15 cm) soils. 
One-Way ANOVA on PC1 
scores and Games-Howell 
pairwise comparisons 
revealed that all three sites 
differed significantly (p 
< 0.05) from one another
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shallower roots than at other sites (Fig.  2). Examin-
ing health status as a factor revealed that trees with 
bleeding cankers had greater loss of crown density (p 
< 0.001), with differences between asymptomatic and 
symptomatic trees being particularly distinct at Writ-
tle Forest.

Soil physico‑chemical and tree context properties as 
related to AOD symptom status

Soil physico‑chemical properties as response 
variables to AOD symptom status

The study sites were distinct with respect to many 
soil physico-chemical properties measured at 5–15 
cm and 40–50 cm depth (Tables 2, 4, S1, S2; Figs. 1, 
S2). Examining the variation in soil properties with 
respect to bleeding canker symptoms revealed signifi-
cant, and consistent across sites (main), effects in the 
case of Olsen P (5–15 cm depth), exchangeable Mg 
(5–15 cm and 40–50 cm), pH, organic matter content, 

Table 3   Summary of outcome of Two way ANOVA* p-values 
examining site, tree health status and site x health status as fac-
tors explaining differences in properties of the study trees

*ANOVA was performed in all cases with Box-Cox trans-
formed data where the constant (lambda) was chosen to mini-
mise the p-value testing normality of the residuals (using 
Jarque Bera test). Error term degrees of freedom = 54. P-val-
ues < 0.05 are in bold

Site (S) Health Status 
(H)

S x H

Degrees of Freedom 2 1 2
Tree Height     0.005     0.380 0.908
Stem diameter at 1.35 m     0.010     0.184 0.818
Crown width (East–West)     0.112     0.656 0.895
Crown width (North–

South)
    0.101     0.948 0.776

Reduction in crown 
density

 < 0.001  < 0.001 0.002

Root depth  < 0.001     0.749 0.008

Fig. 2   Properties of study 
trees (mean ± SE) that were 
either symptomatic (n = 10) 
or asymptomatic (n = 10) 
at each of the study sites: 
Monks Wood (MW), Writ-
tle Forest (WF), Stratfield 
Brake (SB) and all three 
sites combined (All). Dif-
ferent upper case letters 
indicate significant differ-
ences (p < 0.05) between 
sites whilst different lower 
case letters indicate sig-
nificant differences between 
symptomatic and asympto-
matic classes according to 
ANOVA (across all sites) 
or Games-Howell Pairwise 
comparisons (within indi-
vidual sites). For reduction 
in crown density (c), where 
there was a significant effect 
of health status, numbers 
above each pairwise com-
parison are Cohen’s d effect 
size colour coded as 0.5 
< d < 0.8: ‘medium effect’ 
(orange) and d > 0.8: ‘large 
effect’ (red)
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total N and exchangeable Fe (all for 40–50 cm depth) 
(Table  4). In addition, pH (5–15 cm), exchangeable 
Al (5–15 cm and 40–50 cm), silt content (40–50 cm) 
and ammonium N (40–50 cm) were also significantly 
different depending on health status but the magni-
tude and/or the direction of the effect was dependent 
on site, consistent with significant site*health status 
interaction terms in the ANOVA (Table 4). For cation 
exchange capacity at 40–50 cm depth, there was no 
overall association with health status, but health sta-
tus was associated with this property depending on 
site (Table 4). Soil properties significantly predicted 
by oak health status as a main effect are shown in 
Fig. 3A and B.

For the properties where there was a main, 
and consistent across sites, effect of health sta-
tus, calculation of Cohen’s d revealed health sta-
tus to have the largest effect (d > 0.5) on Olsen 
P (5–15 cm) and exchangeable Fe (40–50 cm): 

asymptomatic trees had 1.6 × greater mean concen-
trations of Olsen P, but, 0.5 × lower concentrations 
of exchangeable Fe across all sites. Exchangeable 
Mg (5–15 cm and 40–50 cm), organic matter con-
tent (40–50 cm), total N (40–50 cm) and silt con-
tent (40–50 cm), although consistent in the trend of 
higher mean concentrations for asymptomatic trees, 
were more variable in effect sizes between sites. 
For example, the effect size for mean exchange-
able Mg was pronounced at Monks Wood (d > 1.2) 
but trivial (d < 0.2) at Writtle Forest for both soil 
depths. The other properties (pH and exchangeable 
Al (both depths) and ammonium-N (40–50 cm)) 
that were significantly different overall accord-
ing to health status, had effects that varied in both 
size and sign on a site basis. For example, effect 
sizes for mean exchangeable Al concentration at 
both depths were negative (i.e. mean symptomatic 
> mean asymptomatic) and moderate to large (d > 

Table 4   Summary of outcome of Two way ANOVA* examining site, tree health status and site x health status as factors explaining 
differences in soil physico-chemical properties at each of the two soil depths studied

*ANOVA was performed in all cases with Box-Cox transformed data where the constant (lambda) was chosen to minimise the 
p-value testing normality of the residuals (using Jarque Bera test). Error term degrees of freedom = 54. P-values < 0.05 are in bold. 
nd = not determined

5–15 cm depth 40–50 cm depth

Site (S) Health Status (H) S x H Site (S) Health status (H) S x H

Degrees of freedom 2 1 2 2 1 2
Organic matter (%)     0.128 0.094 0.735  < 0.001 0.040 0.943
pH (H2O)  < 0.001 0.043 0.034  < 0.001 0.024 0.274
Clay (%)  < 0.001 0.756 0.915  < 0.001 0.753 0.636
Silt (%)  < 0.001 0.956 0.152     0.171 0.001 0.002
Sand (%)  < 0.001 0.983 0.141  < 0.001 0.090 0.879
Total C (%)     0.011 0.158 0.987     0.039 0.186 0.799
Total N (%)     0.084 0.052 0.819  < 0.001 0.039 0.493
Nitrate–N (mg kg−1)     0.012 0.497 0.426  < 0.001 0.307 0.793
Ammonium-N (mg kg−1)     0.125 0.437 0.426     0.677 0.005 0.012
Olsen P (mg kg−1)  < 0.001 0.029 0.660  < 0.001 0.229 0.269
CEC (mmolc kg−1)  < 0.001 0.296 0.080  < 0.001 0.753 0.030
Exchangeable Al (mg kg−1)  < 0.001 0.038 0.049  < 0.001 0.044 0.045
Exchangeable Ca (mg kg−1)  < 0.001 0.080 0.191  < 0.001 0.079 0.127
Exchangeable Fe (mg kg−1)  < 0.001 0.116 0.758  < 0.001 0.014 0.596
Exchangeable K (mg kg−1)     0.003 0.077 0.319  < 0.001 0.120 0.092
Exchangeable Mg (mg kg−1)  < 0.001 0.004 0.216  < 0.001 0.020 0.203
Exchangeable Mn (mg kg−1)  < 0.001 0.707 0.372     0.017 0.481 0.051
Exchangeable Na (mg kg−1)  < 0.001 0.645 0.324  < 0.001 0.192 0.262
Bulk density (g cm−3)  < 0.001 0.832 0.601 nd nd nd
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Fig. 3   Physico-chemical 
characteristics (mean ± SE) 
of soil sampled from (A) 
5–15 cm or (B) 40–50 cm) 
depth around trees that 
were either symptomatic (n 
= 10) or asymptomatic (n 
= 10) at each of the study 
sites: Monks Wood (MW), 
Writtle Forest (WF), Strat-
field Brake (SB) and all 
three sites combined (All). 
Different letters indicate 
significant differences (p 
< 0.05) between health 
class according to ANOVA 
(across all sites) or Games-
Howell Pairwise com-
parisons (within individual 
sites). Numbers above each 
pairwise comparison are 
Cohen’s d effect size colour 
coded as 0.5 < d < 0.8: 
‘medium effect’ (orange) 
and d > 0.8: ‘large effect’ 
(red)
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0.7) for Monks Wood and Stratfield Brake, but, 
trivial (d < 0.2) and positive (i.e. mean asymp-
tomatic > mean symptomatic) for Writtle Forest. 
Similarly, contrasting within-site effects for pH 
were recorded: soils (5–15 cm) for symptomatic 
trees were on average less acidic (by 0.22 pH units) 
at Writtle Forest but more acidic (by 0.46 pH units) 
at Monks Wood. The overall effect on pH, however, 
was small (d < 0.2) across sites and depths with the 
difference in mean pH between symptomatic and 
asymptomatic trees being ~ 0.1 pH unit or less.

Overall, symptomatic trees had less available 
soil P and Mg at the 5–15 cm soil depth and lower 
silt, total N, organic matter and Mg at 40–50 cm 
depth. However, concentrations of exchangeable 
Fe were higher for symptomatic trees (40–50 cm), 
as was the case for exchangeable Al (both depths) 
but only for two out of three sites. pH response to 
health status was variable and mostly subtle on the 
(logarithmic) pH scale.

Tree context properties as response variables to AOD 
symptom status

The results for in-field-observed parameters reflect-
ing the context of the studied trees with respect to 
site and AOD symptom status are shown in Fig.  4. 
The majority (≥ 70-%) of the trees studied were co-
dominant/dominant with the remainder classified as 
subdominant; the exception to this was the sympto-
matic sample at Writtle Forest which were drawn 
from a population with a greater (p = 0.019; Mood’s 
Median Test) proportion of trees in the subdominant 
and suppressed classes (Fig.  4a) than the asympto-
matic sample. Two-way ANOVA with site and health 
status as factors (Table 5) revealed that symptomatic 
trees had a soil depth to the first signs of gleying that 
was significantly shallower and also a local stand 
basal area (measured to a distance of 20 m from focal 
tree) significantly smaller than for asymptomatic 
trees (Figs.  4b and c). These effects were consistent 
between sites and large in size in the case of depth to 
gleying (d > 1.7). In contrast, the basal area (20–40 

Fig. 4   Context character-
istics for trees that were 
either symptomatic (n = 10) 
or asymptomatic (n = 10) 
at each of the study sites: 
Monks Wood (MW), Writ-
tle Forest (WF), Stratfield 
Brake (SB) and all three 
sites combined (All). Data 
for social class (a) are the 
number of symptomatic 
(S) or asymptomatic (A) 
trees at each site in each 
of four social classes. Data 
for depth to gleying (b) 
and basal area (c) are mean 
± SE. Different letters 
indicate significant differ-
ences (p < 0.05) between 
health class according to 
ANOVA (across all sites) 
or Games-Howell Pair-
wise comparisons (within 
individual sites). Numbers 
above each pairwise com-
parison are Cohen’s d effect 
size colour coded as 0.5 
< d < 0.8: ‘medium effect’ 
(orange) and d > 0.8: ‘large 
effect’ (red)
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m from focal tree) did not vary with health status 
(Table  5). According to the topographic wetness 
index (TWI), trees at Monks Wood were, on average, 
in positions with greater water accumulation potential 
(mean TWI = 9.65 ± 0.84) as compared to Stratfield 
Brake and Writtle Forest (mean TWI = 5.19 ± 0.55 
and 4.56 ± 0.80, respectively), but, the TWI was not 
related to tree health status (Table 5).

Soil physico‑chemical and tree context properties 
as predictors of AOD symptom status

The relative influence of all soil physico-chemical and 
tree context properties across sites was explored using 
GBM. Using all predictors with a non-zero influence 
from the GBM tree, health status was predicted in each 
of the 100 randomly selected validation datasets. The 
mean AUC for these predictions was 0.88 (s.d. = 0.06), 
the mean specificity 0.92 (s.d. = 0.09) and mean sensi-
tivity 0.82 (s.d. = 0.11) (Supplementary Table S4). In 
other words, the sensitivity of the model indicates that, 
on average, 82% of symptomatic trees were correctly 
identified, while the specificity indicates that 92% of 
asymptomatic trees were correctly identified.

The variables with the greatest relative influence 
are shown in Supplementary Table S6. Depth to gley-
ing was amongst the top 20 predictors of all 100 GBM 
runs. Exchangeable Fe (40–50 cm) was selected by 
95% of models, Olsen P (40–50 cm) by 90% and local 
stand (0–20 m) basal area by 88%. Forward step-
wise regression found only depth to gleying (ANOVA 
p = 7.9 × 10–10) and Exchangeable Fe (40–50 cm) 

(ANOVA p = 0.02) to be predictors of health status 
when sequentially added to the model as the addition of 
Olsen P (40–50 cm) was non-significant (Supplemen-
tary Table S5). Figure 5a shows the estimated propor-
tion of symptomatic trees at various values of depth to 
gleying (cm). These values are averaged over values of 
Exchangeable Fe (40–50 cm), which is also present in 
the regression model. As the depth to gleying increases 
the proportion of symptomatic trees decreases. Fig-
ure 5b shows the estimated proportion of symptomatic 
trees at various values of Exchangeable Fe (40–50 cm), 
averaged over values of depth to gleying. As Exchange-
able Fe (40–50 cm) values increase so does the propor-
tion of symptomatic trees.

Discussion

AOD is a progressive disease in individual trees, which 
can culminate in tree death (Brown et  al. 2016). A 
key hypothesis is that AOD fits the classic model of a 
decline disease, where opportunistic pathogens exploit 
weakened trees. This AOD decline disease spiral is 
driven by multiple stressors that reduce tree vitality, 
making them more susceptible to bacterial infection. 
While research has focused primarily on the bacteria 
responsible for bleeding canker lesions, there are sig-
nificant gaps in our understanding of other factors that 
contribute to this decline. AOD affects individual trees 
rather than entire stands. This localized impact sug-
gests that individual tree-scale changes in the imme-
diate environment may play a role through interaction 
with the tree’s physiological state to create conditions 
conducive to bacterial infection and decline progres-
sion. Building on this understanding, this study pro-
vides novel insight into the associations of small 
(individual-tree)-scale factors with AOD symptoms, 
specifically bleeding cankers, in native oak trees (pri-
marily Quercus robur) across three representative 
forest sites in the UK. Across the three sites, depth to 
gleying and the concentration of exchangeable iron at a 
depth of 40–50 cm were revealed as significant factors 
related to tree health. After adjusting for site, AOD-
symptomatic trees were also found to have reduced 
crown density, local stand basal area, soil organic mat-
ter concentration, and lower soil nutrient levels in the 
rooting zone with phosphorus, magnesium and nitro-
gen being notable as consistently affected across sites.

Table 5   Summary of outcome of Two way ANOVA* p-values 
examining site, tree health status and site x health status as fac-
tors explaining differences in site properties of the study trees

*ANOVA was performed in all cases with Box-Cox trans-
formed data where the constant (lambda) was chosen to mini-
mise the p-value testing normality of the residuals (using 
Jarque Bera test). Error term degrees of freedom = 54. P-val-
ues < 0.05 are in bold

Site (S) Health 
Status (H)

S x H

Degrees of Freedom 2 1 2
Depth to Gleying     0.817  < 0.001 0.114
Basal Area (0–20 m)     0.053     0.006 0.692
Basal Area (20–40 m)     0.094     0.892 0.278
Topographic Wetness 

Index
 < 0.001     0.276 0.406
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Tree properties as related to AOD symptom status

Our study reveals that oak trees exhibiting symptoms 
of AOD (bleeding cankers) tend to have lower crown 
density compared to asymptomatic trees. Lower 
crown density is widely regarded as a marker of 
compromised tree health, and this observation aligns 
with other descriptions of AOD, where symptomatic 
trees are often found in lower crown classes, indicat-
ing poorer health relative to the general tree popula-
tion at a site. For example, research by Brown et al. 
(2016) found that AOD-symptomatic oaks are more 
frequently located in lower crown classes, with sig-
nificant differences in crown condition across sites. 
Their study also reported a correlation between crown 
condition and AOD severity, with more frequent stem 
bleeds observed in trees with poorer crowns.

Reduced crown density may reflect a tree’s expo-
sure to environmental predisposition factors and 
inciting stressors that weaken its defences, thereby 
increasing susceptibility to AOD pathogens. For 
instance, Kint et  al. (2012) demonstrated that forest 
structure and soil fertility influence the internal stem 
morphology of pedunculate oaks and, by extension, 
their overall health. Although their focus is on stem 
morphology, their findings emphasize the role of 
environmental factors in tree health, which is consist-
ent with our observations that crown density may also 
reflect underlying soil and site conditions associated 
with AOD symptoms.

Conversely, crown density reduction may also 
be a direct response to infection by the AOD bacte-
ria. The bacteria disrupt the xylem in infected oak 
trees (Denman et  al. 2022), potentially impairing 

Fig. 5   Estimated propor-
tion of symptomatic trees at 
different values of (a) depth 
to gleying (cm) and (b) 
Exchangeable Fe (40–50 
cm) (mg kg−1). Error bars 
represent 95% confidence 
intervals
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water transport. If this results in stomatal closure in 
response to hydraulic stress, limitation of photosyn-
thesis would reduce carbon intake. This combination 
of impaired water (and nutrient) transport, reduced 
photosynthesis, and potentially increased energy 
expenditure for defence or repair would restrict leaf 
production and lead to lower crown density.

Overall, these findings highlight the complexity of 
the relationship between crown density, tree health, 
and environmental factors that underpins the inter-
pretation of susceptibility and progression of AOD in 
oak trees.

Soil physico‑chemical and tree context properties

Both Q. robur and Q. petraea are known for their 
deep rooting (Rosengren et al. 2006). Our finding that 
mean rooting depths (between 70 and 80 cm) did not 
differ between symptomatic and asymptomatic trees, 
aligns with another study of oaks on hydromorphic 
soils (Thomas and Hartmann 1998). In that study, 
fine (< 2 mm diameter) and small/medium (> 2 mm) 
roots were consistently detected at depths of 70–100 
cm for both healthy and declining trees, as assessed 
by crown damage. Given these rooting depths, differ-
ences detected in the physico-chemical properties of 
soil sampled at 5–15 cm and 40–50 cm depth, as well 
as the observations of gleying around 20–40 cm deep, 
fall well within the oak rooting zone. This implies 
that soil conditions at these depths could potentially 
influence, and be influenced by, the oak roots.

Associations with oak health

Gleying, a pedogenic process caused by prolonged 
soil waterlogging (Brady and Weil 2013), was identi-
fied as a significant factor in the differences between 
symptomatic and asymptomatic trees. This process 
involves the microbial reduction of Fe(III) to Fe(II) 
(Brady and Weil 2013), resulting in characteristic 
soil mottling and grey colouration. The detection of 
these signs of gleying at depths shallower than 40 cm 
at our sites (Fig. 4) is consistent with the classifica-
tion of the soils as surface-water gleys (Avery 1980) 
which rest on slowly permeable or impervious clay 
(Table  1), making likely the formation of a perched 
water table in Autumn through to Spring.

The shallower depth to gleying for symptomatic 
trees thus suggests that these trees, on a seasonal 

basis, experience conditions of soil water satura-
tion that are closer to the surface than asymptomatic 
trees and thus have a greater proportion of their root 
volume impacted by an anoxic iron-reducing soil 
environment. More than 60% of the cumulative root 
distribution for oak is typically found below 20 cm, 
with 40% below 40 cm (Rosengren et al. 2006)—the 
approximate depths at which gleying was observed in 
symptomatic and asymptomatic trees, respectively. 
Given that gleying converts solid-phase Fe(III) oxy-
hydroxides into water-soluble and exchangeable 
Fe(II), the significantly elevated concentrations of 
exchangeable iron at 40–50 cm for symptomatic trees 
are likely a direct result of this redox process (Gotoh 
and Patrick  1974). It is possible that perched water 
tables may persist into the early spring period, when 
trees initiate active growth, and the physiological 
impacts of root-zone anoxia may be most acute due 
to increased oxygen demand. This study is the first 
to report an association between shallower gleying 
depth, likely seasonal water saturation, and symp-
tom status for AOD specifically. However, our results 
align with other studies on hydromorphic soils show-
ing that oak trees in decline (i.e. marked crown defo-
liation and twig abscission) are found in soils with 
shallower water stagnation depths (Thomas and Hart-
mann 1996, 1998).

In contrast to the increased exchangeable iron, the 
availability of P and Mg was reduced in surface (5–15 
cm; P) and deeper (40–50 cm: P and Mg) soils for 
symptomatic trees. Total N was also lower at 40–50 
cm depth for symptomatic trees, although this did 
not translate into differences in plant-available nitro-
gen (KCl extractable NO3

− and NH4
+). Soil organic 

matter (40–50 cm depth) content was also lower for 
symptomatic trees. Previous studies that have exam-
ined soil nutrient properties in relation to AOD 
symptom status have focussed solely on total carbon 
and nitrogen and analysis of rhizosphere soil (sam-
pled to 30 cm depth) and did not detect any differ-
ences in total C or N concentration between Q. robur 
trees symptomatic and non-symptomatic for AOD at 
three UK sites (Pinho et al. 2020). However Scarlett 
et  al. (2021) identified relationships between nitro-
gen cycling microbial communities and oak health 
status. Analysis of soils in relation to oak decline 
in non-AOD contexts have found reductions in total 
N and extractable concentrations of P, Mg Ca, K 
and Na, but only beneath dead Q. robur (Rozas and 
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Sampedro 2013). In Mediterranean forests, signifi-
cant reductions in available P in soil have also been 
reported for Q. suber affected by Phytophthora cin‑
namomi-induced dieback (Avila et al. 2016). In con-
trast (drought-induced) crown defoliation in Q. ilex 
has been associated with accumulation of available P, 
N and soil organic carbon in surface (0–10 cm) soils, 
but, also a net loss of soil available Mg2+ (García-
Angulo et al. 2020).

Potential role as stressors in the AOD decline spiral

Water saturation presents a significant stressor for 
many tree species, with risk of soil hypoxia/anoxia 
and accumulations of gaseous metabolic products 
and reduced soil chemical species such as ferrous 
iron. These conditions can severely disrupt growth 
and physiological processes in tree species that lack 
specific adaptations to waterlogging stress, potentially 
resulting in dieback of affected tissues (Kreuzwieser 
and Rennenberg 2014). However, Q. robur and, to 
a lesser extent, Q. petraea exhibit a relatively high 
tolerance to waterlogging and root hypoxia. These 
species have demonstrated an ability to adjust root 
growth and root-to-shoot biomass ratios to adapt 
to waterlogging constraints (Schmull and Thomas 
2000). While the response of conifers to Fe(II) tox-
icity caused by waterlogged conditions in peaty soils 
has been studied (Sanderson and Armstrong 1980), 
the possibility of waterlogging-induced Fe(II) toxic-
ity on oaks growing in mineral soils has not, to our 
knowledge, been considered previously.

Previous studies suggest that oak decline may 
not be attributable solely to waterlogging stress but 
rather to a complex interplay of factors. Hypoth-
eses propose that the presence of a high-water table 
from late autumn through spring, combined with 
summer droughts, might exacerbate oak decline. 
This seasonal variation in water availability cre-
ates sharp differentials that could contribute to tree 
stress (Oosterbaan and Nabuurs 1991; Thomas and 
Hartmann 1996, 1998; Vincke and Delvaux 2005). 
During summer, decreasing soil moisture can lead to 
soil shrinkage and crack formation, which, in turn, 
promotes bypass flow and increases drought risk. 
This risk is compounded by potential waterlogging-
induced impairments in root function from previous 
seasons (Thomas and Hartmann 1998; Vincke and 
Delvaux 2005). It is possible that the symptomatic 

trees in our study experienced greater impairments 
to root systems given the shallower depth to sea-
sonal water saturation, which diminished water (and 
nutrient) uptake capacity in summer, accentuating 
summer drought as a predisposing stressor for AOD.

The ESC (Pyatt et  al. 2001) estimates the three 
sites to be suitable for both Quercus petraea and Q. 
robur but the suitability estimate is based on aver-
age climatic conditions for the period 1981 to 2010 
and does not account for site conditions affected by 
extreme dry summers and wetter winter conditions 
as have occurred over the last decade. Furthermore, 
reduced availability of essential nutrients such as Mg 
and P, as found for symptomatic trees in our study, 
may also play a role in the predisposition to oak 
decline. In general optimal P supply promotes disease 
resistance in plants (Datnoff et al. 2023), and, while 
magnesium’s role in pathogenesis is less well-docu-
mented (Huber et al. 2012), it is known to have many 
physiological and structural roles that may influence 
disease resistance (Huber and Jones 2013). European-
wide surveys indicate that oak nutrition, particu-
larly for Q. petraea, is often deficient in P (Jonard 
et  al. 2015), and Mg deficiencies are also common 
in European forests (Armbruster et  al. 2002). Addi-
tionally, areas affected by elevated N deposition, 
which exceeds critical loads, have been linked to 
oak decline (Brown et al. 2018). Excess nitrogen can 
disrupt nutrient balance, potentially leading to rela-
tive deficiencies of P and Mg, which may exacerbate 
decline. Given the observed decline in absolute or 
relative P and Mg nutrition in oaks, and assuming the
’available’or’exchangeable’concentrations in the soil 
reflect actual availability to roots, it is possible that 
P and Mg deficiencies contributed as predisposing 
factors for AOD. Foliar analysis would be necessary 
to confirm whether these deficiencies are present in 
the AOD-symptomatic oaks studied here. However, 
while nutrient imbalances in oak stands have been 
widely reported across Europe (Thomas et al. 2002), 
and in some cases linked to oak mortality (Morillas 
et  al. 2012) or foliage health (Thomas and Büttner 
1998), many studies have found no strong associa-
tion between nutrient status and oak vigour (Thomas 
et  al. 2002). Building on these findings in broader 
oak decline research, our study offers novel evidence 
specifically linking soil nutrient imbalances, such as 
reduced Mg and P, and water balance indicators like 
elevated Fe and gleying, to AOD symptoms.
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Potential role as indicators of health status

While variation in soil physico-chemical properties 
discussed above could play a predisposing role in 
AOD, it is equally possible that the recorded variation 
in soil conditions is a consequence of the health sta-
tus of the tree, reflecting tree-environment feedbacks. 
As discussed (Tree properties as related to AOD 
symptom status section), trees with AOD symptoms 
may have reduced photosynthesis and leaf/root litter 
input to soil and impaired water and nutrient uptake, 
thereby influencing soil properties. This potential 
feedback complicates the interpretation of predispos-
ing cause and effect in studies of AOD.

Previous research has reported higher soil moisture 
in the root zones of declining or diseased trees com-
pared to non-affected trees. For instance, studies on 
Quercus ilex and holm oak have shown that declin-
ing trees exhibit higher soil moisture, likely due to 
reduced transpiration (Corcobado et  al. 2013; Rod-
ríguez et  al. 2023). However, these effects can vary 
depending on the stage of decline and the climatic 
conditions in a given year (Rodríguez et  al. 2023). 
Similarly, in stands of balsam fir and black spruce, 
insect defoliation has been associated with increased 
soil water content, as defoliated trees alter the water 
balance by shifting the ratio of water input (precipi-
tation) to output (evapotranspiration) (Balducci et al. 
2020). Conceptually, it has been hypothesized that 
increased soil moisture following mountain pine bee-
tle attacks could further impact soil and ecosystem 
biogeochemical processes, particularly carbon and 
nitrogen cycling (Edburg et al. 2012).

Previous meta-analyses have established that 
biotic disturbances, including pest and pathogen 
impacts, significantly reduce soil organic carbon 
(SOC) concentrations (Zhang et  al. 2015). This 
reduction is primarily due to decreased photosyn-
thetic carbon inputs from both above-ground litter 
and below-ground root activity (Holden and Tre-
seder 2013). In our study, reduction in soil organic 
matter (and associated SOC) content for AOD 
symptomatic trees was only significant for samples 
taken from 40–50 cm. In the absence of significant 
earthworm activity and thus incorporation of sur-
face litter to depth, a difference in SOM at depth is 
likely a signature of reduced C inputs via roots and 
rhizodeposition by symptomatic trees. Strong winds 
may partially homogenize the distribution of surface 

litter across the forest floor accounting for the lack 
of an effect at 5–15 cm, whereas at 40–50 cm depth, 
the reduction in inputs in root-derived carbon would 
be not subject to the same spatial homogenization. 
In addition, when compared to above-ground lit-
ter, root-derived carbon is thought to make greater 
contributions to SOM accumulation due to greater 
potential for inputs to be protected from decomposi-
tion through stabilizing interactions with soil min-
erals at depth (Jackson et al. 2017). Asymptomatic 
trees, in our study, were associated with higher 
silt at depth which might also have contributed to 
higher OM through mineral protection. Thus, due to 
protection from both homogenization by wind and 
decomposition via mineral associations, SOM con-
tent at depth may be more sensitive to reductions in 
photosynthetic C input for symptomatic trees.

Among the studies that have examined associa-
tions between soil nitrogen and AOD (Pinho et  al. 
2020) or oak declines (Rozas and Sampedro 2013), 
the research by Thomas and Buttner (1998) stands out 
for consideration of the consequences of oak health 
on soil nitrogen budgets. Their study in northwest-
ern Germany suggested that in declining oak stands, 
reduced root uptake may lead to nitrogen losses 
through increased leaching, indicating that nitrogen 
loss is a consequence, rather than a cause, of oak 
decline. Our findings of reduced total nitrogen at 
depth align with the hypothesis that nitrogen is being 
lost from soils surrounding AOD-affected oaks. With 
reduced nitrogen uptake, more nitrogen remains in 
forms susceptible to loss through processes such as 
leaching and denitrification. Interestingly, while pre-
vious research has not directly linked denitrification 
gene abundance to tree health (Scarlett et  al. 2021), 
possible greater seasonal water saturation around 
our symptomatic trees —evidenced by gleying and 
elevated iron concentrations—could create reducing 
conditions favourable for denitrification.

Thomas and Buttner (1998) also noted that 
reduced nitrogen uptake and increased nitrate output 
were associated with significant magnesium loss. In 
our study, symptomatic trees were similarly linked to 
lower soil Mg levels, with the greatest reduction in N 
observed in areas with the most significant Mg deple-
tion. This supports the idea that Mg leaching occurs 
preferentially, as cations are leached alongside anions 
like nitrate to maintain electrical neutrality in the soil 
solution (Barber 1995).
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Phosphorus cycling in forest ecosystems is typi-
cally characterized as a  "closed cycle",  where phos-
phorus pools within soil and biomass are substantially 
larger than the fluxes through atmospheric deposition, 
weathering, leaching, or harvesting (Ilg et al. 2009). 
Given this closed cycle, possible reductions in phos-
phorus input through reduced litterfall, due to tree 
decline, might be counterbalanced by reductions in 
phosphorus uptake, maintaining a degree of equilib-
rium. However, in our study, we observed that reduc-
tions in soil available phosphorus, particularly in the 
5–15 cm depth, were linked to symptomatic trees. 
This depth is likely influenced by above-ground litter 
inputs, and reductions in litterfall from declining trees 
might, in our case, have influenced available phos-
phorus levels.

Leaf litter manipulation experiments have shown 
varied effects on soil phosphorus concentrations. 
When compared to non-manipulated (control) lit-
ter inputs, litter addition has been shown to increase 
soil available P in the A horizon (Huang and Spohn 
2015). This finding is consistent with increased P 
input as litter and subsequent microbial P minerliza-
tion. In contrast, litter exclusion also increased avail-
able P in the A horizon relative to the control (Huang 
and Spohn 2015) which was attributed to a rise in fine 
root growth in this horizon in the absence of surface 
litter and rhizosphere-enhanced P mineralization aci-
tivty. This indicates that while litter contributes to P 
cycling, roots play a crucial role in regulating phos-
phorus redistribution and availability in soil. Avila 
et al. (2016) reported significant reductions in avail-
able phosphorus in soils affected by Phytophthora 
cinnamomi-induced Q. suber dieback. They attrib-
uted these reductions to decreased root activity in 
phosphorus mineralization and solubilization, due 
to reduced phosphatase production and organic acid 
exudation. Our findings align with this observation, 
suggesting that symptomatic trees with AOD may 
exhibit reduced root activity, impairing their ability to 
mobilize and solubilize phosphorus from unavailable 
sources.

Additionally, our supplementary analyses (Sup-
plementary Fig. S3) indicated that not only available 
phosphorus but also total phosphorus concentrations 
were reduced in soils associated with AOD-symp-
tomatic trees. This could suggest that symptomatic 
trees are affecting both the proportion of available 
phosphorus and the total phosphorus pool in the soil. 

Trees experiencing health declines might tighten 
internal nutrient cycling, redistributing nutrients from 
senescing leaves to stem tissues during dormancy. 
This internal cycling is a known strategy in temperate 
deciduous species to conserve nutrients when faced 
with deficiencies (Achat et al. 2018), regulated by soil 
nutrient availability (Netzer et  al. 2017; Achat et  al. 
2018). Thus, symptomatic trees may exhibit reduced 
litterfall quality, which could further affect soil phos-
phorus availability.

Finally, the evidence (gleying, elevated available 
iron) that AOD symptomatic trees may experience 
more intense seasonal waterlogging might also be 
relevant to interpretations since phosphorus avail-
ability is influenced by interactions with iron (Burgin 
et al. 2011). During waterlogging, Fe is reduced from 
Fe(III) to Fe(II), temporarily releasing phosphorus 
bound to secondary minerals, such as iron (hydr-)
oxides. A greater solubility of P under reducing con-
ditions could lead to loss of P via leaching. However, 
when the soil dries and oxygen returns, Fe(II) reoxi-
dizes to Fe(III), re-forming reactive iron (hydr-)oxides 
that immobilize phosphorus, reducing its extraction 
by the Olsen P method used. Fluctuating redox condi-
tions for AOD symptomatic trees could thus contrib-
ute to depleted total and available P pools via effects 
on P-Fe interactions (Miller et al. 2001) which might 
impact tree P uptake (Thomas and Buttner 1998).

Synthesis of cause and effect

The preceding discussion argues how water excess 
and wet-dry extremes, elevated iron, and reduced con-
centrations of other essential nutrients could poten-
tially stress trees (Potential role as stressors in the 
AOD decline spiral section). While water and nutrient 
factors have been linked to oak decline in past stud-
ies, their specific role in AOD at a local scale has not 
been clearly established. The predisposing, inciting, 
and contributing factors of forest decline are concep-
tualized as operating in a specific sequence (Fig. 6a), 
with predisposing factors relating to soil and inherent 
environmental factors acting early in the decline pro-
cess (Manion and Lachance 1992). It is conceivable 
that the observed variations in soil properties at the 
tree scale reflect inherent local heterogeneity, which 
interacts with inciting factors to influence tree suscep-
tibility to pathogens.
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Fundamentally, spatial variations in soil properties 
arise from the interplay of parent material, climate, 
topography, and biotic factors, assuming a constant 
time for soil formation (Jenny 1941). Within a wood-
land site, individual trees experience similar broad 
climatic conditions, but local differences in soil prop-
erties might reflect variations in soil parent material, 
micro-topography or biological context. There was no 
evidence to suggest that differences in microtopog-
raphy played a significant role in local variations at 
the tree scale, as indicated by the lack of difference 
in Topographic Wetness Index. Although soils for 
AOD-affected trees had lower silt content (indicating 
potential variation in surficial parent materials), these 

variations were small compared to the larger textural 
differences observed between sites. However, in our 
sample, symptomatic trees were located in areas with 
a lower basal area within a 20 m radius. This means 
that these trees were surrounded by fewer or smaller 
neighbouring trees, compared to the asymptomatic 
ones. While the reasons for this difference in context 
remain unknown, it implies that AOD-affected trees 
may currently experience less competition from other 
trees, although increased competition from ground 
vegetation is possible (Henneron et al. 2017).

Despite this, the lower basal area could explain the 
water balance indicators identified earlier, as clus-
ters of trees with reduced stem density might col-
lectively be less effective at removing water from the 
root zone via transpiration (del Campo et  al. 2022). 
Such altered water dynamics, especially when water 
tables are high on a seasonal basis, could exacerbate 
susceptibility to water-related stresses. The context of 
trees with respect to lower basal area with effects on 
shallower soil depth to seasonal waterlogging could 
therefore represent a locally-acting predisposition 
factor for AOD. This conclusion is put forward as it 
is difficult to envisage a scheme whereby the reverse 
explanation—that the lower basal area is a result of 
AOD – could be plausible. The possibility that our 
method of tree selection inadvertently focused on 
AOD-affected trees with lower basal area cannot be 
entirely ruled out, but it seems unlikely. Further test-
ing at other sites would be necessary to determine if 
lower basal area around symptomatic trees consist-
ently correlates with AOD.

In addition to exploring cause-and-effect relation-
ships for tree context factors, such as basal area, the 
evidence regarding whether the recorded soil varia-
tions are predisposing factors or consequences of tree 
health needs further evaluation. The temporal aspect 
of tree decline makes it challenging, as measure-
ments taken at a single time point attempt to recon-
struct past events and understanding soil variability 
prior to tree establishment is not possible (Aponte 
et al. 2013). The spatial distribution of trees has been 
shown to drive spatial heterogeneity of soil resources 
by varying litter fall inputs (Andivia et al. 2015). As 
discussed (Potential role as indicators of health sta-
tus section), soil chemical signatures beneath trees 
with AOD symptoms may be explainable by tree 
responses to the disease such as reduced photosyn-
thesis, impaired nutrient and water uptake, creating a 

Fig. 6   A Conceptual model illustrating the decline disease 
spiral model for acute oak decline, highlighting the interac-
tions between predisposing, inciting, and contributing factors. 
Predisposing factors represent chronic, long-term influences 
that weaken a tree’s resilience and create a vulnerable base-
line. The wedge illustrates how these factors operate across 
both broad (e.g., climate) and more localized (e.g., individual 
tree characteristics) spatial scales. This study identifies indi-
vidual tree context interacting with soil type (highlighted in 
bold)  as a potentially significant predisposing factor. Incit-
ing factors are short-term stressors, such as extreme weather 
events (e.g., drought) or insect defoliation, which may trigger 
visible symptoms of decline in trees already weakened by pre-
disposing factors. Contributing factors are secondary agents or 
conditions, such as pathogens (here, AOD-associated bacte-
ria) and pests (here, possibly Agrilus biguttatus), that exploit 
weakened trees and accelerate decline, potentially leading to 
mortality. The negative feedback hypothesized in this study 
between the oak health axis (arrow) and soil fertility/health is 
depicted in brown, further detailed in (B). B Expanded view 
of the hypothesized feedback mechanisms between oak health 
and soil fertility and health in the context of AOD. Oak decline 
is conceptualized as a function of interactions between predis-
posing (P), inciting (I), and contributing factors (C). For AOD, 
bacterial infection and xylem disruption [1] impair water trans-
port [2], reducing stomatal conductance and photosynthesis 
[3]—similar to drought stress. Reduced water uptake leads 
to locally high soil moisture during periods of elevated water 
tables (e.g., in spring), leading to a shallower depth to seasonal 
waterlogging [4] from a perched water table (surface water 
gley), exposing a larger portion of the root system to anoxic, 
iron-reducing conditions [5], which can reduce phosphorus (P) 
availability through Fe–P redox reactions [8]. Reduced carbon 
allocation to root systems [6] further diminishes root function, 
limiting water and nutrient uptake [7] and increasing nutri-
ent losses through leaching and gaseous emissions [9]. Lower 
carbon inputs to soil via reduced rhizodeposition decrease soil 
organic matter [10] and soil health. These overall changes in 
soil fertility and health [11] create a reinforcing negative feed-
back loop that exacerbates oak health decline. The decline dis-
ease spiral in (A) is adapted from Denman et  al. (2022) with 
permission from Elsevier

◂
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feedback to their own soil environment. If this feed-
back exists, our evidence suggests that it is a nega-
tive loop (Fig.  6b), where the decline in tree health 
worsens the surrounding soil health through reduced 
SOM, nutrient loss, waterlogging, and increased Fe 
levels, potentially leading to toxicity. These soil con-
ditions then exacerbate tree decline, setting up a self-
reinforcing cycle of deterioration.

Conclusions

This study provides novel insights into the relation-
ship between Acute Oak Decline symptoms (bleed-
ing cankers) and tree-scale environmental factors, 
including tree context, soil water dynamics and nutri-
ent properties, highlighting the role of local environ-
mental conditions in tree susceptibility. Our findings 
indicate that symptomatic trees are associated with 
lower basal area (within 20 m radius) and distinct soil 
characteristics, including shallower depth to gleying 
and altered nutrient availability, in particular, elevated 
concentrations of exchangeable iron. These local-
ized factors may influence individual tree responses 
to AOD, potentially interacting with broader regional 
drivers such as seasonal waterlogging and climatic 
conditions. Differentiating between large-scale envi-
ronmental factors and localized tree-specific condi-
tions is therefore critical in understanding individ-
ual tree responses. Uncertainty remains regarding 
whether the observed soil factors act as predisposing 
conditions or arise as consequences of tree decline, 
however, we suggest that AOD may involve a feed-
back loop in which declining tree health exacerbates 
unfavourable soil conditions, reinforcing susceptibil-
ity. Expanding the decline disease spiral model to 
incorporate these plant-soil feedback mechanisms 
(Fig.  6) provides a new conceptual framework for 
understanding AOD progression.

Fully testing the framework requires further 
research to disentangle feedbacks and cause-effect 
relationships through long-term monitoring, experi-
mental studies, and mechanistic modelling. A key 
knowledge gap concerns how changes in tree health 
enable bacterial pathogens to proliferate and cause 
bleeding cankers. Addressing this will be crucial 
for developing effective management strategies. 
Ultimately, woodland management in the context 
of AOD must be guided by a clearer mechanistic 

understanding. However, adaptive strategies such as 
promoting natural regeneration to select for climate-
resilient phenotypes (Cavers and Cottrell 2014; Ennos 
2014), addressing local soil nutrient imbalances, 
and mitigating seasonal water extremes may help 
build resilience in oak woodlands and reduce AOD 
impacts.
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