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Novel pests and diseases are becoming increasingly common,
and often cause additional mortality to host species in the
newly contacted communities. This can alter the structure of
the community up to, and including, the extinction of host
species. In the last 20 years, ash dieback (ADB) disease has
spread into Europe from East Asia. It has caused substantial
mortality in ash tree (Fraxinus excelsior L.) populations.
However, a proportion of the individuals in most populations
appear to be less susceptible to ADB and resistance seems
to have high heritability. These observations have led to
suggestions that ash populations may be sustainable after the
disease. In order to test this hypothesis, I modified an existing
model of UK woodland (parametrized for Wytham Woods,
Oxfordshire) to take into account the impact of ADB and
allowed offspring to inherit resistance traits from their parent.
The results suggest that ash populations would still exist in 100
years, but at lower levels than they are currently. For example,
when the initial proportion of resistant individuals is about
10% and heritability of resistance is 0.5, then the population of
ash falls to about one-third of present levels. The proportion
of individuals initially resistant to ADB had a larger effect on
population size after 100 years than the heritability of
resistance. The fact that the initial size of the resistant
population is important to achieve a high population size in
the presence of ADB suggests that a selective breeding
programme with the intention of augmenting the natural ash
populations would be beneficial.
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1. Introduction

Anthropogenically induced environmental changes (e.g. climate change, accessible long-distance transport,
trade in living organisms and natural products) are increasing the frequency of introduced and native pests
and pathogens [1-3]. This increase in pests and diseases is having a major impact on native species, causing
additional mortality and/or reduced vitality [4]. It seems likely that long-lived, slow-reproducing species
will be particularly susceptible to novel pathogens. Forest trees, for example, have been shown to be at
an increasing risk from pests and pathogens that are changing their distributions as a result of both
climate change and of being introduced to new areas via trade and transport [2,5-8]. The additional
mortality and morbidity that results from these novel pests and pathogens can have substantial impacts
on forest structure [7,8]. In 2015, ca 100 million hectares (about 3%) of forest globally were estimated to
have been affected by pests and diseases [9].

Although for many novel pests and diseases, an impacted host population might be expected to have high
susceptibility with few evolved mechanisms of resistance, not all outbreaks result in the deaths of all
individuals in the population. Plants have immune mechanisms that allow them to defend themselves
against pathogens; for a recent review, see [10]. Some individuals may also have traits which allow them to
resist, or escape, a particular disease; for example, early leaf senescence in the autumn seems to be
associated with reduced susceptibility to ash dieback (ADB) disease [11]. Similarly, resistance to Dutch elm
disease seems to be associated with early bud burst in the spring [12]. A critical question in such a situation
is whether there are sufficient numbers of resistant individuals, and a sufficiently high probability of
offspring inheriting traits that confer resistance, to allow population persistence in the medium and long term.

ADB is caused by a fungus (Hymenoscyphus fraxineus, Baral et al., 2014) which is native to East Asia
and has colonized Europe in the last 20 years [13,14]. Within Europe, it was first reported from Poland in
the early 1990s and has since spread across the continent [15]. ADB has been shown to cause significant
mortality of ash trees (Fraxinus excelsior L.). A recent meta-analysis of the literature suggests that about
60% of ash trees in natural woodlands will die as a result of ADB, with a higher figure in plantations
[16]. The existence of a sub-set of the individuals in the population which is apparently resistant, or at
least less susceptible, to ADB raises the possibility that some ash trees might survive the disease. In
addition, several studies have shown that resistance to ADB appears to be heritable [17-26]. This is
potentially a route by which a reasonably high ash tree population could be sustained after this new
threat, with dead susceptible trees being replaced by resistant individuals [21].

Forest ecosystems take many years to respond to disturbances. While it is possible to use professional
opinion to intuit the likely outcome of a given change in the system, computational models allow a
structured approach to projecting possible future scenarios [27]. There are a number of well-
established, competing models that can be used to make projections for forests (e.g. FORMIND [28],
PICUS [29] and ED [30]); in this paper, I use SORTIE [31-38]. SORTIE is an individual-based,
conceptually simple model, in which trees compete only for light, and grow according to species-
specific functions influenced by their light environment. This version of the model has been
parametrized for a lowland woodland in the UK [39,40] and modified from the original to incorporate
size-based mortality so that small (and hence young) trees have a higher mortality rate than large
ones [41]. In addition to providing projections of the possible future state(s) of a system, a benefit of
modelling is that it forces the modeller to be explicit about the way in which phenomena are
represented in the model. This is desirable as it provides a mathematical rigour to what would
otherwise be informed conjecture. All models are necessarily simplifications of the system under
study, but they should aim to inform the way in which a particular problem is considered.

There has been a previous model of ADB, but the authors did not consider the possibility of
inheritance of resistance traits, and assumed that ADB would be a one-off mortality event lasting a
decade, after which mortality rates would return to pre-ADB levels [42]. The impact of ash mortality
on forest community structure was influenced by the different demographic strategies and initial
population sizes of the competing species in the forest [42]. Neither of the assumptions made by this
study seems reasonable now, given evidence of heritability of resistance and mortality continuing for
at least 19 years. By contrast, I assume that the disease becomes an established feature of the
ecosystem, and the focus is on whether heritable resistance to ADB can result in population
persistence. By incorporating the impacts of ADB on individual trees and allowing offspring to inherit
parental resistance traits, the impact of ADB on forest dynamics can be projected. I believe that this is
the first time that heritable resistance to a disease has been included in any forest-gap model. In this
respect, this model of ADB in ash populations provides some insight into what might be required to
understand the likely future invasions of novel pests into ecosystems.
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2. Material and methods
2.1. Modification of the forest model to include ADB

To describe the impact of the ADB on the forest, we must understand the way in which the disease affects
individual trees. For any disease, there is likely to be inter-individual variation in susceptibility to the
disease; in other words, some individuals in the population are susceptible, while others are less so.
Once an individual tree contracts a disease, its viability will be impaired—expressed here as an
impact on growth and a reduction in crown area—and it will have an increased chance of mortality.

Heritability of resistance is important; if offspring are highly likely to inherit their parents” ability to
withstand the disease, then resistant phenotypes are likely to increase in frequency relatively rapidly. In
this paper, I have chosen to model susceptibility as a category, so trees can be resistant, completely
susceptible or have intermediate susceptibility. This is a simplification; in reality, resistance is likely to be a
continuous trait. Parent trees produce offspring that stochastically have similar susceptibility to themselves
or vary in susceptibility from themselves with a certain probability [43]. It is worth noting that, as far as I
am aware, there have been no studies of heritability of resistance. The studies that exist have focused on
the heritability of damage scores (which could be inferred to be inversely related to resistance).

2.2. Estimation of disease parameters

2.2.1. Proportion of the ash population which is susceptible to ADB

All studies to date agree that the number of trees in the population which are resistant to ADB is low. No
study seems to have found individuals which are completely immune to ADB. A study in Denmark
estimated that 1% of the parent trees in that population have the potential to give rise to offspring with
less than 10% crown damage [44], while another suggested that about 2.5% of their ash clones could be
regarded as resistant to ADB (i.e. with less than 10% crown damage [22]). In a trial conducted over 8
years, 91.5% of the initial 27 000 seedlings died, 7.8% were severely to slightly damaged and only 0.9%
appeared healthy at the end of the trial [23]. A recent review of the literature on mortality due to ADB
suggested that the best estimate was that in woodland situations mortality plateaued at 60%, while if
plantations were also included, the total mortality rose to 78% [16]. This estimate is likely to be sensitive
to the fact that few observations have been made on forests exposed to ADB for more than 15 years (the
maximum being 19 years). For modelling purposes, three scenarios were examined, in which there were
high, medium and low proportions of the population resistant to ADB (table 1).

2.2.2. Impact of ADB on growth and crown size

When an ash tree is suffering from ADB, it has reduced viability. This is most clearly illustrated by the fact that
infected ash trees grow more slowly than disease-free trees. Growth in SORTIE is modelled as radial growth in
the trunk of the tree—diameter at breast height (DBH) then controls the size of the rest of the tree via allometric
relationships. There are relatively few assessments of changes in radial growth due to ADB. A study of adult
trees reported that the radial growth of diseased trees was 35% of that of apparently disease-free trees [45].
Infected ash saplings had radial growth 61% of that of disease-free trees [18]; an earlier study on the same
trees found that radial growth was reduced by up to 26% [46]. In the model used here, radial growth was
depressed by 50% for highly susceptible trees and by 20% for intermediately susceptible trees.

There would be reductions in the amount of foliage on trees suffering from dieback, as is evident in
illustrations of diseased trees (see, for example, fig. 3 of [47] or fig. 2 of [21]). However, quantitative data
on this impact of the disease seem to be available only rarely. One study in Poland showed that crown
depth was reduced by about 15% and crown radius by 15-60% (estimated from fig. 2 of [48]). Due to this
uncertainty, relatively minor impacts were imposed in the model with crown radius reduced by 20% for
highly susceptible trees and by 5% for intermediately susceptible trees.

2.2.3. Impact of ADB on mortality

ADB clearly kills trees, with reports of stands being very severely reduced. There are reports of high
annual mortality rates for seedlings and saplings, but mortality seems to be less severe for older/
larger trees [19,21,23,49-51]. A Polish study reported 1-year mortality rates of 5.5% for 2-5-year-old
trees, 8.0% for 6-10-year-old, 14% of 11-20-year-old trees and 0% of trees older than 20 years [52].
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Table 1. Proportion of resistant and susceptible phenotypes in the population and the associated probabilities of a parent tree n
in any ADB susceptibility category producing offspring of each ADB susceptibility category.
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In Norway, annual mortalities of 25% for trees smaller than 50 mm DBH, 8.7% for trees with DBH 50—
110 mm and 2.3% for larger trees were reported [49]. Meanwhile, a French study found mortality rates
of 35% yr~! for trees with DBH less than 50 mm, 10-11% yr~"' for trees with DBH 50-250 mm and
3.2% yr~! for larger trees [50]. In a modelling exercise, rates of mortality of 3-50% a year were used
for the first 10 years of an outbreak with zero additional dieback mortality thereafter; these seem to
be low relative to the observations [42]. It is worth noting that these figures are total mortality and do
not distinguish between ADB-induced mortality and other causes, although the latter is typically very
small [41]. In this model, I increased mortality for susceptible and intermediately susceptible trees by
adding an ADB annual probability of death (Pspg), such that

a

Papp= ——*~
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where a is the total chance of death due to ADB, b is the slope of the curve, c is the point of inflection and ¢
is years since infection. For susceptible trees, 2 was given the value 1 (i.e. all susceptible individuals will
eventually die of ADB), b=0.25 and c =11 years [16]. For intermediately susceptible individuals, 2=0.9,
b=0.1 and c =22 as the disease was assumed to be less severe in such individuals. The time parameter (t)
was the age of the tree if the individual was the result of reproduction during the model run (i.e. it was
assumed to have been infected when it was a seedling) or the time since the start of the simulation for
trees that were part of the population that started the simulation (i.e. individuals were assumed to have
become infected as the simulation started).

The preceding sections have described the impact that ADB has on an ash tree; in the context of the
model, these will simultaneously reduce the competitive ability of the tree (crown size reduces), reduce
its growth rate (both radial and height) and increase its chances of mortality. This will mean that more
light will penetrate the canopy of infected trees increasing light availability to smaller trees in the
understorey, allowing them to have higher growth rates than they might otherwise have had.

2.2.4. Heritability of resistance

The possibility of resistance traits being heritable has received much attention. Broad sense heritability
estimates (i.e. the proportion of the phenotypic variation that is due to genetic effects, plus maternal



effects, etc.) have been reported as ranging from 0.1 to 0.65 [22,24-26]. Narrow sense heritability (i.e. the [ 5 |
proportion of the phenotypic variation that is due to additive genetic variance, h?) estimates have been
reported in the range 0.37-0.53 [19,23,44]. See table 1 [53] for a summary of the information to date. For
this paper, I have assumed that #*=0.5. A high heritability does suggest that offspring are likely to
inherit resistance status. It is worth noting that all estimates of heritability have come from managed
plantations and so may be relatively high compared to that which might be found in a woodland
with less management [54].

2.2.5. Estimating offspring characteristics from parental characteristics

For modelling purposes, it is desirable to determine the disease resistance characteristics of offspring
produced by parents in different disease resistance categories. We can approach this via the response
to selection (R) (i.e. the deviation of offspring phenotypes from the population mean) in the offspring
generation, which is given by
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where S is the selection differential (i.e. the deviation of the mean phenotypic value of the parents from
the population mean) [55]. In a field population of trees, all offspring will be the result of open pollination
and so the probability of an offspring inheriting its mother’s phenotype will be reduced from that which
would be expected if there were assortative mating;:

1
R =217
> S,

where S; is the selection differential of mother trees [55]. We can make use of the fact that
S¢ = ity

where i is the intensity of selection on females (estimated from the proportion of the population that is
breeding) and oy is the population phenotypic standard deviation [55]. If 1% of ash trees are resistant to
ADB, then i¢=2.665 [55]. The standard deviation is 28.7-32.5, as the variance of percentage damage
scores is reported as 826-1056 [22]. For modelling purposes, high values are associated with resistant
individuals and low values with susceptible ones. This is the reverse of the usual presentation and
employed here because what is of interest is resistance to disease, which would presumably be
inversely correlated with damage score. Therefore, for resistant trees S¢=79.95 (if we take the mid-
point of standard deviation range to be 30), and R=19.99. For the 10% most resistant trees, using the
same logic, S¢=53.25 and R=13.31. Therefore, for the intermediate susceptibility trees (which are
those between 10 and 1% most resistant), R=12.57. For the most susceptible 90%, S¢=-5.91, and
R =-1.48. This suggests that the mid-point of the offspring of resistant trees would be 19.99 above the
population mean, while that of intermediately susceptible individuals would be 12.57 above, and
susceptible trees 1.48 below the mean. The mean of the percentage damage score in [22] ranges from
24 to 56. If we take the overall mean to be 40, then this suggests mid-points of 60 for the offspring of
resistant trees, 52.6 for offspring of intermediately susceptible trees and 38.5 for those of susceptible
trees. If phenotypes follow a normal distribution, and the mean and variance are the same as those in
[22], then the most resistant 1% of trees will be those greater than 2.326 s.d. from the mean,
susceptible trees will be less than 1.341 s.d. below the mean, and intermediately susceptible trees will
be between these boundaries. Therefore, if the offspring of resistant trees have a mean (+s.d.) damage
score of 60 =30, then we should expect 5% of them to be resistant, while 20% will be intermediately
susceptible, and the remaining 75% susceptible (from the probability of a value exceeding one of
these thresholds if drawn from a normal distribution with the given mean and s.d.). Similarly, for an
intermediately susceptible parent, we should expect 3% resistant offspring, 15% intermediately
susceptible and 82% susceptible, while for a susceptible tree the figures would be 1% resistant, 7%
intermediately susceptible and 92% susceptible. The full set of transition probabilities used here are
shown in table 1.

2.3. Model simulations

I ran experimental scenarios which had high, medium and low proportions of ash trees resistant to ADB, all
of which assumed h* = 0.5. In addition, the high proportion of ADB-resistant ash scenario was repeated
using both #*=0.3 and 0.7. The parameters used for each scenario are shown in table 1. Each scenario



was run 10 times and the projected number of individual trees recorded in each simulated year for 97 years. [ 6 |
Models were initiated with tree sizes and densities calculated from the Wytham Woods ForestGEO plot [56].
Ash trees were allocated to the three resistance categories at random in the proportions required by the
scenario at the start of each simulation. The simulated plot size was 500 x 300 m and contained 16 986
trees at the start of each simulation. I also ran a baseline scenario in which all parameters and starting
conditions were identical, except for those relating to ADB. All individual ash trees in the baseline
scenario had the characteristics of resistant ash in the experimental models.

SORTIE has been parametrized for the eight commonest species at our study site (Wytham Woods,
Oxfordshire, UK): sycamore (Acer pseudoplatanus L.); European ash (Fraxinus excelsior L.); pedunculate
oak (Quercus robur L.); European beech (Fagus sylvatica L.), common hazel (Corylus avellana L.);
common hawthorn (Crataegus monogyna Jacq.), field maple (Acer campestre L.); and birch (Betula
L. spp.). The numbers of each of these species are recorded at the end of each simulated year for
every run. The parametrization and data are described here [39].

In this paper, which is based on the results of model simulations, the results of statistical tests have
not been reported. This is because they would essentially be meaningless. The size of a statistic and its
p-value depends on statistical power, which is determined by replication. As replication is under the
control of the experimenter, then it seems inappropriate to rely on it to inform conclusions. Instead,
I have relied on interpreting differences between scenarios [57].

*sosi/Jeunof/6106uiysgnd/aposjedos

3. Results

3.1. Impact on the ash population
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The number of ash trees in the modelled forest is shown in figure 1. As would be expected, the size of the
ash population drops rapidly as susceptible trees succumb to ADB. When there is a relatively large
proportion of the population resistant to ADB, the ash population is sustained at about a third of
what it was at the beginning of the simulation. However, this is small compared to what would be
expected in the absence of ADB, as the baseline simulation suggests that a large increase in ash trees
would have been expected. When the proportion of resistant individuals is low, the ash population as
a whole becomes extremely small—to the point where in some instances it is one of the rarest species
of the eight examined here. In the baseline scenarios, ash is by far the most abundant species in the forest.

The impact of heritability is similar to, but smaller than, the effect of the proportion of the population
resistant. When heritability of resistance is 0.3, the final number of ash trees is about 15% lower than
when heritability is 0.5 and 30% below in the scenario in which heritability is high (0.7). This
contrasts with their being 60% fewer in the final population when 5% of the initial population is ADB
resistant, compared to when there are 10% resistant individuals at the start, and 90% fewer when
there are 1% resistant individuals at the start.

3.2. Impact on the community structure of the forest

The mean number of individuals at the end of the simulation runs of all the species considered here are
shown in figure 2. The reduction in the number of ash trees is mitigated to some extent by an increase in
the number of sycamores, although counterintuitively the scenario with the greatest number of sycamore
is the one in which there is ADB, but the highest number of ash trees remain in the population. Both oak
and hazel have higher populations when ADB is impacting the ash population than under baseline
conditions. The size of the hazel population is notably more variable than those of other species and
is highest when the population of ash is lowest.

4. Discussion

The heritability of resistance to ADB has frequently been cited as a possible long-term solution to the
impact of the disease on European forests, with the prospect that naturally resistant individuals
would remain and their offspring gradually recolonize the forests [19-24,44,51]. This is coupled by
some authors with the suggestion of breeding-resistant lines of ash [15,17,20,23-25,58-61]. My results
suggest that natural resistance could lead to population persistence, but, unless the fraction of the
population of ash that is resistant to ADB is reasonably high, the overall ash population remains
extremely small. This is because, even when there is high heritability, offspring are not clones of their
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Figure 1. The mean number of ash trees per year. (a) heritability of ADB resistance 0.3, 10% ash trees resistant to ADB;
(b) heritability of ADB resistance 0.5, 10% ash trees resistant to ADB; (c) heritability of ADB resistance 0.7, 10% ash trees
resistant to ADB; (d) heritability of ADB resistance 0.5, 5% ash trees resistant to ADB; (e) heritability of ADB resistance 0.5, 1%
ash trees resistant to ADB (orange = resistant, grey = susceptible, blue = intermediately susceptible, black = total). (f) The
situation under baseline conditions. Solid lines represent the mean; dotted lines give 5 and 95% percentiles.

mothers. Ash are wind pollinated, and so resistant mother trees will receive pollen from a random
selection of the reproductive trees in the forest, despite the fact that it is likely that susceptible,
diseased individuals will produce less pollen (although the strength of this impact is not currently
known). Therefore, only a relatively low number of the offspring of resistant mothers are themselves
resistant. Therefore, ADB susceptible individuals are being produced even after most of the mortality
due to ADB has occurred, and a susceptible population of trees persists. This will contribute to the
continued persistence of the disease in the population.

One feature not considered in the model presented here is that the selection differential will change
throughout the period considered. This is partly because intense selection will reduce the genetic
variance in the offspring population [55] and also because as susceptible individuals die the proportion
of the pollen in the air that originated from resistant fathers will rise and so the probability of resistant
offspring being produced will increase. It is likely that both these effects will result in there being a
higher population of resistant ash than suggested here. However, the model considers a relatively short
period of time over which the number of ash generations is low. Ash grow at rates in the model that
mean they only reach the size at which they would be considered capable of reproduction after at least
15 years, and usually much more (which is consistent with age at first reproduction in nature [62]).
Therefore, a model run is a maximum of about six generations, but more usually two or three.

The total amount of ash pollen will also decrease as susceptible trees die. A reduction in ash pollen
was detected in Austria following ADB appearing [63]. Whether a reduction in the amount of ash pollen
in the air will affect the chances of viable ash producing seeds is unclear. The argument in the previous
paragraph suggests that although there might be less ash pollen available to pollinate female flowers, the
proportion which originates from resistant fathers is likely to increase. The overall impact of these two
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Figure 2. The mean number of individuals at the end of 97 simulated years of the eight tree species under the different scenarios.
Bars show the mean number of trees; error bars are 5 and 95% percentiles. Dark blue bars show baseline scenario with no ADB;
brown bars high proportion of ash resistant to ADB, h* = 0.5; grey medium proportion of ash resistant to ADB, h* = 0.5; yellow low
proportion of ash resistant to ADB, h* = 0.5; light blue bars high proportion of ash resistant to ADB, h* = 0.7; green bars high
proportion of ash resistant to ADB, h® = 0.7. Note vertical axis is broken at two points.

effects on the number of ash seedlings and the distribution of resistant and susceptible phenotypes in the
offspring generation is hard to predict. A recent paper demonstrated that the majority of offspring in a
patch were produced by reproduction within that patch, but that there was also a significant amount of
pollen reaching the patch that originated from outside the patch [62]. Therefore, it seems unlikely that ash
are pollen limited; even if many local trees are diseased, there should be sufficient pollen for fertilization
from trees further afield. The distribution of ADB in the environment from which pollen is drawn is likely
to be an important consideration as it would affect the relative abundances of the resistant and
susceptible pollen genotypes arriving at a female and the mixture of phenotypes among the seeds.
The overall conclusion from this study is that ADB will result in a substantial fall in the number of ash
in the forest, which is unsurprising. However, it is clear that the population of ash that persists depends
more on the proportion of the population that is resistant to ADB than whether resistance has a high
heritability. As has been suggested by other authors [15,17,20,23-25,58-61], it seems reasonable that
selective breeding could play a role in the conservation of ash forests. The establishment of a source of
resistant individuals that could be used to boost the numbers of naturally resistant trees in the
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population would help increase the chances of population sustainability. However, it is important to [ 9 |
recognize that the pathogen is a biological agent, and is itself subject to natural selection and will
evolve. It is at least conceivable that the fungus that causes ADB could evolve in response to the
population of ash becoming increasingly resistant. The current hypothesis is that, probably in part,
resistance (or at least the ability to escape the disease) is conferred by earlier spring leaf flushing and
earlier autumn leaf senescence [11,22]. It is possible that there could be other resistance mechanisms
and a genome-wide association study suggests that there are genetic associations with ADB damage,
some of which are known to be associated with pathogen responses in plants [64]. If the fungus does
develop a means to overcome current resistance mechanisms, then the future of the ash would be less
clear. The fungus is likely to evolve virulence mechanisms faster than the ash can evolve resistance
mechanisms, partly because the generation time of the ADB fungus will be much shorter than that of
the ash, which will inevitably provide it with a greater adaptive capacity [61].

While ADB is the most recent novel disease to affect the ash population, there are known to be other
threats. Selection pressure exerted by ADB will reduce the genetic variance of the population and may,
therefore, increase its vulnerability to other pests and diseases. It is not clear whether there are resistance
mechanisms that would allow ash to cope with a second novel pest or pathogen, such as the emerald ash
borer (Agrilus planipennis Fairmaire, 1888). If resistance to one pest or pathogen is independent of
resistance to another, then the effects of a series of invasions will be additive.

A secondary result of this paper is that there are projected impacts on the community structure of the
forest. The baseline conditions suggest that there should be a large increase in ash in the forest; this
obviously does not occur when ADB is present. The main beneficiary appears to be sycamore, which
is currently the second most dominant tree in this forest, which is consistent with a previous study
[42]. All scenarios with ADB present show an increase in the number of sycamores. Sycamore is
known to be susceptible to dry conditions [65]. The model used here did not include any climate
change effects, which in this part of the world is likely to result in an increase in the frequency of
droughts [66]. Consideration of the interaction between climate change and ADB may result in a
different response from sycamore than seen here.

Trees may be peculiarly vulnerable to the effects of new pests and diseases. They are large, long-lived
organisms with some, but relatively limited, capacity to combat diseases [10]. In 2015, about 100 million
hectares of forest globally were impacted by pests and diseases; this represents about 3% of the world’s
forest cover [9]. While ADB in European ash populations is simply one example, it represents a well-
studied test case of the effect of a novel disease in a wild population and the ability of that population
to sustain itself, the goods and services that come from it, and the wider ecosystem of which it is part.
The results presented here do suggest that a reasonably sized population of ash could be sustained
into the next century. But the rapid reduction in the numbers of an abundant species will have
implications for the dynamics of the forest, and the remaining population will be vulnerable to
additional assaults from future pests and diseases and/or the evolution of the current disease. In all
likelihood, a similar outcome would be seen if we were considering any of the other common species
in the forest, many of which are already facing similar challenges [67]. It seems reasonable in the face
of these challenges that steps be taken to develop programmes that will screen and select for
resistance traits to new pests and diseases in native species, with a view to ensuring that the resistant
population is as large as possible [68].

*sosi/Jeunof/6106uiysgnd/aposjedos

.” 8 0 606 L v 9 DS L 305 v H ,.

Data accessibility. The data used to parametrize this model have been published previously [39], it can also be found here
https://matthewrevans.co.uk/databases/. Code is available from the Dryad Digital Repository: https://doi.org/10.
5061/ dryad.5266bm8 [69].

Competing interests. I declare I have no competing interests.

Funding. There is no funding for this study.

Acknowledgements. The author would like to thank Aris Moustakas for his work on the UK version of SORTIE, and
Richard Buggs for early conversations about ADB and its impact on forests. Adeline Johns-Putra gave invaluable
advice that rendered the paper more comprehensible. Three referees gave helpful suggestions on earlier versions of
the MS.

References

1. Fisher MC, Henk DA, Briggs U, Brownstein JS, fungal threats to animal, plant and ecosystem 2. Brasier CM. 2008 The biosecurity threat to the
Madoff LC, McCraw SL, Gurr SJ. 2012 Emerging health. Nature 484, 186. (doi:10.1038/nature10947) UK and global environment from international


https://matthewrevans.co.uk/databases/
https://matthewrevans.co.uk/databases/
https://doi.org/10.5061/dryad.5266bm8
https://doi.org/10.5061/dryad.5266bm8
https://doi.org/10.5061/dryad.5266bm8
http://dx.doi.org/10.1038/nature10947

10.

n

12,

13.

4.

15.

16.

trade in plants. Plant Pathol. 57, 792-808.
(doiz10.1111/j.1365-3059.2008.01886.X)

Quine C et al. 2011 Woodlands. The UK national
ecosystem assessment technical report UK
national ecosystem assessment. Cambridge, UK:
UNEP-WCMC.

Dobson A. 2009 Climate variability, global
change, immunity, and the dynamics of
infectious diseases. Ecology 90, 920-927.
(doi:10.1890/08-0736.1)

Logan J, Powell J. 2001 Ghost forests, global
warming, and the mountain pine beetle
(Coleoptera: Scolytidae). Am. Entomol. 47,
160-173. (doi:10.1093/ae/47.3.160)

Sturrock RN, Frankel SJ, Brown AV, Hennon PE,
Kliejunas JT, Lewis KJ, Worrall JJ, Woods AJ.
2011 Climate change and forest diseases. Plant
Pathol. 60, 133-149. (doi:10.1111/j.1365-3059.
2010.02406.x)

Dukes JS et al. 2009 Responses of insect pests,
pathogens, and invasive plant species to climate
change in the forests of northeastern North
America: What can we predict? Can. J. For. Res.
39, 231-248. (doi:10.1139/X08-171)

Capretti P, Thomsen IM, Kasanen R, Hietala AM,
Von Weissenberg K. 2008 Forest pathogens
with higher damage potential due to dimate
change in Europe. Can. J. Plant. Pathol. 30,
177-195. (doi:10.1080/07060661.2008.
10540534)

van Lierop P, Lindquist E, Sathyapala S,
Franceshini G. 2015 Global forest area
disturbance from fire, insect pests, diseases and
severe weather events. For. Ecol. Manag. 352,
78-88. (doi:10.1016/j.foreco.2015.06.010)
Jones JDG, Dangl JL. 2006 The plant immune
system. Nature 444, 323. (doi:10.1038/
nature05286)

Nielsen LR, McKinney LV, Kjer ED. 2017 Host
phenological stage potentially affects dieback
severity after Hymenoscyphus fraxineus infection
in fraxinus excelsior seedlings. Balt. For. 23,
229-232.

Ghelardini L. 2007 Bud burst phenology,
dormancy release & susceptibility to Dutch

Elm disease in elms (ulmus spp.). Uppsala,
Sweden: Swedish University of Agricultural
Sciences.

Gross A, Holdenrieder 0, Pautasso M, Queloz V,
Sieber TN. 2014 Hymenoscyphus pseudoalbidus,
the causal agent of European ash dieback.
Mol. Plant Pathol. 15, 5-21. (doi: 10.1111/
mpp.12073)

Baral HO, Queloz V, Hosoya T. 2014
Hymenoscyphus fraxineus, the correct scientific
name for the fungus causing ash dieback in
Europe. IMA Fungus 5, 79-80. (doi:10.5598/
imafungus.2014.05.01.09)

Pautasso M, Aas G, Queloz V, Holdenrieder 0.
2013 European ash (Fraxinus excelsior)
dieback—a conservation biology challenge.
Biol. Conserv. 158, 37-49. (doi:10.1016/j.
biocon.2012.08.026)

Coker TLR, Rozypalek J, Edwards A, Harwood TP,
Butfoy L, Buggs RJA. 2019 Estimating mortality
rates of European ash (Fraxinus excelsior) under
the ash dieback (Hymenoscyphus fraxinus)
epidemic. Plants People Planet 1, 48-58.
(doi:10.1002/ppp3.11)

20.

21,

22.

23.

24,

25.

26.

27.

28.

2.

30.

Enderle R, Busskamp J, Metzler B. 2017 Growth
Performance of dense natural regeneration of
fraxinus excelsior under attack of the ash
dieback agent Hymenoscyphus fraxineus. Balt.
for. 23, 218-228.

Enderle R, Peters F, Nakou A, Metzler B. 2013
Temporal development of ash dieback
symptoms and spatial distribution of collar rots
in a provenance trial of Fraxinus excelsior.
Eur. J. For. Res. 132, 865—876. (doi:10.1007/
$10342-013-0717-y)

Lobo A, Hansen JK, McKinney LV, Nielsen LR,
Kjeer ED. 2014 Genetic variation in dieback
resistance: growth and survival of Fraxinus
excelsior under the influence of Hymenoscyphus
pseudoalbidus. Scand J. Forest Res.

29, 519-526. (doi:10.1080/02827581.
2014.950603)

Lobo A, McKinney LV, Hansen JK, Kjar ED,
Nielsen LR. 2015 Genetic variation in dieback
resistance in Fraxinus excelsior confirmed by
progeny inoculation assay. For. Pathol. 45,
379-387. (doi:10.1111/efp.12179)

McKinney LV, Nielsen LR, Collinge DB, Tomsen
IM, Hansen JK, Kjeer ED. 2014 The ash dieback
crisis: genetic variation in resistance can prove a
long-term solution. Plant Pathol. 63, 485-499.
(doi:10.1111/ppa.12196)

McKinney LV, Nielsen LR, Hansen JK, Kjeer ED.
2011 Presence of natural genetic resistance in
Fraxinus excelsior (Oleraceae) to Chalara fraxinea
(Ascomycota): an emerging infectious disease.
Heredity 106, 788-797. (doi:10.1038/hdy.
2010.119)

Pliura A, Lygis V, Suchockas V, Bartkevicius E.
2011 Performance of twenty four European
Fraxinus excelsior populations in three
Lithuanian progeny trials with a special
emphasis on resistance to Chalara Fraxinea.
Balt. For. 17, 17-34.

Pliura A, Marciulyniene D, Bakys R, Suchockas V.
2014 Dynamics of genetic resistance

to Hymenoscyphus pseudoalbidus in

Juvenile Fraxinus excelsior clones. Balt. for.
20, 10--27.

Stener LG. 2018 Genetic evaluation of damage
caused by ash dieback with emphasis on
selection stability over time. for. Ecol.

Manag. 409, 584-592. (doi:10.1016/.foreco.
2017.11.049)

Stener LG. 2012 Clonal differences in
susceptibility to the dieback of Fraxinus
excelsior in southern Sweden. Scand J. For. Res.
28, 205-216. (doi:10.1080/02827581.2012.
735699)

Evans MR et al. 2013 Predictive systems ecology.
Proc. R. Soc. B 280, 20131452, (doi:10/1098/
1sph.2013.1452)

Kohler P, Huth A. 1998 The effects of tree
species grouping in tropical rain forest
modelling. Ecol. Modell. 109, 301-321.

Lexer MJ, Honninger K. 2001 A modified 3D-
patch model for spatially explicit simulation of
vegetation composition in heterogeneous
landscapes. Forest Ecol. Manage. 144, 43-65.
(doi:10.1016/50378-1127(00)00386-8)

Moorcroft PR, Hurtt GC, Pacala SW. 2001 A
method for scaling vegetation dynamics: the
ecosystem demography model (ED). Ecol.

31

32,

33

34.

35.

36.

37.

38.

39.

40.

4.

4.

3.

4,

Monogr. 71, 557-586. (doi:10.1890/0012-
9615(2001)071[0557:amfsvd]2.0.co;2)

Pacala SW, Canham (D, Saponara J, Silander JA,
Kobe RK, Ribbens E. 1996 Forest models defined
by field measurements: estimation, error
analysis and dynamics. Ecol. Monogr. 66, 1-43.
(doi:10.2307/2963479)

Purves D, Pacala S. 2008 Predictive models of
forest dynamics. Science 320, 1452-1453.
(doi:10.1126/science.1155359)

Strigul N, Pristinski D, Purves D, Dushoff J,
Pacala S. 2008 Scaling from trees to forests:
tractable macroscopic equations for forest
dynamics. Ecol. Monogr. 78, 523-545. (doi:10.
1890/08-0082.1)

Purves DW, Lichstein JW, Strigul N, Pacala SW.
2008 Predicting and understanding forest
dynamics using a simple tractable model. Proc.
Natl Acad. Sci. USA. 105, 17 018—17 022.
(doiz10.1073/pnas.0807754105)

Coomes DA, Kunstler G, Canham (D, Wright E.
2009 A greater range of shade-tolerance niches
in nutrient-rich forests: an explanation for
positive richness—productivity relationships?

J. Ecol 97, 705-717. (doi:10.1111/].1365-2745.
2009.01507.x)

Forsyth DM et al. 2015 Century-scale effects of
invasive deer and rodents on the dynamics of
forests growing on soild of contrasting fertility.
Ecol. Monogr. 85, 157-180. (doi:10.1890/14-
0389.1)

Kunstler G, Allen RB, Coomes DA, Canham (D,
Wright EF. 2011 SORTIE/NZ Model Development:
Landcare Research New Zealand Ltd.

Kunstler G, Coomes DA, Canham CD. 2009 Size-
dependence of growth and mortality influence
the shade tolerance of trees in a lowland
temperate rain forest. J. Ecol. 97, 685—-695.
(doi:10.1111/j.1365-2745.2009.01482.x)

Evans MR, Moustakas A, Carey G, Malhi Y, Butt
N, Benham S, Pallett D, Schafer S. 2015
Allometry and growth of eight tree taxa in
United Kingdom woodlands. Sci. Data 2,
150006. (doi:10.1038/sdata.2015.6)

Evans MR, Moustakas A. 2016 A comparison
between data requirements and availability for
calibrating predicitve ecological models for
lowland UK woodlands: learning new tricks
from old trees. Ecol. Evol. 6, 4812—4822.
(doi:10.1002/ec3.2217)

Moustakas A, Evans MR. 2015 Effects of growth
rate, size, and light availability on tree survival
across life stages: a demographic analysis
accounting for missing values and small sample
sizes. BMC Ecol. 15, 6. (doi:10.1186/512898-
015-0038-8)

Needham J, Merow C, Butt N, Malhi Y,
Marthews TR, Morecroft M, McMahon SM. 2016
Forest community response to invasive
pathogens: the case of ash dieback in a British
woodland. J. Ecol. 104, 315-330. (d0i:10.1111/
1365-2745.12545)

Moustakas A, Evans MR. 2013 Integrating
evolution into ecological modelling:
accommodating phenotypic changes in agent
based models. PLoS ONE 8, e71125. (doi:10.
1371/journal.pone.0071125)

Kjer ED, McKinney LV, Nielsen LR, Hansen LN,
Hansen JK. 2012 Adaptive potential of ash

*sosi/Jeunof/6106uiysgnd/aposjedos

.” 8 0 606 L v 9 /)g L 305 v H ,.


http://dx.doi.org/10.1111/j.1365-3059.2008.01886.x
http://dx.doi.org/10.1890/08-0736.1
http://dx.doi.org/10.1093/ae/47.3.160
http://dx.doi.org/10.1111/j.1365-3059.2010.02406.x
http://dx.doi.org/10.1111/j.1365-3059.2010.02406.x
http://dx.doi.org/10.1139/X08-171
http://dx.doi.org/10.1080/07060661.2008.10540534
http://dx.doi.org/10.1080/07060661.2008.10540534
http://dx.doi.org/10.1016/j.foreco.2015.06.010
http://dx.doi.org/10.1038/nature05286
http://dx.doi.org/10.1038/nature05286
http://dx.doi.org/10.1111/mpp.12073
http://dx.doi.org/10.1111/mpp.12073
http://dx.doi.org/10.5598/imafungus.2014.05.01.09
http://dx.doi.org/10.5598/imafungus.2014.05.01.09
http://dx.doi.org/10.1016/j.biocon.2012.08.026
http://dx.doi.org/10.1016/j.biocon.2012.08.026
http://dx.doi.org/10.1002/ppp3.11
http://dx.doi.org/10.1007/s10342-013-0717-y
http://dx.doi.org/10.1007/s10342-013-0717-y
http://dx.doi.org/10.1080/02827581.2014.950603
http://dx.doi.org/10.1080/02827581.2014.950603
http://dx.doi.org/10.1111/efp.12179
http://dx.doi.org/10.1111/ppa.12196
http://dx.doi.org/10.1038/hdy.2010.119
http://dx.doi.org/10.1038/hdy.2010.119
http://dx.doi.org/10.1016/j.foreco.2017.11.049
http://dx.doi.org/10.1016/j.foreco.2017.11.049
http://dx.doi.org/10.1080/02827581.2012.735699
http://dx.doi.org/10.1080/02827581.2012.735699
http://dx.doi.org/10/1098/rspb.2013.1452
http://dx.doi.org/10/1098/rspb.2013.1452
http://dx.doi.org/10.1016/S0378-1127(00)00386-8
http://dx.doi.org/10.1890/0012-9615(2001)071[0557:amfsvd]2.0.co;2
http://dx.doi.org/10.1890/0012-9615(2001)071[0557:amfsvd]2.0.co;2
http://dx.doi.org/10.2307/2963479
http://dx.doi.org/10.1126/science.1155359
http://dx.doi.org/10.1890/08-0082.1
http://dx.doi.org/10.1890/08-0082.1
http://dx.doi.org/10.1073/pnas.0807754105
http://dx.doi.org/10.1111/j.1365-2745.2009.01507.x
http://dx.doi.org/10.1111/j.1365-2745.2009.01507.x
http://dx.doi.org/10.1890/14-0389.1
http://dx.doi.org/10.1890/14-0389.1
http://dx.doi.org/10.1111/j.1365-2745.2009.01482.x
http://dx.doi.org/10.1038/sdata.2015.6
http://dx.doi.org/10.1002/ec3.2217
http://dx.doi.org/10.1186/s12898-015-0038-8
http://dx.doi.org/10.1186/s12898-015-0038-8
http://dx.doi.org/10.1111/1365-2745.12545
http://dx.doi.org/10.1111/1365-2745.12545
http://dx.doi.org/10.1371/journal.pone.0071125
http://dx.doi.org/10.1371/journal.pone.0071125

45.

46.

47.

4.

49.

50.

51

(Fraxinus excelsior) populations against the
novel emerging pathogen Hymenoscyphus
pseudoalbidus. Evol. Appl. 5, 219-228. (doi:10.
1111/j.1752-4571.2011.00222.x)

Vacek S, Vacek Z, Bulusek D, Putalova T, Sargindi
M, Schwarz 0, Srutka P, Podrazsky V, Moser WK.
2015 European ash (Fraxinus excelsior L.)
dieback: disintegrating forest in the mountain
protected areas, Czech Republic. Austrian J. For.
Sd. 132, 203-223.

Metzler B, Enderle R, Karopka M, Topfner K,
Aldinger E. 2012 Development of Ash dieback in
a provenance trial on different sites in southern
Germany. Allg. Forst Jagdtg. 183, 168—180.
Kirisits T, Freinschlag C. 2012 Ash dieback
caused by Hymenoscyphus pseudoalbidus in a
seed plantation of Fraxinus excelsior in Austria.
J. Agric. Ext. Rural. Dev. 4, 184-191. (doi:10.
5897/JAERD12.046)

Gil W, Kowalski T, Kraj W, Zachara T,
tukaszewicz J, Paluch R, Nowakowska JA,
Oszako Tm. 2017 Ash dieback in Poland—
history of the phenomenon and possibilities of
its limitation. In Dieback of European ash
(Fraxinus spp)—consequences and quidelines
for sustainable management Uppsala (eds R
Vasaitis, R Enderle), pp. 176—184. Sweden:
Swedish University of Agricultural Sciences.
Timmermann V, Nagy NE, Hietala AM, Borja |,
Solheim H. 2017 Progression of ash dieback in
Norway related to tree age, disease history and
regional aspects. Balt. for. 23, 150-158.
Marcais B, Husson C, Cael O, Dowkiw A,
Saintonge FX, Delahaye L, Collet C, Chandelier
A. 2017 Estimation of Ash Mortality Induced by
Hymenoscyphus fraxineus in France and
Belgium. Balt. For. 23, 159-167.

Pliura A, Lygis V, Marciulyniene D, Suchockas V,
Bakys R. 2016 Genetic variation of Fraxinus
excelsior half-sib families in response to ash
dieback disease following simulated spring frost
and summer drought treatments. /forest-

52.

53.

54.

55.

56.

57.

58.

59.

60.

Biogeosci. For. 9, 12-22. (doi:10.3832/
ifor1514-008)

Kowalski T, Lukomska A. 2005 Badania nad
zamieraniem jesionu (Fraxinus excelsior L.) w
drzewostanach Nadlesnictwa Woszczowa. Acta
Agrobot. 58, 429-440. (doi:10.5586/aa.2005.
068)

Enderle R, Stenlid J, Vasaitis R. 2019 An
overview of ash (Fraxinus spp.) and the ash
dieback disease in Europe. CAB Rev. 14, 1-12.
(doi:10.1079/PAVSNNR201914025)

Wohlmuth A, Essl F, Heinze B. 2018 Genetic
analysis of inherited reduced susceptibility of
Fraxinus excelsior L. seedlings in Austria to ash
dieback. Forestry 91, 514-525. (doi:10.1093/
forestry/cpy012)

Falconer DS, MacKay TFC. 1996 Introduction to
quantitative genetics, 4th edn, 464 p. Harlow
UK: Pearson Education Ltd.

Anderson-Teixeira KJ et al. 2015 CTFS-ForestGEQ:
a worldwide network monitoring forests in an
era of global change. Global Change Biol. 21,
528-549. (doi:10.1111/gch.12712)

White JW, Rasswelier A, Samhouri JF, Stier AC,
White C. 2013 Ecologists should not use
statistical significance tests to interpret
simulation model results. Oikos 123, 385-388.
(doi:10.1111/j.1600-0706.2013.01073.x)

Fussi B, Konnert M. 2014 Genetic analysis of
European common ash (Fraxinus excelsior L.)
populations affected by ash dieback. Silvae
Genet. 63, 198-212. (d0i:10.1515/59-2014-
0026)

Stocks JJ, Buggs RJA, Lee SJ. 2017 A first
assessment of Fraxinus excelsior (common ash)
susceptibility to Hymenoscyphus fraxineus (ash
dieback) throughout the British Isles. Sci. Rep. 7,
16546. (doi:10.1038/541598-017-16706-6)
Sniezko RA, Koch J. 2017 Breeding trees
resistant to insects and diseases: putting theory
into application. Biol. Invasions. 19, 3377-3400.
(doi:10.1007/510530-017-1482-5)

61.

62.

63.

64.

65.

66.

67.

68.

69.

Landolt J, Gross A, Holdenrieder O, Pautasso M. n

2016 Ash dieback due to Hymenoscyphus
fraxineus: what can be learnt from evolutionary
ecology? Plant Pathol. 65, 1056—1070. (doi:10.
1111/ppa.12539)

Semizer-Cuming D, Kjer E, Finkeldey R. 2017
Gene flow of common ash (Fraxinus excelsior L.)
in a fragmented landscape. PLoS ONE 12,
€0186757. (doi:10.1371/journal.pone.0186757)
Heinze B, Tiefenbacher H, Litchauer R, Kirisits T.
2017 Ash dieback in Austria — history, current
situation and outlook. In Dieback of European
ash (Fraxinus spp): consequences and qguidelines
for sustainable management (eds R Vasaitis, R
Enderle), pp. 33-52. Uppsala, Sweden: Swedish
University of Agricultural Sciences.

Stocks JJ et al. 2019 Genomic basis of European
ash tree resistance to ash dieback fungus.
bioRxiv (doi:10.1101/626234)

Morecroft MD, Stokes VJ, Taylor ME, Morison JIL.
2008 Effects of climate and management
history on the distribution and growth of
sycamore (Acer pseuoplatanus L.) in a southern
British woodland in comparison to native
competitors. Forestry 81, 59-74. (doi:10.1093/
forestry/cpm045)

Murphy M et al. 2009 UKCP09 science report:
climate change projections. Exeter, UK: Met
Office Hadley Centre.

Cavers S. 2015 Evolution, ecology and tree
health: finding ways to prepare Britain’s forests
for future threats. Forestry 88, 1-2. (doi:10.
1093/forestry/cpu052)

Ennos RA. 2015 Resilience of forests to
pathogens: an evolutionary ecology perspective.
Forestry 88, 41-52. (doi:10.1093/forestry/
pu048)

Evans MR. 2019 Data from: Will natural
resistance result in populations of ash trees
remaining in British woodlands after a century
of ash dieback disease? Dryad Digital Repository.
(doi:10.5061/dryad.5266bm8)

*sosi/Jeunof/6106uiysgnd/aposjedos

v 8 0 606 L v 9 /)g L 305 v H ,.


http://dx.doi.org/10.1111/j.1752-4571.2011.00222.x
http://dx.doi.org/10.1111/j.1752-4571.2011.00222.x
http://dx.doi.org/10.5897/JAERD12.046
http://dx.doi.org/10.5897/JAERD12.046
http://dx.doi.org/10.3832/ifor1514-008
http://dx.doi.org/10.3832/ifor1514-008
http://dx.doi.org/10.5586/aa.2005.068
http://dx.doi.org/10.5586/aa.2005.068
http://dx.doi.org/10.1079/PAVSNNR201914025
http://dx.doi.org/10.1093/forestry/cpy012
http://dx.doi.org/10.1093/forestry/cpy012
http://dx.doi.org/10.1111/gcb.12712
http://dx.doi.org/10.1111/j.1600-0706.2013.01073.x
http://dx.doi.org/10.1515/sg-2014-0026
http://dx.doi.org/10.1515/sg-2014-0026
http://dx.doi.org/10.1038/s41598-017-16706-6
http://dx.doi.org/10.1007/s10530-017-1482-5
http://dx.doi.org/10.1111/ppa.12539
http://dx.doi.org/10.1111/ppa.12539
http://dx.doi.org/10.1371/journal.pone.0186757
http://dx.doi.org/10.1101/626234
http://dx.doi.org/10.1093/forestry/cpm045
http://dx.doi.org/10.1093/forestry/cpm045
http://dx.doi.org/.
http://dx.doi.org/10.1093/forestry/cpu052
http://dx.doi.org/10.1093/forestry/cpu052
http://dx.doi.org/10.1093/forestry/cpu048
http://dx.doi.org/10.1093/forestry/cpu048
http://dx.doi.org/10.5061/dryad.5266bm8

	Will natural resistance result in populations of ash trees remaining in British woodlands after a century of ash dieback disease?
	Introduction
	Material and methods
	Modification of the forest model to include ADB
	Estimation of disease parameters
	Proportion of the ash population which is susceptible to ADB
	Impact of ADB on growth and crown size
	Impact of ADB on mortality
	Heritability of resistance
	Estimating offspring characteristics from parental characteristics

	Model simulations

	Results
	Impact on the ash population
	Impact on the community structure of the forest

	Discussion
	Data accessibility
	Competing interests
	Funding
	Acknowledgements
	References


