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Abstract: The multidisciplinary ‘Phyto-threats’ project was initiated in 2016 to address the increas-
ing risks to UK forest and woodland ecosystems from trade-disseminated Phytophthora. A major
component of this project was to examine the risk of Phytophthora spread through nursery and trade
practices. Close to 4000 water and root samples were collected from plant nurseries located across the
UK over a three-year period. Approximately half of the samples tested positive for Phytophthora DNA
using a metabarcoding approach with 63 Phytophthora species identified across nurseries, including
quarantine-regulated pathogens and species not previously reported in the UK. Phytophthora diversity
within nurseries was linked to high-risk management practices such as use of open rather than closed
water sources. Analyses of global Phytophthora risks identified biological traits and trade pathways
that explained global spread and host range, and which may be of value for horizon-scanning.
Phytophthoras having a higher oospore wall index and faster growth rates had wider host ranges,
whereas cold-tolerant species had broader geographic and latitudinal ranges. Annual workshops
revealed how stakeholder and sector ‘appetite’ for nursery accreditation increased over three years,
although an exploratory cost-benefit analysis indicated that the predicted benefits of introducing best
practice expected by nurseries outweigh their costs only when a wider range of pests and diseases (for
example, Xylella) is considered. However, scenario analyses demonstrated the significant potential
carbon costs to society from the introduction and spread of a new tree-infecting Phytophthora: Thus,
the overall net benefit to society from nurseries adopting best practice could be substantial.
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1. Introduction

The UK has a woodland resource of around 3.2 million hectares, which equates to
13% of the total land area of the country. Although this figure is low compared with the
European country average of 37% woodland cover, the UK’s woodlands are nonetheless
highly valued for a range of services including timber production, associated biodiversity,
water and air quality improvement and numerous health and aesthetic benefits for soci-
ety [1]. Taking into consideration the usages to which a monetary value can be ascribed,
the asset value of UK woodlands was estimated to be worth £130 billion in 2017 [2]. Trees
are also increasingly viewed as key in combating climate change threats through provision
of carbon sequestration, flood mitigation and urban cooling. Such factors are driving policy
change towards increasing woodland cover. In 2019-2020, 13,700 Ha of new woodland
was created in the UK [3] and there are plans for future, large-scale woodland planting
schemes aimed at flood mitigation and offsetting CO, emissions, for example the new
‘northern forest’ scheme led by the UK’s Woodland Trust which will involve the planting
of 50 million native trees over 25 years.

Despite these recognised values and ambitions to increase and enhance the UK’s
woodland resource, at the same time the country’s trees have never before been under such
pressure from the threat of new pests and diseases introduced through the ever-burgeoning
plant trade and other human-mediated pathways [4]. For example, the value of ornamental
plant imports to the UK increased by 71% in real terms between 1994 (£458 million) [5]
and 2018 (£1.3 billion) [6]. The costs of trade-associated disease outbreaks are substantial.
The first major epidemic of an imported tree disease in the UK with a huge ecological,
landscape and societal impact was Dutch elm disease, which was brought in on Canadian
elm logs and killed around 28 million elm trees between 1970 and 1990 [4]. More recently,
the ash dieback epidemic, caused by the invasive fungal pathogen Hymenoscyphus fraxineus,
is estimated to cost the UK around £15 billion, taking into account the loss of numerous
ecosystem services associated with loss of the ash tree [7]. The authors also estimated that
the total cost of ash dieback would be fifty times greater than the annual value of trade in
live plants to and from Britain.

In the intervening period between Dutch elm disease and ash dieback, an accelerating
series of pathogen outbreaks and disease epidemics affecting the nation’s trees have come
from Phytophthora; a diverse genus of filamentous oomycete plant pathogens which infect
a very broad range of herbaceous and woody hosts and are the causal agents of some
of the most serious tree disease epidemics worldwide, including Phytophthora cinnamomi
across several continents [8], P. ramorum [9] in the USA and UK, and P. agathidicida in New
Zealand [10]. In the UK, P. alni has killed large numbers of alder since the 1990s [11] and,
since the early 2000s, P. ramorum [12], P. kernoviae [13], P. lateralis [14], P. austrocedri [15] and
P. pseudosyringae [16] have been causing serious damage to trees across a range of different
environments and resulting in significant economic and ecological losses. In all the above
cases, imported planting material has been either confirmed or strongly implicated as
the most likely route of Phytophthora introduction. The effects are powerful. The loss of
Japanese larch due to P. ramorum [9] leaves UK forestry in a vulnerable position with Sitka
spruce now the sole commercially viable timber species suited to the western UK’s acid,
upland forestry sites. The destruction of juniper by P. austrocedri leaves one of the UK’s
three native conifer species and pioneer woodland colonisers at great risk of irreversible
decline with serious ecological consequences [15].

Phytophthora is well suited to thriving in plant nursery environments as its free-
swimming zoospores spread readily in water, and it can survive, often unseen, for long
periods in soil and host material as thick-walled resting spores [17]. There is indeed strong
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evidence for the co-existence of multiple Phytophthora species in plant nurseries [18], which
not only facilitates transmission across continents via traded plants but may also accelerate
speciation and adaptation onto new hosts, for example as a result of hybridization, which is
thought to be a common event in Phytophthora evolution [19]. Certainly, the hybrid species
P. alni [20] has had devastating consequences for riparian alder across Europe.

One of the major tasks for Plant Health practitioners is to curb the spread of Phytophthora
pathogens through trade. However, there are many challenges; Plant Health regulations
are based on known species, but the genus Phytophthora is large and complex. Currently,
there are approximately 180 species of Phytophthora provisionally named worldwide with
new, cryptic species being described at an increasing rate as a result of global surveys
for Phytophthora in many environments. It is thought that the genus may contain up to
500 species [4] and so the greatest future threat may come from the introduction of novel
species with unknown host associations, which are ecologically adapted to establishing
and spreading under UK environmental conditions. Indeed, the Plant Health protocols and
phytosanitary regulations of The International Plant Protection Convention, EU and UK na-
tional authorities, and the World Trade Organisation are proving fallible when confronted
with the huge volumes of containerised plants and cut flowers being brought into the UK
from the EU and third countries, and the popularity of instant landscape schemes driving
the importation of large, semi-mature or mature trees. The risky practices in the plant
trade, and the flaws and loopholes in international and national Plant Health regulatory
frameworks, are comprehensively outlined by Brasier [4] who called for the development
of a national best practice certification scheme to combat the spread of plant pests and
pathogens. The Nursery Industry Accreditation Scheme Australia (NIASA) is an example
of such a scheme that sets guidelines for best practice for plant production nurseries and
growing media manufacturers. The case for development of a similar scheme in the UK has
continued to gather strength since the review of Brasier [4], not only to mitigate risk from
Phytophthora but also in the face of a new threat posed by the broad host range bacterial
plant pathogen Xylella fastidiosa now present on mainland Europe and causing multiple
disease outbreaks on various horticultural and amenity plant species.

To address the increasing risks to UK forest and woodland ecosystems from trade-
disseminated Phytophthora as implicated in the recent upsurge of Phytophthora diseases
in the UK, and in light of the proposed massive increase in woodland planting across
the country, the three-year multidisciplinary ‘Phyto-threats” project was initiated in 2016.
The project focused on understanding the drivers of emergence of Phytophthora species
and opportunities for mitigation through three scientific objectives in which we sought
to: (i) examine the distribution and diversity of Phytophthoras in different plant nursery
management systems, (ii) assess the feasibility of accreditation by identifying social and
economic opportunities and barriers to implementation of an accreditation scheme, and
(iii) identify global Phytophthora risks to the UK by modelling the introduction, establish-
ment and spread of species in relation to biological characteristics, environmental factors
and trade flows.

In this paper, we present a broad overview of the project’s methods and main outcomes
in relation to the key Phytophthora risks identified, the changes to management practice
needed to mitigate these risks and the feasibility of achieving better biosecurity. We also
appraise the multidisciplinary framework in which we sought to operate, how stakeholder
engagement shaped our progress, and future opportunities and challenges to reducing
Phytophthora spread in trade.

2. Overview of Methods
2.1. Phytophthora Distribution, Diversity and Management in UK Nursery Systems

The incidence and diversity of Phytophthora species in water and plant samples col-
lected from nurseries located in England, Wales and Scotland was examined over a three-
year period. The nursery survey was conducted on two scales; a fine-scale survey which
involved the detailed sampling by the project team of fifteen partner plant nurseries
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operating a range of management practices including the production of bare root and
containerised forest trees, wholesale horticultural plants, specialist native trees, stock for
botanic garden collections and retail garden centres, and a broad-scale survey involving
118 nurseries and garden centres sampled systematically during annual statutory plant
health inspections.

A key challenge was to secure partner nurseries willing to be subject to intensive
sampling and scrutiny of results. Around twenty nurseries seeking to actively manage their
Phytophthora risk were identified through the Plant Health authorities in England /Wales
and Scotland. A letter and flier were sent to each nursery explaining the project’s aim
and objectives, and importantly, what the project could offer to that nursery in terms of
advice on Phytophthora management. It was emphasised at this point that all results would
be anonymised, and that no nursery would be identified in any reports or publications.
A follow-up phone call was held with each nursery to explain what would be required
and any potential statutory implications should a quarantine-regulated species be found
during the sampling. This approach succeeded in securing fifteen partner nurseries for the
project’s fine-scale survey.

Since roots and water are the major transmission pathways of Phytophthora, both
substrates were targeted for the fine-scale survey. The sampling method was not random
but biased to finding Phytophthora. Roots were sampled from symptomatic plants as well
as a range of asymptomatic plants that are known to be Phytophthora hosts. Irrigation water,
run-off from potted plants, puddles and collection ponds were also sampled on-site by
filtration methods that capture Phytophthora propagules [21] (Figure 1). For the broad-scale
survey, root samples were collected.

Figure 1. Fine-scale nursery sampling. Top, L-R: sampling roots of Chamaecyparis lawsoniana, irrigation reservoir, puddle.

Bottom, L-R: water flow through sampling of Pinus sylvestris, water storage tank, filter after water sampling.

For each nursery sample, metadata were collected on associated host species, symp-
toms present at time of sampling, sample origin and location on nursery. This was sup-
plemented with wider data on propagation and trading practices, irrigation sources and
disease management practice for downstream analysis to inform best practice.

To try to capture the highest diversity of Phytophthora species possible in each sample
DNA metabarcoding was used. This is a method which uses high-throughput sequencing
technology to detect all species of a target group (in this case the Phytophthora genus) present
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within an environmental sample, including as-yet undescribed taxa [21,22]. Total eDNA
(environmental DNA) is extracted from the sample and a target region of the genome
unique to individual species, known as a ‘barcode’, is amplified and sequenced using
high-throughput DNA sequencing. Thousands of DNA sequences can be generated from
an individual sample and, following a number of quality control and data cleaning steps,
each remaining sequence is compared to a database of reference sequences [23] to identify
the species present. In this study the ITS1 genomic region, expected to identify uniquely
Phytophthora species, was sequenced using the Illumina platform as described in [24] except
that synthetic control sequences were used instead of positive control samples to estimate
error, and Phytophthora species were identified using a Phytophthora classification tool
developed as part of this project [25]. The development of this tool focused on maximising
the accuracy of reporting while minimising the risk of reporting false positives. Much of
the development work focused on identifying and accounting for technical variation in
metabarcoding, determined through the use of synthetic DNA control sequences alongside
real samples when sequencing.

2.2. Is Nursery Accreditation in the UK Feasible and If So, What Should It Look Like?

Mitigating the spread of plant diseases through nursery accreditation will only be
successful if there is consumer and industry buy-in. To ensure effective liaison of the
multidisciplinary science team with stakeholders, and to facilitate impact, the project
operated within a collaborative learning platform which contained at its core a project
Board composed of lead members of the science team plus a key industry stakeholder, and
an Expert Advisory Panel (EAP) composed of external scientists from the UK and overseas,
UK policymakers, Plant Health practitioners and industry representatives. The role of this
panel was to help steer the project’s science outcomes to match stakeholder needs. A wide
range of stakeholder and consumer attitudes to implementation of a UK-wide nursery
‘best practice’ accreditation scheme was identified through surveys and interviews [26,27].
These analyses involved growers, retailers, local authorities, landscape architects and the
general public. An enhanced view of stakeholder perspectives was also obtained through
three annual stakeholder workshops (described below) and attendance at key sector events,
such as the National Plant Show, Britain’s largest plant trade show. To investigate the
economics of introducing best practices from a nursery perspective, managers at 75 plant
nurseries were interviewed to gather information on costs and benefits of introducing
best practices [28]. A societal perspective was also explored, which estimated the timber
production and carbon benefits associated with avoiding new tree disease epidemics as a
result of introducing best practice [28].

2.3. Global Phytophthora Risks to the UK

Establishment and spread of forest pathogens following human introduction has
been linked with biological traits [29] as well as characteristics of the invaded region [30]
including its climatic similarity to the native range. In our study, Phytophthora risks to the
UK were identified and ranked by modelling the introduction, establishment and spread
of different Phytophthora species in relation to their biological characteristics (traits) as
well as environmental and social factors; namely trade flows and climatic conditions. To
facilitate these analyses, global databases of traits and national-scale [31] and local-scale
occurrence of different species were collated from a wide range of sources including plant
health diagnostic labs, culture collections, literature records, citizen science initiatives,
government organisations and global distributional databases such as GBIF. Records were
obtained from the forestry, agricultural and nursery sectors, and from natural/semi-natural
forests, urban spaces, parks, as well as private and public gardens (Figure 2). Species
names were matched to those in the Phyto-threats trait database using the Index Fungorum
taxonomic backbone [32]. Country-level occurrence data was collated from CAB Abstracts,
CABI Invasive Species Compendium datasheets, EPPO Global Database, GBIF, the DAISIE
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European Invasive Alien Species Gateway, NCBI Biosample, Index Fungorum and the
Fungal Collection of the CBS strain database (Table 1).

garden / amenity

9000-

6000- forest / forestry

# records

nursery
4927

3000-

agriculture
2864

sector

Figure 2. Number of global Phytophthora records arising from the different sectors.

Table 1. Sources used to extract country-level distribution data for Phytophthora species. Index Fungorum was used as the
taxonomic backbone to match species names from multiple sources to those in the trait database.

Source Search Term/Information Number of Records Reference

CAB Abstracts “title: (Phytophthora)” 5676 [33]

CABI Invasive Species " _ .

Compendium datasheets Phytophthora&types = 7,17,19 379 [34]
EPPO codes obtained from

gggg géozilﬁgat;::ji:nd https://gd.eppo.int/search?k=Phytophthora 1141 [35]

P & (accessed on 6 August 2019)

Taxon keys obtained using name_suggest

GBIF (q = “Phytophthora”, rank = “species”) in the R 418 [37]

package ‘rgbif” [36]

DAISIE European Invasive

Distributions extracted from https:
/ /ipt.inbo.be/resource?r=daisie-checklist&v=1.0 224 [38]

Alien Species Gateway (accessed 6 August 2019)
Sample IDs with geographic information were
obtained using entrez_search (db = “biosample”,
NCBI Biosample term = “Phytophthora[Organism] AND attribute 641 [40]

geographic location([filter]”, in the R package
‘rentrez’ [39]

Index Fungorum

Records were obtained using fg_name_search

(q = “phytophthora”) in the R package ‘taxize” [41] 18 321

Site-level (georeferenced) records were obtained from a combination of published
records and unpublished data contributed by an international network of 107 plant pathol-
ogists. A literature search, with ongoing alerts, was performed in Google Scholar using the
search terms “in title: “Phytophthora” AND “sp. nov”” and ‘Phytophthora in title: “distribu-
tion” OR “occurrence” OR “diversity”’. The references (including supporting information)
were screened for either georeferenced Phytophthora species records or records associated
with site names and these data were extracted. Where available, data were also collected
on the habitat, host, substrate, and disease symptom for both published and unpublished
records, thus indicating potential behaviour of individual species across a range of environ-
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ments and hosts. Additionally, where possible, survey metadata on the year, identification
method, the sampling procedure and the spatial precision of records were recorded to
support decisions about spatial recording intensity and the reliability and/or accuracy of
individual records when analysing the data. For unpublished data, the owner of the data
and permissions for use and presentation were also recorded.

Close to 40,000 Phytophthora records were collated from 179 countries (Figure 3),
including approximately 28,000 site-level records. This equated to 1585 species x country
combinations and included the year of the earliest species record in each country. Much of
the recording effort for Phytophthora pathogens has been concentrated in the US, Australia,
New Zealand and Europe. Despite the effort to accumulate these data, the number of
site level data points yielded for individual Phytophthora species was low, exceeding
50 records for only 13/197 species. Data were therefore insufficient for most species
to model the environmental niches or landscape-scale drivers of spread. This highlights the
disproportionately low global recording effort for pathogen taxa (versus plant host taxa or
taxa of conservation concern) and the importance of initiatives to develop centralised, cross-
sectoral databases for plant pathogens to enable a comprehensive understanding of their
behaviour and potential for spread between hosts and habitats [42]. The biological traits
database [31] was compiled through literature review and expertise of project pathologists
together with pathologists in Australia (T. Burgess and G. Hardy, Murdoch University)
and New Zealand (P. Scott and N. Williams, Scion). It included all 179 Phytophthora
species or sub-species known from forestry, agricultural and horticultural settings as of
January 2018. Of these species, 166 are formally described, 13 are provisionally named
and 8 are known hybrids. Ten traits were used to predict global impacts of Phytophthora
(number of countries reached, latitudinal limits and number of host plant families). These
traits are related to growth (i.e., minimum and optimum temperatures for growth, growth
rate at optimum temperature), survival, persistence and reproduction (presence of hyphal
swellings, chlamydospores, oospores and oospore wall index), dispersal, (i.e., caducous
sporangia, proliferating sporangia), and disease symptoms (ability to cause root and foliar
disease) [42]. Most of these traits have historically been collected for use in morphological
identification of species; however, their functional significance is less well understood.

Figure 3. The number of different Phytophthora species reported in each country, based on records in the global Phyto-

threats database.
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Global patterns of new Phytophthora arrivals at the country-level were analysed in
relation to trade connectivity between source regions and importing countries (as a proxy
for propagule pressure) [43]. The country-level reports of Phytophthora species were used
to define a potential source range for each species (detections prior to 2000). Countries
with new detections after 2000 were defined as new arrivals while countries without
new detections were assigned as non-arrivals. Trade connectivity was measured as the
sum of imports of live plants from all source countries where the Phytophthora species
was present prior to 2000. The relationship between trade connectivity (fixed effect) and
new Phytophthora arrivals was estimated using phylogenetic generalised linear mixed
models fitted in R package ‘brms’ [44]. Phytophthora arrivals (1) and non-arrivals (0) were
modelled as a Bernoulli response. Initially, random intercepts were estimated to quantify
the magnitude of unexplained variance at the species and country level (for example due to
species level traits and country level biosecurity). Phylogenetic non-independence among
the species-level observations was accounted for using a unique species-level intercept with
mean of zero and variance among species derived from their phylogenetic position. Species
phylogenetic relationships were inferred from an ITS phylogeny (T. Burgess, unpublished
data) including all 179 species in our trait database. The fitted models were used to predict
import risks (probability of a new Phytophthora arrival) to the UK from specific source
countries using data on live plant imports to the UK from each country. As the models are
trained using global patterns of arrival and trade connectivity, they can equally be used
to estimate import risk to any country, based on its connectivity to potential countries of
Phytophthora that have yet to arrive.

3. Overview of Results and Discussion
3.1. A High Diversity of Phytophthora Species Was Found in UK Nurseries with Strong
Evidence Linking Infestation Levels to Management Practices That Should Be Targeted in an
Accreditation Scheme

Overall, the project collected 3624 samples from 163 host genera; the top five most
frequently sampled species being Juniperus, Taxus, Viburnum, Pinus and Chamaecyparis
(Figure 4).

Overall Result .Y

Negative
M Positive
'\S & W N
E O & o
« "o“‘ Q ,5:\ o I ¢ Q o‘ " Qo“ Q‘ 0° \‘Q& ? 6"(\
¥ «0 00 Q‘)e\‘ \'o 40 ¢ 0\°
o )
(o & ‘,(9*

Figure 4. The twenty host genera most frequently sampled in the fine-scale nursery survey. Data shown are the percentage

of samples testing either positive (red shading) or negative (blue shading) for Phytophthora for each host.



Forests 2021, 12, 1617

9 of 22

The sample analysis was a two-stage process, with the first stage being a PCR test
to determine whether Phytophthora was present in the sample or not. All Phytophthora-
positive samples were then progressed to the second stage of Illumina sequencing to
determine which Phytophthora species were present. Overall, ~50% of all nursery samples
collected were positive for Phytophthora or closely related oomycetes. This varied according
to host genus, with Chamaecyparis, Fagus, Prunus, Pseudotsuga and Pinus yielding the
highest proportions of positive samples (Figure 4). In terms of Phytophthora test results
in relation to nursery practices, the percentage of positive samples ranged from 20%-—
70% across the fifteen partner nurseries, and this reflected the variation in plant health
status and nursery management practices across the nurseries. Sequences matching a
total of 63 known Phytophthora species were detected in the nursery samples, the most
common being P. gonapodyides, P. cinnamomi, P. cryptogea/pseudocryptogea, P. syringae, and
P. lacustris. The species assemblages and their abundance also varied across the fifteen
partner nurseries sampled for the fine-scale survey (Figure 5), and this could be related to
observed management practices at sampling.

The clade 6 taxa (such as P. gonapodyides and P. lacustris) are generally considered native
and less pathogenic, and are abundant in rivers in Europe. However, the other abundant
species (which, in addition to the above species, also included P. cactorum, P. cambivora,
P. plurivora and P. nicotianae) are common pathogens on many hosts in the nursery industry.
The important quarantine-regulated species P. ramorum was found in twelve samples
overall and P. kernoviae not found at all, whereas other regulated pathogens P. lateralis and
P. austrocedri were each found in 10 samples. The relatively low abundance of P. ramorum
and absence of P. kernoviae, both of which are heavily targeted in Plant Health surveillance,
suggests that existing phytosanitary measures may be working to some extent.

Other species of concern included P. cinnamomi which is adapted to warmer environ-
mental conditions, has an exceptionally wide host range and was found to be widespread
on a range of hosts particularly in nurseries in southern England. Phytophthora quercina
was found in the majority of Quercus plants sampled in the survey. This species is thought
to be native to Europe and implicated in root damage and progressive decline of oaks [45].
A DNA sequence matching (tropical) clade 5 species P. agathidicida/castanae/cocois was
found in many water samples, particularly in southern UK nurseries. There is an open
question as to whether components of peat-free potting media, namely coconut fibre (coir),
imported directly from tropical countries such as Sri Lanka, could be the source of in-
oculum. There were also several new potential Phytophthora species records for the UK
(i.e., P. castanetorum, P. palmivora, P. pseudotsugae, P. tentaculata, P. terminalis, P. uliginosa)
and evidence for Phytophthora root infections in newly arrived plants imported from the
European Union.

Management practices can affect pathogen arrival (source and health of plant material
coming in, growing media, water source, mud on vehicles/boots), pathogen spread on site
(including water management and hygiene) and pathogen dispersal off site (quality control
at sale, water run-off, plant disposal). Some of the most diverse Phytophthora assemblages,
including highly damaging species, were found in river water used to irrigate plants (up to
eight known species in a single river sample) and in open reservoir irrigation sources, as
well as in puddles (up to twelve known species in a single sample) which formed around
plant stock, confirming that effective water treatment and good drainage are essential
components of Phytophthora management. Indeed, preliminary analysis of Phytophthora
communities in relation to management practices showed that the commonest Phytophthora
species were more likely to occur in nurseries using open rather than closed water sources
(Figure 6).
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Plant disposal was clearly an issue across nurseries, with most disposal areas or
‘dumps’ containing Phytophthora-infected material which could be a source of inoculum.
Phytophthoras were also detected in diseased shelterbelt or landscape trees present in and
around some nurseries, acting as additional inoculum reservoirs. One outcome of this
project was the recommendation that trees growing in the immediate environment of each
nursery should be included in routine Statutory Plant Health inspections. Another issue
highlighted by the survey was that, in some cases, native plant stock being raised from
seed collected from ecologically sensitive sites and destined for planting back out at these
sites were found to be harbouring damaging Phytophthora species. Also found was the
quarantine regulated species P. lateralis infecting an ‘off-colour” Chamaecyparis lawsoniana
offered at a discounted price in the retail area of one nursery. Thus, this study identified a
number of key practices that should be targeted in an accreditation scheme or in guidance
documentation for woodland restoration.

Direct engagement with a range of nurseries operating different practices enabled the
science team to understand the challenges faced by the industry and some of the key factors
leading to good and poor biosecurity practice. Following the reporting of Phytophthora
findings to each nursery, feedback and advice on improving practice was given using a
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‘non-blaming’ approach to facilitate dialogue. A genuine lack of awareness of the risks and
routes of Phytophthora contamination and spread was apparent in some cases, for example
through asymptomatic imported plants, unclean water sources and inadequate drainage.
There was also a frequently held assumption that symptoms of poor health in plants were
caused by other factors such as frost or drying out when the subsequent sampling results
confirmed infection by Phytophthora.

As the project progressed there was evidence of partner nurseries improving practice
based on advice delivered by the science team as a result of Phytophthora findings, for
example raising plants off the ground, improving drainage and taking decisions not
to trade in high-risk hosts. Nurseries also started asking questions of growing media
suppliers—what are the processes of sterilisation and can they guarantee pathogen-free
components? and seed suppliers-has this seed come from disease-free orchards? In relation
to raising from locally collected seed any native plant stock destined for restoration planting
at ecologically vulnerable sites, one nursery manager is considering offering dedicated
growing of stock to high biosecurity specification close to each restoration site and well
away from the main commercial premises. Another partner nursery has employed a full-
time plant health specialist to train staff on plant health issues, audit existing plant health
processes within the nursery, and to update plant health standards.

3.2. Informing Accreditation and Broader Plant Health Surveillance

Parallel to the Phyto-threats project, a joint accreditation initiative led by the Horticul-
tural Trades Association and industry was being developed. This is the Plant Healthy Cer-
tification Scheme (PHCS) (https:/ /planthealthy.org.uk/) (accessed on 17 November 2021)
which is based on the Plant Health Management Standard (PHMS) currently consisting of a
check-list of 23 requirements that demonstrate that a business is operating responsibly. The
PHMS is not prescriptive at this early stage in the development of the scheme but rather
highlights problem areas on a nursery and offers advice on how they can be resolved. It is
expected that as more information on biosecurity risk becomes available, more prescrip-
tive measures will be incorporated. The Phyto-threats project science team are liaising
with those leading on PHCS to provide the scientific basis for more prescriptive audited
measures around water source and usage, plant disposal, growing media and raising
plants off the ground to be referenced in the scheme guidance, since the project’s main
outcomes strongly suggest that a set of priority prescriptive measures will be necessary for
certification to be effective. Additionally, the project’s findings of widespread Phytophthora
contamination have led to the recommendation that the PHCS audit process includes a
component of targeted testing for pests and pathogens. To this end the various strands
of engagement with the Statutory Plant Health teams in England/Wales and Scotland
have facilitated a greater awareness of what the metabarcoding technology can offer and
generated discussion of its potential for routine nursery testing, as part of regular statutory
surveillance or for incorporation into an accreditation scheme.

3.3. Stakeholder Workshops Enabled Tracking of Wider Attitudes towards Accreditation

It is clear that nurseries can collectively play a key role in mitigating pests and diseases
through attention to their daily practices (e.g., procuring plants, storage and management).
More widespread adoption of biosecurity best practice in the sector could be promoted
through the introduction of a UK-wide accreditation or certification scheme. However,
the success of such a scheme is likely to depend not only on its uptake by nurseries
but also the plant-purchasing behaviours of other key sectors in the plant supply chain.
Research carried out by social scientists in the Phyto-threats project explored attitudes
towards a hypothetical accreditation scheme. A survey of 100 UK garden centres and
nurseries [26] identified strong agreement within these sectors that an accreditation scheme
would provide greater biosecurity protection and ensure that consumers purchased better
quality plants. However, there were concerns over costs and a degree of scepticism over
the likely interest of consumers in accredited products. The appetite for accreditation was
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further explored amongst UK nurseries as well as public sector (e.g., local authorities) and
commercial (e.g., large retailers) consumers through a series of qualitative semi-structured
interviews [27]. Findings suggest that nurseries would be supportive of accreditation if
costs were not prohibitive, actions required were not deemed unreasonable, the scheme
provided a safety net and it had measures to deal with non-compliance with the required
standards. Importantly, they were keen to see evidence of consumer demand for accredited
goods. Large-scale consumers are undoubtedly key players in whether membership of
an accreditation scheme is seen as viable. There was agreement amongst local authorities
and retailers that accreditation would be valuable if it helped to define quality, drove up
standards and provided accurate records of traceability. However, there were a number of
questions that mirrored the concerns of nurseries e.g., Who/what would be accredited?
What would the demand be? How would an accreditation scheme be policed? What
resources would be needed to do it properly? How would it be financed? [27].

Three annual multi-stakeholder workshops were also held over the course of the
project, each with ca. 45 attenders representing nursery managers, landscape architects,
garden designers, Plant Health inspectors, foresters, policy makers, academics and others.
The first workshop on ‘Improving nursery resilience against threats from Phytophthora’ was
held in 2016. The objectives of this workshop were to introduce the scientific aims of the
Phyto-threats project, develop collaborative networks across individuals and groups with
an interest in working towards collective best practice in nurseries, and to share lessons
and experiences around the challenges and opportunities of managing disease threats.
The workshop included perspectives on plant health from a Defra policymaker, two forest
nursery managers and a trader, followed by a panel discussion to elaborate on some of
the challenges faced by different sectors. The use of correct tools for disease detection was
said to be important, as was the closure of high-risk pathways in terms of transmission
of pests and diseases. The value that plants add to the environment was believed to be
greatly under-valued by society, which facilitates the desire for cheaper products and
imports. Reducing bureaucracy was considered key to making changes in the sector as
well as seeking opportunities to increase the quality and quantity of UK plant production.
Feedback from an afternoon workshop session suggested that accreditation might need to
be tailored for different stakeholders but possibly under a single umbrella. A scheme could
include different levels of standards to encourage businesses to improve their practices,
but it should have minimal bureaucracy and there would need to be consumer support
for any scheme to provide an incentive for nurseries to be involved. Decisions over what
the scheme should include would best be made by representatives from a mix of sectors.
EU exit might provide an opportunity for the UK to promote its own best management
practices and to have more control over quality of imports. There are practices (e.g., mail
orders, TV garden shows, illegal trade in plants) that could undermine an accreditation
scheme, so the scheme would require consumers to be informed and supportive.

The second workshop in 2017, ‘Reducing Phytophthora in trade and designing effective
accreditation’, aimed to share science findings to date from the project which might help
underpin accreditation, understand existing UK assurance schemes and how they might be
supported, and generate ideas for how an accreditation scheme should work in order to be
effective. Although attendance was similar to the previous year’s workshop, it was notable
how the overall appetite for accreditation had increased across the range of stakeholders.
The key outcomes of the workshop are summarised as follows:

A single, all-encompassing UK accreditation scheme is preferred.
Accreditation needs to cover the entire supply chain if it is to have impact.
Demand for accredited products should be ensured to incentivise uptake in the
scheme.

e  Accreditation could also be incentivised by allowing access to grant funding, and
through financial reimbursement when contracts to supply accredited plants are
cancelled/altered.
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e Itis necessary to raise public awareness about the need and benefits of accreditation
through highly visible campaigns and signage, including a recognisable logo.

e  Training for growers and others in the sector should be integral to accreditation so
that practices continue to improve.

e For a scheme to be respected and to generate improvement it must be effectively
policed.

In 2019 a final stakeholder workshop was held to share the latest science findings from
the project, to provide an interactive demonstration of science outcomes and tools and
to explore how the project’s science outcomes can best be used to support the continued
development of accreditation and plant health policy. An update was provided on the Plant
Healthy certification scheme. It was clear that the project’s work on analysing Phytophthora
diversity in nurseries had identified hosts and practices of high biosecurity risk that
should be targeted in the Plant Health Management Standard. However, the stakeholder
surveys undertaken as part of this project highlighted the challenges of securing uptake
and consumer support for accreditation i.e., [26,27], one of the key challenges being the
need for much better engagement on plant health risks to secure collaboration from all
sectors.

3.4. Economics of Introducing Best Practice

It was apparent from interviews that few nurseries are willing or able to incur substan-
tial costs to become accredited [27] and indeed doubted whether introducing best practice
measures would be economically viable, currently. An exploratory economic analysis
from a nursery perspective highlighted uncertainty and the difficulty in obtaining robust
estimates of the costs and benefits of introducing the best practices [28]. A reduction in
the frequency of disease outbreaks is the primary benefit to a nursery of implementing
best practices, but the extent to which the risk of outbreaks falls is difficult to quantify in
advance. Only a minority of the nursery managers were able to provide a quantitative
estimate of, or range for, the cost that they anticipated, were a future Phytophthora out-
break to occur. In addition, for each best practice, only a minority of nursery managers
provided a quantitative estimate of the implementation cost. Twelve best practice measures
were initially considered [28]. Five of the measures (water storage in fully enclosed tanks,
clean/covered storage of growing media, installation of drains or free-draining gravel beds,
raised benches and tool disinfestation stations) were reported to have been implemented
already by a majority of nurseries surveyed. The analysis focused on the remaining seven
practices not currently commonly implemented (water testing for pathogens, water treat-
ment facility, quarantine holding area for imported plants, composting/incineration facility
for sick/unwanted plants, boot washing station, vehicle washing station, buy only from
trusted or accredited UK suppliers).

Based on the limited available data, the analysis suggested that, over a 10-year nursery
investment time horizon, the introduction of the five best practices is unlikely to be justified
on the basis of avoided Phytophthora outbreaks alone, since the average benefit of avoiding
a Phytophthora outbreak (mean £47,000) was far lower than the average cost (mean £386,000)
for set-up and maintenance of the best practices over a 10-year investment horizon [28].
Roughly one Phytophthora outbreak per annum would need to be avoided for the mean
benefits of introducing the best practices to exceed the mean costs, but such outbreaks
appear far less common at present [28]. However, the introduction of the best practices
could be expected to reduce the risks of other pest and disease outbreaks, such as Xylella
fastidiosa. Only when reducing these additional outbreaks is considered too are the benefits
likely to start to outweigh the costs—although the benefit of avoiding a Xylella outbreak to
the nursery is also difficult to quantify [28].

From society’s viewpoint, the value of implementing phytosanitary measures in
nurseries is the expected reduction in the losses that would result from reduced risks that
infections spread into commercial forests and native woodlands. Using a representative
social value of £100/tonne CO5, the cost to society of a new disease destroying 90% of the
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Sitka spruce resource (the key commercial conifer plantation species in the UK) in a similar
manner to recent impacts of Phytophthora ramorum on larch is £11,400 million and for the
loss of 40% of oak (a key component of native broadleaved woodland), £500 million [28]. If
implementation of nursery best practice measures were to reduce the risk of an outbreak
on Sitka spruce and oak by 1%, this would result in a combined, largely carbon, benefit to
society of £120 million [28]. Thus, whereas there may not be a net benefit for individual
nurseries of introducing best practice unless a high frequency of disease outbreaks is
expected to be avoided, the overall benefit to society of an accreditation scheme that
resulted in best practice introduction could be substantial.

3.5. Functional Significance of Phytophthora Traits: Do Biological Traits Explain Differences in
Global Extent and Host Range between Phytophthora Species?

The global impact (extent and known host range) of Phytophthora species was modelled
against ecological traits (those commonly collected when species are described) and time
known to science, accounting for phylogenetic relatedness between species. The ability to
cause disease symptoms (in roots or foliage), primary ecological traits and phylogenetic
position could partially predict geographical spread and host ranges [42]. For example,
having a higher oospore wall index and faster growth rates increased host ranges whereas
cold-tolerance increased the number of countries and latitudinal limits reached [42]. These
results reflected the different mechanisms underpinning Phytophthora impacts. Higher
oospore wall index could allow greater persistence in the soil which might increase en-
counter rates with novel hosts. In a separate analysis, comparing the latitudinal extent
reached by individual species in the wider environment in the UK, it was shown that
species with lower minimum temperatures for growth established at higher altitudes. Our
findings were consistent with prior studies showing that establishment of Phytophthora
species outside of nurseries in Sweden was also positively associated with low temperature
tolerance and the production of asexual survival structures [46].

These relationships may help to rank the risks from emerging pathogens, as they are
discovered, on the basis of their trait and phylogenetic similarity to species that have al-
ready had high impact. A large amount of species-level variation in global impacts was not
explained by the traits included in models, highlighting knowledge gaps surrounding the
functional traits of plant pathogens which have adaptive value during invasions. Phyloge-
netic position, i.e., relatedness between species, explained 53% of species-level variation in
the number of countries reached. Quantifying sporangial production, oospore production
and chlamydospore production at different temperatures may be key to understanding the
role of propagule pressure and cold tolerance in invasion success. Incorporating genomic
traits associated with virulence and host range may also be of value for understanding the
evolutionary potential of pathogens during invasions. Addressing these knowledge gaps
may improve the predictive power of such horizon scanning frameworks [42].

3.6. What Is the Role of Trade Pathways, Climate Matching and Biosecurity Capacity in Driving
Arrival of Phytophthora Species in New Countries?

At the country level, a greater number of Phytophthoras arrive in those countries
that are more connected to source regions through a higher frequency of international
trade. Amongst commodities, imports of live plants were best able to discriminate between
arrivals and non-arrivals (Figure 7), significantly increasing the probability of detecting new
Phytophthora species in a country (Figure 8; R? = 0.33). This re-confirms that importation of
plant material is the most likely pathway for Phytophthora introduction into new regions [4].
Major source countries posing a risk of contributing to UK Phytophthora arrivals, due to
their reported Phytophthora richness and trade connectedness, included The Netherlands,
Denmark, Belgium, Germany, and Ireland. (Figure 9).
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Figure 7. Comparing rates of import of different commodities (from Phytophthora source countries)
between countries in which Phytophthoras have arrived since 2000 (pink) versus those in which they
did not arrive (blue).

These models have been extended (reported in a separate paper in preparation) with
the addition of climate matching, biological traits, plant health reporting activity and
biosecurity effort. These developments were intended to account for unexplained variance
in trade models at the species-level and country level. The refined models were designed
to understand which species with which traits are more likely to be introduced through
trade, and whether source countries with more similar climate to sink countries and lower
biosecurity effort pose a greater risk of introduction, whilst accounting for plant health
reporting effort.

3.7. For Phytophthora Species with Sufficient Data, Global Niche Models Can Be Used to
Understand Which Areas of the UK Are at Risk from Establishment

Models and maps of species’ environmental niches, indicating their potential distribu-
tion, can be developed by matching patterns in species occurrence (as in Figure 10) with
patterns in key environmental drivers [47]. All eight Phytophthora species (starred in Figure
10) for which there were sufficient global records to make a niche model are already present
in the UK. The UK data were reserved from the global niche models for each species and
the wider environment data points were used as an independent validation dataset to
determine whether environmental niche models can predict the occurrence of species in
invaded areas accurately. Models additionally accounted for unsuitable habitat, dispersal
distances and spatial biases in recording effort and used expert-elicitation to identify key
environmental drivers as described in [48] and included metrics of seasonal climate as well
as relevant land uses (forest, urban and agricultural).
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Figure 8. Estimated relationship between Phytophthora arrival risk and imports of live plants from
potential source regions, conditional on climate matching, national pest and pathogen reporting and
biosecurity capacity. Grey shading represents 95% confidence intervals based on the fixed effects,

excluding variance among species due to random effects.
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Figure 9. Estimated risk of export of a new Phytophthora to the UK by exporting country, based on trade flows, climate-
similarity, reported Phytophthora richness, plant health reporting activity and national biosecurity capacity.
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forest or agricultural sectors for notifiable (lower graph) and non-notifiable (upper graph) species.

The fitted models predicted both the global and UK Phytophthora distributions with
reasonable accuracy (global Area Under the Curve (AUC) values exceeding 0.972 for all
species, UK AUC values exceeding 0.65 except for P. gonopodyides). Figure 11 illustrates
how the UK distribution of P. ramorum in the wider environment was predicted accurately
from the global niche model (UK AUC of 0.74). However, this assessment was hampered
by low numbers of UK records for most species. It is concluded that global environmental
niche models could provide useful risk maps for Phytophthora outbreaks in outdoor envi-
ronments in the UK, but that centralised databases that draw together pathogen data across
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sectors will be required to compensate for the incomplete and extremely biased recording
of Phytophthora species globally that poses major challenges for the modelling.

Suitability
o
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0.5
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Figure 11. Global habitat suitability maps for Phytophthora ramorum where values are the predicted probability of occurrence

of this species overlaid with (a) the global training dataset occurrences (black dots) and (b) UK validation occurrences from

natural and outdoor managed environments (black dots) (AUC = 0.747, vs. all UK background).

3.8. Tools for a Range of Stakeholders

The global Phytophthora databases developed as part of this study have been made
available to researchers and other end-users and will be updated as new species are
described and information becomes available. A number of model outputs were integrated
into prototype tools to help influence policy and practice (https:/ /loubar.github.io/PHC-
plant-health-biosecurity-risks-Scotland /) (accessed on 17 November 2021) as part of a
project for Scotland’s Plant Health Centre (PHC2019/05 and PHC2019/06). These included
a Phytophthora importation tool which focusses on the role of international trade in the
movement of Phytophthoras and allows users to visualise the Phytophthora diversity in
exporting countries and the volume of imports from those locations. An interactive
database of Phytophthora pathogens and associated hosts was also developed, which is
searchable by host and by pathogen and links to risk maps of UK suitability for the
pathogens. The hosts include UK woodland and commercial forestry species, which could
be used to inform species choices for commercial planting and afforestation. A third tool
allows users to interact with maps of Phytophthora disease records in the UK. The maps
show which species are predominantly nursery-associated and which are common in the
wider environment. The co-development of such tools with stakeholders across sectors is
ongoing.

4. Concluding Remarks

The Phyto-threats project involved a consortium of scientists in disciplines ranging
from plant pathology, ecological modelling, evolutionary genetics, economics, and social
science as well as a range of consumer, practitioner, and policy stakeholders. Operating
within a collaborative learning platform designed to promote interdisciplinary working
and facilitate stakeholder participation and knowledge exchange, the consortium aimed to
deliver the science base to support a UK-wide plant nursery accreditation scheme based
on the rationale that the ‘consumer’ has considerable power to mitigate Phytophthora risks
by driving a change in the culture of nursery practices. This evidence base was informed
by a greater understanding of Phytophthora diversity in different UK nursery management
systems, the feasibility of accreditation from social and economic perspectives, and the
emerging Phytophthora threats from both global and evolutionary perspectives. At the end
of the project a collaborative framework was established to ensure that results from the
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Phyto-threats project continue to feed into the development of a UK-wide certification
scheme (the PHCS), to help ensure successful uptake and recognition of accreditation, and
to establish protocols aimed at reducing the risks of introducing Phytophthora to the wider
UK environment through new planting programmes.

Many of the approaches developed in this project are also applicable to the wider field
of plant health, including the threat posed by X. fastidiosa. For example, the metabarcoding
methodology can be applied to the broader detection of pathogens including bacterial
pathogens in nurseries, fungal pathogens in spore traps and invertebrate pests in insect
traps. The ecological model frameworks developed are widely transferable to other tree
pests or diseases since they account for sparse, clustered recording effort and encompass a
wide range of potential pathways and environmental factors that may influence arrival
and spread of such species. The project also contributed to the body of knowledge of traits
that underpin invasiveness for plant pathogens. Improving sanitation practices in plant
nurseries and communication and engagement across a wide spectrum of stakeholders
focused on the importance of high-health planting material has helped to raise the profile
of plant health and associated risks across the plant supply chain. In 2020 a two-year
EUPHRESCO project (Early detection of Phytophthora in nurseries and traded plants of EU
and third countries) commenced involving the rolling out of the nursery sampling and
metabarcoding methodology developed as part of the Phyto-threats project across twelve
partner countries. This project takes core biological and social science elements developed
as part of Phyto-threats out into the international sphere to develop a coordinated strategy
for the early detection of Phytophthora pathogens in plant nurseries and traded plants for
planting across EU and third countries. This new project with its much wider geographical
focus will inform international best practice, complement phytosanitary regulation, and
enhance global engagement on Plant Health.
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