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Abstract: This work reports the first survey of Phytophthora diversity in the forests soils of Andean
Patagonia. It also discusses the role of anthropogenic impact on Phytophthora distribution inferred
from the findings on Phytophthora diversity and on the distribution of Phytophthora austrocedri-diseased
forests. Invasive pathogen species threatening ecosystems and human activities contribute to their
entry and spread. Information on pathogens already established, and early detection of potential
invasive ones, are crucial to disease management and prevention. Phytophthora austrocedri causes the
most damaging forest disease in Patagonia, affecting the endemic species Austrocedrus chilensis (D. Don)
Pic. Sern. and Bizzarri. However, the relationship between anthropogenic impacts and the disease
distribution has not been analyzed enough. The aims of this work were: to evaluate Phytophthora
diversity in soils of Andean Patagonia using a metabarcoding method, and analyze this information in
relation to soil type and land use; to assess the distribution of Austrocedrus disease over time in relation
to anthropogenic and abiotic gradients in an area of interest; and to discuss the role of human activities
in Phytophthora spread. High throughput Illumina sequencing was used to detect Phytophthora DNA
in soil samples. The distribution of Austrocedrus disease over time was assessed by satellite imagery
interpretation. Twenty-three Phytophthora species, 12 of which were new records for Argentina,
were detected. The most abundant species was P. austrocedri, followed by P. X cambivora, P. ramorum
and P. kernoviae. The most frequent was P. X cambivora, followed by P. austrocedri and P. ramorum.
Phytophthora richness and abundance, and Austrocedrus disease distribution, were influenced by land
use, anthropogenic impact and soil drainage. Results showed several Phytophthoras, including
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well-known pathogenic species. The threat they could present to Patagonian ecosystems and their
relations to human activities are discussed. This study evidenced the need of management measures
to control the spread of P. austrocedri and other invasive Phytophthora species in Patagonia.

Keywords: forest diseases; invasive species; metabarcoding; risk models

1. Introduction

Austrocedrus chilensis (D. Don) Pic. Sern. and Bizzarri (Patagonian Cypress) is a Cupressaceae
endemic from the Patagonian Andean forests, distributed in the Andes and its piedmont of southern
Argentina and Chile. Among the few gymnosperms inhabiting southern Argentina, it is the largest
in surface area, covering ca. 140,000 ha [1]. It is considered a foundational species, able to define
ecosystemic processes [2]. Cypress’s importance lies not only in its high-quality wood, with straight
stems used for construction and woodworking, but also in its environmental and landscape roles, as its
forests surround cities and villages in the area.

Phytophthora austrocedri Gresl. and E. M. Hansen (Pythiales, Peronosporomycetes, Straminipila)
has been identified as the primary pathogen causing the disease known as “Mal del ciprés” in
Patagonian Andes forests [3], which causes mortality of A. chilensis. This disease was first documented
in the 1940s as leading to stand-level mortality of A. chilensis on an island located in Nahuel Huapi
lake, Argentina [4]. Nowadays, the disease is present in many places throughout the natural range of
A. chilensis distribution in Argentina and in some parts of Chile.

The first characterizations of symptomatology described it as “foliage withering followed by
progressive defoliation that, ultimately, leads to tree death” [4]. However, tree death can also occur
rapidly, in which case the foliage changes from chlorotic to red [3,5]. The below-ground symptoms
include root necrosis, which may affect the entire root system and extend through the root collar to the
base of the stem. Rots are sometimes observed in roots and stem sapwood [6]. Descriptions of the
disease assumed that symptoms originate in the root system and the death of the root tissues precedes
crown symptoms [4,5,7]. Phytophthora austrocedri is the only pathogen that has been proven to cause
the symptoms of the disease and cypress death, fulfilling Koch’s postulates [3]. Another biological
agent associated with Cypress death is the aphid Cinara cupressi (Buckton), but in this case, no root
symptoms were reported [8,9], and dead crowns with still healthy roots were observed [10].

The main external symptoms of “Mal del ciprés”, i.e., chlorosis and defoliation, are nonspecific
symptoms that could lead to confusion about the origin of the disease. This uncertainty has given rise to
debates on the primary and secondary roles of P. austrocedri in the disease. Alternatively, cavitation [11]
and climate variation [11,12] have been hypothesized as alternative causes of death, considering that
P. austrocedri acts as a secondary agent. However, the outbreak of the disease caused by P. austrocedri
affecting Juniperus communis L. in the UK has confirmed the aggressiveness of this pathogen [13].

Amoroso et al. [14] showed that the mortality of individual trees was significantly associated with
summer moisture, which agrees with the low tolerance to drought of trees with reduced root systems.
These authors proposed that Mal del Ciprés is a decline process driven by complex interactions
between abiotic and biotic factors that predispose (site conditions, genetic variation, sex of trees),
incite (climatic variability, pathogen), and contribute (climatic variability, pathogen) to stand-level
decline. We agree with this concept: forest diseases are the results of complex interactions between the
pathogen, the host, and environmental conditions. Phytophthora’s aggressiveness and development are
highly related to site condition and individual host susceptibility [15-17]. In our opinion, the disease
called “Mal del Ciprés” is actually a complex of symptoms of different origins, which includes those
caused by P. austrocedri, C. cupressi, and climate-related stress. For this reason, hereafter, we use the
name “Austrocedrus disease” to refer to the disease caused by P. austrocedri, which necessarily includes
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root death; and “Mal del Ciprés” to refer to the complex of different symptoms, decline, and mortalities
observed in A. chilensis.

Phytophthora austrocedriwas recorded for the first time in Patagonia (Argentina) attacking A. chilensis.
Nowadays, the species has been recorded in other parts of the world, in all cases associated with
plant species in the Cupressaceae family [13,18,19]. The susceptibility of other endemic Cupressaceae
species (Fitzroya cupressoides (Molina) I. M. Johnst. and Pilgerodendron uviferum (D. Don.) Florin) has
been demonstrated in vitro [20]. The species resides in clade 8 of the Phytophthora phylogenetic tree,
which includes other important forest pathogens, such as P. ramorum Werres, De Cock and Man
and P. lateralis Tucker and Milbrath [21,22]. Phylogenetic analysis of the nuclear and mitochondrial
genes has shown that P. syringae (Kleb.) Kleb. and P. obscura Griinwald and Werres are their closest
relatives [21-23]. It is a homothallic species, characterized by the combination of very slow growth,
semi-papillate, non-caducous, and non-proliferating sporangia, oogonia with amphigynous antheridia,
and a low (15-17.5 °C) optimal temperature for growth [7].

The geographic origin of P. austrocedri is unknown, but it is assumed to have been introduced into
Argentina. The low genetic diversity, the lack of genetic heterogeneity between geographically distant
populations, and the high impact of the pathogen on Patagonian forests support this hypothesis [24].
The species has also been introduced in the UK, where populations are genetically identical [13,19],
but British and Argentinian isolates are two distinct clonal lineages that came from the same source
population, whose location is still unknown [19].

The pathogen invades and kills the roots and extends from the dead roots to the stem as long
necrotic lesions in the inner bark. Necrosis initiates in the cambial zone and affects the entire thickness
of the phloem and the last rings of xylem [25,26]. Lesions may become inactive, but it is not known
whether it happens due to the action of tree defenses, environmental conditions, or intrinsic conditions
of the pathogen itself. Olate et al. [27] reported that the resin of infected trees showed relevant differences
in its diterpene profiles in comparison with resin from healthy trees, and inhibition of mycelial growth
in agar plates. Further studies are needed to disentangle the relative importance of the traumatic resins
in the defense system of A. chilensis and its effectiveness against P. austrocedri. However, resin flux has
also been observed in very active lesions, showing that the pathogen can overcome this defense [3].

A study monitoring physiological parameters of A. chilensis saplings after infection of
P. austrocedri [25] showed that net photosynthesis (A), stomatal conductance (gs), and stem-specific
hydraulic conductivity (Ks) decline after infection. Photosynthesis is altered before other parameters,
when the necrotic lesion in the stem is still incipient and leaf tissue appears asymptomatic. The authors
speculated that the effectors secreted by the pathogen may trigger an hypersensitive reaction -like
reaction that leads to dysfunction in photosynthesis. All other physiological parameters decrease as the
lesion develops. Abundant hyphae in tracheids and rays, and necrosis of xylem ray, can be observed
in the xylem below the lesion. It was also found that tracheids of the xylem of affected adult trees show
large numbers of trabeculae with different forms and in different arrangements, which are absent in
healthy tissues near the lesion [28].

The systemic fungicides potassium phosphite, fosetyl-Al, and metalaxyl have been proven to
effectively control P. austrocedri in planta, especially when administered preventively [29]. A remarkable
aspect of these systemic fungicides is that the response of plant tissues to the toxins/effectors produced
by P. austrocedri can be improved by them. Silva et al. [29] demonstrated that leaves pretreated with
fosetyl-Al and metalaxyl are more resistant to the toxins/effectors of the pathogen than untreated
controls, suggesting that these fungicides provide some resistance to the plant besides their direct
fungistatic action on the pathogen.

Some species in the rhizosphere microbiota of A. chilensis trees have the potential to be used in
biocontrol strategies against Austrocedrus disease. Some isolates in the genera Rhizobium and Delftia and
some isolates of the species Penicillium glabrum (Wehmer) Westling and Penicillium lanosum Westling
showed a fungistatic effect by decreasing P. austrocedri growth in vitro. However, certain bacterial
isolates in the genera Bacillus and Pseudochrobactrum and some fungal isolates of species such as
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Penicillium corylophilum Dierckx, Penicillium palitans Westling, Penicillium fuscum (Sopp) Raper and
Thom, and Trichoderma viridescens (A.S. Horne and H.S. Will.) Jaklitsch and Samuels had fungicidal
effects, degrading P. austrocedri hyphae [30]. Moreover, bacterial isolates in the genera Delftia and
Pseudochrobactrum slowed the progression of necrotic lesions when administered as a preventive
treatment in P. austrocedri-inoculated plants [30].

An integrated strategy should also consider abiotic features, since they seem to play a main
role in the disease onset and progression. Studies about the distribution and risk of Austrocedrus
disease show that it is associated with wet soils, agreeing with studies at the stand level [31,32].
Austrocedrus chilensis stands are more prone to develop symptoms when occurring at sites with high
precipitation, low elevations, gentle slopes, and fine-textured soils [33,34]. Thus, the habitat association
approach allowed the authors to model the potential distribution of Austrocedrus disease [35,36].
Many studies have shown an association between Phytophthora attacks and wet soils [15,37-39].
The distance to streams was also found to be a key variable for evaluating Austrocedrus disease
risk [35,36], in keeping with studies on forests affected by Phytophthora species around the world,
which found that Phytophthora spreads along watercourses [38]. Studies on P. austrocedri outside
Patagonia, affecting Juniperus communis woodlands in the UK, found that P. austrocedri DNA was
consistently detected in soil samples [40] and that the affected area increased with waterlogging and
soil moisture [17]. It was concluded that, once established at a site, P. austrocedri can be spread readily
in soil locally via water run-off, and vectored by animal movements and human activities [40].

Phytophthora austrocedri is the first Phytophthora species reported as a pathogen of forest trees
in Patagonia, but there has been no extensive search for other Phytophthora species in these soils.
Previous studies have reported the presence of other Phytophthora species in P. austrocedri-infected
A. chilensis forests in Patagonia, including P. X cambivora (Petri) Buisman, P. chlamydospora Brasier
and E.M. Hansen, P. gonapodyides (H.E. Petersen) Buisman, P. syringae, P. cactorum (Lebert and Cohn)
J. Schrét., P. taxon raspberry, and P. pseudotsugae Hamm and E.M. Hansen [41,42]. These studies reported
the species isolated by baiting soil and watercourses. However, molecular methods, such as high
throughput metabarcode sequencing, have been demonstrated to be more powerful tools to examine
the diversity of Phytophthora species than classical baiting in environmental soil samples [43,44].

Disturbed sites may act as reservoirs from which invasive Phytophthora pathogens, particularly
adapted to surviving in soil, can invade pathogen-free regions. Early detection of invasive Phytophthora
species that can cause outbreaks in forests and ecosystems of Patagonia is of great importance to
prevent invasions. Forest management needs scientific information to make decisions. The information
previously presented, provided by several studies on P. austrocedri and Austrocedrus diseases that have
been done in Argentina, has not been jointly analyzed. The aims of this work were: (a) to report
the results of the first survey of Phytophthora diversity in forest soils of Andean Patagonia using a
metabarcoding method, and to analyze this information in relation to the soil type and the land use;
(b) to assess the distribution of Austrocedrus disease over time in relation to anthropogenic and abiotic
factors in an area of interest; (c) finally, to discuss the roles of anthropogenic impacts given what could
be inferred from all the information previously produced and the new information presented here.

2. Materials and Methods

2.1. Assessment of Phytophthora Diversity in Soils

The sampling area covered a range of 200 km from the northernmost to the southernmost point in
a narrow strip of up to 30 km in width (Figure 1). Fifteen sites were visited in this area. Sampling sites
included protected areas and areas with medium and high anthropogenic impact interventions,
including farming and cattle raising, forestry, and rural urbanization (Table 1). Sampling sites were
numbered correlatively from north to south. Soil samples were taken from 30 to 35 cm depth,
after removing the top 3-5 cm of soil, and collected in a plastic bag, transported, and stored in cool
conditions until processing (no longer than 2 days).
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Figure 1. Distribution of Austrocedrus chilensis (D. Don) Pic. Sern. and Bizzarri forests in Rio Negro
and Chubut provinces, Argentina (source: Forest Inventory, report by CIEFAP, 2016) and location of
sampling sites of the Phytophthora diversity study. Sampling site 11 coincides with the study area of
Austrocedrus disease distribution over time. The sector shaded in gray corresponds to the protected
area Los Alerces National Park.

DNA extraction from soil was performed according to Riddell et al. [44]. Briefly, each soil
sample was oven-dried at = 60 °C in aluminum trays for 1-3 day(s) (depending on soil wetness),
stirred thoroughly once dry, and had DNA extracted from three 250 mg subsamples using the
PowerSoil® DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA, USA). A robotic workstation for
DNA extraction based on magnetic particle purification (Kingfisher™ mL Magnetic Particle Processor,
Thermo Scientific, Loughborough, UK) was used for the DNA extraction process. DNA extracts
were further purified using either the Jet-QuickTM DNA Purification Kit (Genomed GmbH, Lohne,
Germany) or DNA Clean and Concentrator™ (Zymo Research Corp., Irvine, CA, USA) according to
the manufacturer’s instructions.

2.2. Metabarcoding Analysis

Genomic DNA of positive controls was extracted from mycelium harvested from each of the
Phytophthora cultures on V8 agar using the Nucleospin Plant Prep II kit (Machery-Nagel, Diiren,
Germany) according to the manufacturer’s instructions. Quantitative real-time PCR was carried out
on an ABI Prism 7300 Real Time PCR System (Applied Biosystems, Foster City, CA, USA) with the
primers 18Ph2F and 5.85-1R [24] using different dilutions of DNA of each Phytophthora species (5, 10,
25, 50, 100, and 500x%). Cycle threshold (Ct) values at each concentration were determined, and DNAs
from each species corresponding to Ct values between 22 and 30 were pooled for the DNA control mix;
thus, species were not expected to be present in equal abundance [44].
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Table 1. Description of sampling sites: localization and descriptions of the vegetation, geomorphology, and land use.

Geomorphology and

Coordinates Soil Drainage

Site Samples Type of Vegetation Land Use/Anthropic Impacts

Rio Negro province, Road

41°53'50.3"" S,

Crops, grass, and exotic
ornamentals. Native forest

Valley.

Cattle raising, farming, forestry,
buildings. Highly anthropized area.

! 40 way out El Bolsén 49-50 71°30"12.4" W dominated by l\gggelizzli);::flslé;lz Sampled near to the road. Austrocedrus
Austrocedrus chilensis nearby. poorly ' disease in the nearby forests.
Rio Negro, Golondrinas, 42°00'25.7" S, . . .
Instituto Nacional de 71°32/17.3" W Mixed native forest dominated Valley. AuSthEd”.ls disease. Hlstquc forestry
2 p Rk 47-48 onn’ P . . Well to moderately and grazing. Nowadays is a forest
Tecnologia Agropecuaria 42°00'23.47'S, by A. chilensis. well-drained soils reserve with recreational use
(INTA), Forest Reserve 71°32/17.4” W ’ ’
42°03'28.9” S, . . . . .
¢ Burned conifer plantations and Valley. Grazing, exotic tree plantations.
o ’ 4
3 Chu:;;tz; ﬁlei?;:jBEHEd 5{4_652 Zé%é,%%;,, ‘g] mixed native forest dominated Well to poorly Farming nearby. Austrocedrus disease
71°32/28.17 W by A. chilensis. drained soils. in the nearby forests.
4 Chﬁi;‘fi,oio;ftfoﬁjgéhe 4445 42°12'28.8"”' S, Mixed native forest dominated Well\/t&j)llez&l Austrocedrus disease,
] ! 71°23'00.2" W by A. chilensis.  fopoorly road construction.
El Maitén drained soils.
5 Los Alerces National Park, 91-22 42°44’15.5" S, Nothofagus dombeyi Slopes. Touristic and recreational use.
River Arrayanes 071°44’22.8” W dominated forests Well-drained soils. Some grazing.
6 Los Alerces National Park, 17-20 42°46'234"' S, Mixed forest of N. dombeyi and Slopes. Touristic and recreational use.
Braese, Road 71 71°43'50.8"” W A. chilensis Well-drained soils. Some grazing. Austrocedrus disease.
v Los Alerces National Park, 2305 42°49'35.3"' S, Mixed forest dominated by Slopes. Intense touristic and recreational use.
Pucon Pai 71°36'37.4" W A. chilensis Well-drained soils. Some grazing. Austrocedrus disease.
3 Los Alerces 26-27 42°53'00.3"" S, Mixed forest dominated by Slopes. Tounszlfeirg?’tﬁgi:{if;zlm oasr’i(vmlted
National Park, cabecera 71°35'44.7"" W A. chilensis Well-drained soils. X p L
some grazing, Austrocedrus disease.
9 Los Alerces National Park, 13-16 42°53'56.21” S, Bur?jisir:;:;ﬁ?;zg 1'];11xed Slopes. Forest fire (10 years before),
burned area. 71°37'8.08"” W A chilensis y Well-drained soils. some grazing.
42°47'59.7" S,
71°27'23.8" W
28 42°48'23.3"' S,
10 Chubut, Futaleufu, 29-30 71°27'34.8"” W Native forest of Slopes. Cattle raising and forestr
Huemules 31-32 42°49'06.6” S, Nothofagus pumilio. Well-drained soils. 8 ¥
33 71°27'37.3" W

42°49'33.2"”' S,
71°27'29.9" W
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Site

Samples

Coordinates

Type of Vegetation

Geomorphology and
Soil Drainage

Land Use/Anthropic Impacts

11

Los Alerces National Park,
ranch Burgos

53-54

43°9’38.00” S,
71°42'54.00” W
43°9'46.26" S,
71°41'38.99” W

A. chilensis dominated forests.

Valley.
Moderately well- to
poorly- drained soils.

Cattle raising and forestry (area with
private use inside the national park).
Austrocedrus disease.

12

Chubut, Trevelin,
Ranch “La 106”

1-6

43°11'59.7"' S,
71°33’30.1” W

Austrocedrus chilensis
dominated forests.

Plains and hill slopes.
Moderately well- to very
poorly-drained soils.

Cattle raising, forestry and forest
plantations, Austrocedrus disease.

13

Reserve Nant y Falls
cascades

43°1128" S,
71°28'11” W

Austrocedrus chilensis
dominated forests.

Plains and hill slopes.
Moderately well- to very
poorly-drained soils.

Austrocedrus disease, cattle raising and
historic forestry. Nowadays forests
are protected.

14

Corcovado Ruta 17

40-41
42-43

43°31'32.3"' S,
71°32’30.8" W
43°31'37.7" S,
71°3232.1" W

Austrocedrus chilensis
dominated forests with areas of
mallin (wet land).

Valley.
Somewhat poorly-
drained to poorly-

drained soils.

Cattle raising, some forestry,
and Austrocedrus disease.

15

Chubut, Corcovado,
Santa Teresita Ranch

34
35
36-37
38-39

43°32'05.2”" S,
71°3304.5" W
43°32'00.1” S,
71°3228.1" W
43°32'01.9” S,
71°32’30.7" W
43°31'55.5”" S,
71°3230.5” W

Austrocedrus chilensis
dominated forests

Valley.
Moderately well- to
poorly-drained soils.

Cattle raising, Austrocedrus disease




Forests 2020, 11, 1223 8 of 24

For metabarcoding analysis, an about 250 bp ITS1 region was amplified from each DNA sample
using nested-PCR with primer pairs 18Ph2F and 5.85-1R in the first round and ITS6 and 5.85-1R
in the second round, according to the protocol of Scibetta et al. [45], except that proof-reading
enzyme KAPA HiFi HotStart ReadyMix (KAPA Biosystems, Wilmington, MA, USA) was used for
the PCR to minimize errors during PCR. Second round primers were amended with overhang
adapters to ensure compatibility with the Illumina index and sequencing adapters. These were
as follows: forward overhang: 5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG- [ITS6] and
reverse overhang: 5 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-[5.85-1R] [46]. For each
DNA sample, PCR was carried out in triplicate and all Phytophthora-positive PCR replicates were
pooled for downstream processing.

[llumina sequencing library preparation and sequencing were performed following the protocols
for 165 Metagenomic Sequencing Library Preparation [46] and methods described by Riddell et al. [44],
and sequenced together with a negative control and the 10 Phytophthora species positive control mixes
as part of the second 96-well plate in that work. The raw Illumina data are available for the NCBI
SRA or ENA under accession PRJEB40677. Sequence data were initially processed with the same
“metapy” pipeline, and repeated with version v0.6.9 of successor tool THAPBI PICT, giving broadly
the same results. It performed quality trimming with Trimmomatic v0.39 [47], merged paired reads
with Flash v1.2.11 [48], removed primers using cutadapt v2.8 [49], and collated unique sequences with
a minimum sample abundance of 50 reads. The unique sequences were matched to species in the tool’s
curated Phytophthora ITS1 database using the default classifier, which requires perfect matches or at
most a one base pair difference.

2.3. Cluster Analysis of Phytophthora f3-Diversity

A cluster analysis was applied to compare and evaluate the similarity of species composition and
abundance of Phytophthora spp. between sites. Analysis was applied twice: (a) using abundance data
(number of Illumina reads) of each species in each site; (b) using presence/absence data of each species
in each site.

For abundance data, three similarity indexes were tested: Euclidean distance, Bray—Curtis,
and simple matching. For binary data, five indexes were tested: Euclidean distance, simple matching,
dice, Sokal Sneath 1, and Sokal Sneath 2. As a clustering method, three different algorithms were tested:
single linkage, average linkage, and Ward. The combination of index and clustering method that
provided the highest cophenetic correlation and the best clade resolution was chosen. For abundance
data, the Bray-Curtis similarity index and Ward clustering method were used. For binary data,
Euclidean distance and average linkage clustering method were used. Cluster analysis was conducted
in Infostat [50].

2.4. Assessment of the Disease Distribution over Time

The current distribution of the diseased forest was evaluated in an area located in Los Alerces
National Park, coinciding with site 11 of the Phytophthora diversity study (Figure 1; Figure S1A).
The study area covers 900 ha of A. chilensis forests, for which maps of the disease distribution in 2005 and
2007 are available [51]. The forest that became diseased in the period 2007-2020 was visually identified
using high-resolution satellite images from Bing maps (https://www.bing.com/maps/). Satellite imagery
interpretation was performed visually by a human operator. The distribution of the affected forests
(in 2005, 2007, and 2020) and the currently asymptomatic forests were analyzed considering as
asymptomatic those forests that did not show external symptoms. The term asymptomatic was widely
used for naming disease-free trees [29-31,34], since Austrocedrus disease symptoms may appear later
in the crown [3].

In order to analyze the influences of anthropogenic factors on disease distribution, the spatial
distribution of diseased forests over time was analyzed according to the distance to trails and to the
distance to the Grande river, which represents an environmental and anthropical gradient. Raster layers
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of distances to trails and to Grande river with 10 X 10 m resolution [51] were categorized. The areas of
diseased forest over time (2005/2007/2020) and of currently asymptomatic forest (2020) corresponding
to each distance category were assessed and histograms were built. In order to analyze the disease
progression in the last period (2007-2020) in relation to the risk of being diseased according to abiotic
factors [35], the risk was calculated for each polygon feature by Zonal statistics plugin. Analyses were
performed with QGis software version 2.18.21 [52].

3. Results

3.1. Phytophthora Diversity in Patagonian Forest Soils and P. austrocedri Distribution

Of the 54 soil samples collected from the 15 sites, a total of 47 samples from 14 sites were found to
contain Phytophthora DNA and were progressed to Illumina sequencing. These 47 samples yielded
DNA sequences matching with a total of 23 known Phytophthora species (Table 2). P. austrocedri was
positively detected in 39 of these samples. Almost 43% of reads corresponded to P. austrocedri, 15.8% to
P. X cambivora, 7.8% to P. ramorum, and 7% to P. kernoviae Brasier, Beales and S.A. Kirk. Other species
were represented by < 3% of the reads (Figure 2A). Additionally, 11.5% of the reads corresponded to
unknown species in the oomycete genus (Figure 2A).

Phytophthora obscura
3%

Phytophthora kernoviae
7%

Phytophthora ramorum
8%
Unknown oomycete genus
12%

Phytophthora x cambivora
16%

Phytophthora austrocedri
43%

12 1
10 A

o N b O
I VR N PO

Site Site Site Site Site Site site Site Site Site Site Site Site Site Site

1.2 3 4 5 6 7 3 9 10 11 12 13 14 15

Figure 2. (A) Percentage of Illumina reads corresponding to each assigned species in soil samples from
Patagonia. Only species with > 3% of readings are labeled. (B) Mean richness per sample (blue bars)
and total richness (green bars) of each site. No Phytophthora DNA was detected in site 5.
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Table 2. Read counts per site and assigned species. The number of samples varied from two to six per site (see Table 1).

Species Clade Site 1 Site 2 Site 3 Site 4 Site 6 Site 7 Site 8 Site 9 Site10  Site11  Site12  Site13  Site14  Site 15
Phytophthora aleatoria PM. Scott, R. L
McDougal & PM Taylor 1 0 0 0 0 0 0 0 0 0 411 0 0 0 271
Jeactorum(Lebert & Cohn) J. Schrot.
P. idaei D.M. Kenn 1 92 0 0 0 0 0 0 0 0 0 0 0 0 0

P. capensis Bezuid., Denman, A. McLeod &

S.A. Kirk /citricola Sawada 1219 0 0 0 0 0 0 0 0 0 0 0 0 0
P. caryae N J. Brazee, X. Yang & C.X. 2 0 0 0 0 0 0 0 0 76 0 0 1889 536
Hong /pini Leonian
P. plurivora T. Jung & T.I. Burgess 2 0 0 0 0 0 0 0 0 0 0 0 0 0 84
P. ilicis Buddenh. & Roy A. Young 3 0 0 162 0 0 0 0 0 0 0 198 0 287 4511
P. pseudosyringae T. Jung & Delatour 3 858 150 0 0 0 0 0 0 492 1632 0 0 0 127
P. bilorbang Aghighi, G.E. Hardy, ].K. Scott & 6 0 0 0 0 0 0 0 0 0 0 0 0 196 0
T.I. Burgess
P. chlamydospora Brasier & E.M. Hansen 6 667 0 0 0 0 0 0 0 181 0 0 771 929 0
P. gonapodyides (H.E. Petersen) Buisman 6 0 0 0 0 0 0 0 0 0 0 222 0 88 239
P. megasperma Drechsler 6 0 0 0 0 0 0 0 0 581 0 0 0 524 0
P. mississippiae Xiao Yang, Copes & 6 0 0 0 0 0 0 0 0 100 0 0 0 0 0
C.X. Hong
P. x cambivora (Petri) Buisman 7 1687 776 2356 1169 3823 1896 1088 5337 1836 0 6450 4629 644 2453
P. cinnamomi Rands 7 0 0 0 0 0 0 0 0 0 709 0 215 0 0
P. austrocedri Gresl. & E. M. Hansen 8 4517 3798 7143 3525 8398 0 3297 0 8268 10,375 6371 12,583 7118 17,447
P. cryptogea Pethybr. & Laff./pseudocryptogea
Safaiefarahani, Mostowfizadeh, 8 822 0 0 0 0 0 0 0 0 0 0 0 0 0
Hardy & Burgess
P. lateralis Tucker & Milbrath 8 0 0 0 0 0 0 0 393 0 0 0 0 279 0
P. obscura Griinwald & Werres 8 324 0 89 0 336 0 311 0 1859 0 701 1242 1504 458
P. primulae J.A. Toml. 8 1505 0 0 0 0 0 0 0 0 0 0 0 0 0
P. pseudocryptogea Safaiefarahani,
Mostowfizadeh, Hardy & Burgess 8 1305 0 0 0 0 0 0 0 0 0 0 0 0 0
P. ramorum Werres, De Cock & Man 8 2673 3752 692 527 0 0 962 0 5459 455 159 57 349 1408
P. syringae (Kleb.) Kleb. 8 0 0 0 0 0 0 0 0 1952 0 343 0 600 0
P. kernoviae Brasier, Beales & S.A. Kirk 10 236 0 0 0 0 5450 0 474 2853 0 1818 1492 187 2605
Unknown oomycete genus 1603 594 55 0 2537 2442 0 451 3821 457 2043 3199 7827 3567
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Phytophthora species were detected in seven out of ten clades recognized by Yang et al. [22].
Fifty-seven percent of reads corresponded to species in clade 8; 16% to species in clade 7; 7% to species
in clade 10; and 4% to species in clade 3. Clades 1, 2, and 6 were represented in 2% or less of the reads,
and species in clades 4, 5, and 9 were not detected (Figure 2A).

Among the 47 samples that were positive for Phytophthora, the mean number of distinct species
detected per sample was 3.57 + 1.94, with values ranging from one to ten species per sample (Figure 2B).
A maximal number of species was detected in site 14 (located in the southernmost sampling area) with
13 species, followed by site 1 (located in the northernmost sampling area) with 12 species, and site
15 (located in the same sampling area as site 14) and site 10 (a Nothofagus pumilio (Poepp. and Endl.)
Krasser forest in the central area of the sampling range), both of them with 11 species (Figure 2B).

The sites with the highest Phytophthora richness were usually those located in areas raising
cattle and/or populated rural areas. On the contrary, protected areas showed low species richness.
No Phytophthora species were detected in site 5, and of sites yielding Phytophthora DNA, the site with the
lowest number of species (2) was site 7, both of them located in Los Alerces National Park. The mean
richness of the five sites in this protected area (sites 6 to 9 and 11) was 3.4 species, while the mean
richness in sites located in lands with different economic activities (agriculture, forestry, grazing, etc.)
(sites 1, 10, 13, 14 and 15) was 10.8 (Table 2).

3.2. Cluster Analysis of Phytophthora f3-Diversity

The similarity in species composition and abundance between sites was analyzed using cluster
analysis (Figure 3A). No clear geographic structure was found; instead, it was observed that sites
clustered more by land use, anthropogenic impact, or soil drainage, rather than by proximity. Sites inside
the most protected of all sampled areas (Los Alerces National Park sites 69 and 11; Figure 1) clustered
together (dark green), except for site 11, which, even though it is inside the national park, is subject to
cattle raising and some forestry, and the soils are worse drained. In site 11 the study of Austrocedrus
disease distribution over time was carried out. Three sites located towards the northern sampling area,
distant from Los Alerces National Park (Figure 1), were grouped within the same clade (dark green).
These sites were a native forest reserve (site 2), a native forest near a road (site 4), both of them with
limited human activities, and a burned area that was formerly native forest and conifer plantations
(site 3) with medium anthropogenic impact. The three sites had well-drained soils (Table 1).

Two other geographically close sites (12 and 13, Figure 1) formed a clade (orange) that grouped
with the previous one. These two sites are pure A. chilensis forests developed on clayish plains and
hillslopes, and the main anthropogenic impact is cattle raising. The nine sites previously mentioned
were grouped together (pale green rectangle). The dark green clade includes those sites with low
species richness, and the orange clade includes those sites with median species richness.

Site 11, which is in the same valley as sites 12 and 13, and site 15 which is distant from the last one,
located in the southernmost area of A. chilensis distribution (Figure 1), grouped then with the previous
clades (yellow rectangle). These sites correspond to Austrocedrus pure forest located at the bottom of a
valley, on moderately well to poorly drained soils (Table 1). Both sites have cattle raising and are the
only two sites where P. aleatoria/cactorum was recorded. Site 15 has also one unique species (P. plurivora),
which explains its lowest similarity.

The last clade (pale blue), with lower similarity, grouped sites 10 and 14, two of the three sites
with the highest species richness (11 and 13 species, respectively). These sites are very different from
each other: site 10 is a N. pumilio pure forest, with well-drained soil, located far away from site 14,
which is an Austrocedrus-dominated forest located on wet soil. Their similarity is that both share an
otherwise unique species (P. megasperma) and each of them also has a unique species (P. mississippiae
at site 10, and P. bilorbang at site 14). The last site, with the lowest similarity, is site 1 which has five
unique species (P. capensis/citricola, P. cryptogea/pseudocryptogea, P. idaei, P. primulae, P. pseudocryptogea).
It could be said that sites 15, 10, 14, and 1, which show the highest species richness, have low similarity
among them, mostly because of the presence of unique species. The cophenetic correlation was 0.97.
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Figure 3. Dendrogram of agglomerative hierarchical clustering of sites according to: (A) Phytophthora
spp. abundance (number of reads for each matched species) data matrix using Bray-Curtis similarity
index and Ward clustering method; (B) Phytophthora spp. presence/absence data matrix using Euclidean
distance index and average linkage clustering method.

When only the presence/absence of species was considered (Figure 3B), were the results of the
clusters analysis very similar, but in this case sites 7 and 9 are grouped separately from the rest of sites
with low species richness (green clade in Figure 3A). This may be due to the fact that these sites share
in common the absence of P. austrocedri and P. ramorum. Moreover, these are the only two sites where
P. austrocedri was not detected. The cophenetic correlation was 0.97.

The frequency of most species was low (Table 2), almost 70% of the species being present in less
than 25% of the sites, and 36% of the species in less than 10% of the sites, which means they were
detected in only one site. The most frequent species were P. X cambivora (90%), P. austrocedri (86%),
and P. ramorum (79%).

Many of the recorded species represented new records in Argentina (P. ramorum, P. lateralis,
P. kernoviae, P. obscura, P. ilicis Buddenh. and Roy A. Young, P. pseudosyringae T. Jung and Delatour,
P. caryae N.J. Brazee, X. Yang and C.X. Hong/P. pini Leonian, P. bilorbang Aghighi, G.E. Hardy, ].K. Scott
and T.I. Burgess, Safaief., Mostowf., G.E. Hardy and T.I. Burgess, P. idaei D.M. Kenn., P. mississippiae
Xiao Yang, Copes and C.X. Hong, P. plurivora T. Jung and T.I. Burgess, and P. primulae J.A. Toml.).
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In addition, P. capensis Bezuid., Denman, A. McLeod and S.A. Kirk/P. citricola Sawada, P. cinnamomi
Rands, P. megasperma Drechsler, and P. cryptogea Pethybr. and Laff./P. pseudocryptogea also represent
new records in Patagonia. Other species previously reported in the study area, P. pseudotsugae [41] and
Phytophthora taxon raspberry [42], were not detected in this study, suggesting that the Phytophthora
diversity in Patagonia may be greater.

3.3. Disease Distribution over Time

Sampling site 11, even though it is inside Los Alerces National Park, differed from the other sites
inside the park regarding Phytophthora species composition and abundance. This difference could be
related to the fact that site 11 is subject to higher anthropogenic pressure than the other protected sites;
besides the soils are more poorly drained in this area (Table 1).

The disease distribution over time showed that Austrocedrus disease began in the lower sector of
the study area, in forests developing on the floodplain and terraces of the Grande river (yellow polygons
in Figure 4). This low area, where fragmented forests grow on poorly to moderately well drained soils,
is the sector with the highest anthropic pressure, where human settlements, cattle raising, and some
forestry occur.

In the period 2005-2007 the disease showed a high progression [51] (orange polygons in Figure 4),
implying a 50% increment of the affected area, from 99 ha in 2005 to 148 ha in 2007, located almost
entirely (98%) under high-risk conditions, according to the model based on abiotic factors [35].

The affected area from 2007 to nowadays showed a lower rate of increase than in the previous
studied period (red polygons in Figure 4). The studied area, which includes 900 ha of A. chilensis
forests, currently shows 162.5 ha of diseased forests. Thus, while the disease progression rate was
24.5 ha year™! for the period 2005-2007 [51], it decreased to 1.2 ha year~! for the period 2007-2020.

The disease progressed in forests classified as at-risk according to the risk model based on
environmental factors [35]. Ninety three percent of the forest area that became symptomatic during the
2007-2020 period was located in high risk site conditions, and 7% in moderate risk sites (Figure S1B).
According to the risk model, the disease progressed in forests located close to streams and on
non-allophanic soils (in the study area this can be interpreted as poorly drained soils). Additionally,
as shown in Figure 4B, many forests that became diseased surround the previously affected forests.
Figure 5 shows the distribution of forests that became diseased in the period 2007-2020 in relation to
the distance to trails. Many of these forests are located less than 100 m apart from these trails and paths.

The distribution of asymptomatic forests differed from that of diseased forests: they were located
towards higher altitudes and slopes and farther from the Grande river (Figure 6), in areas less favorable
for Phytophthora development and with low anthropogenic influence (Figure 4B; Figure S1).
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Figure 4. Austrocedrus disease distribution over time in an area from Los Alerces National Park.
(A) Diseased forest distribution. (B) Distribution of diseased and asymptomatic forests.
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Figure 5. Distribution of A. chilensis forests that became diseased during 20072020 period (black spots)
in relation to the distance to trails and paths. Color scale indicates the distance to trails across the
study area.
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Figure 6. Area (ha) of diseased forest over time and area of currently asymptomatic forest according to
the distance to the Grande river.

4. Discussion

4.1. Phytophthora Diversity in Patagonian Soils

Phytophthora austrocedri is the first Phytophthora species that was reported as a pathogen of
forest trees in Patagonia. It has been detected along most of the distributional range of A. chilensis,
mostly through isolation from necrotic lesions but also by baiting soil with A. chilensis seedlings [3,24];
however, its abundance had not been previously assessed. Even though metabarcoding can be
considered as a semi-quantitative technique, the high number of reads indicates that P. austrocedri is
much more abundant than other Phytophthora species in the sampled area. It showed the greatest relative
abundance, with almost 43% of reads, and was detected in 86% of the sites, even where A. chilensis was
absent (i.e., Nothofagus forests) and where it had not been previously reported. Riddell et al. [44] found
similar results regarding P. austrocedri distribution in the UK and suggested that P. austrocedri might
be well-adapted to survive in the soil in the absence of infected host material, or that it is capable of
living in association with a wider range of plant species than is currently known. It was demonstrated
that other Phytophthora species might be detected in roots and soils of asymptomatic non-hosts [53,54].
Thus, P. austrocedri could do the same.

High throughput metabarcode sequencing also allowed the detection of 12 Phytophthora species
that were not previously reported in Argentina and four species that were not known to be present



Forests 2020, 11, 1223 16 of 24

in Patagonia. Three of them are well-known woody plant pathogen species (P. ramorum, P. kernoviae,
and P. lateralis), which represent a serious threat to plant health [3,13,55-57]. Phytophthora ramorum has
a large range of hosts, and more than 100 plant species might be infected by this pathogen in forests,
natural environments, or nurseries. Phytophthora ramorum was present in 78% of the sites, but abundant
in three sites: two of mixed forest dominated by A. chilensis (sites 1 and 2), and one in a pure native
N. pumilio forest (site 10). Interestingly, P. ramorum has been found causing bleeding stem lesions in
Nothofagus obliqua (Mirb.) Oerst. in England [58]. No host has been identified yet to be affected by
P. ramorum in Patagonia, but its presence highlights the possible risk of an outbreak. Many widely
grown ornamental species are susceptible to P. ramorum, which could facilitate introduction into and
invasions of new areas, acting as reservoirs of inocula. Phytophthora ramorum was detected only in
one site in Los Alerces National Park, a highly visited area (site 8), which denotes the importance of
protected areas in preventing the introduction of alien plants and pathogens. Phytophthora kernoviae,
detected in more than 50% of the sites, exhibits comparable symptomatology and epidemiology to those
of P. ramorum in the UK [57,59,60]. Those pathogens have overlapping geographic ranges in the UK and
often concurrently invade similar niches. For this reason, it was speculated that P. kernovige may also
invade forests threatened by P. ramorum in the USA [61]. The same speculation might be made for the
findings observed in Patagonia, since P. kernoviae was present in almost all the same sites as P. ramorum.
Phytophthora kernoviae is known to cause disease in more than 15 plant genera, and rhododendron
is the main host involved in pathogen transmission [62]. Sanfuentes et al. [63] reported for the first
time the presence of P. kernoviae in native South American forests, obtained from necrotic lesions on
fallen leaves of Drymis winteri ].R Forst. and G. Forst in the surface litter. The Valdivian rainforest of
Chile and western Patagonia shares features of the ancient Gondwanaland flora with New Zealand.
Recent findings support the New Zealand origin of P. kernoviae [64], which means that this species
could be well adapted to coexist with some species of Valdivian rainforests. The wide distribution
of these two pathogenic species in Patagonia, detected all along the range N-S of the sampling area,
could indicate that they are well established in Patagonia. However, isolation is needed to confirm
this hypothesis. Phytophthora lateralis was detected in two A. chilensis stands, one being a diseased
stand in a heavily anthropized area and the other a burned stand in the national park. This pathogen,
with few exceptions, is limited to hosts in the Cupressaceae [56,65-67]. Although P. lateralis has not
been previously isolated in declining A. chilensis forests, it is unknown whether this pathogen could
contribute to the general decline of the tree.

The most frequent and widely distributed species was found to be P. X cambivora (Table 2).
This species is the causal agent of seedling blight, root rot, collar and root rot, trunk canker,
ink disease, and wilting for more than 30 plant species, including many woody plants and crops [65,68].
Phytophthora x cambivora has been isolated from soil in different forests and stands, and detected in
public gardens and amenity woodlands in Europe and the USA [44,69-71]. This species was previously
isolated from soils of A. chilensis diseased forests [42]. At present, P. X cambivora seems not to be causing
disease in Patagonian forests, but since it has also been detected near, or in areas with agricultural use,
it may represent a threat to some economically important woody plants.

Phytophthora syringae showed low frequency (present in only two sites) in the metabarcoding study.
However, it was considered a ubiquitous species, frequently isolated from native forest soil samples of
Patagonia [42]. A possible explanation is that the isolates previously identified as P. syringae might
have been misidentified and could correspond to P. obscura, a closely-related species, with very similar
morphological and ecological characteristics [23], which was much more frequently detected (Table 2).
In contrast, P. obscura has been rarely detected in the USA and Europe [23,44]. Phytophthora syringae
and P. obscura are primarily distinguished by molecular methods. Additionally, many isolates of
P. pseudosyringae have erroneously been identified as P. syringae by different authors due to their
similarity in morphological and physiological features [72]. Besides, it is unknown whether some DNA
sequences are amplified more efficiently than others during PCR, leading to the presence of artifacts in
the metabarcoding analysis. Riddell et al. [44] reported P. syringae as a frequently occurring species in
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soils in public gardens and amenity woodlands in Britain, using the same methodology, suggesting
it should amplify efficiently here. However, in their control mixture P. boehmeriae failed to amplify,
which was explained by PCR primer mismatches leading to other species being preferentially amplified.

Phytophthora pseudosyringae was initially isolated from rhizosphere soil of declining oak forests
and was also found causing necrosis of fine roots and stems of different tree species [72]. Interestingly,
it was also recently found causing stem bleeding cankers in Nothofagus obliqua (Mirb.) Oerst. in Chile
and the UK [73,74]. In pathogenicity trials, N. alpina (Poepp. and Endl.) Oerst. and N. dombeyi (Mirb.)
Oerst. were also susceptible to this pathogen [73]. Since P. pseudosyringae was detected in Nothofagus
forests, the potential of P. pseudosyringae to cause damage in natural Nothofagus stands in Patagonia
should be explored.

In the present study, P. chlamydospora was detected in soils from A. chilensis, Nothofagus, mixed
forests, and a highly disturbed place near farms (sites 1, 10, 13, and 14). It was previously reported
to be present in streams of A. chilensis forests [42]. Phytophthora chlamydospora is a cosmopolitan
species commonly found in streams and wet soil worldwide and is a pathogen of some riparian tree
species [75,76]. However, despite its abundance in streams, there is generally no evidence of disease in
the surrounding vegetation in the study area. In contrast, P. chlamydospora appears to be a pathogen
of woody plants and horticulturally valuable species [77], which could have implications for site 1.
The other species found in clade 6b of the phylogeny of Yang et al. [22] (P. gonapodyides, P. mississipiae,
P. bilorbang, P. megasperma) were associated with heavy wet soils or samples taken next to streams.
Like P. chlamydospora, these species have been detected worldwide in soil, watercourses, or irrigation
systems and are considered to be in general minor to moderate pathogens of some plants [65,75,78-83].
Phytophthora gonapodyides has been previously recovered from streams of A. chilensis stands [42], but no
association of this species with Austrocedrus disease was evidenced.

Phytophthora cactorum occurs worldwide and causes root and collar rots, fruit rots, cankers, leaf
blights, wilts, and seedling blights in more than 200 plant species, including horticultural species
and woody plants [65]. Clade 1 Phytophthora species related to P. cactorum, such as P. aleatoria
and P. pseudotsugae, may have a specific association with hosts in the family Pinaceae [84,85].
In particular, P. cactorum is associated with more than 30 Pinaceae host species, such as Pinus ponderosa,
and some Cupressaceae [84]. Pinus ponderosa P. Lawson and C. Lawson is the exotic tree species
most widely planted along Patagonia. Phytophthora aleatoria/P. cactorum was detected on a private
ranch (site 15, Corcovado ST) in an A. chilensis stand next to a P. ponderosa plantation, which makes it
necessary to monitor its health status. Phytophthora cactorum was previously isolated from declining
A. chilensis forests [41], but the possible role of this species in the decline of the tree was not explored.
Phytophthora idaei, another species in clade 1 known to be pathogenic to raspberries, was detected
in site 1 near farms that produce raspberries, among other plant species. Noteworthily, in this area,
raspberry plants with symptoms of Phytophthora infection are under study (Vélez and Marfetan pers.
comm.). Similarly, species in the “P. citricola complex” were reported to have a wide range of hosts
with economic and/or ecological importance [65,86-88]. In particular, P. plurivora was found in site 15
(a ranch with different land uses), P. capensis/P. citricola in site 1, and P. caryae/P. pini in a grazed area
with A. chilensis diseased stands (site 14).

Phytophthora ilicis and P. cinnamomi were detected at low frequency in the present study.
While P. ilicis has the shrub Ilex aquifolim as the only known host, P. cinnamomi is a serious pathogen of
more than 1000 plant species, including ornamentals, woody plants, and trees [65,89]. Other species
rarely detected in this study were P. primulae (site 1) in subclade 8b, and P. pseudocryptogea (site 1)
in subclade 8a [22]. Species in subclade 8b are host specific, slow-growing, and specifically infect
herbaceous crops at low temperatures [65,90], while P. pseudocryptogea and its close relatives have been
isolated from soil, irrigation water, and numerous hosts [65,69,91]. The biological significance of the
presence of these species in Patagonia deserves further studies.

Many of the Phytophthora species detected in this study have been found in nurseries in Europe and
the USA [55,92,93]. Nursery plants are shipped inside the country and intra- and inter-continentally.
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Since fungicides are used as a common practice, pathogens might be present but not detected in plants
that have a high chance of contributing to Phytophthora spread [55]. Thus, plant trade could have been
involved in the introduction of Phytophthora species into Patagonia through contaminated plants and
soils. In this sense, it would be necessary to conduct a survey of Phyfophthora in nurseries in Patagonia.
Whether DNA detection indicates the presence of live inocula in our study needs to be confirmed by
other approaches, such as baiting or RNA-based methodology. If that were the case, it would evidence
the ability of these Phytophthora species to survive in soil and therefore to be potentially transferred to
susceptible plants.

Since in this study samples were mostly taken close to roads, the diversity observed may reflect,
at least partially, the invasions produced by human activities. Studies of this type in areas with different
types of land use but far from roads, and pristine ones, will contribute to differentiating ubiquitous
species from those with restricted distribution, which could reveal recent invasions.

4.2. Anthropogenic Factors in Relation to Phytophthoralinvasions and Plausible Management Strategies

The similarities in Phytophthora species composition and abundance between study sites were
mainly associated with land use and anthropogenic impact. The sites with higher Phytophthora richness
were those with higher levels of human activity and the sites with lower richness were those with
restricted human activities. These results highlight the influences of anthropogenic factors on the
spread of invasive Phytophthoras, as was previously reported for Austrocedrus disease [36,51,94].
Several studies show that human activities act as drivers of Phytophthora invasions, e.g., [56,95-97].

The different methodological approaches addressed in this work highlight the importance of
anthropogenic and abiotic features as conditioning factors on both the diversity of Phytophthora and on
the spatial distribution of the disease. In the sector of Los Alerces National Park where the distribution
of the disease was studied over time, it was found that the disease began in the floodplain and terraces
of the Grande river. The distribution of the first affected forests and the spread in the period 2005-2007
coincide with the poorest drained soils, but also with the highest anthropogenic pressure, where human
settlements, cattle raising, and some forestry occur. At the end of the twentieth century, the disease
was practically limited to the river coastline. In fact, many stands considered asymptomatic in 2000,
located on the river plain [31], showed disease symptoms or even high mortality in 2007 [51].

Austrocedrus disease progression, both in the period 2005-2007 and in 2007-2020 occurred over
forests environmentally classified as at risk, i.e., near to water courses and on poorly drained soils [35].
However, the increment in the affected area was quite different between both periods, being lower
for the last one. The disease spread from 2007 to nowadays is affecting forest areas further from the
Grande river, in sites prone to the disease but at higher altitudes, shifting away from the area with
the greatest anthropogenic influence. Anyway, disease progress is still conditioned by anthropogenic
factors, as shown by its relationship with the nearness to trails and paths. The decrease found in the
rate of disease progression in the last period could also be influenced by climate conditions. Since 2003,
the precipitation in the study area has been below the average value [98,99], which can affect soil
moisture and thus Phytophthora dispersion [65].

The importance of anthropogenic factors to Austrocedrus disease spread was also evidenced by
its distribution in lands with productive uses vs. protected areas. Austrocedrus disease distribution
was previously evaluated in the Rio Grande Valley, in Chubut province, where a sector with high
anthropogenic pressure and a protected area (Los Alerces National Park) coexist, partially overlapping
the current study area of the disease distribution over time [100]. Outside the protected area, where the
forests are closer to houses and agricultural fields and crossed by roads, not only is the proportion of the
affected area higher (30% vs. 1%, outside and inside the protected area, respectively), but the disease
is also widespread almost throughout the area. Only the highest, steepest, and most inaccessible
forests are free from the disease, highlighting the influences of anthropogenic factors on disease
dispersion (Figure S2). While inside the National Park, as it was found in our study, the affected area is
circumscribed to the lowest sector, closer to the Grande river. The influences of anthropogenic factors



Forests 2020, 11, 1223 19 of 24

on Austrocedrus disease distribution are more pieces of evidence that P. austrocedri is an exotic invasive
species. The importance of anthropogenic factors to P. austrocedri spread was shown for J. communis
woodlands in UK, where P. austrocedri DNA was consistently found in soil from footpaths and animal
tracks at infected woodlands and from boots after walking through infected sites [101]. It seems that
the natural spread of P. austrocedri is most likely limited to a “within-site” distribution via soil water
run-off, aided by animal and human activity that further move infested soil and plant debris [40].

Since A. chilensis forests grow in valleys and low slopes, their distribution overlaps with the areas
with most anthropogenic impacts (farming, livestock, urban planning, and touristic and recreational
activities), and P. austrocedri was found to be widely distributed in Patagonia. Not only the eradication,
but also the control of the disease spread seem very difficult, at least in areas with anthropogenic
activity. However, certain control and management strategies might mitigate this negative impact
on A. chilensis forests. Mainly in protected areas, where anthropogenic impact could be minimized,
it would be possible to avoid further spread, especially towards sites environmentally unfavorable for
the pathogen [36] and to areas where there are other susceptible species.

Regarding control measures, integrated strategies should be considered, including chemical and
biological control, and field identification of resistant trees as material sources for restoration and
reforestation. Phosphite-based fungicides have very low phytotoxicity to A. chilensis, even at high
concentrations [29], showing great potential to be used in natural ecosystems to control Austrocedrus
disease. Even though chemical control is not feasible at the landscape scale, it may be an option
to control the disease in specific, limited places such as forests of high conservation value, and to
protect healthy sites by making a barrier of treated trees at the possible disease-entry points (such as
roadsides and streams). The first assay of treatment with fosetyl-Al and potassium phosphite in a
stand of a natural forest located in a protected area is in progress (Greslebin and Romano pers. comm.).
Biocontrol strategies were also found to be useful alternatives to chemical fungicides in controlling
P. austrocedri [30]. A program to evaluate trees for resistance is underway. Although a low frequency of
resistance to P. austrocedri was found in natural populations (Vélez pers. comm.), selected trees are
being vegetatively propagated for further studies for resistance [102].

Since many Phytophthora species were detected in this study, it is necessary to adopt and
promote good practices in Patagonia to avoid the possible transfer of soil-borne Phytophthoras within.
Management measures should involve implementing appropriate biosecurity, including adequately
cleaning tools, vehicles, and shoes before moving to other sites, using safe water in irrigation systems,
avoiding changes in watercourses, regulating activities such as forestry, cattle raising, and tourism,
and selecting disease free plants from nurseries with verifiable Phytophthora control and management
plans, among others.

5. Conclusions

Phytophthora austrocedri is widely distributed in Patagonia. Moreover, many previously unrecorded
Phytophthoras, including highly invasive pathogenic species, were detected in soil, signaling a high
risk of establishment of potentially pathogenic species in Patagonian ecosystems. Phytophthora diversity
was highly influenced by anthropogenic impact. Species richness was higher in areas with high
human activities than in protected areas or in areas with low anthropogenic impact. The distribution of
Austrocedrus disease and the affected area over time were also enhanced by anthropogenic impact.

This study evidenced that it is necessary to urgently adopt management measures in order to
control the spread of P. austrocedri and other invasive Phytophthora species in Patagonia.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/11/1223/s1.
Figure S1. (A) Study area of Austrocedrus disease distribution over time. (B) Austrocedrus disease risk according
to abiotic factors (risk model based on La Manna et al. 2012 [1]. (C) Austrocedrus disease distribution over time.
Figure S2. Distribution of Austrocedrus chilensis forests in Chubut province, Argentina (source: Forest Inventory,
report by CIEFAP, 2016) and the detail of the distribution of diseased and asymptomatic forests in Rio Grande
valley (source: La Manna et al. 2008 [2].
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