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ARTICLE INFO ABSTRACT
Keywords: The decline of alder forests induced by increasing temperatures and the “Phytophthora xalni species complex”, a
Heat stress group of emerging non-native pathogens, represents a major threat to riparian ecosystems across the Northern
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Alnus lusitanica

Alnus glutinosa

Riparian forest

Hemisphere. The intensification of heatwaves and the pathogen spread and disease expansion to Southern
Europe underscores the importance of studying the responses of alder species to these stressors. This study as-
sesses individual and combined effects of a simulated extreme heatwave and infection by the pathogen P.
xmultiformis on Alnus glutinosa and A. lusitanica to identify more resilient genotypes and thus help to mitigate
alder decline. 1760 two-year-old alder saplings from 11 populations and 6 genetic groups from Sweden to
Morocco were subjected to individual and combined treatments of heatwave and subsequent pathogen infection.
Mortality, stem and leaf necrosis, morphological and water-exchange parameters were periodically assessed.
Alnus lusitanica showed higher tolerance to heat stress than A. glutinosa. Responses to the combined stressors
differed significantly between populations and genetic groups of both alder species. Plant mortality was highest
in the treatment with combined stressors, particularly for the southern populations of A. lusitanica. High genetic
diversity and previous exposure to extreme temperatures and Phytophthora may provide alder populations an
adaptive advantage when responding to individual or combined stressors. Our results suggest that P. xmultiformis
infection after heatwave events may aggravate alder decline in riparian ecosystems, particularly in A. lusitanica.
Further research on the disease effects in riparian forests of A. lusitanica is essential for the conservation and
management of this endemic species.

1. Introduction the combination of the individual stressors, depending on the interac-
tion being either synergistic or antagonistic, respectively (Coté et al.,

Ecosystems can be exposed to multiple stressors and the interaction 2016). Climate change and pathogen invasions are among two of the
between the combined effects may cause greater or lesser damage than most concerning global threats to riparian vegetation (Catford et al.,
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2013; Lapin et al., 2021), and their recurrent incidence can have cu-
mulative negative effects (Stella and Bendix, 2018). Amongst other
deleterious effects, vegetation decline in riparian corridors may lead to
rising stream water temperature (Trimmel et al., 2018), impacting
ecosystem functioning and reducing the capacity of aquatic and riparian
ecosystems to adapt to climate change (Alonso et al., 2021; Capon et al.,
2013; Ferreira et al., 2022). A deeper knowledge on the vegetation
response to biotic and abiotic stressors and its interactions can benefit
the identification of suitable management actions for the conservation of
declining vegetation (Guignabert et al., 2024). Therefore, under
increasingly challenging biological and environmental conditions,
research on the consequences of individual and cumulative stresses
(Rodriguez-Gonzalez et al., 2022) may help shape new trends in riparian
vegetation decline and demographics (Li et al., 2024; Janssen et al.,
2020; Lemm et al., 2021; Scott et al., 2019).

Alders are paramount tree species in riparian ecosystems due to their
nitrogen fixing ability, riverbank protection and food chain supply
(Claessens, Oosterbaan, Savill, and Rondeux, 2010; Ferreira et al.,
2022). Alnus glutinosa (L.) Gaertn. (common name: alder) and
A. lusitanica Vit, Douda & Mandak (common name: Iberian alder) occur
in European riparian swamps and riparian forests with permanent access
to water. Before 2017, A. glutinosa was the most widespread alder spe-
cies in Europe. In 2017, the A. glutinosa populations from the Iberian
Peninsula and Morocco were designated as A. lusitanica Vit, Douda &
Mandak based on genetic evidence (Vit et al., 2017). After 2017, only
A. glutinosa populations occurring from the Pyrenees to Scandinavia and
from the United Kingdom to Western Asia were considered as
A. glutinosa. Recent studies also found possible intra specific grouping of
populations based on its genetic diversity (Gomes Marques et al., 2024a,
Martin et al., 2024). It has been suggested that the A. lusitanica pop-
ulations possess traits associated with low water availability and may,
therefore, have an adaptive advantage over A. glutinosa populations, if
subjected to drought (Mandak et al., 2016; Gomes Marques et al.,
2024a). There is also evidence of threat to the annual growth and sur-
vival of A. lusitanica populations in southern parts of the Iberian
Peninsula due to ongoing climatic and hydrological changes in this re-
gion (Gomes Marques et al., 2018; Rodriguez-Gonzalez et al., 2014). The
increasing frequency and intensity of extreme temperatures in the Ibe-
rian Peninsula (Lorenzo et al., 2021) justifies research on the phenotypic
responses of alders to such extremes.

Over the past 30 years, A. glutinosa and A. lusitanica populations in
riparian forests and swamps across Europe have been experiencing a
severe decline with high mortality rates due to root rot and stem bark
cankers caused by invasive pathogens from the “Phytophthora xalni
species complex” (Gibbs, 1999; Husson et al., 2015; Bjelke et al., 2016).
The “P. xalni species complex” is specific to Alnus species and encom-
passes the hybrid P. xalni and the hybrid’s parental species P. uniformis
from western North America and P. xmultiformis, also a hybrid assumed
to originate from East Asia (Brasier et al., 2004; Husson et al., 2015;
Jung et al., 2017). Tree dieback and mortality has been associated with
these three pathogens in riparian alder stands throughout Europe, from
Sweden to Portugal (Gibbs et al., 1999; Streito et al., 2002; Brasier et al.,
2004; Jung and Blaschke, 2004; Cerny and Strnadova, 2010; Solla et al.,
2010; Pintos-Varela et al., 2012; Redondo et al., 2015; Jung et al., 2016,
2018; Kanoun-Boulé et al., 2016; Corcobado et al., 2020, 2023; Horta
Jung et al., 2025). Phytophthora xmultiformis is widespread in riparian
ecosystems and forest plantations (Jung and Blaschke, 2004; Aguayo
et al., 2016; Pintos-Varela et al., 2017) and its aggressiveness to alders
has been demonstrated to be similar or greater to that of P. xalni
(Zamora-Ballesteros et al., 2017; Trzewik et al., 2022). The southern-
most stands of P. xalni have been reported in the vicinities of Foz do
Arouce and the Alva, Coa and Dao rivers in Portugal (Gomes Marques
et al., 2024b; Horta Jung et al., 2025; Kanoun-Boulé et al., 2016) and
Plasencia in Spain (Ferreira et al., 2022). These areas are characterized
by high summer temperatures (record highs were registered in 2023),
high seasonal and interannual variability in water availability, and
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heatwaves that can last several days (Copernicus, 2025).

Phytophthora survival and infection depends on both climatic and
hydromorphological factors, decreasing with extreme maximum tem-
perature values and increasing with presence of standing water (Gomes
Marques et al., 2024b). Previous studies observed a predisposition of
several tree species (Fagus sylvatica, Quercus cerris, Q. pubescens, Q. ilex
and A. rhombifolia) to Phytophthora infection after extreme rainfall,
flooding or drought (Corcobado et al., 2014) (Jung, 2009) Colangelo
etal., 2018; Gomes Marques et al., 2022b), but there is a lack of research
on the individual and combined effects of thermal stress and Phytoph-
thora spp. infection on alders.

This study addresses and compares the individual and combined
effects of heat stress and P. xmultiformis infection on a large set of
A. glutinosa and A. lusitanica population provenances. Furthermore, the
study aimed to identify populations or genetic groups that show some
degree of tolerance to these stressors. More knowledge on alders’
tolerance and susceptibility can support decision-making during man-
agement actions, notably in sites that are infested or prone to be infested
by Phytophthora and subjected to heat stress (Gomes Marques et al.,
2022b). To accomplish this, saplings grown from seeds collected from 11
populations across the latitudinal range of the two alder species were
subjected to a simulated heatwave and infected with P. xmultiformis.
Then, a large set of morphological and physiological traits were evalu-
ated across the saplings. We hypothesized that (1) the combination of a
heatwave and pathogen infection would increase plant mortality and
negatively affect plant performance and (2) differences would exist
between the alder species and/or intraspecific genetic groups in terms of
their tolerance and susceptibility to the individual and combined
stressors.

2. Methods
2.1. Plant material

Between February 2017 and March 2018, alder seeds were collected
from five Alnus glutinosa and six A. lusitanica populations occurring in
riparian forests or wetlands across the whole latitudinal range of Euro-
pean alder (Fig. 1, Table S1; Gomes Marques et al., 2022a). The seeds
were collected from ten mother trees per population. In April 2018, the
seeds were germinated and then grown for two years in greenhouse
conditions in Oeiras, Portugal (38.6961°N, 9.3202°W). In the green-
house, minimum and maximum temperatures were 11°C and 38°C,
respectively, and relative humidity ranged from 20 % to 80 %. Geno-
typic analysis of the populations revealed six genetically distinct groups
(Fig. 1; Gomes Marques et al., 2024a).

2.2. Experimental design and treatments

The two-year-old A. glutinosa and A. lusitanica saplings were sub-
jected to heatwave temperatures and P. xmultiformis infection (Fig. 2).
The saplings were arranged in 1-litre pots following a split-plot random
design, replicated in four blocks, with thermic stress as the main factor
(two categories: control and heatwave temperatures; whole plots) and
pathogen infection as the split factor (two categories: non-infected and
P. xmultiformis-infected). Each block had approximately 110 saplings
and each treatment had four blocks. In each block, each of the 11 pop-
ulations was represented by 10 open-pollinated families and each family
by a single sapling whenever possible. Not all families were represented
in all blocks due to the heterogeneity in germination rates among alder
populations (Gomes Marques et al., 2022a). Individual saplings were
randomly positioned within the blocks. In total, 1760 saplings were
produced for the experiment, distributed as follows: 4 blocks x 2 tem-
peratures x 2 infection treatments x 110 families x 1 individual, and a
total of 1321 were healthy and used since beginning of the experiment.

Two adjoining greenhouse compartments were used to simulate an
extreme heatwave and assess the effects on the alder saplings. The



1. Gomes Marques et al.

Forest Ecology and Management 598 (2025) 123202

Species [ ] Alnus glutinosa

D Alnus lusitanica
Geneticgroup @ 1 @ 4

02 @5
03 Os :

o

250 500 km

A

Fyris (FY) E

- 2 74 .

Vlatava (OT)

@ Selune (SE)

Ulla (FU)
Lima (BE)

Tagus (JT)

Guadiana (AL)|_

Mira (TO) |/

Oued Laou (OU)

i

2Q

@— Danube (RI)

Fig. 1. Geographical locations and hydrographic basins identification of the 11 studied alder populations, each identified by a two-letter code in brackets. The
geographical distribution of Alnus glutinosa, A. lusitanica and both species is represented by dark grey, light grey and pattern areas, respectively (adapted from
EUFORGEN 2009 [www.euforgen.org], Vit et al., 2017 and Martin et al., 2024). The different location colours represent the genetic groups (Gomes Marques et al.,
2024a). See Table S1 for further information about the studied populations. Map lines delineate study areas and do not necessarily depict accepted na-

tional boundaries.

compartments were similar in size and sun exposure. On 14 June 2020,
the saplings were divided into two groups, and one group was subjected
to ambient temperatures and the other to heatwave temperatures. The
heatwave treatment consisted of 21 days of maximum daytime (6 am to
9 pm) temperatures between 32°C and 55°C and minimum temperatures
between 18 and 24 °C (Supplementary Material Excel) thereby simu-
lating predicted extreme heat events in the Mediterranean (Molina et al.,
2020). Plants were watered regularly to field capacity. On 4 July 2020,
the saplings under the control and extreme heatwave treatments were
further divided into two groups (Fig. 2). One group was subjected to
mock inoculation and the other to P. xmultiformis inoculation. Thus, by
25 July 2020, 112-153 saplings from each population, including sap-
lings from all mother trees were subjected to the following four treat-
ments: (i) control, (ii) infection, (iii) heatwave and (iv) heatwave and
infection (Fig. 2).

2.3. Pathogen inoculation

The pathogen used was isolated in March 2020 from a bleeding stem
canker of an A. lusitanica tree with defoliation and branch dieback
growing at the Lima river, Portugal (41.726566°N, 8.671680°W). The
obtained Phytophthora isolate Li109 (= TJ1460) was identified as P.
xmultiformis based on (1) sequence analyses of three nuclear gene re-
gions, i.e. the internal transcribed spacer region (ITS1-5.8S-1TS2) of the
ribosomal RNA gene (ITS), p-tubulin (ptub) and translation elongation
factor 1 alpha (tef-l1a) and the mitochondrial genes cytochrome-c oxi-
dase 1 (cox1) and subunit 1 of NADH dehydrogenase (nadhl) (Jung
et al., 2017, 2024); (2) morphological characteristics, in particular high
oogonial abortion rate (86 %), very strong ornamentation of the oogo-
nial walls, a high proportion of > 20 % paragynous antheridia and a
relatively low proportion of bicellular antheridia (24 %) (Brasier et al.,
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Fig. 2. Timeline of ‘Control’ (green), ‘Infection’ (pink), ‘Heatwave’ (yellow) and ‘Heatwave and Infection’ (orange) treatments and measurements applied to two-

year-old Alnus glutinosa and A. lusitanica saplings from 11 populations. Infection was done by Phytophthora xmultiformis inoculation. For each treatment, ‘n

theoretical number of saplings used.

2004; Jung et al., 2017); and (3) fast growth at 20°C on potato-dextrose
agar (PDA; 5.6 mm/d) (Jung et al., 2017). The sequence data of isolate
Li109 were deposited in GenBank (accession numbers: ITS = PQ344746;
Btub = PQ356730; EFla = PQ356731; coxl = PQ356732; nadhl =
PQ356733).

Saplings were inoculated by placing a 7-mm-diameter mycelium disc
onto a vertical stem incision with 1.0-1.5 cm length and situated 3-5 cm
above the root collar. Discs were taken from the margin of a 7-day-old
culture grown in V8-juice agar (V8A). Mock inoculations consisted of
placing non-colonized V8A discs onto the stem wound. The inoculated
area was covered with a sterile water-soaked cotton ball and Parafilm ®
M sealing film. All saplings were then subjected to ambient temperatures
(20-28 °C) and watered regularly to field capacity for 21 days. On 25
July 2020, pieces of necrotic bark from the stem of inoculated saplings
were plated onto selective PARPNH agar medium (Jung et al., 2017,
2024) to re-isolate P. xmultiformis and fulfil Koch’s postulates.

2.4. Plant measurements

To assess the individual and combined effects of the simulated
heatwave and P. xmultiformis infection on the performance of the alder
saplings and the progression of the disease, measurements were con-
ducted from April 2018 to September 2020 on plants subjected to all
four treatments (Fig. 2). A comprehensive list of measured and calcu-
lated morphological and physiological traits is given in Supplementary
Table S2. The physiological measurements were performed first, and
morphological assessments were performed last.

After the heatwave treatment, sapling mortality was evaluated
weekly. The percentage of necrotic leaves was visually estimated 12
days after heatwave treatment (i.e. 8 days before plant inoculation for
the saplings subjected to infection), and at 46, 56 and 66 days after the
heatwave treatment (i.e. 25, 35 and 45 days post inoculation -dpi- for
the saplings subjected to infection, Figure S1). All plants were assigned a
score from O (all leaves in the plant appear healthy) to 13 (dead plant;
Table S3). At the end of the infection period (21 dpi), stem necrosis size

> is the

(length and width) was measured in all plants after removing the sealing
film to reveal the inoculated area. At 74 dpi, total lesion length and
width was measured on each sapling and the lesion area was calculated.

The maximum photochemical efficiency of photosystem II (chloro-
phyll a fluorescence) was evaluated on leaves adapted to dark conditions
for 30 min from a subsample of saplings that included both species and
all the populations used in the experiment (n = 171-428, Fig. 2). The
chlorophyll a fluorescence (Fv/Fm) was measured using a portable
fluorometer (FluorPen FP100: ICT International, Armidale, NSW,
Australia). See Gomes Marques et al., (2024a) for methods.

Leaf gas exchange was evaluated on a minimum of three saplings
from each of the three populations that showed the most extreme
chlorophyll fluorescence responses after the heatwave treatment
(n = 41), namely the A. lusitanica population of Oued Laou, Morocco
(OU), and the A. glutinosa populations of Fyris, Sweden (FY) and Amitis,
Naxos Island, Greece (AM). Measurements of leaf gas exchange were
made between 9 am and 12 am, 12 days after heatwave treatment (i.e. 8
days before plant inoculation for the saplings subjected to infection) and
at 42 days after heatwave treatment (i.e., 21 dpi for the saplings sub-
jected to infection, Fig. 2) using a portable open-system infrared gas
analyser (Li-Cor 6400: LiCor, Lincoln, NE, USA) at a constant supply of
photosynthetically active radiation of 1000 pmol photons m~2 s71.
Measurements of net photosynthesis (Pn), stomatal conductance to
water vapour (g;) and transpiration (E) were also made three times on
the same day on at least three randomly selected fully expanded leaves.

Predawn leaf water potential (¥1) was measured in one leaf per plant
detached from the same plants used for the leaf gas exchange mea-
surements whenever the plant showed enough healthy leaves (n = 87).
Measurements were performed before final plant harvest, at 95 days
after heatwave treatment (i.e., 74 dpi for the saplings subjected to
infection), using a Scholander-type (Scholander et al., 1965) pressure
chamber (PMS 1000: PMS Instruments, Corvalis, OR, USA). See Gomes
Marques et al., (2024a) for methods.

At 46 and 95 days after heatwave treatment (i.e., 25 and 74 dpi for
the saplings subjected to infection, Figs. 2), 2-6 saplings per population
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Infection was done by Phytophthora xmultiformis wound inoculation of stems. Different letters indicate significant differences between treatments (p < 0.05). P-values
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colour). Infection was done by Phytophthora xmultiformis wound inoculation of stems. Asterisks indicate statistical significance at p < 0.05.

and per treatment (n = 563) were harvested for biomass assessment.
The biomass of all saplings was partitioned into leaf, stem and root
components and the fresh weight was assessed immediately. The dry-
weight of each biomass component was assessed after oven-drying for
72 h at 65 °C. All fresh leaves and roots were scanned using the Winn-
Seedle and WinnRhizzo software packages (Regent Instruments) to
obtain various plant parameters (Table S2).

2.5. Statistical analysis

The saplings’ responses to the treatments were analysed at the
population, genetic groups (Gomes Marques et al., 2024a) and species
levels. All analyses were performed in R (v. 3.5.1; R Core Team, 2021).

Survival probabilities were calculated using the Kaplan—Meier esti-
mate, and differences between treatments for each plant species were
examined using the log-rank test in the survival package (Therneau,
2021; Therneau and Grambsch, 2000). Pairwise differences between



1. Gomes Marques et al.

Treatment: Infection

Forest Ecology and Management 598 (2025) 123202

D
o
o

N
o
S

ac

Species Genetic groups Populations

Stem necrosis area (mm?)
S
o
|
|

ey bc
: —
i) i) iii)
A. glutinosa  A. lusitanica 1 2 3 4 5 6 FYOTSERIAMFUBEJTALTOOU
Treatment: Heatwave and infection
. Species Genetic groups @ Populations a ab
E 600 a - |
\E, -a- ab a
g 400 i oo 3
@© H ! ] [ | :
3 200 : 5 : ;
124 : ' 7 5
8 = : = E
c 0 0 ' :
£ i : : CL :
9 e ay 5
2 vy v)
A. glutinosa  A. lusitanica 1 2 3 4 5 6 FYOTSERIAMFUBE JTALTO OU

Fig. 5. Stem necrosis area (mm?) on Alnus glutinosa (solid lines) and A. lusitanica (dashed lines) after infection by Phytophthora xmultiformis (i, ii and iii) and after the
combination of heatwave and infection by P. xmultiformis (iv, v and vi). Results are presented by species (i and iv), genetic group (ii and v) and populations (iii and
vi). Different colours indicate the six different genetic groups (legend in ii and v). Capital letters denote populations (see Fig. 1 and Supplementary Table S1).
Different small letters indicate statistically significant differences between levels (p < 0.1).

Treatment: Heatwave and infection

SE ' Alnus glutinosa Alnus lusitanica
100
_ ] N L FY
3 OT—rI IR I |_, BE
; 90 ] \ —:lb 1 FU
£ T‘ RI- H
i<} -
jg 804 { T " I - TO
o | I
5 AM _ a I i B, S
s 0 |
2
c |
51) 601 Genetic group Genetic group
H1 3 W5
, I JT
s50{ M2 m4 e Lo SR | -
0 25 50 75 100 0 25 50 75 100

Time (days)

Time (days)

Fig. 6. Survival probabilities for Alnus glutinosa (left, solid lines) and A. lusitanica (right, dashed lines) saplings subjected to the combination of heatwave and
infection by Phytophthora xmultiformis. Different colours indicate the six different genetic groups. Capital letters denote populations (see Supplementary Table S1).

Different small letters indicate significant differences between groups (p < 0.05).

genetic groups and populations were determined using the survminer
package (Kassambara, et al., 2021). The saplings’ biomass allocation
and stem necrosis size were assessed per species through mixed models
using ‘treatments’ as fixed factor. Population was considered a random
factor and was nested within genetic groups (Gomes Marques et al.,
2024a). Linear mixed models were applied to the biomass allocation
data using the Imer function in the Ime4 package. Generalized linear
mixed models specifying a gamma distribution were applied to the stem
necrosis area data > 0 using the glmer function in Ime4 package. All
model residuals were tested for homoscedasticity and normality, and
when assumptions were not validated, variables were transformed by
the square root. Differences in physiology and leaf necrosis were
assessed using the Kruskal-Wallis rank sum test, with
Benjamini-Hochberg adjustment and pairwise Wilcoxon test.

3. Results
3.1. Responses to heatwave treatment

The heatwave treatment induced plant mortalities of 4.2 and 2.4 %
in A. glutinosa and A. lusitanica saplings, respectively (n.s.; Fig. 3). The
highest percentage of leaf necrosis was observed on the first day after
heatwave treatment (p < 0.001; Figure S1). Alnus glutinosa saplings had
higher leaf necrosis scores than A. lusitanica saplings until 56 days after
heatwave treatment (Figure S1). The highest leaf necrosis scores
occurred in the A. glutinosa population from Sweden (FY) at 46 days
after heatwave treatment (p < 0.05; Figure S1).

Throughout the entire experiment, A. lusitanica control saplings
showed lower chlorophyll fluorescence values than A. glutinosa control
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saplings (p < 0.05; Fig. 4). Saplings from both species subjected to the
heatwave treatment presented lower chlorophyll fluorescence and
photosynthesis values and higher transpiration and stomatal conduc-
tance values (p < 0.01; Figures 4 and S2). At 46 days after the heatwave
treatment, the heatwave treatment had a negative effect on the leaf area
ratio and wood dry matter content (WDMC) of the A. glutinosa saplings
(p < 0.05; Table 1). In contrast, A. lusitanica saplings showed 95 days
after the heatwave treatment a positive effect on the leaf dry matter
content (LDMC) (p < 0.1; Table 1).

3.2. Responses to Phytophthora xmultiformis infection

Plant mortality induced by P. xmultiformis infection was similar in
A. glutinosa and A. lusitanica (4.5 and 2.2 %, respectively; n.s.; Fig. 3)
and did not differ significantly from the mortality rate in the control
saplings (0 and 1.1 %, respectively). Stem necrosis areas were also
similar between the two species (Fig. 5i). Immediately after infection,
the A. lusitanica saplings showed higher leaf necrosis percentages than
A. glutinosa saplings (p < 0.05; Figure S1). At 56 days after the heatwave
treatment (i.e., 35 dpi for the saplings subjected to infection), the
infected saplings from both species, whether subjected to the heatwave
treatment or not, showed higher leaf necrosis percentages (p < 0.05;
Figure S1).

Saplings belonging to the A. glutinosa genetic group 2 (Greek popu-
lation AM) showed the largest stem necrosis area (p < 0.05; Figures 5ii
and 5iii). Saplings belonging to the A. lusitanica genetic group 6 (Por-
tuguese population BE) and to the A. glutinosa genetic group 1 (Swedish
population FY) showed the smallest stem necrosis areas (p < 0.05;
Figures 5ii and 5iii).

The saplings’ chlorophyll fluorescence values were not altered by P.
xmultiformis infection (Fig. 4). However, the infected A. lusitanica sap-
lings from the Moroccan population (OU) showed higher photosynthesis
rates after infection than those subjected only to the heatwave treatment

Table 1
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(p < 0.05; Figure S2). Changes in plant performance at 95 days after the
heatwave treatment (i.e., 74 dpi for the saplings subjected to infection)
due to P. xmultiformis infection were observed through a decrease in
WDMC in both alder species, and through an increase in LDMC and a
reduction in root to shoot ratio in A. lusitanica (p < 0.1; Table 1).

3.3. Responses to the combined stressors

The saplings subjected to the combination of heatwave and P.
xmultiformis infection showed higher plant mortality (25 % for
A. lusitanica and 11 % for A. glutinosa; Fig. 3) than those subjected to the
individual stressors (2.4 and 2.2 % for A. lusitanica; 4.2 and 4.4 % for
A. glutinosa; Fig. 3). Although survival curves between A. lusitanica and
A. glutinosa were not statistically different, mortality was 127 % higher
in A. lusitanica (25 vs 11 %, respectively, p < 0.01; Fig. 3). Differences
between sapling mortality rates also occurred between genetic groups
within A. glutinosa (Fig. 6). The A. glutinosa populations belonging to
genetic group 1 showed lower mortality rates than the A. glutinosa
population from the genetic group 2 (8 % and 27 %, respectively,
p < 0.05; Fig. 6).

At 46 days after heatwave treatment (i.e., 25 dpi for the saplings
subjected to infection), saplings from both species showed higher spe-
cific leaf areas (SLA; Table 1). The LDMC and LMR were lower in
A. lusitanica (Table 1). At 95 days after heatwave treatment (i.e., 74 dpi
for the saplings subjected to infection), the combination of heatwave
and P. xmultiformis infection caused SLA to increase in A. lusitanica
saplings (p < 0.01) and WDMC to decrease in saplings of both species
(p < 0.1; Table 1).

The A. lusitanica populations showed larger stem necrosis areas than
those of A. glutinosa (Fig. 5iv). The A. glutinosa populations belonging to
genetic group 2 (Greek population AM) and 4 (southern Portuguese
population AL) showed the largest stem necrosis areas (Figure 5 v). The
A. glutinosa populations belonging to genetic group 1 (Austrian

Morphological performance parameters at 46 and 95 days after heatwave treatment for Alnus glutinosa and A. lusitanica subjected to the four treatments. Different
letters indicate significantly different means between treatments (p < 0.1). Values are means + standard deviations.

46 days after heatwave treatment (i.e. 25 dpi for the saplings subjected to 95 days after heatwave treatment (i.e. 74 dpi for the saplings subjected

infection) to infection)

Treatment Control Heatwave Infection Heatwave and Control Heatwave Infection Heatwave and
infection infection

Specific leaf area
Alnus glutinosa 22.78+3.86 ab 20.51+4.08 a 22.20+3.22 ab 24.91+£3.03 b 19.04+3.43 21.76+7.18 21.47+4.25 21.324+3.85
Alnus lusitanica 19.63+2.04 a 21.454+3.04 ab  21.37+2.33ab  22.914+3.49b 21.69+2.39 a 23.95+13.00 @ 21.13+4.37 a 24.48+3.61 b
Leaf area ratio
Alnus glutinosa 2.70+0.96 ab 1.67+0.8 a 2.83+1.28 b 2.19+1.4 ab 0.92+0.49 1.06+0.45 1.05+0.59 1.01+0.64
Alnus lusitanica 2.11+0.51 ab 2.31+0.99 b 2.29+0.83 ab 1.97+1.10 a 1.38+0.44 1.34+0.51 1.40+0.63 1.60+0.53
Wood dry matter content
Alnus glutinosa 0.49+0.03 b 0.47+0.03 a 0.47+0.08 b 0.44+0.07 a 0.50+0.04 b 0.58+0.35 b 0.38+0.04 a 0.39+0.06 a
Alnus lusitanica 0.43+0.12 ab 0.43+0.07 a 0.50+0.16 b 0.47+0.08 a 0.48+0.03 ¢ 0.48+0.03 ¢ 0.43+0.21 b 0.35+0.05 a
Leaf dry matter content
Alnus glutinosa 0.39+0.05 0.36+0.04 0.37+0.04 0.34+0.07 0.47+0.13 0.40+0.08 0.45+0.13 0.43+0.10
Alnus lusitanica 0.38+0.02 b 0.37+0.04 b 0.37+0.02 b 0.35+£0.05 a 0.37+0.04 a 0.38+0.08 b 0.39+0.05 b 0.35+£0.04 a
Leaf mass ratio
Alnus glutinosa 0.12+0.03 ab 0.08+0.04 a 0.12:+0.05 b 0.09+0.05 a 0.05+0.03 0.05+0.02 0.05+0.03 0.05+0.02
Alnus lusitanica 0.11+0.02 0.11+0.04 0.11+0.04 0.08+0.04 0.06+0.02 0.06+0.02 0.07+0.03 0.07+0.02
Stem mass fraction
Alnus glutinosa 0.53+0.16 0.50+0.12 0.50+0.10 0.57+0.15 0.44+0.12 0.41+0.10 0.53+0.15 0.35+0.20
Alnus lusitanica 0.524+0.12 0.49+0.12 0.51+0.10 0.53+0.15 0.49+0.11 0.40+0.15 0.52+0.17 0.51+0.21
Root to shoot ratio
Alnus glutinosa 1.28+0.29 1.55+0.35 1.324+0.36 1.384+0.48 1.35+0.33 ab 1.60+0.81 b 1.27+0.30 a 1.35+0.36 ab
Alnus lusitanica 1.36+0.38 1.40+0.25 1.36+0.38 1.47+0.47 1.48+0.41 ab 1.64+0.70 b 1.25+0.43 a 1.92+1.11b
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population RI and French population SE) were the least affected by stem
necrosis (p < 0.05; Fig. 5 v and vi).

4. Discussion

We report for the first time the morphological, physiological and
performance effects on alders of (i) a simulated extreme heatwave, (ii)
infection by P. xmultiformis and (iii) a combination of both stressors.
This work also presents novel results on the genotypic and phenotypic
variation between and within A. glutinosa and A. lusitanica, and differ-
ences between populations and genetic groups in terms of their sus-
ceptibility and tolerance to the individual and combined stressors.

4.1. Heatwave effects on alders

In Europe, heatwaves are progressively shifting to more early and
late periods in summer (Pérez-Garcia et al., 2025) as well as increasing
in intensity and duration (Ruosteenoja and Jylha, 2023). In
alder-dominated riparian ecosystems, water courses are typically
perennial, and the occurrence of late spring heatwaves (i.e. when water
uptake is still possible) poses a new threat to tree health, in addition to
the more commonly studied compound drought-heat events. High
temperature events can have various effects on plant species, depending
on timing, duration and intensity (Niinemets, 2010). If the upper tem-
perature threshold for plant performance and survival is reached, the
heat stress alters the plants at the molecular and physiological levels: the
plant’s photosystem II can be damaged, photosynthesis rate and leaf
area may decrease, and leaf senescence and proline content may in-
crease (Dorado et al., 2022; Guion et al., 2022; Singh et al., 2020).

Our study demonstrated that, even though no water deprivation was
imposed, heatwaves have a negative effect on Alnus species and
particularly on A. glutinosa. This species is apparently not as well
adapted to heat stress as A. lusitanica, which grows at the southern limits
of the alder’s geographical distribution, where extreme temperatures
and low water availability occur regularly (Rodriguez-Gonzalez et al.,
2014). Accordingly, saplings from the A. glutinosa northernmost popu-
lation of Fyris, Sweden, showed the highest average leaf necrosis area
after heat stress.

Both Alnus glutinosa and A. lusitanica showed reduced chlorophyll
fluorescence and photosynthetic rates in response to the heatwave
treatment. Additionally, the aboveground growth of A. glutinosa was
significantly limited, which is a typical response to heat in tree species.
Leaf loss has been observed as a general plant response to heatwaves in
southern Europe (Guion et al., 2022). Brown necrotic leaf margins,
yellowing or browning of inner leaf areas and scorching are additional
symptoms in trees subjected to heat stress (Dorado et al., 2023). Inter-
estingly, the aboveground growth of A. lusitanica was promoted after the
heatwave treatment, which indicated resilience to the thermal stress.
The higher transpiration and stomatal conductance rates observed in
both alder species after the heatwave treatment in our experiment, may
contribute to leaf thermoregulation and help avoid thermic damage to
the leaves (Blasini et al., 2022).

After the extreme heatwave, carbohydrate reserves and the lack of
water limitation allowed saplings to quickly produce new leaves and
sprouts afterwards, thereby recovering from leaf wilting. This study did
not simulate a compound drought-heatwave event occurring during late
summer or after prolonged and repeated extreme heat events, but rather
an ecological event occurring in late spring, or early autumn. However, a
recent study on the ecotypic variation of alders (Gomes Marques et al.,
2024a) reported that A. lusitanica also displayed certain functional traits
related to adaptation to low water availability, such as a high number of
root tips. Perhaps under a compound drought-heatwave event,
A. lusitanica seedlings would present increasing resilience, by relying on
their higher root range for water uptake. The capacity of A. lusitanica to
adapt to environmentally challenging conditions is still poorly studied
and such information is essential to the management and conservation
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of the Alnus genus at the southern limits of its distribution, particularly
under future climate. Further research should also focus on the re-
sponses of alders to low water availability and compound
drought-heatwave events (Gomes Marques et al., 2022b).

4.2. Phytophthora xmultiformis infection effects on alders

The variation in susceptibility of alder to P. xmultiformis was found
to be dependent on genetic groups and populations, and was mostly
observable through differences in sapling stem necrosis and physiolog-
ical performance. The southernmost A. glutinosa population (AM),
located on the Greek island of Naxos, showed the highest susceptibility.
This could be explained by (i) the lack of previous exposure of this
population to the disease and (ii) the geographical isolation that
contributed to a low genetic diversity in the population (Gomes Marques
et al., 2024a). To our knowledge, none of the species from the “P. xalni
complex” have been detected in Greece yet. A study of the susceptibility
of A. glutinosa to P. uniformis (Redondo et al., 2019) reported higher
mortality of alders from sites without pathogen invasion, due to a low
genetic variability and a lack of natural selection driven by pathogen
pressures. Therefore, high genetic diversity, like that observed in the
A. lusitanica populations FU and BE (Gomes Marques et al., 2024a) might
provide trees with an adaptive advantage in their responses to individ-
ual or combined stressors, as observed in this study.

At the time of seed collection, all selected alders were apparently
healthy, but most northern river basins with A. glutinosa populations and
most of the mid-latitude river basins with A. lusitanica populations in the
Iberian Peninsula had already been invaded by one or more species from
the “P. xalni complex” (Jung and Blaschke, 2004; Solla et al., 2010;
Pintos-Varela et al., 2012, 2017; Bjelke et al., 2016; Jung et al., 2016;
Kanoun-Boulé et al., 2016; Ferreira et al., 2022; Corcobado et al., 2023;
Gomes Marques et al., 2024b). Natural selection could already have
eliminated highly susceptible alder genotypes from these sites. Studies
in Germany and Belgium demonstrated in river systems with long-term
exposure to P. xalni lower susceptibility of surviving healthy A. glutinosa
trees as compared to declining trees, most likely resulting in gradually
increasing proportions of tolerant genotypes in these alder populations
(Jung and Blaschke, 2006; Chandlier et al., 2016). Similarly with the
devastating ink disease caused by P. cinnamomi in Castanea sativa Mill. in
Spain, northern chestnut populations, which were historically more
exposed to the pathogen than southern populations, show lower sus-
ceptibility to the disease (Alcaide et al., 2020). Tolerance of the oak
species Quercus ilex to P. gonapodyides has also been reported to be
geographically dependent, with a trend of increasing susceptibility from
north to south (Corcobado et al., 2017). In the particular case of riparian
ecosystems, the dispersal of seeds or propagules through water can help
transport certain genetic traits (Nilsson et al., 2010) over long distances
from infected upstream populations with less susceptible trees down-
stream to recently infected sites with highly susceptible populations.
Whether the susceptibility structure of Alnus populations is determined
by pathogen-imposed selection or by other adaptive processes needs
further studies. However, the present study confirms for the first time
the spatial variation in the susceptibility of alders to P. xmultiformis.

Phytophthora xmultiformis infection induced changes in the perfor-
mance of A. lusitanica saplings, such as increased leaf dry matter content
and decreased root to shoot ratio. Infected saplings with a weaker root
performance will not maintain their competitive ability over more
tolerant genotypes of the same or other forest tree species due to their
reduced ability to access water and nutrients. Alders are typical drought-
avoiding species that generally thrive in wetlands and on riverbanks,
hence, infected A. lusitanica saplings with reduced root growth may not
survive summer drought.
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4.3. Combined effects of heatwaves and P. xmultiformis infection on
alders: future perspective

The host x pathogen interaction under environmental stress condi-
tions is particularly complex because it is context- and species-specific.
In our study, we observed that increased damage and mortality was
induced in both A. lusitanica and A. glutinosa by the combination of a
simulated heatwave and P. xmultiformis infection, thus confirming the
first hypothesis (as stated in the introduction). The heatwave event
reduced the photosynthetic activity of A. lusitanica and A. glutinosa,
which can in turn reduce carbohydrate availability and, hence, affect the
tree’s reaction to P. xmultiformis infection. Moreover, the populations
with the highest susceptibility to P. xmultiformis infection, i.e. the
southern A. lusitanica and A. glutinosa populations, were also the most
affected by the combined stressors.

While the two alder species showed broad similarities, their re-
sponses depended on genetic group and population, thus confirming the
second hypothesis (as stated in the introduction). Indeed, more severe
damage and longer lasting changes in the performance of saplings were
observed in A. lusitanica than in A. glutinosa. Contrary to our hypothesis,
populations originating from sites subjected to long and extreme heat-
waves (Gomes Marques et al., 2022a) showed less tolerance to the
combination of stressors. Perhaps those alder populations at the south-
ern limits of the genus distribution are already experiencing sub-optimal
conditions of resilience (Gomes Marques et al., 2018) and, as a result,
their defence mechanisms are already weakened prior to pathogen
exposure.

While research about the effects of environmental conditions on
species from the “P. xalni complex” has mostly focused on minimum
temperatures and frost periods (Cerny and Strnadova, 2012), the effects
of high temperatures on the interaction between the pathogens and their
alder hosts have been largely ignored. These pathogens prefer mild
river-water and air temperatures (Brasier et al., 2004; Thoirain et al.,
2007; Jung et al., 2017), therefore the hot summers occurring in the
southern Iberian Peninsula might be expected to limit pathogen
expansion (Bjelke et al., 2016; Gomes Marques et al., 2024a). However,
the occurrence of P. xalni in central regions of the Iberian Peninsula,
where river-water temperatures can reach 27 °C (Soto, 2018), may
indicate that the pathogen is either adapting to high temperatures or
spreads and infects alders only during the cooler seasons. Nonetheless,
the predicted changes in temperatures and precipitation variability,
particularly in southern Europe, raises concerns as to the potential
infection capability of the “P. xalni complex”. The results obtained in
this study suggest that, in case that P. xmultiformis and P. xalni continue
to spread southwards in the Iberian Peninsula, significant dieback of
A. lusitanica in riparian ecosystems, particularly after heatwaves, may
occur. This is especially concerning because A. lusitanica populations are
at the limit of the genus distribution and valuable genetic diversity
would be loss (Gomes Marques et al., 2024a, Martin et al., 2024).

5. Conclusions

Global change-related stressors such as heatwaves and the invasion
by aggressive pathogens from the “P. xalni complex” are threatening
alder forests throughout Europe. As alders are paramount species in ri-
parian ecosystems and have a fundamental role in increasing the spon-
taneous establishment of later successional species, alder decline
disturbs the natural succession of plant communities in riparian corri-
dors. The unregulated use of alder provenances in management and
restoration actions could hamper the mitigation of decline spread. Our
assessment of the combined effects of a heatwave and P. xmultiformis
infection on the performance of European alder species shows how two
alder species are differently affected by single and combined effects of
two stressors. This study allowed the following conclusions: i)
A. glutinosa is more affected by heatwaves than A. lusitanica; ii) there is
geographical variation in the response of A. lusitanica and A. glutinosa to
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P. xmultiformis infection, with generally higher susceptibility of
A. lusitanica compared to A. glutinosa, and iii) increased damage and
mortality was induced in A. lusitanica and A. glutinosa by the combina-
tion of a simulated heatwave and P. xmultiformis infection. Most
importantly, this study identified European and North African alder
populations that present potential for adaptation to infection by P.
xmultiformis, when combined with a heatwave. Consequently, man-
agement of riparian vegetation in infected sites that are under regular
heat stress should consider the composition of tree species, in particular
with regards to their ecological requirements, the individual or com-
bined occurrence of pathogens and environmental stress, and the anal-
ysis of those factors in the context of disease spatial distribution across
the hydrographic network (Gomes Marques et al., 2022; 2024b).
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