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A B S T R A C T   

Disease combined with drought poses an important threat to plant survival, often compromising success in the 
restoration of riparian forests. Thus, understanding how biotic and abiotic stressors may affect plant survival and 
growth performance can greatly increase the success of ecosystem management strategies. The purpose of this 
study was to understand how two plant species, often used together in restoration of riparian ecosystems but with 
different ecological preferences, would respond to infection by each of two Phytophthora species in 
Mediterranean-climate regions, in the absence or presence of a simulated drought. Saplings of the drought 
resistant species Frangula californica, and of the riparian species Alnus rhombifolia were each inoculated in a 
greenhouse experiment with one of two Phytophthora species and exposed to two watering regimes. Saplings 
were allocated to six treatments, combining three levels of pathogen inoculation (no inoculation, inoculation 
with Phytophthora cactorum and inoculation with Phytophthora crassamura), and two watering regimes (well- 
watered and drought). The response of A. rhombifolia and F. californica saplings was assessed through the 
observation of health metrics and morphological parameters. Results showed that both P. cactorum and 
P. crassamura are important pathogens of A. rhombifolia and F. californica. As expected, drought conditions were 
the main cause of decline and mortality in A. rhombifolia saplings, while water availability was a facilitator of 
P. cactorum infection in F. californica saplings. We observed two seemingly contrasting results in A. rhombifolia 
saplings: infection by Phytophthora spp. decreased survival in well-watered plants, while the opposite was 
recorded for saplings under drought conditions whose survival increased in Phytophthora-inoculated treatments. 
Saplings of F. californica were able to cope with drought conditions, even when infected by Phytophthora species 
and water availability increased root infection and decreased sapling survival. We conclude that the continued 
use of F. californica and A. rhombifolia in sites infested by Phytophthora species can be beneficial in restoration, if 
appropriate management actions are adopted. Such actions include avoiding the planting of F. californica saplings 
in areas subjected to water accumulation, and ensuring that A. rhombifolia is planted in areas where drought 
stress is minimal and where Phytophthora species are possibly absent. We also emphasize the importance of 
ensuring that plant stock used in revegetation projects is not infected by Phytophthora species, and that biotic and 
abiotic risks are assessed prior to restoration actions.   

1. Introduction 

The protection of riparian forests from stressors, such as extreme 
climatic events (Rodríguez-González et al., 2021) and pathogen in
vasions (Garbelotto and Pautasso, 2012), is particularly important in 
regions with Mediterranean-climate. In these regions, riparian forests 
play an essential role in the functioning of riparian ecosystems while 
providing unique ecosystem services (Naiman et al., 2010; Riis et al., 
2020; Ferreira et al., 2022). Management actions can contribute to 

enhance the resilience of forests to stressors when decision-making in
tegrates evidence on abiotic and biotic drivers of such resilience (Buma 
and Wessman, 2013; Roberts et al., 2020), and is based on scientific 
knowledge about the ecological preferences of plant species (Lindner 
et al., 2020). 

Plant species in riparian ecosystems of Mediterranean-climate re
gions show ecological adaptations to the particular climatic and to the 
hydromorphological conditions they are exposed to (Gasith and Resh, 
1999; Dufour et al., 2019). These ecosystems present high seasonality in 
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water flow, with a typical cycle of high discharge in late autumn or early 
spring, followed by a drought period in summer and early fall (Gasith 
and Resh, 1999). The predicted increase in the frequency of extreme 
weather events, such as droughts and floods (Spinoni et al., 2020), and 
the uncertainty about plants resilience to these changes, has fueled 
research on riparian vegetation management and conservation under 
climatic changes (Stella et al., 2013). Moreover, emerging biotic threats 
such as those posed by biological invasions, including those by patho
gens, have added new constraints to the sustainability of riparian cor
ridors (Grady et al., 2015). The effects of the combination of 
environmental stresses and plant pathogens on riparian ecosystems can 
be varied and multiple, depending on the driving factors and in
teractions at play (Stella and Bendix, 2018). Research often points to the 
existence of negative interactive effects, e.g. increasing temperatures 
and high frequency of drought events predisposing plants to pathogen 
infection (Corcobado et al., 2014; Colangelo et al., 2018). These effects 
are likely to occur much more often and with higher impacts due to 
projected future climatic conditions (La Porta et al., 2008, Delgado- 
Baquerizo et al., 2020), and to the continuous emergence of plant 
pathogens, including those belonging to the genus Phytophthora (Scott 
et al., 2019). 

The combination in late spring of relatively high water availability 
and mild temperatures in riparian corridors and floodplains of 
Mediterranean-climate sites matches the conditions under which the 
release of zoospores - the main infection propagules of many Phytoph
thora spp. - typically occurs (Pfender, 1977; Rahimian and Mitchell, 
1988; Morgan and Shearer, 2013; Garbelotto et al., 2018). Therefore, 
plant species in these ecosystems are particularly vulnerable to infection 
due to spring annual floods and to the spread of infested water in the 
rhizosphere (Browne et al., 2021). Infection is typically followed by 
drought periods which may hasten disease progression. In addition, 
projected future climatic conditions show that Mediterranean-climate 
regions will increase their status of drought hotspots, with longer and 
harsher drought events (Spinoni et al., 2020) likely to induce large scale 
plant mortality in riparian ecosystems. Finally, the unintended planting 
of infected plants in revegetation projects has resulted in the introduc
tion of emergent Phytophthora spp. to novel geographic host ranges 
(Jung et al., 2016; Garbelotto et al., 2018; Frankel et al., 2020; Sims and 
Garbelotto, 2021). 

Alnus rhombifolia Nutt. and Frangula californica (Eschsch) A. Gray are 
California endemic plant species that can co-occur in riverine ecosys
tems of interior chaparral and coastal scrub sites (Bendix and Cowell, 
2010; Cash, 2013). These species are often jointly used in local riparian 
revegetation projects (Opperman and Merenlender, 2000; Ting and 
Pope-Daum, 2004; Trinh and Percelay, 2008; Fessler, 2015; Mucina 
et al., 2017) due to their complementary ecological preferences. Fran
gula californica is a perennial shrub adapted to a wide range of soil and 
shade conditions (McMurray, 1990). It tolerates well, semi-dry condi
tions, and it is commonly found either on riverbanks or in floodplain 
positions (Griggs, 2009). Alnus rhombifolia, instead, is a deciduous ri
parian tree species that occurs along streams (Griggs, 2009): it requires 
constant water availability, prefers direct light (Uchytil, 1989) and is 
flood-tolerant due to its capacity to thrive in poorly drained soils 
(Uchytil, 1989). The water availability requirements for A. rhombifolia 
suggest that this species should be more susceptible to drought than 
F. californica, given that the latter shows a wider range of tolerance to 
dry environments. 

Recent studies in California have found F. californica to be one of the 
species with the highest Phytophthora disease incidence in native plant 
nurseries that produce plant stock for restoration projects (Sims et al., 
2018; Rooney-Latham et al., 2019). Furthermore, the soilborne Phy
tophthora cactorum (Lebert & Cohn) J. Schröt and Phytophthora crassa
mura Scanu, Deidda & Jung were the most common pathogens found in 
California restoration sites, and their presence has been associated to the 
onset of recent disease outbreaks (Sims et al., 2019). Phytophthora cac
torum was the most prevalent Phytophthora species in both field and 

nursery surveys (Sims et al., 2018; Rooney-Latham et al., 2019) and has 
been isolated from a wide range of plant hosts (Erwin and Ribeiro, 1996) 
in several ecosystems, including riparian habitats (https://blogs.cdfa.ca. 
gov/Section3162/?tag=phytophthora-cactorum, last access: 24 
December 2021). This pathogen has also been reported on Alnus gluti
nosa, A. incana and F. californica both in Europe and North America 
(Hantula et al., 1997; Sims et al., 2018). In contrast, P. crassamura has 
only been recently first described in wildlands of Sardinia, Italy (Scanu 
et al., 2015), and, subsequently, it has been detected in Californian 
nurseries and restoration sites (Sims et al., 2018; Sims and Garbelotto, 
2021). Given its overall recent discovery, it has only been reported on a 
narrow host range. Its virulence and spread to other hosts and ecosys
tems points to P. crassamura as a possible new emergent pathogen in 
Mediterranean-climate regions (Sims et al., 2018; Ahrens et al., 2019). 
However, no study has focused on riparian tree species infected by 
P. cactorum or P. crassamura, leaving a gap of knowledge concerning 
possible management options in infested river catchments. Finally, even 
if the combination of drought conditions and plant-pathogens combi
nations has been frequently studied in upland species (Gómez et al., 
2018), drought-pathogen interactions are still understudied for riparian 
woody species. 

In this study, we examined the individual and combined effects of 
drought and infection by P. cactorum or by P. crassamura on 
A. rhombifolia and F. californica plants in a common garden experiment. 
We simulated environmental conditions like those that could be expe
rienced in the wild by riparian plants after revegetation efforts, such as 
plant infection occurring during late winter and spring floods followed 
by a summer drought. Specifically, we compared the morphological and 
physiological responses of plants subjected to (1) drought conditions, (2) 
infection by either a widespread (P. cactorum) or by an emerging Phy
tophthora species (P. crassamura) and (3) the combination of Phytoph
thora infection and drought conditions. 

We hypothesized that cumulative negative effects would occur in the 
combination of Phytophthora infection and drought on both 
A. rhombifolia and F. californica. In addition, given the higher water re
quirements of A. rhombifolia, we hypothesized that this plant species 
would be affected by the combination of infection and drought more 
severely than F. californica. This study may help support forest man
agement decisions based on plant responses to the interaction among 
stressors, while providing data useful to enhance the success of riparian 
restoration projects in areas previously infested by Phytophthora spp. or 
when Phytophthora-infected plant stock is involuntarily used in resto
ration efforts. 

2. Material and methods 

2.1. Plant species 

A total of 118 Frangula californica, 16.6 cm (±2.6) in mean height 
and 5.4 mm (±0.9) in mean diameter, and 111 Alnus rhombifolia sap
lings, 56.9 (±13.8) in mean height and 7.4 mm (±1.4) in mean diameter, 
were obtained from two native plant nurseries in California (USA) and 
tested for the presence of Phytophthora spp. as follows. Before the 
experiment, 10–20 g of soil samples were taken from all pots and set to 
dry in plastic bags for 7 days at room temperature. Soil samples were 
then hydrated in the same plastic bags, left for two days at 5 ◦C and were 
flooded by adding water until 1 cm above the soil level. Three types of 
baiting were used: whole pears of the D’Anjou variety were placed on 
the soil half submerged by water and leaves of Oreganum vulgare and 
Rhododendron macrophyllum “Cunningham’s White” were floated on the 
water surface. All baits were washed prior to baiting and baiting was 
performed at room temperature for 10 days. Visual screening of new 
lesions developing on the baits was done every 2–3 days and all 
brownish water-soaked spots were plated on V8-PARPH selective me
dium. Plates were incubated in the dark for 3 to 5 days before any and 
visibly growing colonies were transferred to V8-juice agar (V8A) 
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medium. Initial identification of colonies was done morphologically and 
then confirmed molecularly as described in Sims et al. (2018). 

After confirmation that Phytophthora spp. were absent, saplings were 
transferred to 2100 cm3 individual plastic free-draining pots 23.5 cm in 
height and 9.5 cm in diameter, filled with a mixture of sand and peat 
(1:3) and left for one month in an outdoor lathehouse at U.C. Berkeley, 
California. In April 2021, all saplings were transferred to a room with 18 
h photoperiod, 20–25 ◦C temperature and 40–50% relative humidity 
conditions, where they remained another month for acclimation before 
being inoculated with the pathogens. The environmental room condi
tions described above were maintained constant throughout the entire 
experiment. 

2.2. Experimental design 

Saplings from each species were randomly allocated to six treatments 
at the beginning of the experiment (Fig. 1). The experimental design 
combined three treatments of pathogen inoculation (Mock or M, Phy
tophthora cactorum or Ca and Phytophthora crassamura or Cr) with two 
watering regimes (Well-watered or W and Drought or D). As a result, the 
experiment included the following treatments: mock (no pathogen) 
inoculation followed by the well-watered regime (M + W), mock inoc
ulation followed by the drought regime (M + D), P. cactorum inoculation 
followed by the well-watered regime (Ca + W), P. cactorum inoculation 
followed by the drought regime (Ca + D), P. crassamura inoculation 
followed by the well-watered regime (Cr + W) and P. crassamura inoc
ulation followed by the drought regime (Cr + D). 

2.3. Inoculation 

The isolates of P. cactorum (8HET.RH.1, GenBank accession no. 
MH171630) and P. crassamura (MP-7B-DIAU.1, GenBank accession no. 
MH171641) used in this study had been originally isolated from resto
ration sites in California and were morphologically and molecularly 
identified prior to this experiment (Sims et al., 2019). The isolates are 
preserved in the Fungal and oomycete collection of the University of 
California Berkeley Forest Pathology and Mycology Laboratory, under 
permission by USDA APHIS and CDFA. To increase infection success, 
two artificial inoculation procedures were used on all saplings and 
included the addition of both soil inoculum and a zoospore suspension to 
the soil mix of each plant. 

Soil inoculum was produced for each strain according to Jung et al. 
(1996), by incubating 4 V8A plugs of 5-mm-diameter colonized by the 
Phytophthora species for 2 months at 24–25 ◦C in a mix of double- 
autoclaved V8, vermiculite and whole grain oats. Soil inoculum for 
the mock treatments consisted of the same mixture but without the 

pathogen-colonized V8A plugs. Approximately 80 mL of soil inoculum 
was added to the soil of each plant by opening 3 holes 2–3 cm deep in the 
margin of the pot. All saplings were well watered immediately after 
inoculation. 

Zoospore suspensions were produced for each strain according to a 
method adapted from Sims and Garbelotto (2018) and were applied 24 h 
after application of the soil inoculum. A total of 9 plugs of 5-mm-diam
eter taken from the margin of 5 to 7 day-old cultures were put in 110- 
mm-diameter Petri plates and covered with a mix of 1 V8:4 soil solu
tion. The plugs were left for 24 h at room temperature, rinsed with 
distilled water and left in soil solution for the next 48 h. Plates were then 
placed on a mix of water and ice for 1 h and left at room temperature 
while monitoring for zoospore release. Zoospore concentrations were 
calculated using a hemocytometer. A 40 mL zoospore suspension con
taining an estimated amount of 40 × 105 and 19 × 105 zoospores, for 
P. crassamura and P. cactorum respectively, was poured near the root 
collar of the plant over a 2–3 mm deep slit previously cut close to the soil 
line. Mock inoculations consisted of the same procedure but using soil 
solution with no zoospores. Saplings were kept under waterlogging 
conditions for 48 h after inoculation and in well-watered conditions for 
twenty-two days, until the two experimental water regimes were 
applied. 

By the end of the experiment, root segments and stem pieces from the 
slit cut area of all saplings were plated on V8-PARPH selective media and 
resulting cultures were incubated and transferred to V8A agar medium. 
Confirmation of the pathogen was done through morphological com
parison between the cultures reisolated from the inoculated plants and 
the cultures of the original strains used for inoculation and through 
molecular identification following the protocol used in Sims et al. 
(2018). 

2.4. Watering regimes 

The two experimental watering regimes started twenty-two days post 
inoculation, after infection by P. cactorum and P. crassamura was 
confirmed on at least five randomly selected F. californica and 
A. rhombifolia saplings. Before applying the different watering regimes, 
the weight of each pot at container capacity was obtained by weighing 
each pot after waterlogging and after waiting that all excess water had 
been drained out. Afterwards, watering was withheld from all the sap
lings under the drought treatment. Once the first signs of wilting were 
visible in at least 30% of the non-inoculated drought-exposed saplings, 
the soil water content corresponding to the wilting point was calculated 
and applied to all saplings assigned to the drought treatment. All plants 
were weighted and watered every two days to maintain either (i) 
container capacity in well-watered treatments or (ii) 39% of container 
capacity, corresponding to the soil water content calculated from the 
30% of the non-inoculated drought-exposed saplings showing wilting 
symptoms. 

2.5. Plant health and performance assessment 

Health metrics of every sapling in response to the three pathogen 
inoculation treatments, the two watering regimes or the combination of 
both types of stressors were assessed by noting the time to death of 
saplings, the percentage of necrotic and wilted leaves, plant transpira
tion and leaf relative water content. Morphological parameters 
measured in all saplings included the number of leaves, specific leaf 
area, stem dry matter content, root dry matter content, leaf dry matter 
content, leaf area ratio, leaf mass ratio and stem mass ratio (Table S1). 

The percentage of necrotic and wilted leaves and time to death of 
saplings were visually assessed every four days starting from the 
beginning of the drought regime. Percentage of necrotic and wilted 
leaves followed a classification score ranking between 0 (all leaves 
appear healthy) and 13 (dead plant). 

All saplings were weighted every two days and the equivalent 

Fig. 1. Experimental design, combining three treatments of pathogen inocu
lation that include mock inoculation (M), Phytophthora cactorum inoculation 
(Ca) and Phytophthora crassamura inoculation (Cr), with two watering regimes - 
well-watered (W) and drought (D), applied to two plant species (Alnus rhom
bifolia and Frangula californica). 
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transpiration was calculated as the amount of water loss between 
consecutive days (Costa e Silva et al., 2004). To avoid water loss through 
evaporation, the top of the pot was covered with aluminum foil. Tran
spiration curves per treatment and species were built using the mean 
values of water loss from all plants per species and treatment. 

The leaf relative water content, stem diameter, height and number of 
leaves of saplings were evaluated three times during the experiment: 
before inoculation (4th of May 2021), twenty-two days after inoculation 
(9th of June 2021) and 59 days post inoculation (16th of July 2021, at 
the end of the experiment). The leaf relative water content was calcu
lated following a protocol modified from Cornelissen et al. (2003) and 
using a total of six discs of 5-mm-diameter (two discs from three fully 
mature leaves) from each plant. The same leaves were used for this 
measurement whenever the previous sampling appeared to have no 
negative impact on their health. Discs were cut, stored in aluminum foil 
envelopes between 3 and 5 ◦C and weighted as soon as possible to get 
their fresh weight. Then discs were kept in distilled water for 24 h under 
3–5 ◦C and weighted again (turgid weight), after which they were oven- 
dried at 75 ◦C for 48 h (dry weight). The leaf relative water content was 
calculated as shown in formula (1).  

(1) LRWC (%) = (fresh weight – dry weight) / (turgid weight – dry 
weight) × 100 

At the end of the experiment, all saplings were harvested and the 
overall plant biomass was obtained by weighing separately the leaves, 
stems and roots. Fresh weight was assessed immediately after destruc
tion and dry weight was assessed after oven-drying until constant 
weight. Leaves were photographed while fresh without petiole and the 
total leaf area was calculated using the digital images in Adobe Photo
shop (CC 2014). Several aboveground and belowground biomass traits 
were calculated for each plant at the end of the experiment (Table S1). 
Root damage was evaluated by attributing scores between 1 (healthy 
roots) and 6 (complete root system rotten away), adapted from Sims and 
Garbelotto (2018). 

2.6. Statistical analysis 

Survival probabilities were calculated using the Kaplan–Meier esti
mate, and differences among treatments for each plant species were 
examined using the log-rank test in the survival package (Thearneau and 
Grambsch, 2000; Therneau, 2021). Pairwise differences were deter
mined using the survminer package (Kassambara et al., 2021). 

Differences in number of leaves, root damage, leaf relative water 
content and biomass traits among treatments for the same plant species 
were tested using ANOVA. Tukey’s test with a confidence interval of 
95% was used to test for differences in mean values. Normality and 
homoscedasticity of the dependent variables were tested, and the 
biomass traits ‘stem mass ratio’ and ‘root to shoot ratio’ of A. rhombifolia 
and F. californica saplings (respectively) were square-root transformed. 
If normality and homoscedasticity were not met after transformation, a 
Mann-Whitney test was applied instead. 

Linear regressions were fitted for each plant species between the 
total biomass of saplings and their biomass fractions (aboveground and 
belowground) to assess biomass allocation strategies between watering 
regimes and infection status. Regression fitting to our data was evalu
ated using the R2 value and interaction between levels of variation was 
tested using analysis of covariance (ANCOVA) with the total biomass as 
a covariate. All statistical analyses were performed in R (v. 3.5.1; R Core 
Team 2018). 

3. Results 

3.1. Infection success and mortality 

Pathogen infection of Alnus rhombifolia and Frangula californica 

saplings was successful by both Phytophthora species. Pathogens were 
only re-isolated from inoculated treatments and never from the controls; 
however, re-isolation success was variable among treatments and plant 
species. The highest re-isolation success for both plant species occurred 
for Phytophthora crassamura (56%) and the lowest for P. cactorum (12%). 
Re-isolation success for P. crassamura was highest in F. californica sap
lings under well-watered regime (78%), followed by F. californica and 
A. rhombifolia saplings under drought regime (61% and 50%, respec
tively). Saplings of A. rhombifolia under the well-watered regime had the 
lowest re-isolation success for P. crassamura (33%). Similarly, re- 
isolation success for P. cactorum was highest in well-watered 
F. californica saplings (32%), followed by A. rhombifolia under the 
well-watered or drought regimes (6% and 5%, respectively). There was 
no re-isolation of P. cactorum from saplings of F. californica under 
drought conditions. 

The drought regime was the most significant effect in the survival 
probability of A. rhombifolia saplings, independent of infection levels 
(Fig. 2a). The survival probability was significantly higher in plants 
under the well-watered regime when compared to plants under the 
drought regime: 83% vs 16% in mock inoculated, 84% vs 44% in 

Fig. 2. Survival probability for Alnus rhombifolia (a) and Frangula californica (b) 
saplings in all treatments since the beginning of the experiment. M + W rep
resents the mock-inoculated saplings under the well-watered regime, M + D 
represents the mock-inoculated saplings under the drought regime, Ca + W 
represents saplings inoculated with Phytophthora cactorum under the well- 
watered regime, Ca + D represents saplings inoculated with P. cactorum 
under the drought regime, Cr + W represents saplings inoculated with 
P. crassamura under the well-watered regime and Cr + D represents saplings 
inoculated with P. crassamura under the drought regime. Different letter com
binations (a to d) indicate significant differences between treatments (p 
< 0.05). 
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P. cactorum inoculated and 89% vs 56% in P. crassamura inoculated (p < 
0.05, Fig. 2a). When looking at the survival probability in A. rhombifolia 
in the well-watered treatments, the survival probability was affected by 
pathogen infection and was highest in saplings inoculated with 
P. crassamura (p < 0.05, Fig. 2a). When looking at the survival proba
bility in A. rhombifolia in the drought treatments, it was affected by 
pathogen infection and was higher in saplings inoculated with either 
P. cactorum or P. crassamura than in mock inoculated saplings (p < 0.05, 
Fig. 2a). In F. californica, the lowest survival probability among all 
treatments was identified in saplings under the well-watered regimes 
and inoculated with P. cactorum (52%, p < 0.05, Fig. 2b). Conversely, 
F. californica saplings inoculated with P. cactorum under the drought 
regime showed the highest survival probability (95%, p < 0.05, Fig. 2b). 

The three A. rhombifolia drought treatments had higher necrotic 
leaves and wilting scores than the three well-watered treatments, 

irrespective of inoculation status or of Phytophthora species used (p < 
0.05, Fig. 3a). Higher leaf damage was observed in A. rhombifolia than in 
F. californica saplings when drought and Phytophthora infection were 
combined (p < 0.05, Fig. 3). Between day 31 and day 39 post inocu
lation, F. californica saplings inoculated with P. cactorum and under well- 
watered conditions showed higher leaf necrosis than well-watered 
mock-inoculated plants (p < 0.05, Fig. 3b). However, there was no 
significant difference in leaf necrosis among F. californica treatments by 
the end of the experiment (Fig. 3b). 

Root damage was significantly higher in both plant species inocu
lated with either Phytophthora spp., except for F. californica saplings 
inoculated with P. crassamura and under drought regime for which 
damage was indistinguishable from that of controls (p < 0.05, Fig. 4b). 
The highest root damage occurred in F. californica saplings inoculated 
with P. cactorum and under well-watered regime, although that damage 
level was only statistically different from that of drought saplings 
inoculated with P. crassamura (Fig. 4b). In A. rhombifolia, roots were 
equally and significantly damaged by both pathogens, irrespective of the 
watering regime (Fig. 4a). 

3.2. Plant-water relations 

Starting on day 24 post inoculation, two days after the beginning of 
the drought regime, water loss in well-watered A. rhombifolia saplings 
was significantly higher than water loss in saplings under the drought 
regime (p < 0.05, Fig. 5a), irrespective of inoculation status. In 
F. californica saplings, the differences in water loss between saplings 
under the well-watered and under drought regimes were only significant 
after day 42 (twenty days after the beginning of the drought regime, p < 
0.05, Fig. 5b). Transpiration of F. californica saplings inoculated with 
P. crassamura under the well-watered regime was higher compared to 
transpiration of well-watered mock-inoculated saplings, between days 
30 and 42 (p < 0.05, Fig. 5b). Overall, A. rhombifolia had higher tran
spiration values than F. californica for all the well-watered treatments, 
irrespective of inoculation level. Transpiration values were the lowest 
for both plant species under drought conditions (p < 0.05). 

Before applying the drought regime, the leaf relative water content 
was significantly higher in F. californica saplings inoculated with 
P. crassamura (p < 0.01), but by the end of the experiment, leaf relative 
water content of F. californica saplings inoculated with P. crassamura and 
under the drought regime were lower than those of all other treatments 
(p < 0.05). 

3.3. Plant biomass traits 

The observed differences of biomass traits in A. rhombifolia saplings 
occurred only when comparing well-watered saplings to saplings under 
the drought regime (Table 1). The well-watered regime allowed 
A. rhombifolia saplings to develop higher leaf mass ratio and lower stem 
mass ratio than saplings under the drought regime (Tables 1 and S2). 
The root dry matter content was also inhibited in mock inoculated 
A. rhombifolia saplings under the well-watered regime (p < 0.01, Ta
bles 1 and S2). Saplings of A. rhombifolia inoculated with mock or 
P. crassamura and under the well-watered regime showed growth of new 
leaves, when compared to saplings inoculated with mock or 
P. crassamura and under the drought regime (p < 0.01). The well- 
watered regime caused a decrease in leaf dry matter content of 
F. californica saplings inoculated with P. cactorum (p < 0.01, Tables 1 
and S2), and a decrease in stem dry matter content of saplings inoculated 
with P. cactorum and P. crassamura (p < 0.05, Tables 1 and S2). The 
inoculation of F. californica saplings with P. crassamura induced an in
crease in their specific leaf area, when compared with mocks and 
P. cactorum-inoculated, irrespective of watering regime (p < 0.001 and 
p < 0.05, respectively, Tables 1 and S2). 

The biomass allocation of A. rhombifolia saplings under drought, for 
all three inoculation treatments, showed a common response when 

Fig. 3. Necrotic leaves scoring for Alnus rhombifolia (a) and Frangula californica 
(b) saplings in all treatments since the beginning of the experimental watering 
regimes. M + W represents the mock-inoculated saplings under the well- 
watered regime, M + D represents the mock-inoculated saplings under the 
drought regime, Ca + W represents saplings inoculated with Phytophthora 
cactorum under the well-watered regime, Ca + D represents saplings inoculated 
with P. cactorum under the drought regime, Cr + W represents saplings inoc
ulated with P. crassamura under the well-watered regime and Cr + D represents 
saplings inoculated with P. crassamura under the drought regime. Different 
letters indicate significant differences between treatments (p < 0.05). 
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compared to well-watered saplings, i.e., a decrease in aboveground 
biomass, mirrored by an increase in belowground biomass (p < 0.01, 
Fig. 6a). 

4. Discussion 

4.1. Plant ecological preferences and the combination of stress 

Plant species have evolved several mechanisms to respond to 
drought conditions, such as osmoregulation, changes in biomass allo
cation and regulation of gas exchanges (Garssen et al., 2014). In our 
experiment, A. rhombifolia saplings subjected to the drought regime 
experienced leaf shedding, a drought-avoiding strategy that decreases 
transpiration (Hawkins and McDonald, 1994; Eschenbach and Kappen, 
1999), which in turn resulted in an increase of the percentage of 
belowground biomass and in a higher water uptake (Stella and Battles, 
2010). Alders are very susceptible to drought conditions (Rodríguez- 
González et al., 2014; Gomes Marques et al., 2018) due to their reduced 
ability to efficiently regulate stomatal closure, a feature corroborated by 
the rapid water loss observed in this study since the first days of the 
drought regime. Assuming that transpiration was not effectively reduced 
during that time period, either by loss of leaf biomass or by osmoregu
lation, we suggest that hydraulic failure was the main causal factor of 
mortality for this species (Barigah et al., 2013), irrespective of infection 
levels. 

When drought conditions were co-occurring with Phytophthora spp. 
inoculation of A. rhombifolia saplings, there was a two-fold unexpected 
effect in the decline and survival probability of this obligate riparian 
species. On one hand, we observed a negative effect on saplings’ survival 
when infection and drought conditions were co-occurring, a result that 
has been previously documented mostly for upland species (Desprez- 
Loustau et al., 2006; Avila et al., 2019). On the other hand, and unex
pectedly, we observed an increase in survival probability of 
A. rhombifolia saplings under drought treatments that had been inocu
lated with either Phytophthora species. 

Plant decline associated with infection by Phytophthora spp. mostly 
occurs due to the necrosis of small and fine roots, ultimately causing tree 
mortality due to the shortage of water and nutrients (Jung and Blaschke, 

1996). By reducing water uptake of roots, infection by the pathogen can 
also work as a further predisposing factor for plant decline, one that can 
be especially critical during extended droughts (Colangelo et al., 2018; 
Gómez et al., 2018). Moreover, drought conditions can also cause root 
necrosis because of dehydration of the root system, resulting from the 
drying of the surrounding soil (Galvez et al., 2013). Considering that 
water availability is a priority driver of plant health in alders (Rodrí
guez-González et al., 2014) it was expected that drought conditions 
would decrease plant health and survival on saplings already weakened 
by Phytophthora spp. infection. 

We suggest instead that the unexpected increase in survival of 
A. rhombifolia saplings exposed to both pathogen inoculation and 
drought could be related to lower water loss of those saplings compared 
to that of non-inoculated saplings, compensating the effects of drought- 
imposed conditions. For example, in Quercus ilex forests, trees infected 
by P. cinnamomi had lower transpiration rates and less fine roots than 
non-infected trees, resulting in higher soil water content values within 
the rhizosphere of infected trees (Corcobado et al., 2013). Furthermore, 
infection by Phytophthora spp. can induce closure of stomata in Alnus 
glutinosa seedlings (Clemenz et al., 2008) or stimulate the accumulation 
of defense solutes, such as proline, in plant cells of Castanea sativa spe
cies (Camisón et al., 2019), a tree species known to be very susceptible to 
Phytophthora cinnamomic. Notably, proline and other defense solutes are 
known to increase cell water content through osmotic potential differ
ences. It is likely that the above-mentioned mechanisms increased sur
vival of A. rhombifolia saplings infected by Phytophthora species and in 
drought conditions because of the consequent decrease in water loss. 
Indeed, non-inoculated A. rhombifolia saplings under drought conditions 
maintained a higher water demand than that of inoculated saplings. 

Consistent with the complementary ecological preferences of 
F. californica vs. A. rhombifolia, the combination of inoculation and 
drought conditions had an opposite effect on F. californica saplings than 
that observed on A. rhombifolia. In F. californica, dry conditions 
increased plant survival, while higher water availability conditions were 
prejudicial to plant survival. Frangula californica plants were able to cope 
with drought conditions thanks to specific physiological and morpho
logical strategies. This species had the capacity to decrease transpira
tion, possibly through stomatal regulation and the mechanical 

Fig. 4. Root damage at final harvest in Alnus 
rhombifolia (a) and Frangula californica (b) sap
lings of all treatments. M + W represents the 
mock-inoculated saplings under the well-watered 
regime, M + D represents the mock-inoculated 
saplings under the drought regime, Ca + W rep
resents saplings inoculated with Phytophthora 
cactorum under the well-watered regime, Ca + D 
represents saplings inoculated with P. cactorum 
under the drought regime, Cr + W represents 
saplings inoculated with P. crassamura under the 
well-watered regime and Cr + D represents sap
lings inoculated with P. crassamura under the 
drought regime. Vertical lines are standard de
viations, and different combination of letters 
(a–d) indicate significant differences within spe
cies (p < 0.05). Root damage was assessed ac
cording to the following visual observations 
(Sims and Garbelotto, 2018): 1, roots appeared 
healthy; 2, small lesions observed; 3, moderate 
root lesions observed; 4, moderate root lesions 
and roots that starting to degrade; 5, most of the 
main root rotten; 6, dead plant and its root sys
tem completely rotten.   
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reinforcement of tissues to avoid permanent damage caused by water 
deficit (De Micco and Aronne, 2012), thus avoiding the loss of leaves. 
Moreover, as commonly occurs in drought-adapted species (Bréda et al., 
2006), saplings showed a high percentage of belowground biomass 
allocation, which allowed them to absorb higher water volumes and 
cope with drought. Besides the adaptive physiological and morpholog
ical response of this plant species to drought, dry soil conditions also 
resulted in a lower infection success of both Phytophthora species, 
contributing to the higher survival of F. californica saplings. On the 
contrary, the high-water content in the soil matrix that F. californica 
saplings were subjected to during inoculation is likely to have increased 
the plants’ vulnerability to infection by the pathogen, because this 
species is not flood-tolerant and is more adapted to dry conditions 
(Griggs, 2009). Additionally, the water content in the soil matrix is 
particularly favorable for the movement and infection of woody plants 

by Phytophthora spp. zoospores (Davison, 2011; Corcobado et al., 2013), 
and, in fact, pathogen re-isolation success was higher in well-watered 
F. californica saplings than in drought exposed ones. 

4.2. Susceptibility of plants to infection 

Susceptibility to infection was also a determinant factor of plant 
health for both plant species in this experiment: the decline of 
F. californica saplings was mostly induced by P. cactorum, under well- 
watered conditions, while both pathogens were a secondary cause of 
decline in A. rhombifolia. 

The long-lasting presence of P. cactorum in natural ecosystems with a 
Mediterranean-climate and its high number of North American plant 
hosts has led to the belief that this pathogen may be native to California 
(Erwin and Ribeiro, 1996; Sims and Garbelotto, 2018). High infection 
rates of F. californica by P. cactorum in natural ecosystems (Sims et al., 
2018; Rooney-Latham et al., 2019), combined with low plant decline 
rates, further points to the possibility that F. californica may have a 
relatively low susceptibility to P. cactorum. However, most of these ob
servations were done in chaparral ecosystems, under low water avail
ability conditions, which do not correspond to the conditions used in this 
experiment for all treatments. We suggest that in our experiment, the 
higher water availability to which inoculated plants were subjected to 
(i) facilitated dissemination of P. cactorum zoospore and tissue coloni
zation (Malajczuk and Theodorou, 1979; Hardham, 2001), resulting in 
higher F. californica root necrosis in well-watered conditions, and (ii) 
allowed increased infection success by P. cactorum in F. californica, 
which might have been impaired in the treatments where drought 
conditions were applied to the plants. The negative effect of the com
bined P. cactorum inoculation and water availability was specific to 
F. californica. 

The mortality and resource allocation responses of A. rhombifolia 
saplings inoculated with P. cactorum also calls for attention, and its end 
effect may represent a threat to the long-term survival of this species in 
riparian corridors. Although infection temporarily increased the sur
vival of drought-stressed plants, changes in stem and leaf biomass per
centage, associated with the root rot caused by P. cactorum, anticipates 
long term negative effects in plant growth performance. A reduction in 
water and nutrients uptake, consequence of the decrease in below
ground biomass allocation, is likely to decrease plant growth rates and 
thus reduce their competitive abilities during establishment phase in 
restoration sites. Moreover, the significant mortality of alders in a short- 
time period could be aggravated in the long-term under field conditions, 
especially in the absence of water availability (Gomes Marques et al., 
2018). It is important for future studies to observe plant decline and 
survival for longer time periods when pathogen infection and drought 
conditions co-occur. 

While the knowledge about the host range of P. cactorum is broad, 
our knowledge of the California host range of the emerging 
P. crassamura is limited (Sims et al., 2019; Sims and Garbelotto, 2021). 
This is inevitably due to the fact that its detection in natural ecosystems 
is recent not only in California, but worldwide, and due to the lack of 
formal pathogenicity studies. Our results deepen our knowledge on this 
pathogen by showing that in the presence of higher soil water content, 
this species can cause significant mortality in F. californica saplings. 
Likewise, even if drought had a priority effect on the decline of alder 
saplings, P. crassamura increased both the decline and mortality of 
A. rhombifolia saplings, and the magnitude of such increase was equiv
alent to that caused by P. cactorum. 

5. Conclusions 

To the best of our knowledge, this is one of the few studies that by 
focusing on the multiple interactions between several plants’ ecological 
preferences, pathogens and the environment in riparian ecosystems 
provide evidence to support specific forest management decisions. The 

Fig. 5. Water loss (transpiration, in g) of A. rhombifolia (a) and F. californica (b) 
saplings once the water regimes treatments started. M + W represents the 
mock-inoculated saplings under the well-watered regime, M + D represents the 
mock-inoculated saplings under the drought regime, Ca + W represents saplings 
inoculated with Phytophthora cactorum under the well-watered regime, Ca + D 
represents saplings inoculated with P. cactorum under the drought regime, Cr +
W represents saplings inoculated with P. crassamura under the well-watered 
regime and Cr + D represents saplings inoculated with P. crassamura under 
the drought regime. Treatments with distinct combination of lowercase letters 
(a–c) indicate distinct significant groups (p < 0.05). 
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Table 1 
Pair-wise ANOVA and post-hoc Tukey HSD test or Mann-Whitney test (marked with ◦) results for each plant species and experimental factor of variance. Colors 
represent the positive (green) or negative (red) relation between significantly different treatments and grey represents non-significant relationships. Asterisks indicate 
significant differences: ‘ns’ for not significant, ‘*’ for p < 0.05, ‘**’ p < for 0.01 and ‘***’ for p < 0.001. M represents mock-inoculated saplings, Ca represents saplings 
inoculated with Phytophthora cactorum, Cr represents saplings inoculated with Phytophthora crassamura, W represents saplings under the well-watered regime and D 
represents saplings under the drought regime. Please see table S2 for additional information.  

Fig. 6. Aboveground and belowground biomass allocation percentages of Alnus rhombifolia (a) and Frangula californica (b) saplings at the end of the experiment. M +
W represents the mock-inoculated saplings under the well-watered regime, M + D represents the mock-inoculated saplings under the drought regime, Ca + W 
represents saplings inoculated with Phytophthora cactorum under the well-watered regime, Ca + D represents saplings inoculated with P. cactorum under the drought 
regime, Cr + W represents saplings inoculated with P. crassamura under the well-watered regime and Cr + D represents saplings inoculated with P. crassamura under 
the drought regime. Vertical lines are standard deviations and asterisks indicate significant differences within watering regime treatments in the same species at p < 
0.05 (*), p < 0.05 (**), and p < 0.01 (***). 
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complementarity in ecological preferences of A. rhombifolia and 
F. californica played an important role in this experiment and corrobo
rated the notion that different morphological and physiological re
sponses are expressed by the two plant species when they are dealing 
with the combination of infection by Phytophthora spp. and drought. 

This study provides evidence that P. cactorum and P. crassamura are 
significant pathogens to two plant species commonly used in Californian 
riparian restoration projects, namely, A. rhombifolia and F. californica. 
Both Phytophthora species have the potential to cause a significant 
impact on plant decline and mortality, directly contributing to the 
failure of restoration projects. This emphasizes the importance to ensure 
that plant stock used in revegetation projects is not infected by either 
one of these pathogens, through monitoring programs during plant 
production in nurseries and during/after planting (Sims et al., 2018). 
Assessing the occurrence of P. crassamura in riparian ecosystems may be 
particularly important because, as evidenced in this study, it is patho
genic to both plant species. Further research should focus on the path
ogenicity of this newly described pathogen, to explore its full hots range 
and the risks it may pose to plant health in Mediterranean-climate ri
parian ecosystems. 

Where planting is the preferential and adequate restoration 
approach, the continuing use of F. californica and A. rhombifolia in ri
parian sites previously infested by Phytophthora can be beneficial to 
revegetation actions if the planting is integrated in an appropriately 
designed restoration project. The planting of Frangula saplings in areas 
subjected to water retention should be avoided, to help minimize 
infection by Phytophthora species and the risk of plant decline and 
mortality, which can occur in the short term, as here documented, 
resulting in rapid failure of restoration efforts. Additionally, managers 
and practitioners must ensure planting sites meet the minimum water 
requirements for A. rhombifolia, which is critical in areas where infes
tation by Phytophthora is possible, given the negative effects reported 
here between Phytophthora infection and drought. Planting both plant 
species in the same riparian restoration sites, but ensuring their different 
ecological requirements, as stated above, may contribute to a decrease 
in disease expansion and plant decline in sites already or potentially 
infested by Phytophthora species. 

Restoration of degraded riparian forests faces multiple challenges in 
the future, including those posed by climate change and by the 
increasing risk of globally invasive plant pathogens. We believe that 
there is an urgent need for more integrative projects in which the 
experience of practitioners is combined with the knowledge of re
searchers. These initiatives should comprehensively assess both biotic 
and abiotic risks prior to the planning of any restoration project, assign 
different restoration strategies within a catchment and include period
ical and long-term monitoring programs to identify restoration failures 
and their specific causes. 
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ing. P.M. Rodríguez-González: Conceptualization, Methodology, 
Writing – review & editing, Funding acquisition. M. Garbelotto: 
Conceptualization, Methodology, Resources, Writing – review & editing, 
Funding acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

We thank Tina Popenuck and Doug Schmidt for their help, support 
and insights throughout the experiment. Inês Gomes Marques was sup
ported through a Fulbright/Portuguese Foundation for Science and 
Technology (FCT) Grant, Portugal, AY2021/2022 and through a PhD 
scholarship (SFRH/BD/133162/2017). Portuguese Foundation for Sci
ence and Technology funded Patricia M. Rodríguez González through 
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