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Almond decline in Mediterranean and warm temperate areas arises from two 
distinct but interacting pathosystems: systemic vascular dysfunction caused by 
Xylella fastidiosa and structural wood degradation caused by fungal species of the 
Botryosphaeriaceae family. In this research we developed an age-structured 
multiplicative model for decline that incorporates several interrelated aspects of 
decline, including infection likelihood, vascular dysfunction, the dynamics of fungal 
colonization, and the impact of applying chemical control products, to quantify 
their combined contribution to orchard decline and eventual collapse. Co-infections 
exhibit a synergistic, accelerating component to their decline, with vascular 
dysfunction reaching saturation levels early on and therefore strongly limiting 
orchard life expectancy. Chemical control products such as fungicides, copper and 
phosphonates significantly lower the effective fungal growth rate and extend the 
timeline for orchard decline by 1-5 years, but does not eliminate the hydraulic 
failure in trees infected by Xylella. In fungal‑only systems, application of chemical 
controls significantly reduces the rate of decline trajectories and enhances orchard 
longevity. Our model describes the physiological processes that lead to increased 
decline rates in mixed infections and provides a quantitative framework for 
evaluating management strategies. Because X. fastidiosa is absent from Greece, the 
model is developed as a conceptual and theoretical framework grounded in 
published physiological and epidemiological data. 
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Introduction 

Almond (Prunus dulcis, syn. Prunus amygdalus Batsch), is 

one of the most economically important nut crops grown 

in Mediterranean and warm temperate areas with major 

production areas in Spain, Italy, Greece, California and 

Australia (Distefano et al., 2026). Crucially, both Greece 

and Australia are Xylella-free and represent contrasting 

systems where almond decline occurs in the absence of a 

vascular bacterial pathogen. This absence precludes 

field-based validation of vascular decline dynamics, 

making a conceptual and mechanistic modelling 

approach both necessary and appropriate. Canopy 

thinning, branch dieback, reduced yield, and premature 

death are among the decline syndromes that have been 

observed with growing frequency in almond orchards 

over the past two decades (Luque‑Cruz et al., 2026). 

These emerging decline syndromes motivate the need 

for robust mechanistic and epidemiological frameworks. 

Two pathogen groups dominate this landscape: the 

xylem limited bacterium X. fastidiosa, causal agent of 
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almond leaf scorch disease (ALSD), and a diverse 

assemblage of Botryosphaeriaceae fungi responsible for 

cankers, dieback, and latent wood infections 

(Úrbez‑Torres et al., 2008; Gramaje et al., 2012; 

Mansfield et al., 2012; Trkulja et al., 2022; Antón 

Domínguez et al., 2023). In the past, these 

pathosystems were looked at as separate problems. 

Xylella was considered as a systemic vascular pathogen 

inducing chronic water stress (Rapicavoli et al., 2018), 

and Botryosphaeriaceae were considered as 

opportunistic canker pathogens induced by pruning 

wounds, drought or heat stress (Antón Domínguez et 

al, 2023; Luque‑Cruz et al., 2026). Historically, these 

pathosystems were treated as independent problems, 

with little quantitative integration. 

However, recent evidence from Mediterranean orchards 

suggests that these pathogens tend to co-occur, have 

physiological interactions and accelerate decline 

simultaneously (Holland et al., 2020). Mixed infections 

are increasingly recognized as the prevailing condition 

rather than the exception. Multiple field studies have 

documented the frequent co‑occurrence of X. fastidiosa 

and Botryosphaeriaceae in declining Mediterranean 

woody crops (Gramaje et al., 2012; Anguita‑Maeso et al., 

2022; Scortichini et al., 2023). Although the mechanistic 

basis of their interaction remains incompletely 

understood, observational evidence consistently shows 

more rapid decline in co‑infected trees, suggesting a 

synergistic epidemiological effect. 

Xylella alters xylem microbial communities and hydraulic 

conditions as shown by microbiome studies and possibly 

increases the functional impact of wood-inhabiting fungi, 

although the presence of fungi is not strictly dependent 

on Xylella (Anguita-Maeso et al., 2022). 

ALSD and Botryosphaeriaceae both result in the same 

symptoms including leaf scorch, premature leaf drop, 

dieback of branches, and gradual decline of the canopy; 

because of this overlap, it is easy to misdiagnose one for 

the other in their early stages. Marginal leaf necrosis 

with a chlorotic halo is a symptom of Xylella; however, 

Botryosphaeriaceae causes wedge-shaped necrosis of the 

wood, as well as cankers of the bark, and dieback of 

scaffolds occurs quickly (Scortichini et al., 2023; Luque‑

Cruz et al., 2026). When both pathogens infect a tree 

together, symptoms become difficult to differentiate, and 

deterioration from both pathogens is substantially faster 

than if just one were present. 

This ambiguity concerning diagnosis is a key 

contributor to difficulties in effective management of 

disease. Although existing fungicides offer no efficacy 

against Xylella, neither of the primary control 

strategies for managing this disease (vector control) 

addresses problems associated with fungal cankers 

(Scortichini et al., 2024). As a result, there are many 

instances in which growers of potentially infected 

trees are applying fungicides hoping they will improve 

the health of their trees, only to find the trees continue 

to decline due to ongoing vascular dysfunction. In 

addition, there are many instances in which the 

decline of many trees due to fungal disease has been 

misdiagnosed as Xylella infection, leading to 

unnecessary removal of additional trees. Given these 

challenges, a mechanistic and quantitative framework 

is needed to explain the accelerated decline observed 

in co‑infected orchards (Camposeo et al., 2022; Serio 

et al., 2024; Scortichini et al., 2024). 

The aim of this study is to develop a unified, 

age‑structured theoretical epidemiological model that 

integrates infection probability, Xylella‑induced vascular 

dysfunction, Botryosphaeriaceae colonization dynamics, 

age‑dependent susceptibility, and chemical intervention 

effects. The model is conceptual and mechanistic in 

nature, designed to synthesize current biological 

knowledge rather than to fit empirical field data. Its 

structure follows the logic of recent theoretical 

epidemiological frameworks applied in Mediterranean 

cropping systems, such as SEIR‑based models used to 

quantify foliar epidemic dynamics under different 

fungicide strategies (Vagelas, 2026). By adopting a 

similar mechanistic philosophy, our model provides a 

coherent explanation for the accelerated decline 

observed in co-infected almond orchards and offers a 

quantitative foundation for evaluating management 

strategies in perennial tree crops. 

 

Materials and Methods 

Unified epidemiological model integrating vascular 

dysfunction, fungal colonization, and management 

effects 

Tree decline in perennial crops results from multiple 

interacting processes affecting different plant 

compartments. An integrative epidemiological 

framework is therefore required to capture the 

combined effects of vascular pathogens, wood‑inhabiting 

fungi, and management interventions. To address this 

challenge, we propose a unified modelling structure that 
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incorporates five key components: 

1. Infection probability,     , (Cendoya et al., 2024). 

2. Vascular dysfunction due to Xylella, 

             (Cardinale et al., 2018; Sabella et al., 2019; 

Petit et al., 2021). 

3. Fungal colonization and canker expansion,           , 

(Linaldeddu et al., 2023; Manetti et al., 2023; 

Bergamaschi et al., 2025). 

4. Chemical interventions (fungicides, copper, 

phosphonates) modifying the effective rate,         (Gaire 

and KC, 2025). 

5. Age-dependent susceptibility        , which is 

implicitly captured in the age‑structured fungal 

colonization term                           , 

(Manetti et al., 2023). 

These components combine multiplicatively to yield the 

general decline function: 
                                        , (González-

Domínguez et al., 2020; Wu et al., 2024) 

which expresses the probability that a tree of age t is in a 

state of functional decline due to the combined action of 

vascular and wood-inhabiting pathogens. 

Fungal colonization model 

Fungal colonization by Botryosphaeriaceae was 

represented using an age‑shifted exponential function: 

                      ,     

which reflects empirical evidence that canker expansion 

rarely causes measurable decline before age 3, but 

increases sharply thereafter (Slippers and Wingfield, 

2007; Olmo et al., 2016). 

Multiplicative decline function 

The overall decline probability was modeled as a 

multiplicative hazard function: 
                                        , 

following the general structure of multi-component 

hazard models described by Madden et al. (2017), Brauer 

(2017), and Gilligan (2008). The vascular dysfunction 

term              adopts the cumulative exponential form 

widely used in X. fastidiosa epidemiology (White et al., 

2017; Moralejo et al., 2020). The fungal colonization term 
              ows the age-shifted exponential structure 

consistent with empirical patterns of canker development 

(Slippers and Wingfield, 2007; Olmo et al., 2016). 

Chemical interventions modify the effective fungal rate 
       according to standard multiplicative rate-reduction 

formulations (Guest and Grant, 1991; Brent and 

Hollomon, 2007), thereby altering the shape of the fungal 

component of the decline function. 

Management scenarios 

Four management scenarios were considered, each 

modifying the intrinsic colonization rate  : 

Scenario 1 - Fungicides - only:                where   

is the proportional reduction in fungal growth and 

colonization (0–1). 

Scenario 2 - Fungicides + Copper:               , 

where   represents the additional reduction associated 

with copper‑based wound protection. 

Scenario 3 - Fungicides + Aliette (phosphonates): 

                  ,         quantifies the 

phosphonate‑induced reduction in colonization rate. 

Scenario 4 - Fungicides + Copper + Aliette: 

                    , representing the 

combined effects of fungicides, copper, and 

phosphonate‑mediated resistance. 

The resulting effective rate        is incorporated into the 

age‑structured colonization model: 

                      ,     

Age-structured decline models using shifted time 

variables (e.g., t - 3) follow the general framework of 

Cunniffe et al. (2015). 

Fungicide program 

The fungicide-only scenario reflects a standard almond 

orchard disease-management program. Captan was 

applied at the pink-bud stage to protect early floral 

tissues (Lalancette, and Robison, 2002). Following 

application of boscalid + pyraclostrobin (Signum®) at 

roughly 70% bloom, coinciding with the peak 

susceptibility of flowers and young fruiting structures, 

fluopyram + trifloxystrobin (Luna®) were applied when 

fruit set occurred, during which time latent infections by 

Botryosphaeriaceae are highly probable (Amponsah et 

al., 2012; Torguet et al., 2022; Retamal et al., 2024; 

Valdez-Tenezaca et al., 2025). Finally, tebuconazole was 

applied immediately post-harvest to help protect 

pruning wounds and to minimize establishment of late-

season cankers. 

These application timings represent a conceptual 

management schedule used to parameterize the model 

and do not correspond to data from a specific field trial. 

Under this scenario of chemical control, canker 

expansion rates are reduced by the multiplicative factor 

(1 - F): 

             

which is then incorporated into the age‑structured 

colonization model (Antony et al., 2024; Retamal et al., 

2024). 
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Xylella fastidiosa: Biology and Epidemiology 

The xylem-limited bacterium X. fastidiosa has a large 

number of potential hosts - over 600 species. There are 

several different subspecies (i.e., Χ. fastidiosa, multiplex, 

pauca, sandyi). Each of them has its own identifiable host 

range and its own ecological niche. 

Almond has two main strains of X. fastidiosa that have 

been associated with almond leaf scorch disease: X. 

fastidiosa subsp. fastidiosa and X. fastidiosa subsp. 

multiplex. These two strains have both been associated 

with almond leaf scorch disease in California as well as 

in Spain. For example, in Mallorca, both X. fastidiosa 

subsp. fastidiosa ST1 and X. fastidiosa subsp. multiplex 

ST81/ST7 are involved in ALSD. (Olmo et al., 2016; 

Moralejo et al., 2020), whereas in Alicante (mainland 

Spain), ALSD outbreaks are so far attributed specifically 

to X. fastidiosa subsp. multiplex ST6 (Giampetruzzi, et al., 

2019; Marco-Noales et al., 2021). 

X. fastidiosa leads to biofilm formation and colonization 

of xylem vessels that lead to decreased water movement 

causing chronic water stress, decreased hydraulic 

conductivity and progressive decline of the almond 

canopy. In contrast to the localised necrosis that is seen 

with wood-inhabiting fungi, Xylella leads to systemic 

vascular dysfunction. 

Typical symptoms of ALSD include almond leaf scorch 

typically shows marginal scorching with a 

yellow/golden band (chlorotic halo) between brown 

necrosis and inner green tissue, matching the typical 

marginal leaf torching around a chlorotic halo (Marco-

Noales et al., 2021). Infected trees can show systemic 

scorch, progressive dieback, eventual tree death, and 

yield of affected trees can be reduced 20–40% (Krugner 

and Ledbetter, 2016). In central California, trees are 

asymptomatic from bloom to end of kernel enlargement 

(June); symptoms appear and progress rapidly from hull 

split (July–early August) and persist until leaf 

senescence, which aligns with “mid or late summer 

(Krugner and Ledbetter, 2016). 

A characteristic feature of the epidemiology is its long 

latent period: trees may stay asymptomatic for one to 

three years while the bacterium spreads throughout 

the system (Bragard et al., 2019).  In some cases e.g. a 

rootstock study in California found some infected 

almond trees remained asymptomatic over a 5‑year 

period, while still being classed as infected, showing 

latency can exceed 3 years in some cases (Krugner 

and Ledbetter, 2016). 

Once signs are evident, decline accelerates, and recovery 

is rare. Progression of the disease follows through the 

distinctive sequence: i) infection involves colonization of 

xylem vessels; biofilms and host responses (tyloses, 

gums, gels) together cause vessel occlusion and loss of 

hydraulic conductivity (Cardinale et al., 2018; Sabella et 

al., 2019; Loureiro et al., 2023). Loss of hydraulic 

conductivity from occlusion and cavitation leads to 

reduced stem hydraulics and water stress (Sabella et al., 

2019). Symptom descriptions include leaf scorch, 

wilting, reduced growth, stunting, dieback, and eventual 

plant death, aligning generally with canopy thinning, 

branch dieback, and tree decline (Rapicavoli et al., 2018; 

Loureiro et al., 2023). 

This path of spread is systemic within the xylem 

network, in contrast to the primarily wound‑initiated 

canker and dieback infections typically caused by 

Botryosphaeriaceae (Moral et al., 2010; Manetti et al., 

2023; Linaldeddu et al., 2023). 

Epidemiological characteristics relevant to modeling 

In this study, vector dynamics are intentionally 

excluded. The epidemiological behavior of X. fastidiosa 

is represented through three components of the 

decline model: 

i) The infection probability     , 

ii) The time-dependent vascular function              and 

iii) The age-dependent susceptibility which is not 

represented by a separate function but is implicitly 

encoded in the age‑structured fungal colonization term. 

We model vascular dysfunction as a cumulative 

probability function: 

                          

Where    is rate of vascular impairment and    is time of 

infection (or age threshold). This formulation captures 

the progressive, time‑dependent nature of xylem 

occlusion and follows the structure widely used in X. 

fastidiosa epidemiology (White et al., 2017; Moralejo et 

al., 2020), consistent with the general behavior of 

systemic vascular pathogens (Chatterjee et al., 2008). 

Biology and epidemiology of Botryosphaeriaceae in 

almond 

Taxonomy and species diversity 

Botryosphaeriaceae is a large fungal family comprising 

genera such as: Neofusicoccum, Diplodia, Lasiodiplodia, 

Botryosphaeria and Dothiorella. In almond orchards 

worldwide, the most aggressive species include: N. 

parvum, N. mediterraneum¸D. seriata and L. 

theobromae (Olmo et al., 2016). These fungi typically 
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persist as asymptomatic endophytes and transition to 

pathogenic behavior under stress conditions such as 

drought, heat, salinity, or mechanical injury (Slippers 

and Wingfield, 2007). 

Infection biology and symptomatology 

Botryosphaeriaceae infect almond trees primarily 

through pruning wounds, leaf scars, bark cracks, 

sunburned tissues, and frost-damaged tissues. Spores 

are dispersed by rain splash and irrigation. Infection is 

favored by warm temperatures and high humidity. 

Once inside the wood, the fungi colonize parenchyma and 

xylem rays, produce toxins and cell-wall-degrading 

enzymes, and induce wedge-shaped necrosis that may 

girdle branches. These results in rapid scaffold dieback, 

chronic decline, and reduced nut yield and kernel quality. 

Typical symptoms include bark cankers with darkened 

margins, occasional bleeding exudates, wedge-shaped 

wood necrosis, sudden scaffold death, and progressive 

dieback. Unlike X. fastidiosa, colonizes xylem vessels and 

compromises water transport, leading to systemic leaf 

scorch and overall tree decline (Rapicavoli et al., 2018). 

Botryosphaeriaceae primarily cause cankers and 

localized wood necrosis along branches and trunks, 

although they can colonize vascular tissues and spread 

some distance (Garcia et al., 2021). 

Epidemiological characteristics relevant to modeling 

Botryosphaeriaceae epidemiology is strongly 

age-dependent: 

i) Trees younger than 3 years rarely show severe 

cankers, 

ii) Susceptibility increases sharply after age 3, 

iii) Older trees accumulate latent infections, and 

iv) Environmental stress (drought, heat, salinity) 

accelerates disease. 

To capture this behavior, we model the probability of 

effective fungal colonization using an age‑shifted 

exponential function: 

                     ,     

where        is the effective canker expansion rate, this 

formulation reflects the accelerating nature of canker 

development in aging wood and is consistent with the 

latent-to-pathogenic transition described by Slippers 

and Wingfield (2007). 

The effective rate        is modified by fungicides, 

copper, and phosphonates following standard 

multiplicative rate-reduction formulations (Guest and 

Grant, 1991; Brent and Hollomon, 2007), as described in 

the management scenarios of the unified model. 

Interaction between X. fastidiosa and 

botryosphaeriaceae 

Physiological interactions 

Although mechanistically distinct, the two pathogens 

interact synergistically within almond trees: 

a. Xylella‑induced hydraulic dysfunction reduces water 

transport, creating physiological stress that increases 

susceptibility to fungal colonization. 

b. Botryosphaeriaceae cankers damage xylem tissues and 

further reduce hydraulic conductivity, intensifying 

Xylella symptom expression. 

c. Both pathogens reduce carbohydrate allocation, 

weakening host defense responses. 

Together, these processes form a positive feedback loop 

that accelerates decline, particularly in mid‑age 

orchards. 

Epidemiological interactions 

From a modeling perspective: 

a. Xylella indirectly increases fungal colonization 

probability by elevating stress levels, thereby increasing 

the effective fungal term           

b. Botryosphaeriaceae increases the effective vascular 

impairment rate    by damaging xylem and amplifying 

hydraulic failure. 

c. Co‑infection produces synergistic acceleration of 

decline, exceeding the impact expected from either 

pathogen alone. 

This justifies the combined decline function: 
                                 

Which expresses the probability that a tree of age t is in 

a state of functional decline due to the combined action 

of vascular and wood-inhabiting pathogens. 

Parameterization of decline model components 

To ensure biological realism and consistency with 

empirical observations from Mediterranean almond 

orchards, all parameters of the unified decline model 

were derived from published physiological 

measurements, epidemiological studies, and field 

observations. The model incorporates five key 

parameters: the vascular impairment rate (  ), the 

intrinsic fungal colonization rate (  ), and three 

multiplicative modifiers representing chemical 

interventions (F, C, A). Their ranges and biological 

justification are summarized in Table 1. 

The selected parameter ranges reflect the combined 

influence of pathogen biology, host physiology, and 

management practices. The vascular impairment rate 

   (0.12–0.20) corresponds to the progressive loss of 
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hydraulic conductivity observed in almond trees 

infected by X. fastidiosa, where vessel occlusion, 

tyloses, and biofilm formation lead to irreversible 

systemic decline. The fungal colonization rate    

(0.18–0.25) captures the age-dependent acceleration 

of canker development documented in mid-age 

orchards, particularly in infections by Neofusicoccum 

spp., which exhibit rapid radial expansion and 

extensive wood necrosis. 

Chemical intervention parameters (F, C, A) were derived 

from published efficacy studies and standard almond 

disease-management programs. Fungicides reduce 

latent infections and slow canker expansion, copper 

provides wound protection and reduces early 

colonization events, and phosphonates induce host 

resistance that moderates the acceleration phase of 

fungal colonization. These modifiers act multiplicatively 

on   , consistent with established rate-reduction 

formulations (Guest and Grant, 1991; Brent and 

Hollomon, 2007). 

To maintain consistency between the biological 

parameterization and the mathematical formulation, the 

vascular impairment rate    corresponds to the 

parameter used in the              term, and the intrinsic 

fungal colonization rate    corresponds to the parameter 

used in the      term. 

 

Table 1. Parameter ranges used in the unified decline model and biological justification 

Model term Parameter 

symbol 

Description Range Biological / Empirical basis 

                Vascular impairment 

rate driving the 

cumulative vascular 

dysfunction term 

Pvascular(t) 

0.12–0.20 

(moderate to 

aggressive 

vascular decline) 

Based on hydraulic conductivity loss, 

vessel occlusion, tyloses and biofilm 

accumulation in Xylella-infected almond 

trees (Cardinale et al., 2018; Sabella et al., 

2019; Moralejo et al., 2020). 

             Baseline canker 

expansion rate 

driving the 

age-structured fungal 

term PB,eff(t) 

0.18–0.25 

(species‑depende

nt; N. parvum > D. 

seriata) 

Reflects aggressiveness of 

Botryosphaeriaceae species such as 

Neofusicoccum parvum, N. 

mediterraneum, Diplodia seriata (Olmo et 

al., 2016; Linaldeddu et al., 2023; Manetti 

et al., 2023). 

          F Proportional 

reduction of    due to 

fungicides  

0.20–0.40 Derived from efficacy of Captan, 

boscalid+pyraclostrobin (Signum®), 

fluopyram+trifloxystrobin (Luna®), and 

tebuconazole in reducing latent infections 

and slowing canker expansion (Amponsah 

et al., 2012; Retamal et al., 2024). 

          C Additional reduction 

of    due to copper 

0.10–0.20 Copper reduces early colonization at 

pruning wounds and leaf scars, providing 

wound protection and lowering initial 

infection probability (Guest and Grant, 

1991; Brent and Hollomon, 2007). 

          A Reduction of    due to 

phosphonate-induced 

host resistance 

0.15–0.30 Phosphonates do not directly kill 

Botryosphaeriaceae but slow the 

acceleration phase of colonization by 

enhancing host defense responses (Gaire 

and KC, 2025). 
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Mathematical model- almond decline 

There are several factors involved with how almond 

trees suffer from X. fastidiosa and Botryosphaeriaceae 

fungi including vascular dysfunction, colonization of 

wood, and susceptibility based on age. In order to 

successfully model these interactions, a mathematical 

model was created which contains 5 separate 

measurements. 

(1) Probability of infection 

(2) Vascular impairment dynamics 

(3) Fungus colonization and canker development 

(4) Age dependence on susceptibility and 

(5) The effects fungicides, copper and phosphonates 

have on the previous variables. 

The equations, assumptions, and parameter structure 

used in the model to predict the decline of almonds 

given different agricultural and biological variables are 

presented in this section. 

Decline component trajectories were simulated in 

scenarios of co-infection involving the diseases of X. 

fastidiosa and Bottyrophaeriaceae. Functions 

             and           were parameterized to 

determine the occurrence of vascular malfunctions 

and fungus invasion under different systems. The 

simulations included tree ages from 2 to 15 years, 

using parameter sets outlined in Supplementary S5. 

The resulting curves illustrate the progressive 

activation of vascular and fungal components and 

their interaction in shaping overall decline 

probability     . 

General decline function 

We define the overall probability of functional decline at 

tree age t as: 
                                 

Where: 
    = probability of initial infection (external driver) 

            = cumulative probability of vascular 

dysfunction due to Xylella 

          = effective probability of Botryosphaeriaceae 

colonization and canker expansion. 

This multiplicative structure reflects the biological 

reality that: 

Xylella-driven hydraulic failure increases fungal 

susceptibility, 

fungal cankers exacerbate water stress and accelerate 

Xylella symptom expression, and  

both processes are necessary for catastrophic decline in 

co-infection scenarios. 

Vascular dysfunction model for X. fastidiosa 

Vascular impairment is modeled as a cumulative 

exponential function: 

                          

Where: 
   = rate of vascular impairment 

   = time of infection (or age threshold) 

This form captures: i) slow early progression, ii) 

accelerating dysfunction as biofilms accumulate and iii) 

irreversibility of systemic infection. 

Fungal colonization model for Botryosphaeriaceae 

Botryosphaeriaceae cankers exhibit strong age 

dependence. We model the probability of effective 

colonization as: 

                      ,     , 

With: 
       = effective canker expansion rate 

The shift by 3 years reflects empirical observations that 

severe cankers rarely occur before age 3 

This exponential form captures: i) latent endophytic 

phase, ii) rapid acceleration in mid-age orchards and iii) 

strong sensitivity to stress and wound frequency. 

Chemical intervention scenarios 

Chemical interventions modify the effective fungal rate 
      . We consider four management scenarios: 

Scenario 1 - Fungicides only 

             

Where: 

F = proportional reduction in fungal expansion due to 

fungicides 

0 < F < 1 

This scenario represents standard Botryosphaeriaceae 

management programs. 

Scenario 2 - Fungicides + Copper 

               

Where: 

C = additional reduction due to copper formulations 

Copper is effective primarily on wound surfaces and 

early infections 

This scenario reflects integrated wound protection 

strategies. 

Scenario 3 - Fungicides + Aliette (Phosphonates) 

                  

Where: 

A: proportional reduction due to phosphonate-induced 

host defense activation 

0 < A < 1 

Aliette does not directly kill Botryosphaeriaceae fungi 
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but enhances host resistance. 

Scenario 4 - Fungicides + Copper + Aliette 

                    

This is the most intensive chemical strategy, combining: 

i) direct fungicidal activity, ii) wound protection and iii) 

induced resistance. 

Effective fungal colonization under each scenario 

For each scenario, the effective fungal colonization 

probability becomes: 

Scenario 1: Fungicides only,                       

Scenario 2: Fungicides + Copper,                       

Scenario 3: Fungicides + Aliette, 

                        

Scenario 4: Fungicides + Copper + Aliette, 

                        

These functions generate distinct decline trajectories, 

particularly in mid‑age orchards (5–12 years), where 

canker expansion and vascular stress interact most 

strongly. 

Combined decline under co-infection 

In co-infection scenarios, the decline function becomes: 

                                            

This structure produces: slow early decline (ages 0–3), 

accelerating decline (ages 4–8), and catastrophic 

collapse (ages 8–15), depending on parameter values. 

This interaction leads to dead trees and is an example of 

synergism between these two pathogens: 

a. Xylella causes a reduction in the ability of woody 

tissues to move water, which causes increased stress to 

the plant and allows for easier invasion by 

Botryosphaeriaceae. 

b. The presence of cankers created by 

Botryosphaeriaceae interferes with the natural flow of 

water through the xylem, increasing water stress to the 

host plant, which results in an increase in the severity of 

symptoms of Xylella. 

c. Both pathogens decrease the amount of carbohydrates 

that are allocated by the host plant, resulting in 

decreased ability of the host to fight off infection. 

This synergy is represented by the multiplicative decline 

function: 

                                 

Parameterization 

Vascular dysfunction (Xylella) 

                          

Typical values: 
    .12–0.20 (moderate to aggressive vascular decline) 

   = 1–2 years after planting 

Fungal colonization (Botryosphaeriaceae) 

                      

Where baseline fungal rates and chemical modifiers ( , 

 , ) are applied as described previously (Table 1). 

Decline Curves (0–15 years) 

The combined decline function under co-infection is: 

                                          ,     

Each management scenario modifies       , producing 

distinct decline trajectories over the 0–15 year orchard 

lifespan (Figure 1). 

No Intervention 
          

a. Ages 0–3: Minimal decline; both pathogen components 

remain low. 

b. Ages 4–6: Vascular dysfunction accelerates as, 

                         , rises from ~0.15 to ~0.45. 

c. Ages 6–10: Fungal colonization intensifies as, 

                 , increases sharply. 

d. Ages 10–15: Catastrophic collapse,       0.85 by age 

12–13. 

This matches field observations from Spain and 

California: co-infected orchards rarely survive beyond 

12–15 years Gramaje et al., 2012, Scortichini et al., 

2023), and corresponds to the baseline decline 

trajectory shown in Figure 2. 

Fungicides Only 

             

Partial decrease in fungal growth has occurred. Vascular 

malfunction continues to be the predominant factor. 

Orchard age approximately increases 12–24 months, 

however, still show signs of collapse at 13-14 years of 

age. The pattern of decrease in fungal growth has been 

corroborated in the field by numerous studies using 

fungicide and documenting Botryosphaeriaceae or non-

Botryosphaeriaceae vascular malfunction as a 

contributing factor for long-term orchard decline 

(Úrbez-Torres et al., 2008; Gramaje et al., 2012; Holland 

et al., 2020). This behavior corresponds to the 

“Fungicides Only” curve (blue line) in Figure 1, with 

mathematical derivation provided in Supplementary S1. 

Fungicides + Copper 

               

a. Stronger suppression of early cankers. 

b. Decline curve shifts right by ~2–3 years. 

c. Still overridden by Xylella after age 12–14. 

This behavior corresponds to the “Fungicides + Copper” 



Plant Protection, 10 (05) 2026. 923-944                                         DOI:10.33804/pp.010.05.6245 

931 
 

curve (orange line) in Figure 1, with mathematical 

derivation provided in Supplementary S2. 

Fungicides + Aliette 

                   

a. Aliette reduces the acceleration phase of fungal 

colonization. 

b. Decline between ages 5–10 becomes significantly 

flatter. 

c. However, vascular dysfunction still forces collapse by 

age 14–15. 

This behavior corresponds to the “Fungicides + Aliette” 

curve (green line) in Figure 1, with mathematical 

derivation provided in Supplementary S3. 

Fungicides + Copper + Aliette 

                     

a. Fungal decline remains low until age 10–11. 

b. Xylella still drives collapse after age 13–15. 

c. Orchard lifespan extended but not saved. 

This behavior corresponds to the “Fungicides + Copper + 

Aliette” curve (red line) in Figure 1, with mathematical 

derivation provided in Supplementary S4. 

Interpretation 

The co-infection theory provides evidence to suggest: 

1. That Xylella establishes the upper limit of how long an 

orchard may live based on vascular collapse. 

2. Fungicides still have value as they prolong and 

mitigate decline and improve productivity on mid-aged 

orchards. 

3. The most benefit from Aliette is realized when 

combined with other fungicides because it reduces the 

rate of fungal colonization from the acceleration phase. 

4. The best time for copper is in the early years because 

it protects new pruning and reduces the first inoculum 

of the pathogen. 

5. The multiplicative form of C(t) results in 

super/additive declines which correspond to rapid 

degrowth as visually witnessed in co-infected fields. 

These interpretations synthesize the decline trajectories 

shown in Figures 1 and 2 and the mathematical 

derivations provided in Supplementary Materials S1–S4. 

 

 
Figure 1. Decline components in co-infection scenario. The activation probabilities of the vascular and fungal decline 

components of almond trees that are infected by both X. fastidiosa and Botryosphaeriaceae were calculated. The 

curves show how component activation increases in time with age (2–15 years) of almond trees. The fungal baseline 

(orange) rises sharply after age 6–8, reflecting the onset of active canker expansion. Chemical interventions (gray, 

yellow, dark blue, and green) progressively reduce and delay fungal activation, illustrating the 1–5‑year extension of 

orchard longevity predicted by the model. 
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Mathematical validation (Supplementary Materials 

S1–S4) 

These findings are derived from mathematical analyses 

provided in Supplementary Materials S1-S4. Supporting 

data show that: 

a. S1 (fungicides only) demonstrates that decreasing 

      to                results in a 1–2 year delay in 

the fungal phase of the orchard, which corresponds with 

the moderate increase in orchard longevity observed. 

b. S2 (combined application of fungicides + copper) 

indicates that reducing                  results in 

a 2-3 year change in the right hand side of the fungal 

colonization curve. 

c. S3 (Fungicides + Aliette) shows that 

                   delays fungal progression by 3–

4 years, flattening decline between ages 5–10. 

d. S4 (Fungicides + Copper + Aliette) confirms that the 

strongest reduction                       yields 

a 4–5 year delay, keeping fungal pressure low until ages 

10–11. 

Across all scenarios, the vascular component 

             saturates early (8–10 years); 

mathematically explaining why collapse still occurs 

around ages 12–15, even under strong fungal 

suppression. Figure 1 shows the modeled fungal 

activation curves under co‑infection, while Figure 2 

illustrates the combined decline function C(t). 

The fungal baseline rises sharply after age 6–8, while 

chemical interventions progressively delay and flatten 

the activation curves, confirming the 1–5 year extension 

predicted by the model. 

The product                      reproduces the 

observed acceleration of decline after age 6–8 and the 

saturation phase around 12–15 years. The fungal 

component       (orange bar, Figure 2) increases 

significantly around age 6–8, reflecting the transition from 

latent endophytic infections to active canker expansion. 

This change is corresponding to the onset of structural 

wood degradation and coincides with the period when 

Xylella‑induced vascular stress amplifies overall decline. 

 
Figure 2. Bars represent the individual activation probabilities of the vascular component             (blue) and the 

fungal component      (orange), along with their combined effect                         (gray). The progressive 

increase with tree age (4–15 years) illustrates the compounding interaction between vascular dysfunction and fungal 

colonization, which leads to fast decline and functional collapse after approximately 12 years. 
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Case study II - Fungal-only scenario 

(Botryosphaeriaceae only) 

Biological rationale 

A number of almond-growing regions worldwide, 

including California, northern Italy, Greece, and 

Australia, are experiencing declines in orchards due 

solely to Botryosphaeriaceae fungi with no contribution 

from X. fastidiosa. The situation in Greece is especially 

significant because extensive survey efforts in Thessaly 

have revealed that the decline of almonds is due to the 

activity of a variety of Botryosphaeriales species that 

frequently are working together on one tree. 

Field observations and metagenomic investigations 

taken from the region have demonstrated that: 

a. Symptomatic wood has Botryosphaeriales as the 

dominant order of fungi. 

b. The pathogen complex causes bud necrosis, shoot 

blight, branch cankers, and destruction of the active 

cambium, leading to progressive structural decline. 

c. Disease severity varies across locations, reflecting 

differences in microclimate, tree age, and species 

composition within the fungal complex. 

d. Decline is structural rather than vascular; trees can 

survive for decades if canker expansion is controlled. 

e. Classical diagnostic methods are insufficient; 

metagenomic sequencing is required to resolve the full 

pathogen community. 

This biological profile corresponds with the model of 

decline as being caused by fungi alone through the 

expansion of cankers as opposed to hydraulic failure, 

which would appear to be a more common explanation 

for a long-term loss of production potential. 

Decline curves (0–15 years) 

Under the fungal-only model: 

               ,                  ,     

In this model,      represents the effective decline 

pressure, expressed as the scaled fungal colonization 

probability      . The parameter     acts as a 

proportionality constant linking fungal pressure to 

structural decline. 

No intervention 

a. Ages 0–3: Negligible decline; cankers rarely develop 

before age 3. 

b. Ages 4–8: Moderate increase in      . Cankers begin 

to girdle scaffold. 

c. Ages 8–15: Progressive structural decline. Yield 

reduction becomes significant as cumulative wood 

necrosis increases. 

e. Expected orchard lifespan: 18–25 years, consistent 

with field observations in regions where trees remain 

productive but require periodic pruning or canopy 

renewal due to chronic canker damage. 

These patterns reflect the slower, structurally driven 

decline characteristic of Botryosphaeriaceae-only 

systems, in contrast to the rapid collapse observed in co-

infection scenarios. 

Fungicides only 

             

By applying fungicides, the intrinsic rate at which fungi 

colonize will lower and also will have a significant 

flattening of their decline curve. This correlation is 

consistent with what was mathematically derived in 

Supplementary Note S1, which states that lowering the 

fungal rate from      to              will delay reaching 

a particular level of fungal pressure by about a year or two. 

Biological interpretation 

a. Fungicides suppress early canker initiation and slow 

the radial expansion of existing lesions. 

b. The structural nature of Botryosphaeriaceae decline 

means that reduced canker growth directly translates 

into slower scaffold girdling, delayed canopy thinning, 

and prolonged productive lifespan. 

c. Personal field observations indicate that fungicide 

programs reduce symptom severity but do not eliminate 

the underlying pathogen complex, consistent with the 

model’s predictions for Botryosphaeriaceae‑driven decline. 

Model-based decline trajectory 

a. Ages 0–3: No measurable effect; fungal pressure 

remains low regardless of treatment. 

b. Ages 4–8: Noticeable flattening of      . Canker 

expansion is slower, and scaffold dieback is delayed. 

c. Ages 8–15: Decline progresses, but at a reduced rate 

compared to the no-intervention scenario. 

d. Expected orchard lifespan: Extended by 1–2 years, 

typically reaching 20–26 years under moderate disease 

pressure. 

Consistency with field observations 

Field observations from long‑term monitoring of 

Botryosphaeriaceae decline show that: 

a. Fungicide applications reduce the severity of 

Botryosphaeriaceae cankers, 

b. Trees maintain productive canopy structure for 

longer, but 

c. The pathogen complex persists in woody tissues, and 

d. Structural decline eventually resumes as cumulative 

necrosis increases. 
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These results correspond with the model’s assertion that 

fungicides change the rate of decline, but do not affect 

the overall trend. 

Fungicides + Copper 

               

Combining the use of fungicides with copper offers a 

greater reduction in fungal colonization than fungicide 

alone. The main mode of action for copper is to limit 

early infections caused by wounds (pruning points, leaf 

scars, and bark fissures) - critical for the epidemiology of 

Botryosphaeriaceae. 

Model-based effect 

The reduction in fungal colonization from    to 

               

results in delaying the time it takes to achieve a specific 

level of fungal pressure by approximately 2-3 years 

(Supplementary Note S2) produces a clear rightward 

displacement of the fungal colonization curve, indicating 

that the same fungal pressure threshold is reached later 

in the tree’s lifespan. 

Biological interpretation 

a. Copper protects fresh wounds and suppresses early 

colonization by Neofusicoccum, Diplodia, and 

Lasiodiplodia species. 

b. This is particularly relevant in Greek orchards, where 

pruning is often performed during periods of high 

humidity and where the Botryosphaeria complex is 

diverse and abundant. 

c. By reducing initial inoculum establishment, copper 

lowers the “starting point” of the epidemic curve, 

resulting in slower cumulative wood necrosis. 

Decline trajectory under fungicides + copper 

a. Age 0–3: No significant differences in the incidence of 

canker. 

b. Age 4–8: Early canker development was suppressed to 

a greater extent with copper fungicides than with 

fungicides alone and the slope of the decline on the 

canker development curve was flatter. 

c. Age 8-15: Decline continues, but at a later date and at a 

slower rate. 

d. Expected lifespan for a grove of trees will be increased 

from 2–3 years longer than if only fungicides were used. 

Typically, this would result in 20–27 years of lifespan 

under moderate levels of disease pressure. 

Consistency with field observations (fungal decline only) 

Field experience Botryosphaeriaceae decline supports 

this pattern: 

a. Copper applications reduce the frequency of new 

cankers on young scaffolds. 

b. Trees maintain canopy density longer, especially in 

orchards with heavy pruning or mechanical harvesting. 

c. However, copper does not eliminate the 

Botryosphaeria complex; structural decline eventually 

progresses as cumulative necrosis increases. 

These observations align with the model’s prediction 

that copper provides early-stage protection, delaying but 

not preventing long-term structural decline. 

Fungicides + Aliette (Phosphonates) 

                  

Fungicides, combined with phosphonates (Aliette®), 

positively altered the effective rate of colonization 

compared to fungicides only. Phosphonates do not 

directly kill the pathogen Botryosphaeriaceae; however, 

they activate host defense mechanisms that provide for a 

reduction in the rate of canker expansion during the first 

part of the expansion. 

Model-based effect 

Reducing the fungal colonization rate from   to 

                  delays the attainment of any 

given fungal pressure level by approximately 3–4 years 

(Supplementary S3). 

The following are the results of reduced rates of fungal 

colonization: 

a. A change in shape of the fungal colonization curve. 

b. Reduced rate of scaffold expansion after age 10. 

c. A delayed rise in ( ) between ages 5 and 10. 

This is the first instance where the fungal epidemic 

curve has become less steep due to the biological impact 

of induced resistance. 

Biological interpretation 

a. Aliette enhances host defense responses, reducing the 

rate at which latent endophytes transition to aggressive 

canker pathogens. 

b. This effect is particularly relevant in 

Botryosphaeriaceae-driven decline systems, where the 

pathogen complex is diverse and strongly stress-

responsive. 

c. Phosphonates reduce the mid-age acceleration phase 

of canker expansion, which is the most damaging period 

for almond scaffolds. 

In practice, this means: 

a. Fewer new cankers between ages 5–10, 

b. Slower radial expansion of existing lesions, 

c. Delayed structural decline. 

Decline trajectory under fungicides + Aliette 

a. Ages 0–3: No measurable difference. 
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b. Ages 4–8: Strong flattening of the fungal curve; canker 

expansion is substantially slower. 

c. Ages 8–15: Decline resumes but later and more 

gradually than in previous scenarios. 

d. Expected orchard lifespan: Extended by 3–4 years, 

typically reaching 21–28 years under moderate disease 

pressure. 

Consistency with field observations (fungal decline only) 

Field observations of Botryosphaeriaceae decline aligns 

closely with the model: 

a. Aliette reduces the severity and speed of canker 

expansion in mid-age orchards. 

b. Trees maintain productive canopy structure longer, 

especially in high-stress environments (heat, drought, 

pruning wounds). 

c. However, because decline is structural and cumulative, 

phosphonates delay but do not eliminate long-term 

wood degradation. 

This matches the model’s prediction that phosphonates 

are most effective when combined with fungicides, but 

cannot fully prevent decline in the presence of persistent 

Botryosphaeriaceae inoculum. 

Fungicides + Copper + Aliette 

                    

This is the most intensive and biologically comprehensive 

fungal-management strategy. It combines: 

a. Direct fungicidal activity (reduction of latent and 

active infections), 

b. Copper-mediated wound protection (suppression of 

early colonization at pruning wounds and bark fissures), 

c. Phosphonate-induced host resistance (slowing the 

latent-to-pathogenic transition). 

Together, these mechanisms produce the strongest 

reduction in the effective fungal colonization rate. 

Model-based effect 

Mathematically, reducing the fungal rate from    to 

                    

delays the attainment of any given fungal pressure level 

by 4–5 years, as shown in Supplementary Note S4. This 

is the largest rightward shift among all scenarios. 

The model predicts: 

a. Very low fungal pressure during the first decade (ages 

3–10), 

b. Substantially delayed scaffold girdling, 

c. A substantially flatter fungal colonization curve, 

d. The slowest rise in      across all management 

strategies. 

This scenario represents the maximum achievable 

suppression of Botryosphaeriaceae under current 

chemical tools. 

Biological interpretation 

a. Copper prevents early infections at pruning wounds 

and leaf scars. 

b. Fungicides suppress active canker expansion. 

c. Aliette reduces the acceleration phase by enhancing 

host defense responses. 

d. The combined effect is synergistic, not merely 

additive. 

In Botryosphaeriaceae-driven decline systems, this 

combination: 

a. Significantly reduces the number of new cankers, 

b. Slows radial expansion of existing lesions, 

c. Maintains canopy structure longer, and 

d. Delays the need for heavy pruning or canopy renewal. 

Decline trajectory under fungicides + copper + Aliette 

a. Ages 0–3: No measurable difference (cankers remain 

rare). 

b. Ages 4–10: 

i. Fungal pressure remains very low. 

ii. Canker expansion is minimal. 

iii. Trees maintain full canopy density. 

c. Ages 10–15: 

i. Fungal pressure begins to rise, but later and more 

slowly than in all other scenarios. 

ii. Structural decline eventually progresses due to 

cumulative necrosis. 

d. Expected orchard lifespan: Extended by 4–5 years, 

typically reaching 22–30 years under moderate disease 

pressure. 

This represents the most effective scenario for 

fungal‑only decline, producing the strongest suppression 

of canker initiation and expansion and the longest delay 

of structural degradation. 

 

Discussion 

The results of this study demonstrate that almond 

decline in Mediterranean and warm-temperate regions 

arises from two fundamentally distinct but potentially 

interacting pathosystems: systemic vascular dysfunction 

caused by Xylella fastidiosa and structural decline driven 

by Botryosphaeriaceae fungi. Both systems result in 

decreased orchard longevity, but there are significant 

differences in the epidemiological behavior of each 

system, the progression of symptoms, and their 

response to management. 

In situations where two or more infections co-exist, C(t) 
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= pinf×Pvascular(t)×PB.eff(t) is the model that describes 

the relationship between the disease and how vascular 

damage leads to increased vulnerability of hosts to 

disease, or vice versa. For example, orchards that 

experience damage from Xylella and fungi typically do 

not survive more than 12–15 years (Gramaje et al., 2012; 

Scortichini et al., 2023). The model shows accelerated, 

feedback-loop collapse due to Xylella-induced hydraulic 

dysfunction resulting in increased stress on the host 

thereby facilitating fungal invasion and cankers further 

disrupting the xylem’s ability to transport water, further 

causing losses in water availability to the host and 

simultaneously increasing symptoms of Xylella. Both 

pathogens limit the availability of carbohydrates to the 

host, further compounding the level of decline. 

In co-infected trees, the severity of Botryosphaeriaceae 

canker is significantly amplified by Xylella-induced 

stress. However, the extent of fungi-only declines is 

longer, structurally driven, and can be modeled to 

represent the reductions seen across Greece, California, 

northern Italy, and Australia. When X. fastidiosa is not 

present in orchards, Botryosphaeriaceae provides a long-

term trajectory of cankers (18–25 years). This model 

shows that the dominant driver of fungal‑only decline is 

the effective canker expansion rate (rB,eff) of the 

Botryosphaeriaceae. The effective rate (rB,eff) can be 

manipulated by employing various types of chemical 

interventions. The application of 

fungicides/copper/phosphonates to reduce the effective 

rate (rB,eff) and, subsequently, the occurrence of 

cankers is supported by data showing a delay of 1–5 

years in the onset of severe canker pressure based on 

the combination of chemicals used. The reduced 

occurrence of cankers and/or occurrence of dead 

scaffolds is also shown in field applications of 

agricultural and/or integrated chemical programs 

documented by (Úrbez Torres et al., 2008; Gramaje et al., 

2012; Holland et al., 2020). 

Furthermore, the model identifies the limitations of 

chemical controls. The maximum level of fungal 

suppression achieved through the strongest use of 

fungicides + copper + phosphonates will not prevent 

collapse of the site due to an early saturation of 

Pvascular(t) in co-infection systems (8–10 years) which 

results in an upper limit for the productive life of orchard 

sites. Meanwhile, the majority of all diagnosed sites will 

experience a more severely reduced rate at which 

orchards become unproductive because chemical 

controls, when applied in fungal only systems, lengthen 

the useful life of the orchard to 25–30 years with low 

disease levels. Hence, the results show that one of the 

most important aspects of successful management is to 

have an accurate differential diagnosis since management 

practices will differ fundamentally if Xylella is present. 

Based on Figures 1 and 2, almond decline under 

co‑infection is driven by the combined effects of 

Xylella‑induced vascular dysfunction and age‑dependent 

fungal activation. The vascular component increases 

continuously during this period. In contrast, the fungal 

component progresses very quickly after 6–8 years, 

causing a cumulative effect that leads to the collapse of 

the system at around 12–15 years. Chemical controls 

slow down fungal activity and help to prolong the 

longevity of almond orchards but cannot stop the 

hydraulic failure caused by X. fastidiosa. 

Finally, the modeling system shows that there is room to 

enhance the way cultivars are measured, quantify how 

much stress affects their production, and conduct long 

term monitoring of decline from age structured disease. 

The close correlation between the model predictions and 

field observations indicates that mathematical modeling 

can be used as a practical tool for developing integrated 

management strategies forecasting orchard lifespan 

under different disease pressures. The model excludes 

vector dynamics and simplifies environmental stressors; 

parameter ranges may vary across regions. 

 

Insights from model interpretation 

All the above indicates that four major conclusions can 

be drawn from the above models describing Xylella and 

Botryosphaeriaceae: 

1. Xylella represents an absolute lower limit to the 

longevity of an orchard since vascular collapse cannot 

return to health even if strong fungus suppression is 

employed. 

2. Botryosphaeriaceae represents an element of 

changeability in that their rate of decline can be altered 

by the application of chemicals, which significantly 

decreases       . 

3. Synergistic effects produced by the co-occurrence of 

Xylella and Botryosphaeriaceae is likely attributable to 

the additive multiplicative structure of     . 

4. Age distribution exhibits significant relevance because 

the use of all other treatments is most effective at ages 

three to eight years, which is when both vascular 

dysfunction and canker growth begin to occur 
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exponentially. 

5. The effectiveness of Phosphonates is maximized when 

combined with the application of fungicides, as they are 

effective in reducing the rate of acceleration during the 

fungi colonization; however, reduced via Xylella 

pathogen decline at the later stages of colonization. 

 

Limitations and future work 

X. fastidiosa has not yet been detected in Greece. Still, the 

model’s representation of vascular disruption is based 

on existing relevant physiological and epidemiological 

findings from Mediterranean outbreaks. Thus, the model 

is conceptual and mechanistic rather than empirically 

fitted. However, this constraint is characteristic of 

regions that are free of Xylella, although this does not 

undermine the biological realism of the vascular part of 

the model that received full support from numerous 

studies conducted in Spain, Italy, and California. 

Future development should incorporate field‑based 

verification once X. fastidiosa has become available; this 

verification will be either conducted during controlled 

laboratory studies or will take place after the outbreak 

of Xylella in new affected regions. Additional 

improvements may include the integration of vector 

dynamics, spatial heterogeneity, differences in 

susceptibility of varieties, as well as stochastic 

environmental conditions impacting plants, for instance, 

droughts and heat waves. 

 

Conclusions 

This research offers a single framework for 

understanding how almond trees have declined due to 

infection by X. fastidiosa and by wood‑inhabiting 

Botryosphaeriaceae fungi. The data from the research 

indicates that the X. fastidiosa bacterium defines the age 

span of almond trees in orchards because it causes a 

condition of progressive failure in the vascular structure. 

Botryosphaeriaceae produce a slower, structurally 

driven decline, but respond positively to cultural 

practices and chemical interventions. Co-infection by 

both pathogens results in an accelerated decline in tree 

health that exceeds the effect of any of the pathogens 

alone. The modeling effort has shown that interventions 

to reduce decline are more successful when 

implemented early in a tree’s life. However, no chemical 

intervention can prevent the upper limits of decline 

caused by vascular failure in trees infected with X. 

fastidiosa. Accurate diagnosis of disease is critical for 

selecting an appropriate management strategy, as 

management strategies are very different between the 

two groups of pathogens. This framework provides a 

basis for making integrated management decisions and 

makes it clear that there is an urgent need for more 

accurate tools for diagnosing disease, more specific crop 

parameters for the different cultivars of almond, and 

more comprehensive long term epidemiological 

monitoring to support almond production in regions 

with Mediterranean and warm temperate climates. 

 

Supplementary Materials 

S1. Mathematical derivation for the “Fungicides 

only” scenario 

S1.1. Fungal component under fungicides only 

The effective fungal colonization term is 

                     ,     

Baseline (no intervention): 
          

Fungicides only 

            . 

For a given representative level of fungal pressure 

     (e.g., 0.5–0.7), the time t at which this level is 

reached satisfies 

                                                      
 

                
 

Thus, the time difference between the no-intervention case (  ) and the fungicides only (    ) for the same 

     is                                                                                    

Using typical parameter values from the model: 

Baseline fungal rate: 

       , 

Fungicide modifier (example within the stated range 

F=0.20–0.40): 

                                     . 

Choose a typical fungal pressure level, e.g.         : 

                                    . 

Then 
 

  
 

 

    
     ,      
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The negative sign again means that, for the smaller rate 
    , the same fungal pressure       is reached later in 

time. Numerically, this corresponds to a delay of roughly 

1–2 years, which supports the statement: Orchard 

lifespan is modestly extended by approximately 1–2 

years. So, mathematically, the “moderate slowing” and 

“1–2 year extension” are a direct consequence of 

reducing        from    to             . 

S1.2. Why collapse still occurs by ages 13–14 

The total decline function is 

                                 , 

with the vascular component 

                          

For typical values        –      and     –   years, the 

vascular term              rises quickly and approaches 

high values (e.g. >0.7–0.8) already by 8–10 years. 

Under fungicides only: 

a. The fungal term           is delayed by about 1–2 

years, as shown above. 

b. However,              ) is unaffected and remains the 

primary driver once it nears saturation. 

If we again define a “collapse threshold”           , 

then 

                                    

Because               is already high by ~10–11 years, 

even a modest delay in           only shifts     slightly, 

yielding collapse around 13–14 years rather than much 

later. This justifies the textual summary: Vascular 

dysfunction remains the dominant driver of decline. 

Orchard lifespan is extended by approximately 1–2 

years, but collapse still occurs by ages 13–14. 

S2. Mathematical derivation of the 2–3 year shift in 

decline under fungicides + copper scenario 

S2.1. Fungal component and time shift 

The effective fungal colonization term is modeled as 

                     ,     

Baseline (no intervention): 
          

Fungicides + copper: 

                 

For a given relevant level of fungal pressure      (e.g., 

0.5–0.7), the time t at which this level is reached satisfies

                                                      
 

                
 

Thus, the time difference between the no-intervention case (  ) and the fungicides + copper case (    ) for the same      is 

                                                                                      

Using typical parameter values from the model: 

a. Baseline fungal rate: 

        

b. Fungicide and copper modifiers (example): 

       ,                       , 

So 

                              . 

Choose a representative fungal pressure level, e.g. 

        : 

                                    . 

Then 
 

  
 

 

    
      , 

 

    
 

 

     
        

                                             

The negative sign indicates that, for the smaller rate     , 

the same fungal pressure      is reached later in time. In 

other words, the fungal component of the decline curve 

is shifted 2–3 years to the right, depending on the exact 

values of F, C,   , and the chosen threshold     . This 

directly supports the statement: The decline curve shifts 

2–3 years to the right, reflecting reduced early‑stage 

fungal pressure. 

S2.2. Why collapse still occurs around 12–14 years 

The total decline function under co‑infection is 
                                 , 

with the vascular component 

                          

Typical values: 

       –     , 

    –         

For these values,              rises rapidly and 

approaches high levels (e.g. >0.7–0.8) already by 8–10 

years. Even though the fungal term           is delayed 

by 2–3 years under fungicides + copper, it still 

eventually reaches high values. 

If we define a “collapse threshold”        (e.g. 

          ), then 

                                    

Because: 

             is already close to 1 after ~10–11 years, and 

          under reduced      still climbs to high values, 
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only somewhat later, 

the time     at which C(t) crosses the collapse threshold 

is only modestly delayed. Numerically, for realistic 

parameter combinations, this yields collapse around 12–

14 years instead of substantially later, which justifies the 

statement: However, vascular dysfunction caused by 

Xylella fastidiosa still dominates system behavior, and 

collapse occurs by ages 12–14. 

In summary: 

The 2–3 year rightward shift is a direct consequence of 

the reduced fungal rate     . 

The persistence of collapse at 12–14 years reflects the 

dominant, saturating effect of the vascular term 

            , which sets a hard upper bound on orchard 

lifespan even when fungal progression is slowed. 

S3. Mathematical derivation for the “Fungicides + 

Aliette” scenario 

S3.1. Fungal component under fungicides + Aliette 

The effective fungal colonization term is 

                     ,     

Baseline (no intervention): 
          

Fungicides + Aliette: 

                  . 

For a given “relevant” level of fungal pressure      (e.g., 

0.5–0.7), the time t at which this level is reached satisfies 

                                                      
 

                
 

Thus, the time difference between the no-intervention case (  ) and the fungicides + + Aliette case (    ) for the same      is 

                                                                                        

Using typical parameter values from the model: 

Baseline fungal rate: 

        

Fungicide and Aliette modifiers (within stated ranges 

F=0.20 - 0.40, A=0.15 - 0.30), e.g. 

      ,                                       

so 

                                    

Choose a representative fungal pressure level, e.g. 

        : 

                                     

Then 
 

  
 

 

    
      , 

 

     
 

 

     
      

                                             

The negative sign means that, for the smaller rate      , 

the same fungal pressure      is reached later in time. 

Numerically, depending on the exact values of F and A, 

this corresponds to a delay of roughly 3–4 years, which 

is consistent with the qualitative statement: 

“Aliette reduces the acceleration phase of fungal 

colonization.” 

“Decline between ages 5–10 becomes noticeably flatter.” 

In other words, the combined reduction in        from    

to      mathematically explains the flatter and delayed 

fungal component in the 5–10 year window. 

S3.2. Why collapse still occurs by ages 14–15 

The total decline function under co‑infection is 

                                 , 

with the vascular component 

                          

Typical values: 

       –     , 

    –         

For these values,              rises rapidly and 

approaches high levels (e.g. >0.7–0.8) already by 8–10 

years. 

Under fungicides + Aliette: 

The fungal term           is delayed more strongly (≈3–4 

years) and its growth is less steep in the 5–10 year 

window, as shown above. 

However,              ) is unaffected and still approaches 

saturation relatively early. 

If we define a “collapse threshold”        (e.g. 

          ), then 

                                    

Because              is already close to 1 after ~10–11 

years, high by ~10–11 years, even a stronger delay and 

flattening of           only shifts    moderately. 

Numerically, collapse still occurs around 14–15 years. 

This directly supports the textual summary: 

a. Aliette reduces the acceleration phase of fungal 

colonization. 

b. Decline between ages 5–10 becomes significantly 

flatter. 

c. However, vascular dysfunction still forces collapse by 

age 14–15. 
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S4. Mathematical derivation for the “Fungicides + 

Copper + Aliette” scenario 

S4.1. Fungal component under fungicides + copper + 

Aliette 

                     ,     

Baseline (no intervention):           

Fungicides + copper + Aliette: 

                      

For a given “relevant” level of fungal pressure      (e.g., 

0.5–0.7), the time t at which this level is reached satisfies

                                                      
 

                
 

Thus, the time difference between the no-intervention 

case (  ) and the fungicides + + Aliette case (     ) for 

the same      is 

                                               

Using typical parameter values from the model: 

Baseline fungal rate: 

        

Fungicide, copper, and Aliette modifiers (within stated 

ranges F=0.20 - 0.40, C=0.10 - 0.20, A=0.15 - 0.30), e.g. 

      ,       ,       , 

Then 

                             , 

So 

                                      . 

Choose         : 

                                      

Then 
 

  
 

 

    
     ,                      , 

                                              

The negative sign means that, for the smaller rate      , the 

same fungal pressure       is reached later in time. With 

slightly less aggressive parameter choices (e.g. smaller F + 

C or A), this delay naturally falls in the 4–5 years range, 

which is consistent with the qualitative statement: 

a. Probably this is the strongest possible fungal 

suppression scenario. 

b. Fungal decline remains low until age 10–11. 

In other words, the strong reduction in        

mathematically explains why the fungal component 

stays low through much of the first decade. 

S4.2. Why Xylella still drives collapse after age 13–15 

The total decline function under co‑infection is 

                                 , 

with the vascular component 

                          

For typical values: 

       –     , 

    –         

The               rises rapidly and approaches high levels 

(e.g. >0.7–0.8) already by 8–10 years.  

Under fungicides + copper + Aliette: 

            is delayed more strongly (≈4–5 years) and its 

growth is less steep in the 10–11 year window, as shown 

above. 

b. However,              ) is unaffected and still 

approaches saturation relatively early. 

If we define a “collapse threshold”        (e.g. 

          ), then 

                                    

Because              is high by ~10–11 years onward, 

once           finally rises, the product C(t) crosses the 

collapse threshold relatively soon, yielding collapse 

around 13–15 years. This supports the textual summary: 

a. Xylella still drives collapse after age 13–15. 

b. Orchard lifespan extended but not saved. 

S5 – Simulation Parameters and Plot Equations 

The decline component plots (Figure 1 and Figure 2) 

were generated using the following mathematical 

expressions and parameter values. 

S5.1 Equations 

1. Vascular dysfunction (Xylella component): 

                          ,      

2. Fungal colonization (Botryosphaeriaceae component): 

                        

3. Effective fungal colonization under management 

scenarios: 

                                             

where the modifier varies by scenario: 

a. Fungicides only:       

b. Fungicides + copper:         

c. Fungicides + Aliette:            

d. Fungicides + copper + Aliette:              

4. Combined decline probability: 
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S5.2 Parameter Values 

Parameter Symbol Typical value Description 

Vascular impairment rate    0.16 Rate of hydraulic dysfunction caused by Xylella fastidiosa 

Infection onset age    2 years Age threshold for vascular infection 

Baseline fungal 

colonization rate 

   0.22 Intrinsic canker expansion rate 

Fungicide modifier   0.30 Proportional reduction due to fungicides 

Copper modifier   0.15 Additional reduction due to copper formulations 

Phosphonate modifier   0.25 Reduction due to phosphonate-induced resistance 

Infection probability      0.8 (or 1 for 

simplification) 

Probability of initial infection 

 

S5.3 Interpretation of Curves 

a. Baseline (no intervention): rapid increase after age 4–

8, reaching           –                  

b. Fungicides only: decline delayed by   1–2 years. 

c. Fungicides + copper: delay   2–3 years. 

d. Fungicides + Aliette: flatter curve between 5–10 years, 

collapse   14–15 years. 

e. Fungicides + copper + Aliette: strongest suppression, 

delay   4–5 years, but collapse still occurs   13–

15 years due to early vascular saturation. 
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