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EXECUTIVE SUMMARY 
This report examines how micronutrients regulate tree immunity and health, addressing the 
core question: How does tree nutritional status affect infection rates, immune response, and 
recovery? Drawing on findings from agricultural systems, this report highlights strong mechanistic 
plausibility that nutrient status can alter disease resistance yet emphasizes a significant lack of 
forestry-specific research and understanding. 

Micronutrients perform multiple essential roles in plant immunity: they act as cofactors in enzymatic 
reactions, contribute structurally to lignin and cell wall formation, regulate redox balance, and 
influence gene expression and defence signalling. In trees, these functions support three core 
phases of defence against diseases: infection barriers, activation, and recovery. 

Key findings 

• Micronutrients such as Mn, Cu, Zn, and Fe are central to plant immune processes. 
• Direct effects occur when localized tissue concentrations of micronutrients inhibit or 

disrupt pathogen growth. 
• Indirect effects arise when micronutrients enable metabolic pathways that strengthen 

structural and biochemical defences. 
• Micronutrient availability influences microbial communities, which in turn affect 

disease outcomes through induced systemic resistance or competition. 
• Despite strong crop-based evidence, forestry lacks systematic, mechanistic studies 

linking nutrient status to disease resistance. 

Forestry-specific opportunities 

There is a clear opportunity for the forestry sector to develop nutrient-based disease 
management strategies that reduce fungicide dependence, improve resilience, and lower costs. 

Top 4 research priorities 

1) Controlled nutrient manipulation trials in young and mature trees with concurrent 
pathogen challenge to establish cause-effect relationships. 

2) Integrated multi-omics studies (metabolomics, transcriptomics, microbiome) to identify 
nutrient–defence linkages. 

3) Applied field research integrating nutrition diagnostics into forest health management 
systems to enable predictive resilience modelling. 

4) Develop integrated research programme focused on identified priorities. 

These priorities could yield substantial industry benefits. For example reduced copper/fungicide 
inputs, healthier forests, and improved productivity and environmental performance. Other benefits 
could also include improved social license to operate through lower chemical usage. The 
magnitude of these benefits needs to be established through the deployment of operational scale 
trials that are based on experimental outcomes. 
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INTRODUCTION 
The purpose of this report is to synthesise the state of knowledge linking micronutrients and tree 
health, identify forestry-specific gaps, and propose actionable, industry-relevant research 
pathways. The goal is to position nutrition as a central component of integrated pest and disease 
management (IPDM) in forestry, thereby reducing costs and environmental risks. 

Forest disease challenges and changing climate 

Forest ecosystems face growing health threats due to intensifying biotic stressors. Diseases such 
as Dothistroma needle blight, red needle cast, and myrtle rust are spreading under changing 
climate conditions, which favour pathogen survival and transmission (Bulman et al., 2019). 
Projected increases in rainfall variability, humidity, and temperature extremes are expected to 
exacerbate the frequency and severity of such outbreaks. 

Current reliance on fungicides and copper 

Most current forest disease management approaches depend on copper-based fungicides or 
other chemical controls. While effective in reducing short-term losses, their continued use is 
increasingly questioned. Repeated Cu applications lead to soil accumulation, potentially harming 
microbial diversity and soil biological activity (Schroth et al., 2018). Regulatory and social 
pressures to limit fungicide use are mounting, driving the search for alternative management 
pathways. 

Why nutrition matters for disease resistance 

Plant immunity can be defined as the integrated set of structural, biochemical, and molecular 
mechanisms by which plants detect, restrict, and tolerate pathogen attack. Unlike animals, plants 
lack mobile immune cells and instead rely on an innate immune system operating at the cellular 
and tissue levels. This system comprises of constitutive defences, such as physical barriers and 
antimicrobial compounds, and enabled responses activated following pathogen recognition. 
Effective immunity therefore depends on the plant’s capacity to maintain these defence systems 
and rapidly deploy them when challenged. 

The plant immune system is underpinned by complex signalling networks that detect pathogen-
associated molecular patterns and activate downstream defence responses, including 
reinforcement of cell walls, production of reactive oxygen species (ROS), synthesis of antimicrobial 
metabolites, and activation of defence-related enzymes. The effectiveness of these responses is 
tightly coupled to nutritional status. Evidence from crop science demonstrates that plant nutritional 
balance - rather than the absolute concentration of any single nutrient - strongly modulates 
immune function and disease resistance (Tripathi & Tewari, 2022; Sun et al., 2020; Martín-
Cardoso & San Segundo, 2025). Excess supply of one nutrient can interfere with uptake, transport, 
or physiological function of others, creating functional imbalances that compromise immune 
competence. 

Nutrient imbalances, including both deficiencies and excess-induced antagonisms, impair multiple 
defence mechanisms. These include weakening of structural barriers (such as reduced lignification 
or impaired cell-wall cross-linking), reduced activity of defence-related enzymes, and disruption of 
redox homeostasis that underpins immune signalling (Tripathi & Tewari, 2022; Martín-Cardoso & 
San Segundo, 2025). Because immune responses rely on tightly regulated enzymatic and 
oxidative processes, relatively small perturbations in nutrient availability can translate into 
disproportionately large effects on pathogen resistance. In particular, micronutrient supply 
influences enzyme activation, phenylpropanoid metabolism, and antioxidant capacity—core 
components of both basal and induced plant defences. 
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In forestry systems, nutrition–disease interactions operate over longer timescales and with greater 
complexity than in annual crops. Classic work by Lambert (1986) demonstrated that interactions 
between nitrogen and sulphur nutrition significantly influenced susceptibility of Pinus radiata to 
Dothistroma needle blight, providing early evidence that foliar nutrient status can modify disease 
severity in plantation forests. At the population level, substantial heritable variation in susceptibility 
to Dothistroma septosporum has been documented in Pinus sylvestris, indicating that 
environmental drivers such as nutrient availability interact with host genetics to shape disease 
outcomes (Perry et al., 2016). 

A defining feature of trees is their capacity for long-term nutrient storage and seasonal 
remobilisation. Nutrients accumulated in woody tissues can be retranslocated over multiple years, 
effectively decoupling current soil nutrient supply from immediate defence expression (Millard & 
Grelet, 2010). Consequently, short-term fertilisation responses may not reliably predict long-term 
resistance or resilience, and nutritional effects on disease may only become apparent under 
sustained pathogen pressure or repeated stress events. 

Nutrient supply also shapes defence-related chemistry in woody species. In poplar, nitrogen 
availability alters carbon allocation and lignin deposition in stems and leaves, influencing tissue 
properties relevant to pathogen colonisation and spread (Euring et al., 2012). Together, these 
findings point to plausible mechanistic pathways linking nutrition to disease resistance in trees, 
while highlighting the need for forestry-specific, long-term experiments that explicitly 
integrate micronutrient balance, defence traits, and pathogen pressure over realistic 
management timeframes. Because many defence-relevant processes in trees depend on 
cumulative enzyme activity, oxidative regulation, and gradual cell-wall reinforcement. Any subtle 
micronutrient imbalances may therefore exert their effects incrementally across a forest rotation 
rather than producing rapid, short-term responses. 

Integrated Pest and Disease Management (IPDM) in Forestry  

Despite strong evidence from agriculture and horticulture that plant nutrition can significantly 
influence disease susceptibility and recovery, nutrient-based disease management is not yet 
explicitly integrated into plantation forestry IPDM frameworks. Operational forestry has 
traditionally focused on genetic resistance, silviculture, and chemical control—particularly copper-
based fungicides—while the role of nutrition has remained largely implicit or reactive. 

However, tree systems differ fundamentally from annual crops, making the omission of 
nutrition from IPDM more consequential. Trees are long-lived, and nutrient deficits or imbalances 
develop slowly over long periods of time, and trees can experience multiple disease exposures 
over decades. As a result, the cumulative effects of nutrient limitations can amplify disease 
impacts, influencing not only short-term infection outcomes but long-term resilience and stand 
productivity. 

In forestry, the challenge is twofold: 

1) Nutrient effects are distributed over long time frames, complicating detection and 
interpretation. 

2) Trees possess complex storage and remobilisation dynamics that influence when and 
how nutrients contribute to defence. 

To bring nutritional resilience into forest health management,  a rotation length temporal 
perspective that extends the traditional disease triangle (host × pathogen × environment) with a 
fourth dimension - time - should be adopted. This temporal framing (Figure 1) recognises that 
nutrient-disease interactions are dynamic and unfold sequentially, from a healthy and nutritionally 
balanced stand, through altered nutrient supply or demand, infection and disease spread, and 
ultimately to resistance expression and recovery. By explicitly embedding time into the disease 
framework, this approach captures legacy nutrient effects, cumulative disease pressure, and 
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recovery trajectories that are directly relevant to plantation-scale decision-making and long-term 
forest resilience. 

 

Figure 1. Conceptual framework illustrating the time sequence of infection, disease spread, 
resistance expression, and recovery in a planted forest following a disease event. The framework 
extends the traditional disease triangle (host × pathogen × environment) by explicitly incorporating 
time, highlighting how changes in nutrient supply or demand influence host susceptibility, disease 
progression, resistance, and recovery. The recovery timeline emphasises legacy effects and 
increased risk in trees exposed to repeated disease events or cumulative abiotic (e.g. climatic) 
stress across a plantation rotation. 

 

As illustrated in Figure 1, the pre-infection phase begins with a healthy, balanced forest in which 
nutrient supply matches physiological demand. Changes in nutrient availability, driven by soil 
conditions, management interventions, or environmental stress, can disrupt this balance and 
modify host-pathogen-environment interactions, increasing disease risk. During this phase, nutrient 
status determines the baseline robustness of host tissues, including cell wall integrity, lignification 
capacity, antioxidant buffering, and the availability of stored carbon and nutrient reserves. 
Adequate and balanced nutrition primes defence capacity by enabling rapid mobilisation of 
metabolic and structural responses once infection pressure emerges. 

The infection and spread phase (Figure 1) reflects the period when pathogens successfully 
establish and proliferate within susceptible host tissues. During active infection, micronutrients 
regulate key enzymatic, biochemical, structural, and signalling pathways that underpin defence 
activation. Nutrient-mediated differences at this stage influence the speed, intensity, and spatial 
containment of host responses, determining whether infections remain localised or progress across 
the canopy and stand. Nutritional constraints during this phase can therefore amplify disease 
spread and severity, particularly under concurrent abiotic stress. 

The resistance and recovery phase shown in Figure 1 highlights that disease outcomes are not 
resolved at infection alone. Following peak disease pressure, nutrient availability governs carbon 
reallocation, tissue repair, canopy rebuilding, and the restoration of growth and reserve pools. 
Importantly, Figure 1 also illustrates that trees exposed to repeated disease events or cumulative 
abiotic stress may experience reduced resistance and delayed recovery. These post-disease 
processes generate legacy effects that influence subsequent susceptibility, productivity, and long-
term resilience across the rotation. From this temporal perspective, nutrition functions not as a 
static growth input, but as a dynamic regulator of defence capacity, recovery trajectories, and 
cumulative forest health outcomes. 
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Using this temporal lens allows us to pinpoint where micronutrients intervene, where evidence is 
strong, and where forestry-specific knowledge gaps persist. It also aligns with the metabolic 
framework in the Introduction: macronutrient-driven primary metabolism interacts with 
micronutrient-driven secondary metabolism to influence host performance before, during, and after 
disease events. 

This approach provides a clearer basis for identifying: 

• operational intervention points, 
• research priorities, and 
• design principles for nutrition-aware IPDM strategies in modern forestry. 

 

A conceptual framework for tree resilience 

Tree resilience can be conceptualized through a two-tier metabolic framework: 

• Primary metabolism — driven by macronutrients (N, P, K) and reflected in growth, non-
structural carbohydrates (NSC), and productivity. 

• Secondary metabolism — modulated by micronutrients (Mn, Zn, Cu, Fe, B, Se) and 
responsible for defence, detoxification, and recovery (Herms & Mattson, 1992). 

In this model, abiotic limitations (e.g., drought or nutrient deficiency) constrain primary metabolism, 
indirectly reducing energy available for secondary defence responses. Conversely, adequate 
micronutrient nutrition enhances the plant’s ability to reallocate carbon into phenolics, lignin, and 
defence compounds following infection. 

 

STATE OF KNOWLEDGE — INFECTION, DEFENCE, AND 
RESPONSE 
 

Micronutrients play critical roles in determining how plants, including trees, interact with pathogens. 
Their influence can be considered across three overlapping phases: infection, where pathogens 
attempt to establish; defence, where the host activates structural, biochemical, and molecular 
mechanisms; and response and recovery, where the host reallocates resources to repair damage 
and maintain health (Figure 2). 

Much of the detailed mechanistic understanding of micronutrient–defence interactions originates 
from agricultural crops and model plant systems. At the cellular and biochemical levels, many 
of these defence mechanisms are conserved across plant taxa and are therefore expected 
to operate in forest trees as well. However, the expression, coordination, and persistence of 
these responses in trees remain far less well resolved. The unique biology of long-lived forest 
species—including woody tissues, perennial organs, strong seasonal dynamics, and multi-year 
nutrient storage—introduces uncertainty when translating crop-based findings directly to forestry 
systems. Consequently, while agricultural studies provide a robust mechanistic foundation, 
forestry-specific validation is essential. 
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Figure 2. Summarising micronutrient roles in agricultural crop immunity alongside forestry 
validation requirements over timeframes and nutrient risks during a rotation. 

 

Infection phase: Nutrient status and pathogen establishment 

Nutritional status directly affects the capacity of pathogens to infect tissues. Elevated local 
concentrations of certain micronutrients can restrict infection through direct antimicrobial effects. 
For example: 

• Copper (Cu): Cu ions are toxic to many fungal pathogens, which underpins the operational 
use of copper fungicides in forestry for Dothistroma control (Gilmour & Noorderhaven, 
1972). However, repeated use raises sustainability and environmental concerns. 

• Manganese (Mn) and Boron (B): These elements are essential for strengthening cell walls 
and forming cross-links in lignin, creating a tougher physical barrier to penetration (Bhuiyan 
et al., 2009). 

• Iron (Fe) availability: Fe is a contested nutrient between host and pathogen. Pathogens 
secrete siderophores to capture Fe, while plants mobilise Fe within tissues. Plant Fe status 
can therefore tilt infection outcomes (Martín-Cardoso & San Segundo, 2025). 

In forestry, direct experimental evidence remains strongest for copper-based fungicides (Bulman et 
al., 2004). A limited number of nutritional and fertilisation studies in eucalypts and pines suggest 
that manganese and boron status may influence tissue integrity, stress tolerance, and susceptibility 
to disease, particularly through effects on lignification and cell wall structure (Dell & Xu, 2002; 
Snowdon & Waring, 1984; Dell et al., 1995). However, these findings are fragmented, largely 
observational, and rarely supported by controlled mechanistic testing under pathogen challenge. 

 

Defence phase: Activation of host immune pathways 

Once pathogens attempt to establish, trees deploy multilayered defences. Micronutrients act as 
cofactors or regulators in many of these processes: 
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Structural defences 

• Mn, B, Cu contribute to lignification and suberisation, which reinforce cell walls. In crops, 
Mn deficiency leads to thinner, less lignified walls more prone to fungal invasion (Bhuiyan et 
al., 2009). For trees, lignin composition and durability are even more critical, given their 
perennial woody tissues. 

Biochemical defences 

• Zn, Cu, Fe, Mn are required for enzymes generating reactive oxygen species (ROS), which 
can control pathogens and signal defence cascades. Class III peroxidases, for instance, 
depend on Mn and Cu cofactors (Almagro et al., 2009). 

• Micronutrients regulate the synthesis of phenolics and phytoalexins, which are key 
antifungal compounds. Nutritional status thus shapes the scale and speed of biochemical 
responses. 

Molecular and signalling pathways 

• Zinc (Zn) is required for the structure and function of zinc-finger transcription factors, 
which regulate stress- and defence-responsive gene expression and integrate 
environmental signals with plant immune responses (Moulick et al., 2023). These 
transcriptional networks intersect with hormone-mediated immunity, including pathways 
involving salicylic acid (SA) and jasmonic acid (JA) (Pieterse et al., 2012; Saijo & Loo, 
2020). 

• Iron (Fe) plays a central role in cellular redox homeostasis and acts as a cofactor for 
enzymes involved in reactive oxygen species (ROS) production and signalling. 
Through these functions, Fe availability influences defence signalling and immune gene 
activation, with documented crosstalk between Fe homeostasis, hormone signalling, and 
other micronutrients (Rai et al., 2021; Kermeur et al., 2023; Herlihy et al., 2020). 

Microbiome-mediated defence 

• Plant nutritional status strongly shapes rhizosphere and phyllosphere microbiomes, 
which can influence disease outcomes through pathogen suppression, antibiosis, and 
activation of induced systemic resistance (ISR) (Berendsen et al., 2012). 

• While direct evidence in forestry systems remains limited, extensive agricultural and 
model-system research demonstrates that nutrient-driven shifts in microbial community 
composition can substantially alter plant disease resistance, providing a strong rationale for 
forestry-specific investigation (Trivedi et al., 2020). 

Together, these mechanisms illustrate that micronutrients are not just growth factors, but immune 
regulators. The strength of these defences in trees is likely to depend on long-term nutrient 
dynamics, which differ substantially from annual crops (Table 1). 

 

Table 1. Micronutrient / beneficial elements × Defence Mechanism × Evidence Base 
(Agriculture vs Forestry) 

Micronutrient Primary Defence 
Mechanisms 

Agriculture 
Evidence 

Forestry Evidence 

Manganese (Mn) • Lignin biosynthesis 
(peroxidase cofactor) 
• Strengthened cell 
walls 

Strong evidence in 
cereals, soybeans, 
cucurbits. 

Emerging evidence 
in Eucalyptus and 
pine trials. 
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• Activation of 
phenolic pathways 

Zinc (Zn) • Cofactor for >300 
enzymes 
• Zn-finger 
transcription factors 
• ROS regulation 
• Antimicrobial 
peptides 

Strong evidence 
across grains, 
citrus 
trees/orchards, 
grapevines. 

Limited; some 
microbiome-related 
evidence. 

Copper (Cu) • Oxidative enzyme 
cofactor 
• Lignification 
• Direct antimicrobial 
toxicity 

Very strong; basis 
for Bordeaux 
mixture. 

Operationally 
strong and 
entrenched 
historically  
(Dothistroma 
protection). 

Iron (Fe) • Redox reactions 
• ROS 
generation/scavenging 
• Hormonal signalling 

Strong; well studied 
in cereals and 
Arabidopsis. 

Very limited direct 
forestry studies. 
Quite well-known 
limitation in 
eucalyptus 

Boron (B) • Cell wall cross-
linking 
• Membrane stability 
• Signal transduction 

Moderate; B 
deficiency linked to 
disease. 

Emerging; some 
evidence in 
Eucalyptus. 

Selenium (Se) • Modulates ROS 
balance 
• Enhances 
antioxidant pathways 
• Hormone signalling 

Moderate; 
protective in 
cereals and 
vegetables. 

Very scarce; no 
forestry trials. 

Calcium (Ca) • Cell wall 
strengthening 
• Membrane stability 
• Ca²⁺ signalling 

Strong; reduces 
rots and cankers in 
crops. 

Limited; 
correlations with 
RNC susceptibility. 

Magnesium (Mg) • Chlorophyll & energy 
metabolism 
• Defence enzyme 
activation 
• C allocation 

Moderate; 
deficiency 
predisposes to 
disease. 

Limited 
observational 
forestry evidence. 

Silicon (Si) • Physical barrier 
reinforcement 
• Defence signalling 

Strong in rice, 
cucurbits. 

Very limited in 
forestry. 

 

Response and recovery phase: Repair and resilience 

Beyond immediate defence, trees must reallocate resources to recover from pathogen attack. 
Micronutrient status shapes this phase through: 

• Carbon allocation: Changes in nutrient status, particularly nutrient imbalances, can alter 
carbon partitioning between growth and defence. The carbon–nutrient balance hypothesis 
predicts that reduced nutrient availability may shift carbon allocation toward carbon-rich 
secondary metabolites; however, long-lived trees often exhibit different allocation trade-offs 
from annual crops due to their capacity for long-term storage and delayed defence 
investment (Tang et al., 2022). 
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• Tissue repair: Adequate micronutrient supply supports regeneration of photosynthetic 
tissues and vascular systems damaged by infection. For example, Cu and Zn support cell 
wall synthesis during recovery. 

• Long-term resilience: Repeated nutrient deficiencies can reduce reserves needed for 
defence in subsequent years. Conversely, balanced nutrition may allow trees to mount 
faster, stronger defence responses in future pathogen encounters. 

In forestry, limited studies—such as copper foliar sprays for Dothistroma and Mn/B 
supplementation in eucalypts—hint at nutrient-related improvements in disease tolerance 
(Gadgil et al., 2016), though mechanistic validation remains minimal. 

 

Relevance to forestry 

While the mechanistic plausibility is strong, direct forestry evidence is limited: 

• Cu fungicides remain the only widely adopted nutrient-based disease control in forestry. 
• Mn and B fertilisation have been trialled in eucalypts and pines, with some reports of 

improved disease outcomes, but results are inconsistent and lack mechanistic backing. 
• The role of micronutrients in shaping tree-associated microbiomes is essentially unexplored 

in forestry, despite being well documented in agriculture. 
• Long-lived trees bring unique questions: how do storage organs, seasonal allocation, and 

woody tissue chemistry interact with micronutrient-driven defence? These uncertainties are 
critical for forestry-specific research. 

Summary 

Nutritional status influences each stage of the disease interaction: whether pathogens establish 
(infection), whether trees resist (defence), and how well they recover (response). Micronutrients 
play indispensable roles across these processes, but forestry-specific understanding is minimal. 
Agriculture and model plant studies show clear mechanisms and strong potential; forestry now 
needs targeted trials to determine whether these mechanisms translate to long-lived forest 
species. 

Key message for industry: Nutrition is more than growth — it is a potential tool for improving tree 
health and reducing reliance on fungicides. The challenge is to generate forestry-specific evidence 
that links nutrient management to measurable reductions in infection and improvements in 
resilience. 

 
 
IMPORTANT KNOWLEDGE GAPS 

Although the role of micronutrients in plant defence is well documented in crops, the translation to 
long-lived trees remains poorly understood. Forestry systems introduce additional complexity: 
perennial woody tissues, seasonal nutrient storage and remobilisation, and multi-year pathogen 
pressure. Identifying these knowledge gaps — and linking them to actionable research outcomes 
— is essential to avoid an open-ended research agenda. 

Unique forestry challenges 

• Tree longevity and nutrient dynamics: Trees store and recycle nutrients over decades; 
defence-related nutrient pools and turnover rates remain unquantified. 
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• Seasonal and phenological variation: Nutrient uptake, transport, allocation, 
retranslocation and defence enzyme activity vary across growth stages and seasons. 

• Diagnostic thresholds: Reliable foliar and soil nutrient thresholds for disease resistance 
are lacking for most forestry species. 

• Nutrient–microbiome–disease linkages: The role of nutrient status in shaping the 
rhizosphere and phyllosphere microbiome under pathogen pressure is largely unknown. 

• Carbon allocation trade-offs: The extent to which variation in nutrient status, including 
nutrient imbalances, redirects carbon allocation from growth to defence in long-lived trees 
remains poorly resolved. While nutrient constraints are expected to influence trade-offs 
among growth, storage, and defence, these relationships are likely to differ from those 
observed in annual crops due to long-term carbon storage and delayed defence investment 
in trees. 

• Woody tissues: Secondary growth and lignified cell walls dominate tree structure and play 
important roles in defence. Nutrient-mediated processes contribute to lignification and the 
production of wood extractives associated with decay resistance and pathogen defence 
(e.g., in heartwood); however, how variation in nutrient status regulates these defence 
functions over time and across tissues remains unclear. 

• Ecosystem context: Trees host complex rhizosphere and phyllosphere microbiomes that 
may be nutrient-sensitive but are little studied in forestry. 

 

Line of sight to industry 

Each knowledge gap below is paired with a research approach and a tangible industry benefit 
(Table 2) - ensuring that investments deliver tools, not just theory. 

Table 2. Forestry knowledge gaps, research approaches, and industry benefits 

Knowledge Gap Research Approach Potential Industry Benefit 

1. Infection dynamics under 
nutrient gradients  
How nutrient status influences 
pathogen establishment in 
trees (young and mature 
tissues).  

 
 
Controlled trials with nutrient 
manipulation (foliar/soil) + 
pathogen challenge; microscopy 
+ disease scoring. 

 
 
 
Evidence base for nutrient 
thresholds that reduce infection 
risk; potential to reduce 
fungicide inputs. Improved 
maps of nutrient requirements.  

2. Defence pathway 
activation in trees  
Roles of Mn, Zn, Cu, Fe, B, Se 
in lignification, ROS, signalling 
and secondary metabolite 
production in tree tissues.  

 
Multi-omics (transcriptomics, 
metabolomics, enzyme assays) 
in nutrient manipulation trials. 

 
 
Diagnostic markers for 
“immune-ready” nutrition 
profiles; basis for foliar test kits 
and treatment options 

3. Nutrient thresholds for 
forestry species  
What is missing: Clear, 
species- and site-specific 
critical foliar and wood nutrient 
thresholds linked to disease 
resistance and recovery are 
largely lacking for plantation 
forest species. 

 
 
What is needed: Coordinated 
compilation of existing datasets 
combined with controlled, 
standardised sampling across 
sites to link foliar and wood 
nutrient chemistry with tree health 
and disease outcomes. 

 
 
 
What this enables: 
Development of clear 
diagnostic standards and 
operational tools (e.g. foliar and 
wood testing guidelines) that 
foresters can use to assess 
nutritional risk and guide 
targeted nutrient management. 
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Knowledge Gap Research Approach Potential Industry Benefit 

4. Microbiome mediation  
How nutrient status alters 
foliar/root microbiomes and 
disease outcomes.  

 
 
Rhizosphere and phyllosphere 
microbiome sequencing linked to 
nutrient status and disease 
incidence. 

 
 
Identification of nutrient–
microbiome–disease links; 
options for combined nutrition + 
biocontrol strategies. 

5. Long-term carbon 
allocation trade-offs  
How nutrient limitation alters 
defence vs. growth allocation 
in perennial woody tissues. 
 
  

Carbon isotope labelling and 
allocation studies under nutrient 
stress + pathogen pressure. 

 
 
Improved silvicultural 
prescriptions such as variable 
rate  & optimal stocking, 
balancing nutrient supply with 
growth demand for  disease 
resilient forests. 

6. Environmental risks of 
micronutrient applications  
Especially Cu accumulation in 
soils and streams. 
 
  

 
Long-term monitoring of soils + 
water under different nutrient 
regimes; modelling accumulation 
trajectories. 

 
Evidence to ensure 
sustainability, maintain 
regulatory licence to operate, 
and avoid unintended costs. 

 
 
Synthesis 

Targeted experiments that explicitly link micronutrient status to measurable disease outcomes 
across key stages of the plantation rotation are required to provide timely and actionable 
solutions to pressing biotic challenges in plantation forestry. By embedding nutrition–disease 
interactions within a temporal framework—capturing acute responses during disease events as 
well as longer-term recovery and canopy rebuilding phases—this approach enables a more 
complete understanding of forest health dynamics over time. 

Importantly, for each identified knowledge gap, a corresponding tool or benefit for the forest 
industry—such as improved diagnostics, enhanced management strategies, and reduced chemical 
inputs—has been identified as providing clear pathways toward healthier forests and, 
ultimately, more resilient and profitable crops over the full rotation length. 

Key message for industry: Addressing these gaps will shift forest nutrition from being viewed 
solely as a short-term growth lever to being recognised as a rotation-scale health and resilience 
lever, delivering sustained productivity gains alongside operational cost savings and environmental 
benefits. 

At present, these gaps constrain the development of predictive tools capable of anticipating 
disease risk and nutritional vulnerability at different stages of stand development. Addressing them 
will enable the deployment of temporally informed, evidence-based interventions, including stage-
specific fertiliser regimes, optimised timing of foliar sprays, and reduced reliance on 
fungicides, thereby supporting more sustainable and resilient forest management systems across 
the lifespan of a plantation.  
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FUTURE DIRECTION & PATHWAY TO IMPACT 

This report identifies a suite of complementary research and implementation pathways—
rather than a single prescribed solution—to strengthen the role of nutrition in integrated pest and 
disease management (IPDM) for plantation forestry. A staged progression from targeted discovery 
through to applied tools and operational decision-making is proposed, aligned with key points in 
the plantation rotation where disease risk and management leverage are greatest. 

Short-term (0–2 years): Establishing mechanisms and decision points 

• Conduct controlled trials at operationally relevant stages (e.g. pre-canopy closure and 
early post-thinning) to link foliar nutrient status with pathogen challenge outcomes under 
defined disease pressure. 

• Use integrated physiological and multi-omics approaches (e.g. targeted metabolite profiling, 
transcript markers, and microbiome characterisation) to identify nutrient-sensitive defence 
pathways and early indicators of altered disease susceptibility. 

• Synthesize existing forestry and agricultural datasets to identify candidate nutrient 
thresholds and imbalance indicators for further testing. 

Outcome: Clearer mechanistic understanding and early diagnostic signals that can be tested 
under field conditions. 

Medium-term (2–4 years): Field validation and operational tools 

• Implement multi-site field trials across contrasting environments and management 
regimes (e.g. post-thinning, high disease-risk periods) to test nutrient–disease relationships 
under natural climatic and pathogen variability. 

• Develop and refine operational diagnostic benchmarks (e.g. foliar testing guidelines, risk 
indicators) that foresters can use to assess nutritional resilience and disease risk. 

• Evaluate the role of nutrient-driven microbiome shifts as a complementary pathway to 
enhance disease suppression and resilience under plantation conditions. 

Outcome: Practical, evidence-based tools that support targeted nutrient management as part of 
IPDM. 

Long-term (4+ years): Integration, optimisation, and sustainability 

• Integrate validated nutritional resilience indicators into management decision 
frameworks, with optional pathways including microbiome-informed interventions and, 
where appropriate, alignment with longer-term genetic or silvicultural strategies. 

• Assess environmental sustainability and risk, including cumulative soil copper or 
micronutrient accumulation, to ensure long-term system integrity. 

• Undertake economic analyses to quantify the value of improved tree health, reduced 
fungicide reliance, and avoided productivity losses at the forest and estate scale. 

• Consider social licence to operate (SLO) implications of new nutrient-based approaches, 
ensuring alignment with regulatory expectations, environmental safeguards, and 
stakeholder confidence. 

Outcome: Durable, socially acceptable, and economically defensible integration of nutrition into 
forest health management. 
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Pathway to impact 

Together, these pathways provide industry with choices, not prescriptions: multiple entry points for 
improving disease resilience through nutrition, scaled to operational readiness and risk tolerance. 
By embedding nutrition more explicitly within IPDM, the forestry sector can enhance tree health, 
reduce long-term disease costs, and improve environmental outcomes without relying solely on 
chemical control (Figure 3). 

These actions will: 

• Reduce reliance on fungicides and other chemical interventions. 
• Improve tree productivity and resilience under variable climatic conditions. 
• Lower operational costs for forest managers. 
• Strengthen the environmental sustainability of New Zealand forestry through informed 

nutrient management and risk mitigation strategies. 

 

Figure 3. Research → Tools → Industry gain roadmap. 

 

• Conceptual design: a horizontal flow with three stages: 
1. Research: controlled trials, multi-omics profiling, mechanistic understanding. 
2. Tools: diagnostic benchmarks, decision-support systems, predictive models. 
3. Industry Gain: improved disease resistance, enhanced productivity, reduced 

chemical inputs, sustainable forest management. 
• Optional visual elements: arrows showing progression, timeline overlay (short-, medium-, 

long-term), and icons representing trees, DNA/omics, and industry outcomes. 
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CONCLUSION 
 
Micronutrients underpin every major layer of plant immunity—from pathogen exclusion to 
molecular defence signalling. Although crop-based evidence is strong, forestry urgently requires 
tailored research that accounts for tree longevity and environmental variability and emergent 
diseases. Strategic nutrient management represents a cost-effective and environmentally 
sustainable avenue for enhancing tree health and multiplying productivity gains of conventional 
management. With focused investment, the New Zealand forestry sector can integrate nutrition into 
core disease management frameworks, reducing fungicide reliance and improving long-term 
resilience through improved tree immunity. 
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APPENDICES 
Appendix: Glossary 
 
 

Beneficial microorganisms 
Microbes (bacteria, fungi, or other microbes) that positively influence plant growth, health, or 
resilience by improving nutrient availability, suppressing pathogens, or triggering defence 
pathways. Examples include mycorrhizal fungi, rhizobacteria, and endophytes. 

Biocontrol 
The use of living organisms, such as beneficial microbes, to suppress plant pathogens or pests. 
Mechanisms include direct antagonism, competition for resources, or activation of plant defences. 

Carbon allocation 
The distribution of assimilated carbon among growth, storage, maintenance, and defence 
functions. In trees, carbon allocation varies with seasons, nutrient availability, and stress history. 

Defence activation 
The suite of structural, biochemical, molecular, and microbiome-mediated responses a tree 
initiates following pathogen attack. 

Induced systemic resistance (ISR) 
A plant defence priming mechanism mediated by beneficial microbes, enhancing resistance to 
future pathogen attacks without pre-activating defence genes. 

Integrated Pest and Disease Management (IPDM) 
A holistic approach to managing pests and diseases using genetic, silvicultural, chemical, 
biological, and nutritional strategies to reduce risk, cost, and environmental impact over the full 
plantation rotation. 

Macronutrients 
Elements required in relatively large amounts (primarily nitrogen [N], phosphorus [P], and 
potassium [K]) that support growth, primary metabolism, and carbon reserve production. 

Microbial-mediated defence 
Plant defence responses influenced or triggered by microbial communities in roots, leaves, or other 
tissues. Microbes can enhance resistance through competition, antimicrobial production, or 
immune priming (e.g., ISR). Integrates soil, rhizosphere, and phyllosphere microbiomes. 

Micronutrients 
Elements needed in small amounts (e.g., manganese [Mn], zinc [Zn], copper [Cu], iron [Fe], boron 
[B], selenium [Se]) that act as enzyme cofactors, structural components, or regulators of signalling, 
redox balance, and defence. 

Non-structural carbohydrates (NSC) 
Soluble sugars and starch stored in leaves, stems, and roots, which support growth, defence, and 
recovery after stress. 

Nutrient balance 
The relative proportions of nutrients in plant tissues or soils (e.g., N:Mn, Zn:Cu). Imbalance can 
impair plant function even if absolute nutrient levels are adequate. 
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Nutrient deficiency 
A condition in which the supply or internal concentration of a nutrient is too low to meet plant 
demand, reducing growth, metabolism, or defence. 

Nutrient limitation 
A situation in which one or more nutrients restrict plant growth, metabolism, or defence, even if 
other nutrients are sufficient (reflecting the “law of the minimum”). 

Nutrient status 
The overall availability, uptake, internal distribution, and sufficiency of nutrients within a tree, 
integrating soil supply, root uptake, transport, storage, and use across tissues and seasons. 

Nutrient stress 
A physiological condition arising from sub-optimal nutrient status, including deficiencies or 
imbalances, which limits growth, defence, or recovery. 

Optimal nutrition 
The state in which a tree has sufficient quantities and balanced proportions of all essential 
nutrients to support maximum growth, metabolism, defence, and resilience under prevailing 
conditions. 

Phyllosphere 
The microbial habitat on leaf surfaces and other aerial plant tissues. 

Primary metabolism 
Metabolic processes that sustain growth, maintenance, and carbon assimilation, including 
photosynthesis, respiration, and synthesis of carbohydrates, proteins, and lipids. 

Reactive Oxygen Species (ROS)  
Highly reactive oxygen-containing molecules (e.g., superoxide, hydrogen peroxide, hydroxyl 
radicals) produced as by-products of normal metabolism or stress. ROS act as defence and stress 
signals but can damage cells if excessive. 

Rhizosphere 
The soil zone influenced by root exudates and associated microbial communities. 

Secondary metabolism 
Metabolic pathways that produce compounds not required for growth but essential for defence, 
signalling, detoxification, and stress tolerance (e.g., phenolics, lignin, terpenoids, alkaloids). 
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