Supplementary Material S1
Detailed Model Calculations and Excel Tool Prototype for Predicting Male Flowering Date in Chandler Walnut
This document accompanies the main article: Interannual Variability of Male and Female Flowering Phenology in Chandler Walnut in the Marmara Region, an Observational and Mechanistic Analysis
S1.1. Complete Stepwise Decision Tree Algorithm
Due to limited observational data (three years, 2024–2026), a full regression equation could not be developed. Instead, a stepwise decision tree approach was adopted. In future years, with more data, this approach can be converted into multiple linear regression or machine learning methods.
Step 1: Initial adjustment according to irrigation regime (Δ₁)
	Irrigation Regime (previous year August–September)
	Deviation (days)
	Direction

	No irrigation (0%)
	0
	Reference

	Full and regular irrigation
	-5
	Early

	Intermittent, insufficient irrigation (10–15%)
	-10
	Early



Theoretical basis: Insufficient and intermittent irrigation creates repeated water stress, depletes carbon reserves, and keeps the tree in continuous "active" mode, causing abnormally early male flowering the following spring (see main text Section 6).



Step 2: Second adjustment according to November–April precipitation (Δ₂)
	November–April Precipitation (mm)
	Deviation (days)
	Direction

	> 100
	0
	No effect

	70 – 100
	-3
	Early

	50 – 70
	-6
	Early

	< 50
	-10
	Early


Theoretical basis: Low precipitation strengthens water stress signals (ABA, etc.) through decreased soil moisture and rapid soil warming, triggering early generative activation (see main text Section 4.10 "Critical Hydrological Window Hypothesis").
Step 3: January–February chilling effect (Δ₃)
The reference chilling requirement for the Chandler variety is taken as 800 hours (below +7°C) (Çavdar, 2020; Hassankhah et al., 2017).
	Chilling Status
	Formula
	Deviation (days)
	Direction

	Completed (≥ 800 hours)
	0
	0
	No effect

	Deficient (< 800 hours)
	(800 - C_JF) / 50 × 2
	+ (deficit / 25)
	Delay



Example: January–February total 600 hours chill → 200 hours deficit → Δ₃ = +4 days (delay).


Step 4: March temperature effect (Δ₄)
	March Temperature
	Formula
	Deviation (days)
	Direction

	> 12°C
	(T_M - 12) × (-2)
	-2 × (T_M - 12)
	Early

	10°C – 12°C
	0
	0
	No effect

	< 10°C
	(10 - T_M) × 2
	+2 × (10 - T_M)
	Delay



Step 5: Total deviation and estimated flowering date
	Formula
	Description

	Δ_total = Δ₁ + Δ₂ + Δ₃ + Δ₄
	Total deviation (days) – negative means early, positive means late

	Estimated Flowering = April 25 + Δ_total
	Estimated male flowering date



S1.2. Model Testing with Field Data (2024–2025)
	Parameter
	2024 Value
	Δ (2024)
	2025 Value
	Δ (2025)

	Δ₁ (Irrigation)
	Intermittent 10–15%
	-10 days
	Intermittent 10–15%
	-10 days

	Δ₂ (P_ND)
	62.9 mm
	-6 days
	63.3 mm
	-6 days

	Δ₃ (C_JF)
	(estimated 700 hours)
	+2 days (delay)
	(estimated 650 hours)
	+4 days (delay)

	Δ₄ (T_M)
	12.1°C
	0 days
	13.2°C
	-2.4 days

	Total Deviation
	
	-14 days (early)
	
	-14.4 days (early)

	Estimated Flowering
	April 25 – 14 days = April 11
	
	April 25 – 14.4 days = April 10.6 (≈April 11)
	

	Actual Flowering
	April 10–15 ✅
	
	March 25–30 ❌
	

	Model Error
	±0 days (within prediction interval)
	
	~12 days (earlier than predicted)
	



Analysis of the 2025 deviation:
The model's inability to fully predict the extremely early flowering observed in 2025 (actual March 25–30 vs. predicted April 11, approximately 12 days difference) indicates the presence of one or more variables not included in the current parameter set. This deviation should be considered not as an "error" but as a sign of a new mechanism to be discovered.


Possible missing variables:
1. Cumulative Stress Effect: Cumulative water stress starting in the summer of 2024 and continuing until spring 2025 may have non-linearly increased the tree's physiological response. The model could not separate the effect of "previous year" from "current year" parameters.
2. Soil Temperature Dynamics: Soil temperature may have warmed faster than air temperature during February–March 2025. Adding soil temperature data to the model could reduce this deviation.
3. Threshold Effect in Biological Triggers: When water stress signals (ABA, etc.) exceed a certain threshold, the male flower system may suddenly switch to "early flowering" mode. Such threshold effects cannot be captured by linear models.
S1.3. Additional Parameters Needed for Future Model Improvement
	Parameter
	Symbol
	Measurement Method
	Priority

	Cumulative Carbon Reserve Index (previous year's summer temperature + precipitation)
	CRI
	Computational (with MGM data)
	High

	September–October ABA level estimate (drought index × 0.6)
	ABA_est
	Indirect (from drought index)
	High

	Soil moisture (February–March)
	SM_FM
	Soil moisture sensor or tensiometer
	High

	Chilling completion date (after first 500 hours)
	Tc
	Daily hour calculation (with MGM data)
	Medium

	February–March sunshine duration
	Sun_FM
	MGM or luxmeter
	Low



S1.4. User-Friendly Application: Excel Tool Prototype
The algorithm of the Excel template developed for use by farmers is presented below. This tool asks the user for only four basic inputs and automatically calculates the estimated flowering date.
Input Cells:
· B1 = Irrigation regime (0=No irrigation, 1=Full and regular irrigation, 2=Intermittent 10–15%)
· B2 = November–April precipitation (mm)
· B3 = March average temperature (°C)
· B4 = January–February total chilling hours (optional, hours below 7°C)
Calculation Formulas:
Δ₁ = IF(B1=0, 0, IF(B1=1, -5, -10))
Δ₂ = IF(B2<50, -10, IF(B2<70, -6, IF(B2<=100, -3, 0)))
Δ₃ = IF(OR(B4="", B4>=800), 0, (800-B4)/50*2)
Δ₄ = IF(B3>12, -(B3-12)*2, IF(B3<10, (10-B3)*2, 0))
Total Deviation (days) = Δ₁ + Δ₂ + Δ₃ + Δ₄
Estimated Flowering Date = "April 25" + Total Deviation
Example Output:
"Male flowers will open around April 11 this year. Flowering is expected to be 14 days earlier than normal."
S1.5. Model Limitations
Important Note: The decision tree model and Excel tool prototype presented in this supplementary material are based on only 3 years (2024–2026) of observational data. It is not possible to develop a statistically significant regression model or train a machine learning algorithm with three years of data. Therefore, the model should currently be considered as a hypothesis testing and practical preliminary assessment tool.
The model cannot be claimed to be valid and reliable until the following conditions are met:
· At least 6–10 years of observational data (2027–2033)
· Validation studies under different orchard conditions
· Statistical calibration of the model
Contributions of this framework:
· Provides a multi-parameter approach to predicting walnut phenology
· Based on data that can be easily collected in the field
· Applicable with a user-friendly Excel tool
· Quantifies the effect of irrigation regime and hydraulic stress for the first time
Current limitations:
· Based on only three years of observational data (statistical power is limited)
· Could not fully explain the extremely early flowering in 2025
· Not based on physiological measurements (ABA, carbon reserves)
· Developed only for the Chandler variety; separate models are needed for other varieties




S1.6. Future Development Roadmap
	Stage
	Period
	Goals and Activities

	1. Data collection
	2027–2029
	At least 6 years of observational data (irrigation, precipitation, temperature, flowering date, soil moisture)

	2. Statistical modeling
	2029
	Development of full model equation with multiple linear regression or machine learning (Random Forest)

	3. Validation
	2030
	Testing the model with 2027–2029 data and calculation of error margin

	4. Dissemination
	2030–2031
	Testing the model in other orchards, publication of Excel tool and mobile application



This supplementary material is intended to provide full transparency on the model development process and to enable other researchers to test, refine, or challenge the proposed framework.

