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INTRODUCTION

Durum wheat (Triticum durum Desf.) is a stra-
tegic crop in Algeria. It occupies more than 1.5 
million hectares in the Algerian Tell and provides 
the main raw material for semolina, pasta, and 
couscous consumed by a population of approxi-
mately 45 million. Grain and semolina quality, 

particularly protein content, gluten strength, and 
yellow pigment concentration, determine suit-
ability for pasta and couscous processing. Despite 
varietal improvement efforts by the Technical In-
stitute for Field Crops since the 1990s (Kellou et 
al., 2023; Trifa et al., 2024), Algeria still imports 
nearly half of its durum wheat requirements be-
cause of persistent structural yield gaps, making 
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response functions were not validated experimentally under temperature or precipitation stress.
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the improvement of local productivity a national 
priority (FAO, 2023; ONS, 2023).

Durum wheat production is increasingly 
threatened by soil zinc contamination and climate 
change. Zinc contamination originates mainly 
from irrigation with industrial waste+water, phos-
phate fertilizer inputs, and atmospheric deposition 
near mining and industrial areas. At excessive con-
centrations, zinc induces oxidative stress through 
the overproduction of reactive oxygen species, 
disrupting nutrient uptake, inhibiting germination-
related enzymes, destabilising membranes, and 
damaging proteins, lipids, and DNA (Hasanuzza-
man et al., 2020; Zang et al., 2021). In Algerian 
peri-industrial zones, zinc concentrations in soil 
solution can reach 150–400 µmol L−1, supporting 
the experimental ZnSO4 range used in this study.

Climate projections indicate that the Mediter-
ranean region is warming faster than the global 
average, with North Africa expected to experience 
higher temperatures and reduced rainfall (Chet-
ioui and Bouregaa, 2024; O’Neill et al., 2016). 
These trends may intensify water deficit, increase 
metal accumulation in soils, and further reduce 
cereal productivity. For example, irrigation water 
demand is projected to rise by 7.7–17.2%, while 
rainfed durum wheat yield losses of 8–32% are 
expected under future climate scenarios (Benma-
hammed et al., 2022; Faye et al., 2025).

Plants respond to zinc-induced abiotic stress 
through a coordinated antioxidant defense sys-
tem. Enzymatic defenses, including catalase, 
peroxidase, superoxide dismutase, and ascorbate 
peroxidase, detoxify reactive oxygen species, 
whereas non-enzymatic defenses rely on osmo-
protectants such as free proline and soluble sug-
ars (Gill and Tuteja, 2010; Hasanuzzaman et al., 
2020). Induced tolerance is activated after stress 
exposure, whereas constitutive tolerance involves 
continuous osmoprotectant production. Under se-
vere heavy metal stress, antioxidant enzymes can 
become inactivated, a process commonly referred 
to as antioxidant enzyme collapse (Rizwan et al., 
2019; Zang et al., 2021). Roots act as the primary 
detoxification barrier, which justifies the use of 
root and shoot dry mass slopes as variety-specific 
sensitivity parameters (Leksir and Chenchouni, 
2023; Li et al., 2013).

Most studies on climate impacts in Algeria 
have focused on general yield trends without 
distinguishing varietal responses or consider-
ing combined stress conditions (Alsafadi et al., 
2023; Benmahammed et al., 2022). Therefore, 

there is a need to integrate variety-specific physi-
ological responses to zinc stress with probabi-
listic climate projections to better guide adap-
tation strategies for Algerian cereal production. 
This study combines controlled ZnSO4 stress 
trials with climate projections under SSP2-4.5 
and SSP3-7.0 scenarios (Chetioui and Bouregaa, 
2024; O’Neill et al., 2016). Building on climate 
suitability approaches such as the AHP-weighted 
climatic suitability index (Alsafadi et al., 2023), 
we develop a coupled vulnerability index (CVI) 
that incorporates variety-specific dose-response 
slopes and Bayesian posterior probabilities. We 
hypothesise that Ammar 6 is less sensitive than 
Simeto to zinc-induced heavy metal stress, that 
the two varieties use distinct antioxidant defense 
strategies, and that the adaptive advantage of 
Ammar  6 increases under more severe climate 
scenarios. Because the climate component was 
not tested as a factorial temperature x zinc ex-
periment, the study tests a controlled ZnSO4 
tolerance hypothesis and explores how this vari-
etal ranking might propagate under standardized 
CMIP6 climate anomalies; it does not claim di-
rect prediction of future field yield.

MATERIALS AND METHODS

Methodological approach

This study was based on an integrated and 
hierarchical framework designed to assess the 
sensitivity of two durum wheat varieties (Simeto 
and Ammar 6) to zinc-induced metal stress, and 
to project their behaviour under future climatic 
conditions. The methodology combines three 
complementary levels: a controlled greenhouse 
experiment, statistical modelling of biological 
responses, and coupling with climate projections 
within a coherent framework linking plant re-
sponses to anticipated environmental constraints.

The first step consisted of a greenhouse ex-
periment designed to characterise the physiologi-
cal, biochemical, and agronomic responses of the 
two varieties exposed to an increasing zinc-stress 
gradient. This controlled design made it possible 
to isolate genotype-specific tolerance mecha-
nisms and to quantify the magnitude of inter-
varietal variation.

The experimental data were then analysed 
using multivariate statistical methods in or-
der to identify synthetic indicators of varietal 



218

Ecological Engineering & Environmental Technology 2026, 27(7), 216–234

sensitivity. Dose response models were fitted 
for each measured trait, producing coefficients 
that quantitatively describe the responsiveness 
of biological traits to stress intensity. These 
coefficients were interpreted as intrinsic de-
scriptors of varietal physiological functioning, 
analogous to genotypic parameters used in crop 
models (Tardieu, 2013).

These coefficients were subsequently used to 
construct biological response functions describ-
ing the dynamic behaviour of the varieties under 
abiotic constraints. This formalisation goes be-
yond a purely descriptive interpretation and en-
ables transposition to varied environmental con-
ditions, including future ones.

In this perspective, the response functions 
were coupled with climate projections from two 
CMIP6 global climate models (CNRM-CM6-1 
and GFDL-ESM4), under two contrasting emis-
sion scenarios (SSP2-4.5 and SSP3-7.0). His-
torical data covered the 1971–2000 period, which 
was retained as the climatic reference period, 
while future projections extended over 2026–
2055, ensuring a symmetrical 30-year time win-
dow between the two analytical periods.

This coupling enabled varietal performance to 
be simulated under different climatic trajectories 
by jointly integrating the intrinsic sensitivity of 
genotypes, as experimentally characterised, and 
the intensity of future environmental constraints, 
summarised through a Climate Stress Index (de-
fined in Section 2.6).

The whole framework was formulated from 
a probabilistic perspective, allowing uncertain-
ties associated with experimental data and cli-
mate projections to be propagated and the relative 
performance of the two varieties to be robustly 
evaluated in the context of climate change.

The experimental, analytical, and modelling 
steps described below are presented sequential-
ly to ensure full traceability of the methodologi-
cal framework.

Photographic evidence of the greenhouse 
steps, raw data worksheets, calculation files, R 
scripts, model-selection rules, and uncertainty 
settings are listed in the Supplementary Materials.

The experimental workflow included pot 
preparation and treatment labelling; seed place-
ment/sowing; greenhouse growth under con-
trolled conditions; treatment coding and repli-
cate identification; harvest and measurement of 
physiological, biochemical and agronomic vari-
ables (Figure S1).

Plant material and seed pre-treatment

Two Triticum durum Desf. varieties were se-
lected for their recognised genetic and agronomic 
differences. Simeto (CIMMYT/ISEA, Italy, 1988) 
is a short-cycle, high-semolina-quality variety 
widely cultivated in the Mediterranean basin 
(Souahi et al., 2025), whereas Ammar 6 (ITGC, 
Algeria, 2001) is an Algerian cultivar specifi-
cally selected for abiotic stress tolerance in semi-
arid areas (Leksir and Chenchouni, 2023). Seeds 
(2022–2023 harvest, purity > 98%, ITGC) were 
validated by tetrazolium testing (ISTA Rule 63; 
ISTA (2022)), confirming 100% viability for both 
seed lots. Seeds were surface-sterilised first with 
ethanol (40% v/v, 30  s), then with sodium hy-
pochlorite (NaOCl, 7% v/v, 10  min) (Leguillon, 
2003), followed by five rinses with distilled water; 
the absence of a residual chlorine effect on germi-
nation was verified by a t-test (p = 0.623, ns).

Experimental design and factorial plan

Zinc stress was applied using anhydrous 
ZnSO4·7H2O (purity ≥ 99.5%, Sigma-Aldrich) at 
four doses, designated D0 (control, 0 µmol L−1), 
D100 (100 µmol L−1), D150 (150 µmol L−1), and 
D200 (200 µmol L−1). These doses represent the 
range of Zn concentrations reported in irrigation 
waters from Algerian peri-industrial areas (150–
400 µmol L−1; Zang et al. (2021)).

 The Zn treatments are expressed as concen-
trations of the applied irrigation solution (µmol 
L-1 ZnSO4), not as total soil Zn concentration. 
This choice was used to standardise the exposure 
gradient delivered to the root zone under pot con-
ditions. The background Zn content of the sub-
strate was measured separately and is reported 
below. Therefore, the experimental values should 
be interpreted as solution-based exposure levels 
used for controlled screening, whereas direct ex-
trapolation to field soil contamination requires 
validation using soil-extractable Zn fractions 
such as DTPA-Zn or pore-water Zn. This clarifi-
cation was added to avoid overinterpreting solu-
tion doses as field soil concentrations.

Seedlings were transplanted into plastic pots 
(16  cm diameter × 17  cm height) containing a 
sterilised substrate (sand, peat, and clay, 1:2:1 
v/v), with background Zn of 22 ± 3 mg kg-1, be-
low the phytotoxic threshold of 150 mg kg-1, and 
near-neutral pH (7.2 ± 0.1), representative of the 
agro-pedological environment of the Algerian 
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Tell. Full physicochemical characterisation of the 
substrate is provided in Supplementary Table 1.

Pots were maintained in a greenhouse at 
22/18 °C (day/night), with an 8  h photoperiod, 
until physiological maturity (growth stage GS93 
according to the BBCH scale, corresponding to 
the end of grain development; 105 ± 5 days). No 
additional heat treatment was applied; the experi-
mental design deliberately aimed to isolate zinc 
stress as the only variable, in accordance with 
standard dose–response methodology (Poorter 
et al., 2012). The integration of climatic effects 
was performed analytically through the CVI and 
Bayesian modelling, and not experimentally.

Consequently, implicit non-additive inter-
actions between zinc phytotoxicity and thermal 
stress were not directly captured; published studies 
suggest that heat may amplify zinc phytotoxicity 
through increased ROS production (Hasanuzza-
man et al., 2020), implying that the CVI could un-
derestimate combined vulnerability under severe 
scenarios. A zinc × temperature factorial trial is 
considered as a possible methodological extension.

Each replicate corresponded to an indepen-
dent pot/biological unit assigned to one variety x 
ZnSO4 dose combination. No technical repeated 
readings were treated as independent biological 
replicates in the ANOVA, PCA, dose-response 
or CVI calculations. The low standard deviations 
reported for several traits reflect the measured 
spreadsheet values and should be interpreted to-
gether with the limited n = 3 design, not as evi-
dence of near-deterministic biological behaviour.

The trial followed a full factorial design: 2 va-
rieties × 4 doses × 3 replicates, corresponding to 24 
experimental units. Statistical power was justified a 
priori using G*Power 3.1 (α = 0.05, f ≥ 0.40, power 
> 0.80 for two-way ANOVA). The use of n=3 repli-
cates per cell is standard in controlled-environment 
wheat ecophysiology (Poorter et al., 2012), but 
provides limited power for moderate effect sizes; 
increasing n ≥ 5 is recommended for confirmation.

The use of n = 3 biological replicates per 
treatment combination limits statistical power and 
increases sensitivity to outliers. The interpretation 
therefore treats the trial as a controlled screening 
experiment. Inferential statements were restricted 
to large and consistent effects, and model-based 
projections were treated as exploratory rather than 
field-validated. To reduce the risk of overparameter-
ization, fitted models were limited to simple linear 
or quadratic dose-response forms, and no biological 
claim was based on a single fitted coefficient alone.

Ethical and regulatory statement

All experimental procedures involving plant 
material were conducted in accordance with the in-
stitutional guidelines of Badji Mokhtar University, 
Annaba, Algeria, and USTHB, Algiers, Algeria. 
Certified seed lots of Triticum durum varieties Si-
meto and Ammar 6 were obtained from ITGC (Al-
geria) under a standard material transfer agreement. 
No approval from an institutional ethics committee 
was required for this plant-based study under the 
applicable Algerian regulations; all trials complied 
with good laboratory practice (GLP) standards.

Analytical protocols

Raw instrumental values were retained in the 
supplementary workbook to ensure traceability, 
but the statistical interpretation does not rely on 
overprecision. Apparent very small SDs may re-
flect instrument resolution, homogeneous green-
house conditions and/or averaged measurements 
within a biological unit; therefore, confidence is 
based only on directionally consistent effects and 
not on extremely small p-values alone.

Physiological and technological parameters

Germination rate was calculated as G = (Nger-
minated/30) × 100 at day 7 after sowing. Fresh 
shoot mass (MFF, above-ground organs) and fresh 
root mass (MFR) were measured using a Mettler 
Toledo ME204 analytical balance with 0.0001 g 
precision. The corresponding dry masses (MSF 
and MSR) were determined after drying at 85 °C 
for 24  h in a Memmert UN55 oven. Thousand-
grain weight (PMG), number of spikes per plant 
(NBE), and number of grains per plant (NBG) 
were measured at physiological maturity (GS93).

Biochemical parameters

Free proline, an amino acid that accumulates 
as an osmoprotectant under stress, was deter-
mined using the ninhydrin colorimetric method 
of (Troll and Lindsley, 1955), as modified by 
(Monneveux and Nemmar, 1986), at 528 nm us-
ing a Shimadzu UV-1800 spectrophotometer. To-
tal soluble proteins were assayed using the Brad-
ford method (Bradford, 1976), with bovine serum 
albumin as the standard, at 595 nm. Total soluble 
sugars, which contribute to membrane stabilisa-
tion under stress, were measured using the an-
throne-sulfuric acid method (Shields and Burnett, 
1960) at 585 nm.
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Catalase activity and detection limits

Catalase activity was quantif﻿ied by monitor-
ing the decomposition of H2O2 (10 mM) at 240 
nm according to (Cakmak and Marschner, 1991), 
using an extinction coefficient of ε = 39.4 mM-1 
cm-1. The limit of detection was 0.0005 nmol 
min-1 µg-1 protein and the limit of quantification 
was 0.0017 nmol min-1 µg-1 protein. Values below 
the detection limit were reported as <LOD. Val-
ues detected above the LOD but below the LOQ 
were flagged as detected below LOQ (<LOQ) 
and interpreted cautiously as semi-quantitative 
evidence rather than precise quantitative activity.

All data organisation and calculation tables 
were prepared in Microsoft Excel. Statistical 
analyses were performed in R version 4.3.2. The 
following packages were used: tidyverse for data 
handling and graphics, car for Type II ANOVA, 
emmeans for Tukey HSD post-hoc comparisons, 
FactoMineR and factoextra for PCA/CAH, gg-
plot2 for figures, and rstan/brms or Stan-compati-
ble routines for Bayesian/Monte-Carlo uncertainty 
propagation. The package information, fixed ran-
dom seeds and analysis workflow are documented 
in the supplementary reproducibility files to allow 
the statistics, figures, CVI and Bayesian/Monte-
Carlo outputs to be checked and reproduced.

The Excel workbook submitted as Supplemen-
tary Data SD2 contains the primary replicate-level 
measurements for all biological replicates, doses, 
varieties and measured traits. The same workbook 
also includes the calculation sheets used to obtain 
means, standard deviations, ANOVA outputs, Tukey 
HSD comparisons, regression coefficients, PCA/
CAH inputs, CVI values and Bayesian/Monte-Car-
lo summary outputs. These supplementary files pro-
vide the raw measurements, calculation traceability 
and evidence supporting the reported results.

Study area and climatic environment

The study was anchored in the Algerian Tell, 
using USTHB (University of Science and Technol-
ogy Houari Boumediene, Bab Ezzouar, East Al-
giers; 36.73 °N, 3.18 °E) as the reference site. This 
location is representative of the semi-arid cereal 
agrosystems of the Maghreb, which are exposed 
to pronounced rainfall irregularity and recurrent 
thermal episodes affecting crops. The selected spa-
tial framework extends between 34.5–37.5 °N and 
1.0–5.0 °E, encompassing the main durum wheat 
production areas of northern Algeria.

The reference climate series minimum and 
maximum temperatures and precipitation—cov-
ered the 1971–2000 period and was constructed 
from meteorological records from the USTHB 
station. Only years with less than 10% missing 
data were retained to ensure the statistical reli-
ability required for model calibration. These data 
formed the basis of local climatic characterisa-
tion and the reference framework for adjusting 
future projections.

For the prospective component, two global 
climate models from the CMIP6 database were 
selected: CNRM-CM6-1 and GFDL-ESM4. This 
selection followed a logic of complementarity: 
the former is recognised for the quality of its rep-
resentation of Mediterranean climate regimes, 
whereas the latter explicitly models couplings be-
tween climate and the biogeochemical carbon cy-
cle, providing improved accuracy in the represen-
tation of temperature and precipitation variables 
(Eyring et al., 2016). Although computationally 
demanding, both models have been extensively 
validated within the scientific community. Data 
are available through the ESGF portal: https://
esgf-node.llnl.gov/projects/cmip6/.

GCMs operate at spatial resolutions generally 
greater than one degree, which prevents them from 
accurately representing local climatic specificities. 
A two-step statistical downscaling chain was there-
fore implemented. The first step applied the delta 
change method, which transfers the simulated 
change signal onto the observed local climatology:

	 Xfuture_i = Xobs_i 		
	 + (XGCM,future_i - XGCM,hist_i)	

(1)

where:	 X denotes the climatic variable, Xobs the 
locally observed value, and XGCM the 
global model output for the historical and 
future periods, respectively. 

The second step applied quantile mapping to 
correct residual systematic biases by aligning the 
statistical distribution of model outputs with that of 
the observations at the monthly scale:

	 Xcorr = Fobs−1[FGCM(XGCM)]	 (2)

where:	F and F−1 represent the cumulative dis-
tribution function and its inverse, respec-
tively (Themeßl et al., 2012).

Simulations were analysed under two emis-
sion scenarios, SSP2-4.5 and SSP3-7.0, over 
the 2026–2055 period. The combination of two 
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models and two scenarios made it possible to ex-
plore a representative range of uncertainties as-
sociated with plausible climate trajectories for the 
western Mediterranean basin.

The selected variables mean temperature 
(Tmean), minimum temperature (Tmin), maxi-
mum temperature (Tmax), and precipitation (P) 
were processed at a monthly time step (Table 1).

Transferability of biological response 
functions and Bayesian approach

The transfer of experimentally established 
greenhouse relationships to future climatic con-
ditions relies on the assumption of transferability 
of biological response functions. This assumption 
postulates that the dose–response relationships ob-
served under controlled conditions reflect funda-
mental physiological mechanisms such as osmotic 
regulation, enzymatic activity, or biomass alloca-
tion whose functional structure remains applicable 
across a broad range of environmental contexts. 
Such a concept is consistent with crop modelling 
approaches, in which physiological traits are rep-
resented by parametric functions that can be in-
tegrated into growth models simulating different 
conditions (Seidel et al., 2018; Tardieu, 2013).

Formalisation of response functions

For each biological parameter k, the response to 
stress intensity S is described by a general function:

	 Yk = fk(S)	 (3)

Depending on the nature of the trait con-
sidered, this relationship may take different 
functional forms. A linear formulation is often 

retained when the response is proportional to 
stress intensity:

	 Yk = β0,v,k + β1,v,k S	 (4)

where:	  β1,v,k is the sensitivity coefficient of pa-
rameter k for variety v, and β0,v,k is the 
baseline value in the absence of stress. 

For responses showing saturation or non-lin-
earity, exponential or logistic forms are generally 
used:

	 Yk = Y0 exp(-λS)	 (5)

	 Yk = Ymax / {1 + exp[-a(S - S0)]}	 (6)

The coefficients λ, a, and S0 are estimated by 
statistical fitting (AIC, adjusted R2) and are inter-
preted as stable genotypic descriptors, analogous 
to those used in crop models (Seidel et al., 2018).

To avoid arbitrary fitting, the following decision 
rule was applied: (i) the linear model was retained 
by default; (ii) a quadratic model was retained only 
when it reduced AIC by at least 2 units and pro-
duced a biologically interpretable curvature; (iii) 
logistic or exponential forms were not retained for 
the final projections because the number of dose 
levels was insufficient for stable estimation of addi-
tional nonlinear parameters; (iv) R2 values close to 
1 were not considered proof of biological certainty 
when residual degrees of freedom were low. This 
rule reduces the risk of overfitting and formalises 
the linear-versus-nonlinear model choice.

Climate Stress Index and biological projection

Within the agroclimatic coupling framework, 
the intensity of future environmental stress is quan-
tified using a climate stress index (CSI), constructed 

Table 1. Climate points around USTHB, Algiers, Algerian Tell

Point Name / District Latitude (°N) Longitude (°E)

1 Bab Ezzouar (USTHB) 36.733 3.18

2 Bordj El Kiffan 36.78 3.25

3 El Harrach 36.73 3.18

4 Kouba 36.73 3.10

5 El Madania 36.77 3.05

6 Hydra 36.76 3.05

7 Bab El Oued 36.77 3.04

8 Casbah 36.77 3.06

9 West Kouba 36.74 3.11

10 Dar El Beida 36.75 3.21
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as a linear combination of temperature and precipi-
tation anomalies relative to the reference period:

	 CSI = α·ΔT + γ·ΔP	 (7)

with

	 ΔT = Tfuture - Thist, ΔP = Pfuture - Phist	 (8)

where: α and γ are weighting coefficients reflect-
ing the relative importance of each cli-
matic factor for the biological response. 

The future projection of a parameter is then 
obtained by substituting the CSI for the experi-
mental stress intensity in the response functions.
The CSI weights were not estimated as free pa-
rameters from the small greenhouse dataset. They 
were fixed a priori to avoid overfitting: α repre-
sents the temperature anomaly contribution and γ 
represents the precipitation anomaly contribution 
after standardisation of ΔT and ΔP. Equal baseline 
weights were used in the central scenario (α = 0.5 
and γ = 0.5 after standardisation), and a ±20% 
sensitivity analysis was applied with renormalisa-
tion of the weights. The purpose of this procedure 
was not to calibrate a field yield model, but to 
test whether the direction of varietal vulnerability 
changed under plausible weighting uncertainty.

	 Yfuture_k = fk(CSI)	 (9)

This formulation preserves the structure of the 
functional relationships established experimentally 
while working with relative anomalies rather than 
absolute values, thereby strengthening the robust-
ness of transfer across contexts (Seidel et al., 2018).

Bayesian approach to uncertainty analysis

The Bayesian approach was used to rigorous-
ly evaluate the uncertainties associated with the 
transferability of biological response functions. 
It is based on the idea that the parameters of the 
functions f_k and the climatic index CSI are sub-
ject to probability distributions reflecting biologi-
cal and environmental variability:

	 βi,v,k ~ N(μβi,v,k, 	 	
	 σβi,v,k), CSI ~ N(μCSI, σCSI)	

(10)

The probabilistic projection of parameter k is 
then obtained by Monte-Carlo sampling.

Bayesian uncertainty propagation was imple-
mented with weakly informative priors centred 
on the observed dose-response coefficients. In-
tercepts and slopes were assigned normal priors 
using the observed estimates as prior means and 

standard errors inflated to reflect the limited n = 
3 design. Residual variance was assigned a half-
normal prior. Four chains were run, with 4000 
iterations per chain, including 2000 warm-up it-
erations, target acceptance probability of 0.95, and 
fixed random seed. Convergence was checked us-
ing R-hat < 1.01, effective sample size, trace-plot 
inspection and posterior predictive checks. When 
convergence diagnostics were not satisfactory, the 
result was not used as confirmatory evidence but 
only as exploratory uncertainty propagation.

Because different parameter combinations 
can generate similar projected CVI responses, 
posterior distributions were interpreted with at-
tention to equifinality. The greenhouse-to-climate 
transfer is therefore presented as a hypothesis-
generating projection requiring field validation 
under natural Zn gradients, not as direct evidence 
of future field performance.

	 Yfuture,(j)_k = fk(CSI(j); 		
	 β0,v,k(j), β1,v,k(j)), j = 1,..., N	

(11)

This approach makes it possible to distinguish 
different components of uncertainty.

By combining experimental dose-response 
relationships with Bayesian/Monte-Carlo uncer-
tainty propagation, the methodology provides an 
exploratory probabilistic assessment of varietal 
vulnerability. It is not presented as a validated 
predictive crop model, because the response co-
efficients were obtained under ZnSO4 stress only 
and require confirmation under field soil-Zn gra-
dients and combined thermal/water stress condi-
tions (Asseng et al., 2013; Seidel et al., 2018):
	• uncertainty arising from climate projections 

(environmental variability);
	• the robustness of function transferabil-

ity between controlled conditions and future 
scenarios.

The analysis uses the primary replicate-level 
dataset as supplied in Supplementary Data SD2. 
The unusually low within-treatment variation in 
some variables and the strong Ammar 6 MSF in-
crease at D200 are reported without concealment; 
they are treated as screening signals requiring in-
dependent replication, tissue-Zn measurements 
and field validation rather than as definitive proof 
of a stable physiological mechanism.

By combining experimental dose response 
relationships with a rigorous Bayesian approach, 
the methodology provides a robust probabilistic 
estimate of future varietal performance while 
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explicitly addressing uncertainties related to the 
transferability of biological functions (Asseng et 
al., 2013; Seidel et al., 2018).

RESULTS

The results below were recalculated from the 
24 raw biological replicate records provided for 
the two durum wheat varieties, four ZnSO4 treat-
ment levels and 12 measured traits. This recalcu-
lation removes the previous ambiguity surround-
ing the Simeto D100–D150 pattern. Simeto D150 
is no longer identical to D100 and is interpreted 
as a distinct response level in the available raw 
dataset (Table 2). 

Germination decreased with increasing 
ZnSO₄ concentration in both varieties. Simeto 
declined from 100.00 ± 0.00% at D0 to 83.33 
± 5.77% at D100, 76.67 ± 5.77% at D150 and 
66.67 ± 5.77% at D200, a total reduction of 
33.3 percentage points. Ammar 6 maintained 
higher germination throughout (93.33 ± 5.77% 
at D100, 86.67 ± 11.55% at D150 and 80.00 ± 
10.00% at D200), with a total reduction of only 
20.0 percentage points. Dose-response regres-
sions confirmed this divergence: yₛ = 100.1 − 
0.164x (R² = 0.997, p = 0.0016) versus yₐ = 
100.1 − 0.099x (R² = 0.966, p = 0.017), with 
Simeto’s slope 1.65× steeper. These recalculat-
ed values do not support a D100–D150 plateau 
for Simeto; D150 represents a distinct response 
level (Figures 1, 2).

The Ammar 6 MSF increase from 2.68 g 
at D0 to 9.02 g at D200 is biologically unusu-
al under severe metal stress. In the absence of 
direct tissue Zn quantification, phytochelatin 
measurements, compartmentalization assays or 
dilution-effect analysis, this result is interpreted 
as a greenhouse screening observation and not 
as proven zinc sequestration or a confirmed tol-
erance mechanism.

Physiological responses to ZnSO₄ heavy 
metal stress

Fresh aerial mass (MFF) showed contrasting 
patterns between varieties. In Simeto, MFF was 
5.24 ± 0.02 g at D0, increased slightly at D100 
(5.53 ± 0.40 g), then declined progressively to 
4.74 ± 0.19 g at D150 and 4.83 ± 0.16 g at D200. 
Ammar 6 followed a similar pattern with a peak 
at D100 (6.34 ± 0.35 g) followed by decline. This 

transient stimulation at D100 in both varieties is 
consistent with activation of zinc-dependent me-
talloenzymes at sub-lethal concentrations (Zang 
et al., 2021). Aerial dry mass (MSF) revealed 
the most striking inter-varietal divergence. In 
Simeto, MSF collapsed at D100 (2.09 ± 0.02 g, 
−59.3% from D0: 5.13 ± 0.02 g), then partially 
recovered at D150 (5.26 ± 0.02 g) before declin-
ing again at D200 (2.44 ± 0.02 g), indicating a 
non-monotone, trait-specific response at D150 
rather than a uniform plateau. In contrast, Am-
mar 6 MSF increased monotonically from 2.68 ± 
0.04 g at D0 to 9.02 ± 0.02 g at D200 (+236.6%), 
suggesting active dry matter accumulation under 
severe zinc exposure, consistent with zinc se-
questration in the aerial compartment (Iqbal et 
al., 2025; Zang et al., 2021).

Biochemical responses

Free proline revealed contrasting osmopro-
tective dynamics. In Simeto, proline declined at 
D100 (4.69 ± 0.03 μg g⁻¹) relative to D0 (7.21 ± 
0.02 μg g⁻¹), partially recovered at D150 (6.55 ± 
0.05 μg g⁻¹), then accumulated strongly at D200 
(10.73 ± 0.03 μg g⁻¹, +48.8% vs D0). This non-
monotone pattern suggests a damage-triggered 
osmotic response at high dose. Ammar 6 exhib-
ited progressive linear accumulation from D0 
onwards (yₐ = 3.98 + 0.0251x, R² = 0.885), with 
a linear slope 1.75× higher than Simeto’s over-
all slope (0.0144), reflecting a constitutive pre-
emptive osmoprotective strategy (Leksir and 
Chenchouni, 2023).

Soluble sugars showed divergent dose-
response patterns. In Simeto, sugars increased 
moderately from D0 (552.04 ± 0.02 μg g⁻¹ FW) to 
D100 (562.25 ± 0.02), then dropped substantially 
at D150 (426.73 ± 0.03) before reaching a maxi-
mum at D200 (608.63 ± 0.03), with an overall lin-
ear slope of 0.006 μg g⁻¹ per μmol L⁻¹. Ammar 6 
showed a strong accumulation response peaking 
at D150 (836.17 ± 0.03 μg g⁻¹ FW, +55.1% rela-
tive to D0), with an overall linear slope of 0.888 
μg g⁻¹ per μmol L⁻¹ (147× higher than Simeto), 
before declining at D200 (658.41 ± 0.03), sug-
gesting partial utilisation of sugar reserves under 
extreme stress.

Total soluble proteins showed divergent 
trends. In Simeto, proteins increased linearly 
from D0 (13.45 ± 0.05 μg g⁻¹) to D200 (21.79 ± 
0.02 μg g⁻¹, +62.0%). Ammar 6 showed a non-
monotone response at a higher baseline (D0: 
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19.68 ± 0.02 μg g⁻¹), with protein levels declin-
ing from D0 to D150 (16.15 ± 0.02) before par-
tially recovering at D200 (18.84 ± 0.02), sug-
gesting protein turnover dynamics under pro-
longed zinc exposure.

Catalase activity

Catalase activity was treated as a LOD/LOQ-
censored low-level enzymatic response. In Simeto, 
catalase was quantifiable at D0 (0.0050 ± 0.0020 
nmol min⁻¹ μg⁻¹ Prot) and D100 (0.0060 ± 0.0020). 
At D150 and D200, activity was detected but be-
low the LOQ (0.0013 ± 0.0006 at both doses; LOD 
= 0.0005, LOQ = 0.0017 nmol min⁻¹ μg⁻¹ Prot). 
In Ammar 6, D0 and D100 were below the LOD 

and are therefore reported as <LOD. Ammar 6 
D150 and D200 were detected but below the LOQ 
(0.0006 ± 0.0001 and 0.0005 ± 0.0003, respec-
tively). Consequently, catalase is not used as a pre-
cise quantitative variable for dose-response infer-
ence; it is retained only as a qualitative low-level 
enzymatic indicator requiring confirmation with a 
broader enzyme panel (SOD, POD, APX).

Technological parameters

Some very small p-values are largely driven 
by very low within-cell variability in a small n = 3 
design. They indicate clear separation within this 
controlled dataset, but they do not compensate for 
limited replication and should not be interpreted 

Table 2. Recalculated observed means ± standard deviation (n = 3) for 12 measured parameters in Simeto and 
Ammar 6 under four ZnSO4 doses (D0–D200). Units: germination (%); MFF, MFR, MSF, MSR (g); proline and 
proteins (µg g−1); soluble sugars (µg g−1 FW); catalase (nmol H2O2 min−1 µg−1 protein); PMG (g); NBE and 
NBG (n plant−1). For catalase, values below the LOD (0.0005 nmol min−1 µg−1 protein) are reported as <LOD; 
values detected above the LOD but below the LOQ (0.0017 nmol min−1 µg−1 protein) are flagged as detected 
<LOQ and interpreted with caution.

Parameter Variety D0 D100 D150 D200

Germination (%) Simeto 100.00 ± 0.00 83.33 ± 5.77 76.67 ± 5.77 66.67 ± 5.77

Germination (%) Ammar 6 100.00 ± 0.00 93.33 ± 5.77 86.67 ± 11.55 80.00 ± 10.00

MFF (g) Simeto 5.24 ± 0.02 5.53 ± 0.40 4.74 ± 0.19 4.83 ± 0.16

MFF (g) Ammar 6 5.84 ± 0.06 6.34 ± 0.35 5.45 ± 0.17 5.23 ± 0.03

MFR (g) Simeto 2.98 ± 0.02 2.29 ± 0.02 2.33 ± 0.02 3.20 ± 0.20

MFR (g) Ammar 6 1.83 ± 0.02 2.48 ± 0.02 2.25 ± 0.02 2.00 ± 0.10

MSF (g) Simeto 5.13 ± 0.02 2.09 ± 0.02 5.26 ± 0.02 2.44 ± 0.02

MSF (g) Ammar 6 2.68 ± 0.04 5.42 ± 0.02 4.85 ± 0.02 9.02 ± 0.02

MSR (g) Simeto 1.08 ± 0.02 0.68 ± 0.02 1.36 ± 0.02 1.09 ± 0.01

MSR (g) Ammar 6 0.73 ± 0.15 1.08 ± 0.02 1.03 ± 0.02 1.13 ± 0.02

Proline (µg g−1) Simeto 7.21 ± 0.02 4.69 ± 0.03 6.55 ± 0.05 10.73 ± 0.03

Proline (µg g−1) Ammar 6 4.31 ± 0.02 5.46 ± 0.03 8.53 ± 0.03 8.95 ± 0.05

Proteins (µg g−1) Simeto 13.45 ± 0.05 15.80 ± 0.10 17.40 ± 0.01 21.79 ± 0.02

Proteins (µg g−1) Ammar 6 19.68 ± 0.02 17.98 ± 0.02 16.15 ± 0.02 18.84 ± 0.02
Sugars 
(µg g−1 FW) Simeto 552.04 ± 0.02 562.25 ± 0.02 426.73 ± 0.03 608.63 ± 0.03

Sugars 
(µg g−1 FW) Ammar 6 538.85 ± 0.02 714.17 ± 0.02 836.17 ± 0.03 658.41 ± 0.03

Catalase 
(nmol min−1 µg−1) Simeto 0.0050 ± 0.0020 0.0060 ± 0.0020 Detected <LOQ 

(0.0013 ± 0.0006)
Detected <LOQ 

(0.0013 ± 0.0006)
Catalase 
(nmol min−1 µg−1) Ammar 6 <LOD <LOD Detected <LOQ 

(0.0006 ± 0.0001)
Detected <LOQ 

(0.0005 ± 0.0003)
PMG (g) Simeto 1.66 ± 0.04 1.55 ± 0.02 1.44 ± 0.01 1.48 ± 0.02

PMG (g) Ammar 6 1.56 ± 0.01 1.41 ± 0.03 1.34 ± 0.02 1.09 ± 0.01

NBE (n plant−1) Simeto 120 ± 2 90 ± 2 100 ± 2 109 ± 2

NBE (n plant−1) Ammar 6 117 ± 2 99 ± 2 93 ± 2 110 ± 2

NBG (n plant−1) Simeto 2817 ± 3 1751 ± 5 2486 ± 4 2292 ± 2

NBG (n plant−1) Ammar 6 2451 ± 2 1907 ± 2 2138 ± 2 2020 ± 2
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as high external validity. Possible contributors 
include homogeneous greenhouse conditions, in-
strument precision, rounded spreadsheet values 
and the absence of additional independent blocks.

Thousand-grain weight (PMG) declined with 
dose in both varieties. In Simeto, PMG decreased 
from 1.66 ± 0.04 g at D0 to 1.48 ± 0.02 g at D200 
(−0.0010 g per μmol L⁻¹, −8.4%). In Ammar 6, 
the decline was steeper: from 1.56 ± 0.01 g at D0 

to 1.09 ± 0.01 g at D200 (−0.0022 g per μmol 
L⁻¹, −30.3%; slope 2.14× steeper than Simeto), 
reflecting a tolerance–quality trade-off: resources 
allocated to biomass accumulation and osmopro-
tection under zinc stress are unavailable for grain 
filling (Brasiello et al., 2024).

Grain number (NBG) in Simeto declined 
strongly at D100 (1751 ± 5 grains plant⁻¹, 
−37.9% vs D0: 2817 ± 3), recovered partially at 

Figure 1. Recalculated mean responses of Simeto and Ammar 6 to ZnSO4 stress (0–200 µmol L−1).
Barplots show mean ± s.d. (n = 3) for the measured parameters. The catalase panel is retained

for visual traceability only and must be interpreted according to the LOD/LOQ flags reported in Table 2

Figure 2. Recalculated germination rate and aerial dry mass (MSF) under ZnSO4 doses.
The figure highlights the stronger MSF increase of Ammar 6 at D200 and the corrected Simeto D150 value
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D150 (2486 ± 4), then declined again at D200 
(2292 ± 2, −18.7%). The non-monotone D150 
recovery parallels the MSF pattern. Ammar 6 
showed a smaller NBG reduction: from 2451 
± 2 at D0 to 2020 ± 2 at D200 (−17.6%), with 
an intermediate trough at D100 (1907 ± 2, 
−22.2%), confirming greater reproductive re-
silience. Spike number (NBE) was not signifi-
cantly different between varieties by ANOVA 
(V: p = 1.000 ns), but the V×T interaction was 
significant (p = 2.63×10⁻⁵), reflecting dose-
dependent compensatory tillering dynamics in 
both genotypes.

Analysis of variance and variety × treatment 
interactions

The two-way ANOVA confirmed that sev-
eral traits were significantly affected by variety, 
treatment and especially the variety × treatment 
interaction. The interaction term was particularly 
important for biomass allocation and osmotic-re-
lated traits, supporting distinct response patterns 
between the two varieties under ZnSO4 exposure 
(Table 3 and Figures 3, 4).

PCA, correlation and hierarchical clustering 
were retained only as exploratory visual sum-
maries. Because the analysis contains 24 obser-
vations and only eight variety × dose modality 
means, these multivariate patterns are not used to 
make strong mechanistic or agronomic claims.

Boxplots show the replicate-level distribution 
at each ZnSO4 dose.

Trait correlation structure, PCA and 
hierarchical clustering

The recalculated correlation matrix showed 
that the strongest associations were related to bio-
mass allocation and reproductive traits, whereas 
biochemical traits showed more treatment-specif-
ic variation. These correlations should be inter-
preted cautiously because the modality-level cor-
relation analysis is based on eight variety × dose 
means (Table 4 and Figures 5–7).

Dose-response regressions were used primar-
ily as descriptive tools to summarize trait-specific 
response tendencies across the ZnSO₄ gradient. 
Because the experiment included four dose lev-
els, model interpretation was based on consisten-
cy with observed means, biological plausibility 
and agreement across related traits, rather than on 
regression coefficients alone. Greenhouse ZnSO4 
stress is not equivalent to future climate stress. 
The CSI substitution is a conceptual vulnerability 
extrapolation that propagates uncertainty around 
variety-specific Zn response coefficients under 
climate anomalies; it does not validate the physi-
ological response of the varieties to heat, drought 
or combined Zn × temperature interactions.

Dose-response models and exploratory 
CMIP6-linked vulnerability projection

Linear models were retained by default and 
quadratic models were retained only when sup-
ported by the stated AIC rule. Because only four 
dose levels were available, high R² values were 
not interpreted as proof of mechanistic certainty. 

Table 3. Recalculated two-way ANOVA results for 12 parameters. Significance codes: ns = p > 0.05; * p ≤ 0.05; 
** p ≤ 0.01; *** p ≤ 0.001. V: variety; T: ZnSO4 dose; V × T: interaction

Parameter V T V × T

Germination (%) p = 0.008 ** p = 3.60e-05 *** p = 0.381 ns

MFF (g) p = 2.05e-06 *** p = 4.26e-06 *** p = 0.414 ns

MFR (g) p = 1.21e-11 *** p = 5.42e-05 *** p = 3.91e-11 ***

MSF (g) p = 4.83e-28 *** p = 2.67e-26 *** p = 1.63e-31 ***

MSR (g) p = 0.020 * p = 6.51e-08 *** p = 8.27e-09 ***

Proline (µg g−1) p = 1.91e-16 *** p = 2.66e-29 *** p = 7.23e-25 ***

Proteins (µg g−1) p = 2.65e-20 *** p = 1.45e-26 *** p = 1.98e-27 ***

Sugars (µg g−1 FW) p = 2.85e-58 *** p = 1.90e-52 *** p = 1.44e-57 ***

Catalase (nmol min−1 µg−1) p = 2.53e-06 *** p = 0.004 ** p = 7.16e-04 ***

PMG (g) p = 7.41e-13 *** p = 1.79e-13 *** p = 5.96e-09 ***

NBE (n plant−1) p = 1.000 ns p = 9.25e-13 *** p = 2.63e-05 ***

NBG (n plant−1) p = 1.52e-27 *** p = 1.87e-33 *** p = 1.72e-26 ***
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Figure 3. Recalculated variety × treatment interactions. Panel A shows standardized z-scores
across the eight variety × dose modalities; Panel B shows log2 (Ammar 6 / Simeto) response ratios.

Figure 4. Recalculated treatment-level distributions for the 12 measured traits, both varieties pooled
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Table 4. Significant Pearson correlations among trait means across eight variety × dose modalities (|r| ≥ 0.707, df = 6)

Parameter Variety Model a b c R²

Germination (%) Simeto linear 100.1 -0.1638 0 0.997

Germination (%) Ammar 6 quadratic 100.1 -0.04061 -0.000303 0.998

MFF (g) Simeto linear 5.384 -0.002669 0 0.387

MFF (g) Ammar 6 linear 6.098 -0.003402 0 0.353

MFR (g) Simeto quadratic 2.996 -0.01678 8.782e-05 0.958

MFR (g) Ammar 6 quadratic 1.84 0.011 -5.173e-05 0.959

MSF (g) Simeto linear 4.72 -0.0088 0 0.196

MSF (g) Ammar 6 linear 2.397 0.02751 0 0.797

MSR (g) Simeto linear 0.97 0.0007333 0 0.051

MSR (g) Ammar 6 linear 0.7806 0.001884 0 0.824

Proline (µg g−1) Simeto quadratic 7.217 -0.06879 0.0004313 1.000

Proline (µg g−1) Ammar 6 linear 3.985 0.02514 0 0.885
Proteins 
(µg g−1) Simeto quadratic 13.52 -0.002933 0.0002163 0.986

Proteins 
(µg g−1) Ammar 6 linear 19.11 -0.00844 0 0.228

Sugars 
(µg g−1 FW) Simeto linear 536.8 0.005703 0 0.000

Sugars 
(µg g−1 FW) Ammar 6 quadratic 530.1 3.965 -0.01595 0.814

Catalase (nmol 
min−1 µg−1) Simeto not fitted censored LOD/LOQ — —

Catalase (nmol 
min−1 µg−1) Ammar 6 not fitted censored LOD/LOQ — —

PMG (g) Simeto linear 1.649 -0.001029 0 0.849

PMG (g) Ammar 6 quadratic 1.558 -9.636e-05 -1.085e-05 0.976

NBE (n plant−1) Simeto quadratic 119.5 -0.4872 0.002209 0.948

NBE (n plant−1) Ammar 6 quadratic 117.6 -0.3937 0.001736 0.897

NBG (n plant−1) Simeto linear 2568 -2.057 0 0.155

NBG (n plant−1) Ammar 6 linear 2348 -1.95 0 0.504

Figure 5. Recalculated Pearson correlation matrix for the 12 measured traits using variety × dose modality means
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Catalase was excluded from quantitative dose-
response interpretation because Ammar 6 D0–
D100 were <LOD and several detected values 
were below LOQ (Table 5 and Figures 8–10).

The CMIP6-linked CVI component was re-
tained as an exploratory uncertainty-propagation 
framework. The climate stress index used equal 
central weights for standardized temperature and 
precipitation anomalies (α = 0.5, γ = 0.5), with 
sensitivity analysis recommended around this cen-
tral assumption. The projection component should 
not be interpreted as field validation (Table 6).

Overall, recalculation from the raw replicate 
dataset confirms a clear tolerance advantage of 
Ammar 6 for germination maintenance (20.0 pp 
decline vs 33.3 pp in Simeto) and aerial dry mass 
accumulation (+236.6% at D200). The D100–
D150 pattern in Simeto is not a uniform plateau: 
most traits differ substantially between these 

doses, with MSF, MSR, proline and NBG recover-
ing at D150 while germination, MFF and soluble 
sugars continue to decline. The pattern at D150 is 
best described as a non-monotone, trait-specific 
response reflecting metabolic redistribution under 
sub-maximal zinc stress. The revised interpretation 
emphasises variety-specific dose-response dynam-
ics rather than a simple saturation threshold, with 
stronger mechanistic conclusions deferred pending 
expanded replication and field validation.

The CVI framework is best described as a 
conceptual extension of existing climate suit-
ability approaches. It links variety-specific green-
house response coefficients with standardized 
CMIP6 anomalies and expresses the result as pos-
terior uncertainty, but it does not replace a field-
calibrated crop or ecotoxicological model.

Two phenotypically distinct antioxidant de-
fense strategies and their mechanistic basis,

Figure 6. Recalculated PCA of the 24 replicate-level observations using standardised variables.
The separation reflects both varietal identity and treatment intensity

Figure 7. Recalculated hierarchical clustering of the eight variety × dose modality means
using Euclidean distance and Ward linkage
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Table 5. Dose-response regression models fitted on treatment means. Linear models were retained by default; 
quadratic models were retained only when AIC decreased by at least 2 units and the curvature was biologically 
interpretable. Catalase was not fitted quantitatively because several values were censored by the LOD/LOQ 
thresholds

Scenario Period Mean Δ 2.5% 97.5% P(Ammar 6 > Simeto)

SSP2-4.5 2026-2055 40.97 27.18 54.85 1.00

SSP2-4.5 2056-2085 32.89 19.21 46.53 1.00

SSP3-7.0 2026-2055 32.90 18.88 46.91 1.00

SSP3-7.0 2056-2085 26.26 12.10 40.28 1.00

Figure 8. Recalculated dose-response regression curves for the measured parameters in Simeto and Ammar 6. 
Catalase is shown descriptively only; it was excluded from quantitative dose-response interpretation

because several values were <LOD or detected below LOQ

Figure 9. Recalculated exploratory CVI component and CMIP6 scenario projection scores 
under SSP2-4.5 and SSP3-7.0
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The recalculated data reveal contrasting stress-
response profiles between Simeto and Ammar 
6. Simeto showed quantifiable catalase activity 
only at D0–D100, followed by detected-but-be-
low-LOQ activity at D150–D200, coupled with 
strong protein accumulation (+62.0% at D200) 
and a reactive proline surge at D200 (+48.8% vs 
D0), consistent with a damage-triggered osmotic 
strategy. Ammar 6 relied primarily on constitutive 
osmoprotectant accumulation: progressive proline 
increase (slope 1.75× higher than Simeto overall), 
strong soluble sugar accumulation peaking at D150 
(+55.1%), and exceptional aerial dry mass at D200 
(+236.6%), consistent with a pre-emptive osmotic 
tolerance strategy (Leksir and Chenchouni, 2023). 
These interpretations are presented as mechanistic 
hypotheses supported by the measured traits under 
greenhouse conditions, not as definitive proof of 
stable varietal strategies across environments; field 
validation is required. Catalase is interpreted only 
cautiously because several values were censored 
by the LOD/LOQ thresholds.

The proposed antioxidant strategies are hy-
potheses derived from measured proline, soluble 
sugar, protein, biomass and catalase patterns. 
They remain incomplete without direct ROS 
quantification, SOD/POD/APX/GR activities, 
phytochelatin assays, Zn partitioning between 

roots and shoots, and independent confirmation 
of the Ammar 6 biomass response.

The recalculated dataset confirms that Sime-
to D150 is not identical to D100: the two doses 
differ substantially for most parameters (MSF: 
2.09 vs 5.26 g; germination: 83.3 vs 76.7%; pro-
line: 4.69 vs 6.55 μg g⁻¹; NBG: 1751 vs 2486). 
The pattern at D150 is non-monotone and trait-
specific: Simeto shows recovery in MSF, MSR, 
proline and NBG at D150 relative to D100, while 
germination, MFF and soluble sugars continue to 
decline. This suggests metabolic redistribution 
toward root maintenance and osmoprotection at 
intermediate zinc dose, rather than a simple satu-
ration response. The partial recovery at D150 for 
several traits may reflect phenotypic plasticity 
in biomass allocation under sub-maximal stress 
(Leksir and Chenchouni, 2023), but this interpre-
tation requires confirmation with a larger experi-
mental design (n ≥ 5 replicates per cell).

The CAH clustering suggested partial phe-
notypic proximity between Ammar 6 at moder-
ate zinc doses and Simeto at high zinc dose. This 
observation may indicate a tolerance advantage 
of approximately one dose level under the green-
house conditions tested, but it should be consid-
ered a hypothesis-level agronomic criterion re-
quiring field validation.

Figure 10. Monte-Carlo robustness analysis of the recalculated CVI difference between Ammar 6 and Simeto

Table 6. Exploratory CMIP6-linked CVI and Bayesian/Monte-Carlo uncertainty summary. Delta score is Ammar 
6 minus Simeto; positive values indicate relative advantage of Ammar 6

Scenario Period Mean Δ 2.5% 97.5% P (Ammar 6 > Simeto)

SSP2-4.5 2026-2055 40.97 27.18 54.85 1.00

SSP2-4.5 2056-2085 32.89 19.21 46.53 1.00

SSP3-7.0 2026-2055 32.90 18.88 46.91 1.00

SSP3-7.0 2056-2085 26.26 12.10 40.28 1.00
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Tolerance–grain quality trade-off and its 
agronomic implications

The recalculated data confirm a tolerance–
quality trade-off. Ammar 6 maintained superior 
vegetative biomass under severe ZnSO₄ exposure 
(MSF +236.6% at D200 vs D0) but showed a 
disproportionate PMG decline of 30.3% (slope: 
−0.0022 g per μmol L⁻¹), 2.14× steeper than Si-
meto (−0.0010 g per μmol L⁻¹, −8.4%). This 
trade-off is quantified by the significant MSF–
PMG negative correlation (r = −0.758, p = 0.029): 
resources allocated to stress-induced biomass ac-
cumulation and osmoprotection reduce the car-
bon available for grain filling (Brasiello et al., 
2024; Falcinelli et al., 2024). Ammar 6 should be 
prioritised for screening under Zn-contaminated 
conditions (available Zn >100 μmol L⁻¹), while 
Simeto retains a grain quality advantage in un-
contaminated soils, pending field validation.

The MSF–PMG relationship is discussed as 
a trait association observed under the present 
controlled conditions. Further multi-environment 
validation, including grain-yield components, 
grain quality traits and tissue Zn measurements, 
would help confirm its agronomic relevance.

Overall, the revised interpretation empha-
sizes that the experimental and modelling out-
puts should be considered within the scope of 
a controlled screening study. The main conclu-
sions are therefore based on consistent trait re-
sponses, biological plausibility and agreement 
across complementary analyses, while future 
work should expand replication, include direct 
Zn partitioning measurements and test combined 
Zn × climate-stress conditions under field-rele-
vant environments.

Antioxidant strategies and the functional 
correlation network

Catalase dynamics were reinterpreted from 
the raw replicate data using the analytical LOD 
and LOQ thresholds. Simeto showed quantifi-
able catalase at D0 (0.0050 ± 0.0020) and D100 
(0.0060 ± 0.0020), but D150 and D200 were de-
tected below the LOQ (0.0013 ± 0.0006 at both 
doses). Ammar 6 D0 and D100 were below the 
LOD and are reported as <LOD, whereas D150 
(0.0006 ± 0.0001) and D200 (0.0005 ± 0.0003) 
were detected but below the LOQ. Given this 
censoring and the low absolute values, catalase 
is not used as standalone evidence for enzymatic 

induction or collapse, nor as a quantitative basis 
for regression or mechanistic inference. Charac-
terisation of the full antioxidant enzyme panel 
(SOD, POD, APX, GR) is required before firm 
mechanistic conclusions can be drawn.

Methodological relevance of the CVI 		
× Bayesian approach

Contribution relative to existing frame-
works: Ammar 6 is proposed as a candidate for 
further testing, while the present manuscript 
provides experimental evidence and a trans-
parent exploratory modelling framework rather 
than operational recommendations.

The CVI framework advances the state of the 
art in two ways. First, it extends the WCSI of Al-
safadi et al. (2023) by replacing generic agro-cli-
matological criteria with variety-specific experi-
mental dose-response slopes (β_{1,kv}). Second, 
it replaces deterministic scores with a full poste-
rior distribution (Vehtari et al., 2017).

Uncertainty propagation and robustness

The dominant uncertainty source stationarity 
of β_{1,kv} and ε_k (± 6.0%) – has a specific ex-
perimental remedy: field measurement of dose-
response slopes under natural soil Zn gradients. 
The additive CVI structure, which cannot repre-
sent synergistic Zn–heat interactions (Hasanuz-
zaman et al., 2020), requires the priority factorial 
zinc × temperature experiment.

Agronomic implications and adaptation 
window

The recalculated dataset supports a cautious 
interpretation of Ammar 6 as a promising genotype 
under ZnSO4 stress because of its maintenance of 
germination and strong biomass accumulation. 
However, direct substitution recommendations 
should be treated as preliminary until validated 
using soil-extractable Zn, tissue Zn accumulation, 
yield and quality data under field conditions.

Consequently, the agronomic recommenda-
tions are downgraded to hypothesis-generating 
guidance. Ammar 6 may be prioritized for further 
screening under Zn-contaminated conditions, 
whereas Simeto should be retained as a quality 
reference requiring additional validation under 
controlled and field stress gradients.



233

Ecological Engineering & Environmental Technology 2026, 27(7), 216–234

CONCLUSIONS

The controlled experiment supports contrast-
ing responses of Simeto and Ammar 6 to ZnSO4 
exposure based on the recalculated raw replicate 
dataset. The climate-coupled Bayesian/CVI com-
ponent should be interpreted as an exploratory 
CMIP6-linked uncertainty projection that propa-
gates uncertainty around greenhouse-derived re-
sponse coefficients, not as a validated forecast of 
field performance.

The revised results support the hypothesis that 
Ammar 6 maintains several stress-related traits 
better than Simeto, especially germination and 
aerial dry mass under severe ZnSO4 exposure. 
However, Simeto D150 is now treated as a distinct 
raw-data response rather than a biological plateau. 
Larger experiments and field validation are re-
quired before direct agronomic recommendation.
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