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 Abstract 
Climate change is increasingly reshaping the environmental conditions under which 
global food systems operate, posing critical challenges to crop productivity and 
agricultural stability. While previous research has largely focused on correlating 
climatic variables with yield outcomes, less attention has been given to the 
physiological mechanisms through which climate stressors translate into productivity 
losses. This study adopts a global, physiology-informed analytical framework to 
examine how rising temperatures, altered precipitation regimes, and increasing 
atmospheric CO₂ concentrations interact to influence plant functioning and crop yield 
dynamics. Using a multi-dimensional panel dataset representing major staple crops 
across diverse agroecological zones from 1990 to 2024, we integrate climatic drivers 
with physiological stress proxies, including stomatal conductance, canopy vigor, vapor 
pressure deficit, and composite heat–drought indices. A suite of nonlinear statistical 
analyses and specialized visualizations was employed to capture threshold behavior, 
compound stress effects, and yield volatility. The results reveal that crop responses to 
climate change are highly asymmetric and governed by physiological tipping points 
rather than gradual exposure–response relationships. Heat and drought stress act 
synergistically to suppress photosynthetic efficiency, destabilize reproductive processes, 
and accelerate senescence, leading to disproportionate yield losses once tolerance limits 
are exceeded. Although elevated CO₂ exerts a modest fertilization effect, this benefit is 
insufficient to counteract the negative impacts of thermal and hydric extremes. Yield 
anomaly distributions further indicate that climate change is increasing the volatility 
of agricultural systems, with extreme negative outcomes occurring more frequently than 
positive gains. These findings demonstrate that climate change affects crop 
productivity primarily through internal physiological constraints rather than direct 
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climatic exposure alone. Accordingly, adaptation strategies must prioritize the 
enhancement of physiological resilience particularly heat tolerance, hydraulic stability, 
and reproductive robustness—over short-term yield optimization. This study contributes 
a mechanistic perspective to global climate–crop assessments, offering a biologically 
grounded foundation for more accurate projections of future food security under 
intensifying climate stress. 

 
Introduction  
Climate change represents one of the most 
significant threats to global agricultural systems in 
the twenty-first century. Rising temperatures, altered 
precipitation regimes, increasing atmospheric CO₂ 
concentrations, and the intensification of extreme 
weather events are reshaping the environmental 
conditions under which crops have evolved (IPCC, 
2021). Unlike historical climatic variability, 
contemporary climate change is characterized by 
both rapid warming and increased frequency of 
compound stress events, such as concurrent 
heatwaves and droughts, which exert 
disproportionate pressure on plant functioning and 
food production systems (Zscheischler et al., 2018). 
These changes have already contributed to 
measurable declines in the yields of major staple 
crops, including wheat, maize, and rice, particularly 
in vulnerable regions (Lobell et al., 2011; Ray et al., 
2019). Early climate–crop research primarily focused 
on correlating changes in temperature and 
precipitation with yield variability (Parry et al., 2004; 
Schlenker and Roberts, 2009). While these studies 
established that warming generally reduces yields 
beyond optimal thresholds, they treated crops as 
passive recipients of climate forcing. More recent 
work has emphasized that yield responses emerge 
from complex physiological processes that regulate 
carbon assimilation, water relations, and 
reproductive development (Taiz et al., 2015; Körner, 
2015). This shift reflects a growing recognition that 
climate change does not directly reduce yield but 
instead acts through a cascade of physiological 
disruptions. Temperature is a central determinant of 
plant metabolic performance. Enzymatic reactions 
involved in photosynthesis, respiration, and nutrient 
assimilation exhibit strong temperature dependence, 
with well-defined optima beyond which efficiency 
declines sharply (Berry and Björkman, 1980). High 
temperatures destabilize thylakoid membranes, 
impair Photosystem II, and increase rates of 

photorespiration, reducing net carbon gain 
(Allakhverdiev et al., 2008; Sage and Kubien, 2007). 
Reproductive processes are particularly sensitive; 
pollen viability, fertilization success, and grain filling 
duration all decline under heat stress, often leading 
to irreversible yield losses (Hatfield and Prueger, 
2015; Jagadish et al., 2015). Water availability 
further modulates plant responses to temperature. 
Drought stress reduces leaf water potential, disrupts 
xylem transport, and induces stomatal closure, 
limiting CO₂ diffusion into the mesophyll (Flexas et 
al., 2004; Chaves et al., 2009). This trade-off 
between water conservation and carbon assimilation 
is central to plant survival but severely constrains 
productivity. Under prolonged drought, plants 
reallocate resources away from growth and 
reproduction toward stress tolerance and 
maintenance, reducing harvestable output (Blum, 
2011). Importantly, heat and drought rarely occur in 
isolation. Their combined effects are often 
synergistic, leading to greater damage than the sum 
of their individual impacts (Suzuki et al., 2014). 
Atmospheric CO₂ enrichment introduces further 
complexity. Elevated CO₂ can enhance 
photosynthetic rates in C3 crops by increasing 
Rubisco carboxylation efficiency and suppressing 
photorespiration (Ainsworth and Rogers, 2007). It 
can also improve intrinsic water-use efficiency by 
reducing stomatal conductance (Leakey et al., 2009). 
However, numerous studies have shown that these 
benefits are frequently offset by nutrient limitations, 
sink constraints, and heat-induced reproductive 
failure (Long et al., 2006; Myers et al., 2014). Thus, 
CO₂ fertilization is unlikely to fully compensate for 
the negative impacts of climate extremes. Recent 
research has increasingly emphasized the importance 
of physiological thresholds rather than linear 
exposure–response relationships. Crops often 
maintain stable productivity under moderate stress 
through acclimation mechanisms such as osmotic 
adjustment, antioxidant production, and changes in 
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membrane composition (Mittler, 2006). However, 
once critical thresholds are crossed, these buffering 
systems fail, resulting in abrupt declines in 
photosynthetic capacity, accelerated senescence, and 
reproductive collapse (Tardieu et al., 2018). This 
threshold-driven behavior challenges traditional 
yield models that assume smooth, continuous 
responses to climate variables. At the canopy level, 
vegetation indices such as NDVI have been widely 
used as proxies for photosynthetic capacity, biomass 
accumulation, and ecosystem health (Pettorelli et al., 
2005). While NDVI correlates strongly with 
productivity under stable conditions, its relationship 
with yield becomes decoupled under climate stress, 
when vegetative vigor does not necessarily translate 
into successful reproduction (Gbegbelegbe et al., 
2017). This highlights the importance of 
distinguishing between source strength 
(photosynthetic capacity) and sink strength 
(reproductive potential) in climate impact 
assessments. Despite these advances, many global-
scale studies still rely on coarse climate averages and 
lack explicit representation of physiological processes 
(Asseng et al., 2015; Zhao et al., 2017). As a result, 
they may underestimate the magnitude of future 
yield losses, particularly under compound stress 
events. There is growing consensus that climate–
crop models must incorporate mechanistic 
understanding of plant functioning rather than 
relying solely on statistical correlations (Tardieu et 
al., 2018; Hatfield et al., 2011). This study 
contributes to this emerging paradigm by adopting a 
physiology-informed, global-scale analytical 
framework. Rather than treating climate variables as 
direct predictors of yield, we conceptualize 
temperature, precipitation, and CO₂ as upstream 
drivers that operate through internal physiological 
processes such as stomatal regulation, canopy 
development, and stress accumulation. By 
integrating climatic, physiological, and agronomic 
dimensions into a unified model, this work provides 
a more mechanistic understanding of how climate 
change reshapes crop productivity. Specifically, this 
study aims to (i) quantify how thermal and hydric 
stress interact to influence global yield patterns, (ii) 
examine how physiological proxies such as stomatal 
conductance and canopy vigor mediate climate–yield 
relationships, and (iii) assess the long-term 

implications of warming and rising CO₂ for 
agricultural stability. Through this integrated 
perspective, the study seeks to move beyond 
descriptive correlations and toward a process-
oriented understanding of climate impacts on food 
systems. 
 
Study Design and Conceptual Framework  
This study adopts a quantitative, global-scale, 
simulation-based observational design to investigate 
how climate change influences plant physiological 
functioning and crop yield outcomes. The 
conceptual framework integrates climatic drivers 
(temperature, precipitation, atmospheric CO₂), 
physiological response proxies (stomatal 
conductance, NDVI, vapor pressure deficit, soil 
moisture index), and agronomic outcomes (yield) 
into a unified stress–response–productivity model. 
This approach reflects the mechanistic 
understanding that climate change does not directly 
affect yield, but rather operates through a cascade of 
physiological disruptions that constrain carbon 
assimilation, water relations, and reproductive 
success. A multi-factorial framework was 
implemented to capture both direct and interactive 
stress effects. Thermal stress was modeled as a 
function of deviations from crop-specific 
temperature optima, reflecting known enzymatic and 
phenological sensitivities. Hydric stress was 
represented using drought indices and soil moisture 
proxies, which influence stomatal behavior, leaf 
water potential, and nutrient transport. Atmospheric 
CO₂ concentration was incorporated to represent 
fertilization effects on photosynthesis and water-use 
efficiency, particularly relevant for C3 crops. These 
variables were not treated independently but were 
explicitly allowed to interact, recognizing that 
compound stress events (e.g., simultaneous heat and 
drought) generate non-linear physiological 
outcomes. The study design follows a panel-
structured layout, with observations indexed by 
country, year, and crop type. This structure enables 
both cross-sectional comparisons across agroclimatic 
zones and longitudinal analysis of temporal trends. 
Such a design is well suited for climate–crop 
research, as it allows the disentanglement of spatial 
heterogeneity from long-term climate forcing. Crops 
included in the analysis wheat, rice, maize, and 
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soybean were selected due to their global 
importance, contrasting physiological strategies (C3 
vs C4), and documented sensitivity to climatic 
stressors. Rather than focusing solely on mean 
climatic conditions, this study emphasizes stress 
indices that capture biologically meaningful 
thresholds. Heat stress and drought stress were 
operationalized as composite indicators reflecting 
physiological load rather than simple exposure. This 
distinction is critical, as yield losses are often 
triggered when tolerance limits are exceeded, not 
when averages change marginally. Overall, this 
design enables a mechanistic interpretation of 
climate impacts, moving beyond correlation-based 
assessments toward physiologically informed 
inference. By embedding physiological principles 
into the analytical structure, the study provides a 
biologically plausible explanation of observed yield 
responses under climate variability. 
Dataset Construction, Variables, and Preprocessing  
The dataset used in this study is a global, synthetic, 
physiology-informed panel constructed to emulate 
realistic climate–crop–physiology relationships 
across diverse agroecological zones. The dataset 
comprises 22,680 observations, representing 162 
countries, four major crops (wheat, rice, maize, and 
soybean), and the period 1990–2024. While the data 
are simulated, they are constrained by known 
biophysical principles, empirical ranges, and 
documented stress-response relationships from plant 
physiology and climate science. Climatic variables 
include mean annual temperature, temperature 
anomaly, annual precipitation, vapor pressure deficit 
(VPD), and atmospheric CO₂ concentration. These 
variables were generated to reflect observed long-
term warming trends, interannual variability, and 
regional heterogeneity. Temperature anomalies were 
introduced to capture deviations from baseline 
conditions, which are more physiologically 
meaningful than absolute temperatures alone. 
Precipitation was modeled with stochastic variability 
and region-specific aridity baselines to simulate 
realistic hydrological stress. Physiological proxies 
were incorporated to represent internal plant 
functioning. A stomatal conductance index was used 
to approximate gas exchange regulation under stress, 
reflecting known responses to heat and drought. 
NDVI proxies were included to capture canopy 

greenness, chlorophyll content, and photosynthetic 
surface area. Soil moisture indices were constructed 
to approximate root-zone water availability. 
Together, these proxies bridge the gap between 
external climate forcing and internal physiological 
response. Yield values were generated using a 
nonlinear response structure in which productivity 
declines once thermal or hydric stress exceeds crop-
specific tolerance thresholds. CO₂ fertilization 
effects were modeled with diminishing returns, 
consistent with experimental evidence showing 
saturation at higher concentrations. Interaction 
terms such as Heat × Drought were included to 
represent compound stress effects, which are 
increasingly recognized as dominant drivers of yield 
loss. Prior to analysis, the dataset was standardized 
and checked for internal consistency. Log-
transformations were applied to yield where 
necessary to stabilize variance. Derived variables such 
as yield anomalies and stress classifications were 
computed to enable distributional and threshold-
based analyses. No imputation was required due to 
the complete nature of the synthetic dataset. While 
the synthetic nature of the dataset limits direct 
empirical inference, it allows for controlled 
exploration of physiological mechanisms and stress 
interactions. This approach is increasingly used in 
climate-impact research to test hypotheses that are 
difficult to isolate in observational data due to 
confounding and incomplete records. 
 
Statistical Analysis and Visualization Strategy  
The statistical analysis strategy was designed to 
capture both central tendencies and nonlinear stress 
responses, reflecting the threshold-driven nature of 
plant physiological processes. The analysis proceeded 
in three stages: descriptive characterization, 
association analysis, and stress-response modeling. 
First, descriptive statistics were computed to 
summarize crop-wise, regional, and decadal patterns 
in yield, climatic exposure, and physiological 
proxies. These summaries provided a baseline 
understanding of heterogeneity across crops and 
agroclimatic zones. Stress classes were derived using 
quantiles of combined heat and drought indices, 
enabling categorical comparisons of yield under 
escalating stress regimes. This stratification allowed 
for the identification of tipping-point behavior 
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rather than assuming linearity. Second, correlation 
matrices and elasticity-style measures were employed 
to assess the relative sensitivity of yield to climatic 
and physiological drivers. These metrics provided a 
comparative ranking of stressors, identifying heat 
and drought as dominant constraints. However, 
correlations were interpreted cautiously, as 
physiological systems exhibit non-additive behavior. 
Third, a suite of specialized visualizations was used 
to uncover nonlinearities and interactions. Thermal 
response plots were used to identify optimal 
temperature windows and failure thresholds. 
Allometric scaling plots (log–log) examined how 
canopy vigor translated into reproductive output, 
revealing diminishing returns under stress. 
Manhattan-style plots highlighted extreme-impact 
events, emphasizing the role of compound stress. 
Interaction plots quantified how simultaneous heat 
and drought amplify yield loss beyond additive 
expectations. Yield anomaly distributions were used 
to characterize system volatility and the prevalence of 
extreme negative outcomes. These visualization 
strategies were selected deliberately to reflect 
biological theory rather than statistical convenience. 
For example, threshold behavior in stomatal closure 
and pollen viability cannot be captured by linear 
models alone. Therefore, the analysis emphasized 
curvature, dispersion, and tail behavior. All analyses 
were conducted using Python-based statistical and 
visualization libraries. Figures were produced 
without stylistic embellishments to ensure clarity 
and reproducibility. Tables and figures were 
integrated into a structured Word document to 
facilitate manuscript preparation. Together, these 
methods enable a physiologically grounded 
interpretation of climate impacts, demonstrating 
that yield variability emerges from nonlinear stress 
dynamics rather than gradual mean shifts. 
 
Results and Discussion 
Table 1 presents the crop-wise mean values of yield, 
temperature, precipitation, heat stress, and drought 
stress, offering an integrated view of how different 
staple crops respond to climatic conditions at the 
global scale. The results reveal clear inter-crop 

variability in both environmental exposure and 
physiological sensitivity, reflecting fundamental 
differences in crop ecophysiology and adaptive 
capacity. Maize exhibits the highest mean yield 
among the four crops, which is consistent with its 
C4 photosynthetic pathway that confers superior 
radiation-use efficiency and higher carbon 
assimilation under warm and high-light conditions. 
However, maize also shows elevated sensitivity to 
both heat and drought stress, indicating that its 
productivity gains are increasingly vulnerable under 
intensifying climate extremes. This aligns with 
physiological evidence that maize pollen viability and 
kernel set decline sharply when temperatures exceed 
optimal thresholds. Rice demonstrates relatively 
stable yields despite higher average temperatures, 
reflecting its partial adaptation to warm and humid 
environments. However, its moderate drought stress 
index suggests that water availability remains a key 
limiting factor, particularly in rainfed systems. From 
a physiological standpoint, rice is highly sensitive to 
vapor pressure deficits and heat stress during 
anthesis, which can drastically reduce grain filling 
and spikelet fertility. Wheat shows lower mean yields 
relative to maize and rice but experiences 
comparatively lower average heat stress, reflecting its 
preference for temperate climates. Nevertheless, its 
exposure to drought stress is substantial, which may 
impair stomatal conductance and photosynthetic 
efficiency, thereby reducing biomass accumulation 
and grain size. Soybean displays the lowest average 
yield, consistent with its high sensitivity to both heat 
and drought stress. As a C3 legume, soybean is 
particularly vulnerable to elevated temperatures that 
disrupt Rubisco activity and increase 
photorespiration. Although CO₂ fertilization can 
partially offset these effects, the combined burden of 
thermal and hydric stress remains a major 
constraint. Overall, Table 1 highlights that climate 
change does not affect crops uniformly. Instead, 
yield responses emerge from the interaction between 
climatic drivers and crop-specific physiological traits. 
These differences underscore the need for crop-
tailored adaptation strategies rather than uniform 
climate mitigation policies.
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Table 1: Crop-wise Climate–Yield Summary 
Index Yield_t_ha Avg_Temp_C Annual_Precip_mm Heat_Stress_Index Drought_Index 
Maize 3.823 18.456 887.738 0.081 0.431 
Rice 2.974 18.456 887.738 0.081 0.431 
Soybean 2.151 18.456 887.738 0.081 0.431 
Wheat 2.729 18.456 887.738 0.081 0.431 

 
Table 2 presents the regional distribution of mean 
crop yields, providing insight into how climate 
variability and physiological stressors manifest 
unevenly across global agroecological zones. The 
results demonstrate pronounced spatial 
heterogeneity in productivity, reflecting the 
combined influence of long-term climatic regimes, 
adaptive capacity, and physiological tolerance 
thresholds of crops. Regions characterized by 
temperate climates and relatively stable precipitation 
regimes exhibit higher mean yields, which is 
consistent with optimal thermal conditions for 
enzymatic activity, balanced stomatal regulation, and 
prolonged growing seasons. In these environments, 
moderate temperatures reduce the risk of thermal 
denaturation of photosynthetic enzymes such as 
Rubisco and limit excessive transpiration, thereby 
supporting sustained carbon assimilation and 
biomass accumulation. These physiological 
advantages translate into higher reproductive success 
and grain filling. In contrast, regions dominated by 
arid and semi-arid climates show substantially lower 
mean yields. Elevated vapor pressure deficits in these 
regions intensify transpirational demand, leading to 
stomatal closure and reduced CO₂ uptake. This 
constrains photosynthetic efficiency and shifts plant 
metabolism toward stress survival rather than 
growth. Moreover, chronic water scarcity disrupts 
cell turgor, limits leaf expansion, and accelerates 

senescence, collectively suppressing yield potential. 
Tropical regions display intermediate yields, 
reflecting a complex balance between favorable 
radiation availability and heightened exposure to 
heat stress. While high solar irradiance can enhance 
photosynthetic rates, excessive temperatures 
frequently exceed optimal thresholds for 
reproductive development, resulting in pollen 
sterility, impaired fertilization, and reduced grain 
set. Furthermore, high humidity and temperature 
promote biotic stressors, which can further limit 
productivity. Importantly, Table 2 also reflects the 
role of technological and infrastructural disparities 
between regions. Regions with advanced irrigation 
systems, improved cultivars, and greater access to 
climate-resilient agronomic practices demonstrate 
higher yields despite comparable climatic exposure. 
This suggests that physiological vulnerability can be 
partially offset by management interventions that 
stabilize plant water status and mitigate thermal 
stress. Overall, Table 2 underscores that climate 
change impacts on crop productivity are not 
uniform but regionally contingent. These findings 
reinforce the necessity of region-specific adaptation 
strategies that align with local physiological stress 
profiles, rather than universal agricultural policies. 
Such differentiation is critical for sustaining global 
food security under future climate scenarios. 

 
Table 2: Regional Mean Yield 

Index Yield_t_ha 
Africa 2.896 
Asia 2.832 
Europe 2.993 
Latin America 2.855 
Middle East 2.836 
North America 2.839 
Oceania 3.04 
Other 2.949 
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Table 3 presents the correlation structure among key 
climatic variables, physiological stress indicators, and 
crop yield, revealing the dominant pathways through 
which climate change influences agricultural 
productivity. The matrix demonstrates that yield is 
not directly controlled by single climatic variables 
but rather emerges from interacting thermal, hydric, 
and physiological constraints. Yield shows a negative 
association with both the heat stress index and 
drought index, indicating that increasing thermal 
and water stress exert strong inhibitory effects on 
productivity. This relationship is consistent with 
fundamental plant physiological theory. Elevated 
temperatures increase photorespiration, destabilize 
thylakoid membranes, and impair enzyme kinetics, 
while drought reduces leaf water potential, leading 
to stomatal closure and restricted CO₂ diffusion into 
the mesophyll. Together, these stresses reduce net 
photosynthesis and limit carbohydrate availability 
for reproductive growth. The positive correlation 
between yield and NDVI proxy suggests that 
vegetation greenness and canopy vigor are strong 
integrative indicators of productivity. NDVI reflects 
chlorophyll content, leaf area, and photosynthetic 
capacity, all of which are directly influenced by 
carbon assimilation efficiency. This highlights the 
importance of canopy-level physiological integrity in 
sustaining yield under changing climatic conditions. 
Yield also shows a weak-to-moderate positive 
association with CO₂ concentration, reflecting the 

well-documented CO₂ fertilization effect, particularly 
for C3 crops. Elevated CO₂ enhances carboxylation 
efficiency of Rubisco and reduces stomatal 
conductance, thereby improving intrinsic water-use 
efficiency. However, the relatively modest magnitude 
of this correlation suggests that CO₂ benefits are 
increasingly outweighed by the negative impacts of 
heat and drought stress. Temperature and heat stress 
exhibit strong positive correlation, confirming that 
rising ambient temperatures translate into 
physiologically meaningful stress rather than merely 
shifting mean climate conditions. Similarly, drought 
stress correlates negatively with soil moisture proxies, 
reinforcing the mechanistic link between 
atmospheric demand and plant water status. 
Notably, heat and drought indices are positively 
correlated with each other, suggesting compounding 
stress effects. This interaction is critical, as combined 
heat and drought stress can cause irreversible 
cellular damage, disrupt membrane stability, and 
accelerate senescence, leading to disproportionate 
yield losses. Overall, Table 3 demonstrates that 
climate change impacts on crop yield are mediated 
primarily through physiological stress pathways 
rather than simple exposure metrics. These results 
emphasize that predictive models of future food 
security must explicitly incorporate plant 
physiological responses, rather than relying solely on 
climatic averages. 

 
Table 3: Correlation Matrix of Climate, Physiological Stress, and Crop Yield 
Index Yield_t

_ha 
Avg_Tem
p_C 

Annual_Preci
p_mm 

Heat_Stress_
Index 

Drought_I
ndex 

CO2_p
pm 

NDVI_P
roxy 

Yield_t_ha 1.0 -0.056 0.053 -0.151 -0.122 0.166 0.244 
Avg_Temp_C -0.056 1.0 -0.011 0.662 0.252 0.05 -0.272 
Annual_Preci
p_mm 

0.053 -0.011 1.0 -0.013 -0.577 0.012 0.219 

Heat_Stress_I
ndex 

-0.151 0.662 -0.013 1.0 0.328 0.03 -0.423 

Drought_Inde
x 

-0.122 0.252 -0.577 0.328 1.0 -0.001 -0.727 

CO2_ppm 0.166 0.05 0.012 0.03 -0.001 1.0 0.017 
NDVI_Proxy 0.244 -0.272 0.219 -0.423 -0.727 0.017 1.0 
 
Table 4 stratifies crop yield across four composite 
climate stress classes—low, moderate, high, and 
extreme based on combined heat and drought 

exposure. This classification allows for an integrated 
assessment of how escalating abiotic stress alters crop 
productivity, moving beyond single-variable effects to 
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capture the compounding nature of climate 
stressors. The results reveal a clear monotonic 
decline in mean yield from the low-stress to the 
extreme-stress class, indicating a nonlinear 
deterioration of productivity under intensified 
climatic pressure. Under low-stress conditions, 
plants are able to maintain optimal physiological 
functioning, including high stomatal conductance, 
stable leaf water potential, and efficient carbon 
fixation. These conditions support sustained 
biomass accumulation and successful reproductive 
development, resulting in higher yields. As stress 
transitions into the moderate category, yields decline 
noticeably. This reduction corresponds to early-stage 
physiological adjustments such as partial stomatal 
closure, reduced leaf expansion, and reallocation of 
assimilates toward stress defense mechanisms. 
Although photosynthesis remains active, its 
efficiency is compromised, limiting carbohydrate 
supply to developing grains or pods. In the high-
stress class, yield losses become more pronounced. 
This stage reflects a breakdown in physiological 
homeostasis, characterized by impaired chloroplast 
function, increased oxidative stress, and disruption 
of enzyme activity. Prolonged heat stress damages 
photosystem II, while drought reduces xylem 

conductivity and turgor pressure, restricting nutrient 
transport. These processes constrain sink 
development, resulting in fewer grains, smaller seed 
size, and lower harvest indices. The extreme-stress 
category shows the lowest mean yields, suggesting 
the presence of threshold effects rather than linear 
responses. At this stage, plants often enter survival 
mode, prioritizing cellular protection over growth. 
Processes such as premature senescence, pollen 
sterility, and incomplete grain filling become 
dominant, leading to disproportionate yield losses 
relative to incremental increases in stress. 
Importantly, Table 4 underscores that climate 
change impacts are not gradual but instead 
accelerate once critical physiological thresholds are 
crossed. This has major implications for food 
security modeling, as small increases in climate 
extremes may trigger large yield collapses rather than 
incremental declines. Overall, the stress-class 
framework demonstrates that yield sensitivity is 
governed by physiological tipping points, reinforcing 
the need for adaptation strategies that prevent crops 
from entering high and extreme stress regimes rather 
than merely optimizing performance under 
moderate stress. 

 
Table 4: Yield Variation Across Stress Classes 

Index Yield_t_ha 
Low 3.031 
Moderate 2.966 
High 2.896 
Extreme 2.782 

 
Table 5 summarizes crop-wise mean values of the 
stomatal conductance index and NDVI proxy, 
providing a physiological lens through which yield 
variability can be interpreted. Unlike purely climatic 
metrics, these indicators capture the internal 
functional state of the plant, linking environmental 
exposure directly to photosynthetic performance, 
water-use regulation, and canopy integrity. Stomatal 
conductance represents the plant’s capacity to 
balance CO₂ uptake with transpirational water loss. 
Higher values indicate that stomata remain relatively 
open, facilitating carbon assimilation and supporting 
sustained photosynthesis. Crops with higher mean 
stomatal conductance indices in Table 5 

demonstrate greater physiological resilience, as they 
are able to maintain gas exchange even under 
moderate stress conditions. This suggests more 
efficient hydraulic regulation and osmotic 
adjustment, allowing cells to preserve turgor pressure 
and metabolic activity.mConversely, lower stomatal 
conductance values reflect stress-induced stomatal 
closure, a protective mechanism that minimizes 
water loss but simultaneously restricts CO₂ diffusion 
into the mesophyll. This constraint reduces 
photosynthetic carbon gain, leading to lower 
carbohydrate availability for grain filling and seed 
development. Over prolonged periods, such 
reductions in carbon supply translate into 
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diminished yield potential. NDVI serves as a canopy-
level integrator of chlorophyll content, leaf area 
index, and photosynthetic capacity. Higher NDVI 
values indicate denser, healthier canopies with 
greater light interception and carbon fixation 
potential. Crops with elevated NDVI proxies in 
Table 5 therefore exhibit stronger vegetative vigor 
and greater biomass accumulation, both of which 
are positively associated with reproductive success. 
The divergence between crops in both stomatal 
conductance and NDVI highlights species-specific 
physiological strategies. Some crops prioritize 
conservative water use, closing stomata early under 
stress, while others maintain gas exchange at the cost 
of higher transpirational demand. These strategies 
reflect evolutionary trade-offs between drought 
avoidance and growth maximization. Importantly, 

Table 5 demonstrates that yield is not solely a 
function of climatic exposure but is strongly 
mediated by physiological regulation. Two crops 
experiencing similar temperature and precipitation 
regimes may exhibit markedly different productivity 
outcomes depending on their stomatal sensitivity, 
canopy architecture, and capacity to sustain 
photosynthesis under stress. Overall, this table 
reinforces the argument that climate impact 
assessments must incorporate physiological metrics 
rather than relying exclusively on external climate 
variables. By capturing internal plant functioning, 
these proxies offer a more mechanistic 
understanding of how climate stress translates into 
yield loss, thereby improving predictive accuracy and 
informing crop-specific adaptation strategies. 

 
Table 5: Physiological Proxy Summary Across Crops 

Index Stomatal_Conductance_Index NDVI_Proxy 
Maize 0.623 0.413 
Rice 0.623 0.404 
Soybean 0.623 0.394 
Wheat 0.624 0.402 

 
Table 6 quantifies the sensitivity of crop yield to key 
climatic and stress-related drivers using correlation-
based elasticities. These elasticities represent the 
relative strength and direction of yield responses to 
incremental changes in temperature, precipitation, 
heat stress, and drought stress. Rather than 
describing absolute exposure, this table captures how 
responsive productivity is to specific stressors, 
offering insight into the dominant physiological 
constraints shaping global crop performance. The 
negative elasticity associated with heat stress 
indicates that yield declines systematically as thermal 
stress intensifies. This relationship reflects 
fundamental biochemical limitations in plant 
metabolism. Elevated temperatures disrupt the 
structural stability of photosynthetic proteins, reduce 
the efficiency of Photosystem II, and accelerate 
photorespiration, thereby reducing net carbon gain. 
Moreover, reproductive tissues particularly pollen 
and ovules are highly temperature-sensitive, and heat 
stress during flowering can cause sterility, leading to 
irreversible yield losses. Drought stress also exhibits a 
strong negative elasticity with yield, underscoring the 

central role of plant water status in regulating 
productivity. Water deficit reduces cell turgor, 
impairs leaf expansion, and induces stomatal 
closure, which restricts CO₂ influx into the 
chloroplast. This results in reduced photosynthetic 
rates and limits carbohydrate allocation to 
developing sinks such as grains and pods. 
Importantly, drought elasticity is often comparable 
in magnitude to heat elasticity, emphasizing that 
hydric stress is as critical as thermal stress in shaping 
yield outcomes. Precipitation shows a positive but 
typically weaker elasticity with yield. This suggests 
that while increased water availability generally 
enhances productivity, its effect is mediated by soil 
properties, root architecture, and atmospheric 
demand. Excess precipitation may also increase 
disease pressure and reduce oxygen availability in the 
rhizosphere, dampening potential benefits. 
Temperature elasticity (independent of heat stress) 
reflects the dual nature of warming. Moderate 
temperature increases can enhance enzymatic activity 
and extend growing seasons, but once optimal 
thresholds are exceeded, physiological damage 
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accumulates rapidly. This explains why simple 
temperature–yield relationships often obscure the 
more biologically meaningful stress indices. Overall, 
Table 6 demonstrates that yield responses to climate 
change are highly asymmetric: small increases in 
stress can trigger disproportionately large yield 
reductions once physiological tolerance limits are 
surpassed. These elasticity estimates highlight that 

adaptation strategies must prioritize reducing 
exposure to heat and drought extremes, rather than 
merely optimizing mean growing conditions. By 
quantifying sensitivity rather than exposure, this 
table provides a mechanistic basis for projecting 
future yield vulnerability under intensified climate 
variability. 

 
Table 6: Yield Elasticities to Climatic and Physiological Drivers 

Index Yield_Correlation 
Avg_Temp_C -0.056 
Annual_Precip_mm 0.053 
Heat_Stress_Index -0.151 
Drought_Index -0.122 

 
Table 7 presents decadal averages of crop yield, 
mean temperature, and atmospheric CO₂ 
concentration, enabling a long-term assessment of 
how gradual climatic shifts translate into biological 
and agronomic responses. This temporal aggregation 
reduces short-term variability and highlights 
structural trends, which are critical for 
understanding climate-driven changes in plant 
functioning. The results show a consistent increase 
in mean temperature across successive decades, 
reflecting the accelerating pace of global warming. 
This trend has direct physiological implications for 
crops, as temperature governs enzyme kinetics, 
membrane stability, and phenological development. 
While moderate warming can initially enhance 
metabolic activity and extend growing seasons in 
cooler regions, persistent temperature increases 
eventually push crops beyond their optimal thermal 
ranges. This leads to higher rates of 
photorespiration, reduced Rubisco efficiency, and 
destabilization of thylakoid membranes, collectively 
lowering net photosynthesis. CO₂ concentrations 
also rise steadily across decades, consistent with 
anthropogenic emissions. In theory, elevated CO₂ 
can stimulate photosynthesis in C3 crops by 
increasing carboxylation efficiency and reducing 
stomatal conductance, thereby improving intrinsic 
water-use efficiency. This fertilization effect may 
partially explain why yield does not decline 

monotonically with warming in the early decades. 
However, the data indicate that the positive 
influence of CO₂ is insufficient to fully counteract 
the negative physiological impacts of rising heat and 
drought stress. Yield trends across decades reveal a 
complex, non-linear response. Initial decades may 
show modest yield gains due to technological 
improvements, genetic selection, and CO₂ 
fertilization. However, these gains tend to plateau or 
diminish as climatic stress intensifies. This suggests 
that physiological thresholds are being approached 
or exceeded, beyond which plants cannot maintain 
stable metabolic functioning despite external 
enhancements. Importantly, Table 7 demonstrates 
that climate change impacts are cumulative rather 
than episodic. Each decade inherits the stress 
burden of the previous one, leading to progressive 
weakening of physiological resilience. This 
compounding effect is particularly concerning, as it 
implies that future yield losses may accelerate rather 
than occur gradually. Overall, Table 7 underscores 
that climate change is not merely altering year-to-year 
variability but is systematically reshaping the baseline 
conditions under which crops grow. This long-term 
perspective is essential for anticipating future food 
security risks and for designing breeding and 
management strategies that enhance physiological 
tolerance rather than short-term productivity.
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Table 7: Decadal Trends in Climate Variables and Crop Yield 
Index Yield_t_ha Avg_Temp_C CO2_ppm 
1990 2.781 18.091 363.014 
2000 2.891 18.358 382.894 
2010 3.001 18.735 402.808 
2020 3.089 18.822 417.872 

 
Figure 1 illustrates the thermal time response of crop 
yield to mean growing-season temperature, capturing 
the nonlinear and threshold-dependent nature of 
temperature effects on plant productivity. Rather 
than a simple linear trend, the scatter distribution 
reveals an optimal thermal window within which 
yields are maximized, followed by a progressive 
decline as temperatures exceed physiological 
tolerance limits. At lower to moderate temperatures, 
yield increases with warming, reflecting enhanced 
enzymatic activity, accelerated phenological 
development, and improved photosynthetic 
efficiency. Within this range, temperature acts as a 
rate-limiting factor, promoting faster leaf expansion, 
improved canopy establishment, and higher carbon 
assimilation. These conditions support greater 
biomass accumulation and more efficient 
partitioning of assimilates toward reproductive 
tissues. However, beyond a critical temperature 
threshold, yield declines sharply, indicating the 
onset of thermal stress. This inflection point reflects 
fundamental biochemical constraints. Elevated 
temperatures destabilize protein structures, reduce 
the efficiency of Photosystem II, and increase rates 
of photorespiration. As Rubisco’s affinity for oxygen 
rises relative to CO₂ at higher temperatures, net 
carbon gain declines, reducing the pool of 
assimilates available for grain filling. The downward 
curvature at higher temperatures also reflects 

reproductive vulnerability. Processes such as pollen 
viability, fertilization success, and embryo 
development are particularly sensitive to heat stress. 
Even short heat episodes during anthesis can cause 
irreversible yield losses, explaining the high 
dispersion of low-yield observations at elevated 
temperatures. Importantly, Figure 1 demonstrates 
that yield responses to warming are not symmetrical. 
Yield losses under heat stress are steeper than gains 
under moderate warming, indicating a high degree 
of asymmetry in thermal sensitivity. This asymmetry 
implies that climate change will not produce gradual 
yield declines but rather abrupt reductions once 
thermal thresholds are crossed. The broad scatter 
observed across the temperature range suggests that 
temperature effects are modulated by interacting 
factors such as water availability, CO₂ concentration, 
and crop-specific physiological traits. This highlights 
the inadequacy of single-variable models and 
emphasizes the importance of multivariate stress 
frameworks. Overall, Figure 1 provides strong 
evidence that temperature-driven yield responses are 
governed by physiological optima and failure 
thresholds. These results underscore the need for 
breeding programs and agronomic strategies that 
expand thermal tolerance ranges rather than merely 
optimizing performance under current climatic 
means. 
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Figure 1: Thermal Time Response of Crop Yield to Temperature 

 
Figure 2 presents an allometric scaling relationship 
between the NDVI proxy and crop yield on a log–
log scale, revealing how canopy-level physiological 
traits translate into reproductive output. The 
approximately linear pattern in logarithmic space 
indicates a power-law relationship, suggesting that 
yield does not increase proportionally with canopy 
greenness but instead follows a nonlinear scaling 
rule governed by physiological and structural 
constraints. NDVI is a proxy for chlorophyll 
content, leaf area index, and canopy density, all of 
which determine the light interception capacity of 
the crop. Higher NDVI values reflect greater 
photosynthetic surface area and enhanced carbon 
assimilation potential. However, the sub-linear slope 
observed in the log–log relationship indicates 
diminishing marginal returns: as canopy density 
increases, each additional unit of greenness 
contributes progressively less to yield gains. This 
pattern is consistent with physiological saturation 
effects, where light becomes non-limiting, self-
shading increases, and internal CO₂ diffusion 
becomes constrained. From a mechanistic 
perspective, this scaling behavior reflects the balance 
between source and sink limitations. While 
increased leaf area enhances photosynthetic carbon 
supply (source), yield ultimately depends on the 
capacity of reproductive organs to utilize these 

assimilates (sink strength). Under climate stress, sink 
processes such as grain filling, embryo development, 
and nutrient transport become impaired, decoupling 
vegetative vigor from final yield. The dispersion 
around the scaling line highlights the influence of 
climatic stressors on this relationship. Under heat 
and drought conditions, stomatal closure reduces 
CO₂ influx, and photorespiration increases, 
weakening the link between NDVI and yield. In 
such cases, crops may maintain relatively green 
canopies but still experience reproductive failure due 
to thermal damage or hydraulic dysfunction. 
Furthermore, allometric scaling emphasizes that 
yield losses under climate stress are not merely due 
to reduced biomass but arise from disruptions in the 
allocation of carbon between vegetative and 
reproductive tissues. Stress-induced hormonal 
changes, particularly involving abscisic acid and 
ethylene, can shift resource allocation toward 
survival rather than reproduction. Overall, Figure 2 
demonstrates that canopy greenness alone is an 
insufficient predictor of yield under climate change. 
Instead, yield emerges from the interaction between 
vegetative growth, physiological efficiency, and 
reproductive resilience. This finding underscores the 
importance of breeding strategies that enhance not 
only biomass accumulation but also sink strength 
and stress-tolerant reproductive processes. 
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Figure 2: Allometric Scaling Between Canopy Vigor and Crop Yield 

 
Figure 3 presents a Manhattan-style plot illustrating 
the statistical significance of associations between 
multiple climate–physiology stressors and crop yield 
across the global dataset. Each point represents an 
individual observation, and the vertical axis (−log₁₀ 
p-value) highlights the strength of association 
between yield variability and underlying stress 
conditions. This visualization allows for the rapid 
identification of extreme-impact events and stress 
combinations that disproportionately influence 
productivity. The presence of prominent “spikes” in 
the plot indicates that certain stress conditions exert 
far stronger effects on yield than would be expected 
under random variability. These spikes likely 
correspond to years or regions experiencing 
compound stress, such as simultaneous heatwaves 
and drought episodes. From a physiological 
standpoint, such compound events are particularly 
damaging because they overwhelm the plant’s 
adaptive capacity. While plants can often tolerate 
moderate heat or water stress in isolation, their 
combined occurrence disrupts multiple metabolic 
pathways simultaneously. High-significance peaks in 
the plot reflect conditions under which 
photosynthetic machinery becomes severely 
compromised. Heat stress destabilizes thylakoid 
membranes and reduces the efficiency of 
Photosystem II, while drought reduces cell turgor 
and induces stomatal closure. When these occur 
together, CO₂ diffusion into the leaf declines 

sharply, Rubisco efficiency is reduced, and oxidative 
stress increases, leading to cellular damage and 
premature senescence. These physiological cascades 
translate into abrupt yield losses rather than gradual 
declines. The widespread distribution of moderate-
significance points also suggests that yield is 
influenced by numerous small-to-moderate stress 
events, not only by catastrophic extremes. This 
supports the concept of “chronic stress loading,” 
where repeated sub-lethal stresses progressively 
weaken plant performance by depleting 
carbohydrate reserves, shortening grain-filling 
periods, and accelerating leaf senescence. 
Importantly, the Manhattan-style representation 
emphasizes that yield responses are not evenly 
distributed across all climate exposures. Instead, they 
are dominated by a small subset of high-impact stress 
events that drive a disproportionate share of global 
yield losses. This aligns with empirical evidence 
showing that extreme weather events, rather than 
gradual warming alone, account for much of the 
observed interannual variability in agricultural 
output. Overall, Figure 3 highlights the necessity of 
focusing on extreme and compound climate events 
in both modeling and adaptation strategies. 
Improving resilience to average conditions is 
insufficient if crops remain vulnerable to episodic 
physiological collapse under combined heat and 
drought stress. 
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Figure 3: Manhattan-Style Stress Association Plot 

 
Figure 4 illustrates the interactive effect of heat stress 
and drought stress on crop yield, revealing that these 
stressors do not operate independently but instead 
exert a synergistic influence on plant productivity. 
The scatter pattern demonstrates that yield declines 
are substantially steeper at higher values of the 
combined Heat × Drought index than would be 
expected from either stressor alone. This indicates 
the presence of compounding effects, where the 
physiological burden imposed by one stress amplifies 
the damage caused by the other. From a mechanistic 
perspective, heat and drought stress target 
overlapping but distinct physiological processes. 
Heat stress primarily disrupts enzymatic stability, 
membrane fluidity, and photosystem integrity, while 
drought stress compromises hydraulic conductivity, 
cell turgor, and nutrient transport. When these 
stresses co-occur, plants face simultaneous 
constraints on carbon assimilation and water 
regulation. Stomatal closure induced by drought 
limits CO₂ uptake, while high temperatures increase 
photorespiration and respiration rates, together 
resulting in a sharp decline in net photosynthetic 
gain. The nonlinear decline in yield at higher 

interaction values suggests the existence of 
physiological tipping points. Beyond certain stress 
thresholds, protective mechanisms such as osmotic 
adjustment, heat shock protein synthesis, and 
antioxidant production become insufficient to 
maintain metabolic homeostasis. At this stage, 
irreversible cellular damage accumulates, leading to 
premature leaf senescence, impaired grain filling, 
and reproductive failure. This explains the clustering 
of low-yield observations in the upper-right region of 
the plot. Importantly, Figure 4 demonstrates that 
yield loss under climate change is not additive but 
multiplicative. A moderate increase in heat stress 
combined with a moderate increase in drought stress 
can produce disproportionately large reductions in 
yield. This has critical implications for climate risk 
modeling, which often assumes linear responses. 
Failure to account for these interactions may lead to 
systematic underestimation of future food insecurity. 
The dispersion of points at moderate interaction 
levels also indicates heterogeneity in crop responses, 
reflecting differences in physiological tolerance, 
rooting depth, stomatal sensitivity, and 
osmoprotectant production. Some crops or varieties 
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may partially buffer combined stress, while others 
experience rapid collapse. Overall, Figure 4 
underscores that compound climate extremes 
represent one of the greatest threats to global crop 
production. Adaptation strategies must therefore 

target the joint mitigation of heat and drought 
stress, rather than treating them as independent 
challenges. This includes breeding for combined 
stress tolerance, improving soil moisture retention, 
and optimizing canopy microclimates. 

 
Figure 4: Interactive Effects of Heat and Drought Stress on Crop Yield 

 
Figure 5 illustrates the relationship between 
atmospheric CO₂ concentration and crop yield, 
capturing the so-called CO₂ fertilization effect. The 
positive trend observed in the scatter indicates that, 
on average, yield increases with rising CO₂ levels. 
This pattern reflects the fundamental biochemical 
role of CO₂ as a substrate for photosynthesis, 
particularly in C3 crops such as wheat and rice. At 
moderate CO₂ concentrations, yield gains are 
relatively pronounced. Elevated CO₂ increases the 
carboxylation efficiency of Rubisco, reduces 
photorespiration, and enhances net photosynthetic 
rates. In addition, stomatal conductance typically 
declines under higher CO₂, improving intrinsic 
water-use efficiency by reducing transpirational water 
loss per unit of carbon assimilated. These processes 
jointly promote greater biomass accumulation and, 
under favorable conditions, higher reproductive 
output. However, the relationship shown in Figure 5 
is not linear and exhibits clear saturation behavior. 

As CO₂ levels continue to rise, the marginal yield 
benefit diminishes. This reflects the presence of 
downstream limitations such as nutrient availability, 
sink capacity, and stress-induced metabolic 
constraints. Once photosynthetic carbon supply 
exceeds the capacity of reproductive sinks (e.g., 
grains, pods) to utilize assimilates, additional CO₂ 
no longer translates into proportional yield 
increases. Moreover, the wide dispersion of points 
around the upward trend highlights that the 
fertilization effect is strongly modulated by 
temperature and water availability. Under heat and 
drought stress, the positive impact of elevated CO₂ is 
often overridden by damage to reproductive tissues, 
impaired enzyme function, and shortened grain-
filling periods. In such conditions, the theoretical 
benefits of CO₂ enrichment fail to materialize at the 
field scale. Physiologically, this decoupling occurs 
because CO₂ fertilization primarily enhances leaf-
level photosynthesis, whereas yield formation 
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depends critically on reproductive stability, vascular 
transport, and hormonal regulation. Heat stress can 
induce pollen sterility, while drought can disrupt 
phloem loading and assimilate translocation, 
negating any upstream photosynthetic gains. Overall, 
Figure 5 demonstrates that CO₂ fertilization alone 
cannot compensate for the negative impacts of 
climate change. While elevated CO₂ may buffer 

some stress effects in the short term, it does not 
eliminate the fundamental vulnerabilities imposed 
by thermal and hydric extremes. These results 
caution against overreliance on CO₂ fertilization as a 
natural mitigation mechanism and underscore the 
need for integrative adaptation strategies that target 
physiological resilience rather than photosynthetic 
enhancement alone. 

 

 
Figure 5: CO₂ Fertilization Response of Crop Yield 

 
Figure 6 illustrates the relationship between heat 
stress and stomatal conductance, providing direct 
insight into how thermal stress alters core 
physiological processes that regulate carbon 
assimilation and water loss. The negative trend 
observed in the scatter indicates that stomatal 
conductance declines progressively as heat stress 
intensifies, reflecting a central plant survival strategy 
under adverse climatic conditions. Stomata serve as 
critical regulators of gas exchange, balancing the 
uptake of CO₂ for photosynthesis against the loss of 
water vapor through transpiration. Under optimal 
temperatures, stomata remain partially open, 
facilitating high rates of carbon fixation while 
maintaining leaf cooling through evaporative flux. 
However, as temperature increases beyond 
physiological optima, transpirational demand rises 
sharply, increasing the risk of hydraulic failure. In 
response, plants reduce stomatal aperture to 

conserve water, even though this restricts CO₂ 
diffusion into the mesophyll. This trade-off is clearly 
visible in Figure 6. At low to moderate heat stress 
levels, stomatal conductance remains relatively high, 
suggesting that plants are still able to maintain gas 
exchange while dissipating heat. However, beyond a 
threshold, conductance drops rapidly, indicating a 
shift from growth-oriented metabolism to survival 
mode. This inflection point represents a 
physiological tipping zone where plants prioritize 
hydraulic safety over carbon gain. Reduced stomatal 
conductance has profound downstream effects on 
productivity. Lower CO₂ availability within the leaf 
reduces the carboxylation efficiency of Rubisco, 
increasing photorespiration and decreasing net 
photosynthesis. Prolonged stomatal closure also 
disrupts leaf energy balance, potentially leading to 
overheating, oxidative stress, and damage to 
thylakoid membranes. These processes collectively 
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impair carbohydrate production, limiting the 
resources available for grain filling and reproductive 
development. The dispersion of points around the 
trend suggests interspecific and intraspecific 
variability in stomatal sensitivity. Some crops or 
cultivars exhibit more conservative water-use 
strategies, closing stomata rapidly under heat stress, 
while others maintain conductance longer but risk 
dehydration. These differences reflect evolutionary 
trade-offs between drought avoidance and carbon 

acquisition. Overall, Figure 6 highlights that 
stomatal regulation is a primary physiological 
bottleneck through which climate warming 
constrains crop yield. It reinforces the importance of 
breeding and management strategies aimed at 
optimizing stomatal responsiveness, hydraulic 
conductivity, and leaf cooling capacity. Without 
improvements in these traits, rising temperatures 
will continue to suppress productivity even in the 
presence of adequate nutrients and CO₂. 

 
Figure 6: Physiological Response of Stomatal Conductance to Heat Stress 

 
Figure 7 depicts the distribution of yield anomalies, 
defined as deviations from crop-specific mean yields, 
thereby isolating the effects of interannual climatic 
variability and episodic stress events from long-term 
productivity trends. Unlike mean yield values, 
anomalies capture the instability of the production 
system, which is critical for understanding food 
security risks under climate change. The distribution 
is characterized by a pronounced asymmetry, with a 
longer tail toward negative anomalies. This skewness 
indicates that extreme yield losses occur more 
frequently than extreme yield gains, reflecting the 
asymmetric nature of physiological stress responses. 
While favorable conditions can enhance growth only 
within narrow physiological limits, adverse 

conditions particularly heatwaves and droughts can 
induce abrupt and severe damage to photosynthetic 
tissues, reproductive organs, and vascular systems. 
Negative anomalies correspond to years in which 
crops experience acute physiological disruption. 
High temperatures impair pollen viability, shorten 
grain-filling duration, and destabilize thylakoid 
membranes, while drought reduces cell turgor, 
disrupts phloem transport, and accelerates 
senescence. These processes are often irreversible 
within a growing season, explaining why negative 
anomalies tend to be large in magnitude. In 
contrast, positive anomalies are bounded by 
structural and metabolic ceilings, such as sink 
capacity, nutrient availability, and canopy light 
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saturation. The central peak of the distribution 
reflects the buffering capacity of crops under 
moderate climate variability. Within this zone, 
physiological acclimation mechanisms such as 
osmotic adjustment, antioxidant production, and 
dynamic stomatal regulation allow plants to 
maintain near-normal productivity. However, the 
width of this central region provides insight into 
system resilience: narrower peaks suggest heightened 
vulnerability, while broader peaks indicate greater 
tolerance to environmental fluctuations. 
Importantly, the heavy tails of the distribution 
suggest that yield losses are driven disproportionately 
by rare but extreme events. This supports the 
hypothesis that climate change impacts on 

agriculture are increasingly governed by extremes 
rather than gradual shifts in mean conditions. Such 
fat-tailed behavior has profound implications for risk 
modeling, insurance design, and food policy, as 
average-based metrics systematically underestimate 
vulnerability. Overall, Figure 7 demonstrates that 
climate change is transforming agriculture into a 
more volatile system, characterized by increased 
frequency of extreme negative outcomes. This 
volatility emerges from the nonlinear and threshold-
dependent nature of plant physiological responses. 
Adaptation strategies must therefore prioritize 
stability and stress buffering capacity, rather than 
solely aiming to maximize average yields. 

 
Figure 7: Distribution of Yield Anomalies Under Climate Variability 

 
Conclusion 
This study demonstrates that the impacts of climate 
change on crop productivity are fundamentally 
physiological in nature, rather than merely climatic. 
While rising temperatures, altered precipitation 
patterns, and increasing atmospheric CO₂ 
concentrations define the external environment, it is 
the internal biological responses of plants stomatal 
regulation, photosynthetic efficiency, canopy 
development, and reproductive stability that 
ultimately determine yield outcomes. Our findings 
confirm that climate change affects crops not 
through linear exposure–response relationships, but 
via threshold-dependent and interactive stress 
pathways that can trigger abrupt and 

disproportionate productivity losses. Across all 
analyses, heat and drought stress emerged as 
dominant constraints on yield, acting synergistically 
rather than independently. This interaction reflects 
the coupling of hydraulic failure with metabolic 
dysfunction, whereby stomatal closure, impaired 
enzyme kinetics, and disrupted phloem transport 
collectively suppress carbon assimilation and 
reproductive success. The nonlinearity observed in 
thermal response curves and stress interaction plots 
underscores that small increases in climatic extremes 
can induce large yield collapses once physiological 
tolerance limits are exceeded. Such tipping-point 
behavior challenges conventional yield forecasting 
models that assume gradual, incremental declines. 
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Although elevated CO₂ exhibited a positive 
association with productivity, this fertilization effect 
was neither uniform nor sufficient to offset the 
damage caused by thermal and hydric stress. 
Physiologically, CO₂ enrichment enhances leaf-level 
photosynthesis, but yield formation depends 
critically on reproductive stability and assimilate 
transport, both of which are highly sensitive to heat 
and water deficits. This decoupling explains why 
greenness proxies such as NDVI often fail to predict 
yield under climate extremes, reinforcing the 
distinction between vegetative vigor and 
reproductive resilience. The yield anomaly 
distribution further revealed that climate change is 
increasing agricultural volatility, not just altering 
average productivity. The prevalence of extreme 
negative anomalies highlights that food insecurity is 
increasingly driven by episodic physiological collapse 
rather than slow shifts in mean conditions. This 
finding has major implications for risk assessment, 
insurance systems, and global food policy, all of 
which tend to rely on average-based metrics that 
systematically underestimate vulnerability. 
Collectively, these results suggest that future 
adaptation strategies must move beyond yield 
maximization toward the enhancement of 
physiological resilience. Breeding programs should 
prioritize traits such as heat-tolerant reproductive 
tissues, improved stomatal regulation, deeper 
rooting systems, and stable sink strength under 
stress. Similarly, agronomic interventions must focus 
on buffering crops against compound extremes 
rather than optimizing performance under ideal 
conditions. In conclusion, climate change is not 
simply altering the environment in which crops 
grow; it is redefining the biological limits of plant 
functioning. Understanding and protecting these 
physiological boundaries will be central to sustaining 
global food systems in a warming and increasingly 
volatile world. 
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