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ABSTRACT 

 

Climate variability, expressed through fluctuating temperature, precipitation and 

atmospheric carbon dioxide, exerts strong control over plant physiological processes 

and ecosystem function. This article reviews how photosynthesis, water relations, 

stomatal behaviour and phenology respond to climatic variation across tropical, arid, 

temperate, alpine and boreal zones. Evidence indicates that tropical species often 

operate near their thermal limits with restricted acclimation capacity, dryland plants 

rely on water-conserving and stress-tolerant strategies that may be exceeded by 

intensified droughts, and cold-zone vegetation experiences both relaxed temperature 

limitation and heightened risks from frost mismatch and disturbance. Elevated carbon 

dioxide can enhance carbon gain and water-use efficiency, but benefits are constrained 

by nutrients, heat and acclimation. Phenotypic plasticity and combined-stress tolerance 

emerge as key determinants of resilience. The synthesis highlights research priorities 

for crop improvement, conservation planning and multi-factor field experimentation 

across ecological zones. 
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Introduction: 

Plant life on Earth has developed 

under climatic conditions that have 

fluctuated across geological time, yet the 

rate and scale of present-day change are 

exceptional. Global mean temperature 

has risen markedly, rainfall patterns are 

shifting, extreme events are growing 

more frequent, and atmospheric carbon 

dioxide has reached levels not 

experienced for millions of years (IPCC, 

2021). These alterations influence plants 

at every level of organisation, from 

enzyme kinetics within chloroplasts to 

the structure of whole ecosystems. 

Physiological responses provide 

the mechanistic bridge between climate 

and ecological outcomes. Photosynthetic 

carbon assimilation, transpiration, 

respiration, nutrient uptake and 

reproductive development each respond 

to environmental conditions, and their 

combined behaviour determines growth, 

survival and competitive ability. Because 

physiological sensitivity is shaped by 

evolutionary history, responses to the 

same climatic perturbation are far from 

uniform across the globe. 

The aim of this article is to 

examine how climate variability affects 

plant physiological function across 
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contrasting ecological zones, to identify 

the mechanisms underlying tolerance 

and vulnerability, and to outline the 

consequences for agriculture and 

conservation. The discussion is 

organised around nine thematic outlines 

covering key climatic drivers, zone-

specific responses, adaptive capacity and 

applied implications, followed by an 

overall summary. 

1. Climate Variability and 

Ecological Zones: An Overview 

Climate variability describes the 

natural and human-driven fluctuations of 

temperature, precipitation, radiation, 

humidity and atmospheric composition 

around long-term mean conditions. 

These fluctuations occur across scales 

that range from daily weather extremes 

to seasonal cycles, interannual 

oscillations such as El Nino and La 

Nina, and multi-decadal trends 

associated with anthropogenic warming 

(IPCC, 2021). Plants, being sessile 

organisms, cannot move away from 

unfavourable conditions, and their 

physiology must therefore track 

environmental change through 

biochemical, structural and 

developmental adjustment. 

Ecological zones provide a useful 

framework for comparing these 

responses because each zone is defined 

by a characteristic combination of 

climatic constraints. Tropical forests 

experience warm, humid and relatively 

stable conditions with narrow thermal 

safety margins; arid and semi-arid 

regions are dominated by water scarcity, 

high vapour pressure deficit and episodic 

rainfall pulses; temperate regions 

combine strong seasonality with 

moderate extremes; and alpine and 

boreal zones are shaped by short 

growing seasons, low temperatures and 

frost risk. A given magnitude of climatic 

change can thus produce very different 

physiological consequences depending 

on where a species sits relative to its 

optimum. 

Understanding zone-specific 

responses is essential because the 

physiological processes that regulate 

carbon gain, water use and reproduction 

ultimately scale up to determine 

ecosystem productivity, species 

distributions and food security. This 

article synthesises current knowledge on 

how variability in temperature, water 

and carbon dioxide influences plant 

function across contrasting zones, and 

highlights the mechanisms that confer 

resilience. 

2. Temperature Variability and 

Photosynthetic Performance 

Temperature is among the 

strongest regulators of plant metabolic 

rate. Photosynthesis follows a 

characteristic unimodal response, rising 

with temperature up to an optimum and 

then declining as enzymatic limitations, 

membrane instability and increased 
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photorespiration begin to dominate. In 

C3 species, the oxygenation activity of 

Rubisco rises more steeply with 

temperature than carboxylation, so the 

net carbon gain per unit of absorbed light 

falls when leaves become excessively 

warm (Sage and Kubien, 2007). C4 

species suppress photorespiration 

through carbon-concentrating 

mechanisms and generally have higher 

thermal optima, although they are not 

immune to heat damage. 

The biochemical model of 

photosynthesis developed by Farquhar 

and colleagues remains the cornerstone 

for interpreting these patterns, because it 

links Rubisco kinetics, electron transport 

capacity and triose phosphate utilisation 

to leaf temperature and internal carbon 

dioxide concentration (Farquhar et al., 

1980). Under heat stress, Rubisco 

activase becomes thermally labile, 

thylakoid membranes leak protons, and 

photosystem II loses efficiency, 

producing a measurable decline in the 

maximum quantum yield of chlorophyll 

fluorescence. 

Importantly, thermal responses are 

not fixed. Plants acclimate by shifting 

their temperature optimum, altering 

membrane lipid composition, and 

increasing the production of heat shock 

proteins and antioxidants. Acclimation 

capacity is greatest in species from 

variable climates and smallest in species 

from stable environments, which 

explains why warm-adapted tropical taxa 

may be particularly exposed when 

temperatures exceed their narrow 

tolerance ranges. The conceptual figure 

below illustrates how the thermal 

response of carbon gain differs among 

ecological zones under progressive 

warming. 

3. Water Availability, Drought, 

and Hydraulic Responses 

Water supply controls plant growth 

more consistently than any other single 

factor across the terrestrial biosphere. 

When soil moisture declines or 

atmospheric demand rises, plants 

respond first through stomatal closure, 

which conserves water but also restricts 

carbon dioxide uptake. Prolonged water 

deficit then triggers osmotic adjustment, 

root proliferation into deeper soil layers, 

reduced leaf area and, in extreme cases, 

leaf shedding (Chaves et al., 2003). 

Abscisic acid acts as the principal 

chemical signal coordinating these 

responses between roots and shoots. 

Beyond stomatal regulation, 

hydraulic function is central to survival. 

Water moves through the xylem under 

tension, and when this tension becomes 

excessive, air bubbles can enter conduits 

and cause embolism that blocks 

transport. Large-scale analyses of tree 

mortality show that hydraulic failure, 

often combined with carbon starvation 

and biotic attack, is a dominant trigger of 

drought-induced death in forests 
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worldwide (Choat et al., 2018). Species 

differ in their vulnerability thresholds, 

and the margin between normal 

operating water potential and the point 

of hydraulic failure is a powerful 

predictor of drought resilience. 

Climate variability amplifies these 

risks because droughts are becoming 

more intense and more frequently 

coupled with heat waves. Compound 

events place plants under simultaneous 

demands for evaporative cooling and 

water conservation, forcing a trade-off 

that cannot be resolved without 

physiological damage. Understanding 

these thresholds is therefore critical for 

predicting vegetation responses in both 

rain-fed agricultural systems and natural 

ecosystems. 

4. Elevated Atmospheric Carbon 

Dioxide and Stomatal Regulation 

Rising atmospheric carbon dioxide 

is a distinctive component of climate 

change because it can directly stimulate 

photosynthesis rather than merely acting 

as a stressor. Free-air enrichment 

experiments have shown that elevated 

carbon dioxide increases light-saturated 

photosynthesis in C3 plants, reduces 

stomatal conductance and improves 

water-use efficiency, although the 

magnitude of the benefit varies with 

species, nutrient supply and growth form 

(Ainsworth and Long, 2005). 

The reduction in stomatal 

conductance is of particular importance 

for dry regions, because lower 

transpiration per unit leaf area can delay 

the onset of soil water depletion and 

extend the period of active growth. 

However, this benefit may be offset by 

warmer leaf temperatures resulting from 

reduced evaporative cooling. In addition, 

long-term exposure often leads to 

photosynthetic acclimation, in which 

Rubisco content and activity decline, 

partially eroding the initial stimulation. 

Nutrient availability strongly 

modulates these responses. Under 

nitrogen or phosphorus limitation, plants 

cannot fully use the additional carbon 

supply, and the growth response is 

muted. Furthermore, tissue nitrogen 

concentrations frequently decline under 

elevated carbon dioxide, which has 

implications for the nutritional quality of 

crops and the palatability of foliage for 

herbivores. The net outcome for 

ecosystems therefore depends on 

interactions among carbon dioxide, 

temperature, water and nutrients rather 

than on any single driver. 

5. Plant Responses in Tropical 

Ecosystems 

Tropical forests contain a large 

proportion of global plant biomass and 

biodiversity, and they operate close to 

the upper limits of temperature tolerance 

for many species. Because year-round 

warmth has historically limited exposure 

to thermal extremes, tropical plants often 

show narrower thermal acclimation 
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capacity than their temperate 

counterparts. A modest rise in mean 

temperature, particularly when combined 

with elevated night-time temperatures 

that increase respiratory carbon loss, can 

therefore reduce net carbon gain and 

slow growth. 

Water relations are also changing. 

Although tropical regions receive 

abundant rainfall, interannual variability 

linked to ocean-atmosphere oscillations 

can produce severe seasonal droughts. 

Canopy trees with deep roots may buffer 

short dry spells, whereas shallow-rooted 

understory species and seedlings are 

more vulnerable. Evergreen species with 

high leaf nitrogen and high 

photosynthetic capacity generally sit at 

the resource-acquisitive end of the leaf 

economics spectrum, which tends to 

carry a cost in reduced stress tolerance 

(Wright et al., 2004). 

Despite these vulnerabilities, 

tropical vegetation shows important 

mechanisms of resilience, including leaf-

level thermoregulation through 

transpirational cooling, adjustment of 

leaf angle, and the production of 

isoprene and other volatile compounds 

that protect membranes from heat. Long-

term monitoring of forest plots remains 

vital for detecting shifts in species 

composition, as heat- and drought-

tolerant taxa may progressively replace 

sensitive ones. 

6. Plant Responses in Arid and 

Semi-Arid Zones 

Arid and semi-arid ecosystems are 

characterised by low and erratic rainfall, 

high evaporative demand and often 

saline or nutrient-poor soils. Plants in 

these environments have evolved a range 

of strategies, including drought 

avoidance through short life cycles, 

drought tolerance through osmotic 

adjustment and desiccation-resistant 

tissues, and water-saving carbon fixation 

through crassulacean acid metabolism, in 

which stomata open at night when 

evaporative demand is low. 

Structural adaptations are equally 

important. Small, thick or hairy leaves 

reduce heat load and water loss, deep tap 

roots access groundwater, and extensive 

lateral roots capture brief rainfall pulses. 

Salinity frequently accompanies aridity, 

and tolerance depends on ion exclusion, 

compartmentalisation of sodium into 

vacuoles and synthesis of compatible 

solutes that preserve cellular turgor 

(Munns and Tester, 2008). 

Climate variability poses a dual 

challenge in these zones. Intensified 

droughts may push even well-adapted 

species beyond their tolerance limits, 

while episodic heavy rainfall can 

stimulate rapid but short-lived growth 

that depends on soil seed banks and 

pulse-responsive physiology. Rising 

temperatures further raise vapour 

pressure deficit, increasing water loss for 
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a given stomatal opening. Because arid 

zones support a large share of the world's 

pastoral and dryland farming 

communities, physiological resilience 

here has direct socioeconomic 

significance. 

7. Temperate, Alpine, and 

Boreal Zone Responses 

Temperate vegetation experiences 

pronounced seasonality, and its 

physiology is closely tied to the timing 

of phenological events such as bud burst, 

flowering and leaf senescence. Warming 

generally advances spring phenology 

and delays autumn senescence, 

lengthening the potential growing 

season. However, earlier leaf emergence 

also increases the risk of exposure to late 

frost, which can damage young tissue 

and offset the benefits of a longer 

season. 

At high elevation and latitude, low 

temperature is the primary limitation on 

growth. Alpine plants maintain 

photosynthesis at low temperatures 

through cold-adapted enzymes, compact 

growth forms that create favourable 

microclimates, and substantial 

carbohydrate storage. Research on alpine 

plant life shows that growth in these 

systems is often limited by the capacity 

of tissues to use carbon rather than by 

carbon supply itself (Korner, 2003). 

Warming may therefore relax constraints 

on growth, but it also invites competition 

from lower-elevation species that 

migrate upslope. 

Boreal forests face a different set 

of risks, including permafrost thaw, 

altered snow regimes, increased 

disturbance by fire and insect outbreaks, 

and moisture stress in continental 

interiors. Winter hardening, regulated by 

photoperiod and temperature cues, 

depends on reliable seasonal signals, and 

mismatches between these cues under 

changing climate can lead to premature 

dehardening and freezing injury. The 

responses of cold-zone vegetation are 

thus a balance between expanding 

opportunity and emerging vulnerability. 

8. Phenotypic Plasticity, 

Acclimation, and Adaptation 

Plants respond to climatic 

variability across three distinct time 

scales. Acclimation refers to reversible 

physiological adjustment within an 

individual over hours to weeks; 

phenotypic plasticity encompasses the 

capacity of a genotype to produce 

different phenotypes under different 

environments; and adaptation involves 

heritable genetic change across 

generations. All three contribute to 

persistence under changing climates, but 

they operate at very different speeds 

(Nicotra et al., 2010). 

Plasticity can be highly beneficial 

when environmental change is within the 

range experienced by a population, 

because individuals can adjust leaf 
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morphology, root-to-shoot allocation, 

stomatal density and phenology without 

genetic change. Yet plasticity has costs 

and limits. Maintaining sensory and 

regulatory machinery is metabolically 

expensive, and plastic responses may be 

maladaptive when cues become 

unreliable, such as when warm winters 

trigger early growth that is later 

damaged by frost. 

Plants rarely face one stress in 

isolation. Combined heat and drought, or 

salinity together with heat, elicit 

responses that differ from those to 

individual stresses and cannot be 

predicted by simple addition of single-

stress experiments (Mittler, 2006). 

Molecular networks involving reactive 

oxygen species, hormonal crosstalk, 

transcription factors and epigenetic 

regulation integrate these signals. 

Identifying genotypes with strong 

combined-stress tolerance, together with 

the genes and regulatory modules 

responsible, is a central goal of modern 

plant breeding. 

9. Implications for Agriculture, 

Conservation, and Future Research 

Observed warming since 1980 has 

already measurably affected the yields of 

major crops, with negative effects for 

wheat and maize in many regions that 

offset gains from carbon dioxide 

fertilisation and technology (Lobell et 

al., 2011). As variability intensifies, crop 

systems will require cultivars with 

improved heat tolerance during 

flowering, deeper or more efficient root 

systems, and enhanced water-use 

efficiency. Management practices such 

as adjusted sowing dates, conservation 

tillage, mulching, supplemental 

irrigation and diversified rotations can 

complement genetic improvement. 

For conservation, physiological 

knowledge can identify which species 

and populations are most vulnerable and 

where refugia exist. Trait-based 

approaches that quantify hydraulic safety 

margins, thermal tolerance limits and 

acclimation capacity offer more 

mechanistic predictions than correlative 

range models alone. Assisted migration, 

restoration using drought-tolerant 

provenances and protection of 

microclimatic heterogeneity are 

strategies that rely on this physiological 

evidence. 

Several research priorities emerge. 

Field experiments that impose realistic 

combinations of warming, drought and 

elevated carbon dioxide across multiple 

zones remain scarce, especially in the 

tropics and in arid regions of the Global 

South. Greater integration of 

physiological measurements with remote 

sensing, eddy covariance observations 

and process-based vegetation models 

would improve scaling from leaf to 

landscape. Finally, standardised, openly 

shared trait databases and long-term 

monitoring networks will be essential for 
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detecting thresholds before irreversible 

losses occur. 

 

 

Summary 

Climate variability reshapes plant 

physiology through interacting changes 

in temperature, water availability and 

atmospheric carbon dioxide, and the 

outcome depends strongly on the 

ecological zone in which a plant lives. 

Tropical vegetation is sensitive to 

modest warming because of narrow 

thermal safety margins and limited 

acclimation capacity. Arid-zone species 

are well equipped through water-saving 

metabolism, structural adaptation and 

salt tolerance, yet intensified droughts 

and rising evaporative demand may 

exceed these buffers. Temperate and 

cold-zone plants may benefit from 

longer growing seasons and reduced cold 

limitation, but face frost mismatch, 

competition and disturbance. 

Elevated carbon dioxide improves 

water-use efficiency and may stimulate 

photosynthesis, although nutrient 

limitation, heat and acclimation reduce 

its benefits. Plasticity, acclimation and 

adaptation together determine 

persistence, and combined stresses 

require integrated tolerance mechanisms. 

Advancing crop breeding, trait-based 

conservation and multi-factor field 

experimentation, particularly in 

underrepresented tropical and dryland 

regions, is essential for maintaining 

productivity and biodiversity in a 

variable climate. 
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