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Abstract

Crop growth and development analysis is essential for optimizing agricultural productivity, resilience, and
sustainability. This review synthesizes the fundamental principles, analytical parameters, and advanced
modeling tools used to evaluate crop performance. Key physiological parameters such as Relative Growth
Rate (RGR), Net Assimilation Rate (NAR), and Leaf Area Index (LAI) serve as critical indicators of
biomass accumulation, canopy development, and photosynthetic efficiency. These parameters support a
deeper understanding of genotype x environment X management (GXExM) interactions and guide improved
agronomic decisions. Modern simulation models like DSSAT, APSIM, InfoCrop, and ORYZA are increasingly
integrated with artificial intelligence, remote sensing, and loT-based technologies to deliver scalable, real-
time insights for climate-resilient agriculture. Despite technological advancements, challenges such as data
scarcity, calibration complexity, and limited accessibility remain prevalent. Bridging interdisciplinary gaps
and democratizing access to crop growth models are key to future progress. Overall, this review highlights
the critical role of growth analysis in sustainable agriculture and the transformative potential of integrated
technological solutions.
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1. Introduction

Growth analysis in plants is a quantitative approach used to interpret developmental dynamics
through morpho-functional and structural parameters. It involves the measurement of biomass accumulation
and leaf area expansion, facilitating a better understanding of the physiological mechanisms driving crop
productivity. Growth, defined by an increase in dry matter and organ size, is distinct from development,
which is characterized by the transition through specific phenological stages such as germination, vegetative
expansion, flowering and senescence.

The analysis of growth and development parameters is crucial for deciphering genotype x environment
x management (GXExM) interactions which are pivotal for enhancing crop yield, resilience to biotic and abiotic
stresses and resource use efficiency in contemporary agriculture. In light of accelerating climate change, soil
degradation and global food insecurity, the demand for scalable, high-precision tools for crop growth analysis
has surged. This review explores the foundational concepts, analytical methods, emerging technologies and
future prospects in crop growth and development research.

2. Different Methods of Crop Growth and Development Parameters

Crop growth analysis involves studying how plants accumulate biomass, expand their canopy and allocate
resources like nutrients and water throughout their life cycle. From the emergence of the first leaf to the final
grain fill, each stage of development carries critical implications for yield, resilience and input efficiency.
Researchers use specific parameters like Relative Growth Rate (RGR), Net Assimilation Rate (NAR) and
Leaf Area Index (LAI) to quantify growth patterns. These metrics allow scientists to compare different crop
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varieties, evaluate agronomic practices and model how crops respond to environmental stress. Here are some

different crop growth and development parameters mentioned below in Table 1:

Table 1: Physiological growth metrics in crop performance evaluation

(BMD)

the time it’s maintained

Growth Analysis Pa- | Description Unit Importance

rameter

Relative Growth Rate | Increase in plant dry g gtday™? Reflects the rate of proportional

(RGR) weight relative to its growth, independent of plant
existing dry weight size
over time

Net Assimilation Rate | Increase in dry matter |gcm2day ' | Represents the plant’s efficien-

(NAR) per unit of leaf surface cy in converting assimilates
area through photosynthesis

Crop Growth Rate Increase in dry weight | gcm™2day ! | Measures dry matter production

(CGR) per unit area of land on a land-area basis; reflects net

primary productivity

Absolute Growth Rate | Total dry weight gain | g day™’ Indicates overall growth perfor-

(AGR) over time mance of the plant

Leaf Area Index (LAI) | Ratio of total leaf area | Dimension- | Determines how much ground
to the ground area it less surface is covered by leaf
covers canopy

Leaf Area Ratio Leaf area relative to cm? g! Shows the plant’s investment

(LAR) total plant dry weight in leaf area compared to total

biomass

Leaf Weight Ratio Leaf dry weight as a gg! Indicates the allocation of

(LWR) proportion of total plant biomass to photosynthetically
dry weight active tissue

Specific Leaf Area Leaf area per unit of cm?g! Higher SLA suggests thinner or

(SLA) leaf dry weight less dense leaves

Specific Leaf Weight | Leaf dry weight per gcm? Higher SLW reflects thicker or

(SLW) unit of leaf area denser leaf structure

Leaf Area Duration Cumulative leaf area cm? day Reflects the duration of leaf

(LAD) maintained over a peri- presence and photosynthetic
od of time activity

Biomass Duration Product of biomass and | g day Indicates persistence of bio-

mass and is helpful in estimat-
ing maintenance respiration
over time

3. Why Crop Growth and Development Analysis in Agricultural Research?

A

ii.

iil.
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Improving crop yield and efficiency: Crop growth analysis identifies critical stages and physiological
traits that govern yield formation. This enables the optimization of management practices such as

irrigation scheduling, fertilizer application and plant density, leading to increased productivity with
reduced resource inputs (D1 Paola et al., 2016).

Modeling and forecasting yields: Accurate growth data underpin the performance of simulation
models such as DSSAT, InfoCrop and APSIM, which are extensively used to forecast yield under

varying environmental and management conditions. The integration of remote sensing and machine
learning has further enhanced the precision and scalability of these forecasts (Xie and Huang, 2021).

Breeding and variety selection: Growth parameters serve as phenotypic markers in breeding programs.
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Selection based on early biomass accumulation, efficient leaf area development or stress resilience
traits helps develop cultivars suited to specific agro-ecological zones.

iv.  Climate adaptation and resilience: Understanding how crops respond to changing temperature,
precipitation and CO: levels enables researchers to design climate-resilient cropping systems. Growth
modelling is also essential in scenario analysis and policy planning for food security (Doi et al., 2020).

Figure 1: Applications of crop growth analysis in modern agriculture and climate adaptation

4. Crop Simulation Models and Decision Support Tools for Agricultural Planning and Climate Impact

Agricultural Research Benefits

—

o>

Modeling and
Forecasting

Predict future yields
using data analysis. varieties for

breeding.

Breeding and
Variety

Select superior crop

Climate
Adaptation
Enhance crop

resilience to
changing climates.

Assessment
Model/Tool Key Features Applications
DSSAT Simulates 42+ crops, assesses crop Climate impact on rice and

(Decision Support System
for Agro-Technology

water stress, phenology, climate
effects

groundnut in Tamil Nadu; CO:
levels enhanced yields

(Agricultural Production
Systems Simulator)

management interactions, crop
sequences, nutrient cycling

Transfer)

RCYES Integrates IMD weather data and Simulates yield, biomass,
DSSAT-CSM, generates GIS-based stress; generates spatial maps

(Regional Crop Yield outputs

Estimation System)

APSIM Simulates soil-climate-genotype- Predicts crop performance

under varied rotations and
management

balances in rice; potential and stressed
conditions

WTGROWS Simulates wheat growth, dry matter, | National wheat yield forecasts,
yield based on weather & nutrients validated at Pantnagar for
(WheaT GROwth PBW343 & UP2382
Simulator)
InfoCrop Simulates growth, pest/disease losses, | Impact assessment and
GHG emissions, stress responses adaptation for mustard,
sorghum, maize across 6
Indian locations
ORYZA Simulates water, carbon, nitrogen Validated for 18 varicties

across Asia; tested in Orissa
for Kharif rice
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FAO-CROPWAT Estimates ETo and NIR for irrigation | Water supply-demand analysis
planning; integrates climate and soil | in Nawagarh canal command

(FAO Crop Water data area

Assessment Tool)

Overview of Agricultural Technology Models

RCYES APSIM
DSSAT A system for A comprehensive
A decision reglonql crop yield agricultural A wheat growth
estimation systems model .
support system simulator model
for agro-
technology

transfer

InfoCrop ORYZA FAO-CROPWAT

A model for A tool for

A model for
simulating rice
growth

simulating crop
growth and yield

irrigation and
water
management

Figure 2: Overview of crop simulation models and decision support tools
5. Challenges

< Data limitations: Accurate crop growth analysis requires large, high-quality datasets. In many
regions, especially in the Global South, there is limited access to reliable field data, weather inputs
and soil parameters.

«» Model uncertainty and generalizability: Many existing models are highly location-specific or crop-
specific, making it difficult to scale predictions globally. Furthermore, growth models often fail to
capture complex plant-environment interactions under real-world conditions.

< Calibration and validation complexity: Crop models require careful calibration against field data,
which is time-consuming and requires expertise. Incorrect calibration can lead to significant errors in
yield prediction.

< Interdisciplinary gaps: Effective crop growth analysis lies at the intersection of agronomy,
meteorology, data science and plant physiology. Bridging these disciplines remains a significant
challenge for collaboration, education and funding.

«» User accessibility and adoption: Despite technological advances, many farmers and agricultural
stakeholders lack the technical capacity or infrastructure to use growth models and decision support
systems effectively.

6. Future perspectives

+» Integration with AL, IoT and remote sensing: Advances in artificial intelligence, machine learning
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and Internet of Things (IoT) devices are revolutionizing how crop growth is monitored. Real-time data
from drones, satellites and field sensors can now feed directly into growth models to provide dynamic,
scalable insights.

X/

¢ Climate-responsive modeling: Future models are being adapted to include multi-stress responses
(drought, heat, salinity, pest pressure), enabling better planning for climate adaptation.

X/

¢ Phenotyping and genomic integration: High-throughput phenotyping platforms and genotype-by-
environment interaction modeling are helping link physiological traits with genetic markers. This will
accelerate breeding for climate-smart and resource-efficient crops.

¢ Open-access platforms and democratized tools: The future will likely see the growth of open-source
crop modeling tools, enabling farmers, extension agents and researchers in low-resource settings to
benefit from advanced analytics.

6. Conclusion

The study of crop growth and development parameters forms the cornerstone of modern precision agriculture.
It facilitates a detailed understanding of plant responses to environmental conditions and management
practices, offering critical insights into yield prediction, resource use efficiency, and resilience building.
Advanced modeling systems such as DSSAT, APSIM, and InfoCrop have significantly enhanced the accuracy
and applicability of growth assessments, especially when integrated with real-time data streams and Al-driven
analytics. However, significant challenges persist—including data limitations, model calibration demands,
and a lack of accessible tools for stakeholders in resource-limited settings. Addressing these hurdles through
open-source technologies, interdisciplinary collaborations, and farmer-centric innovations will be vital. The
future lies in scalable, adaptive modeling frameworks that not only interpret past and current growth dynamics
but also forecast future trends under diverse climatic scenarios, ultimately contributing to sustainable crop
production and global food security.
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