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Abstract:  This study simulated the (extreme) environments of six climate zones in a growth chamber,
expanding the application boundaries of digital twins in plant growth modeling, especially in coping with future
climate change ("Climate 2050") and space plant cultivation, providing new perspectives and technical paths. The
study used three machine learning models, linear regression, random forest and boosted decision tree, to predict
the biomass of lettuce under 4 scenarios. The random forest model performed best in all scenarios, with a
coefficient of determination R? close to 0.99 and a mean absolute percentage error (MAPE) of 6%. By introducing
correction factors, the prediction accuracy of the model was further improved for the scenarios of no watering,
fertilization and soil-sand mixture. Combining real-time climate input with machine learning predictions, this
study demonstrated the potential for the widespread application of the digital twin framework in future climate-
resilient agriculture and space plant cultivation.
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1. INTRODUCTION

As global climate change intensifies, agricultural production is facing unprecedented environmental challenges,
especially under multiple pressures such as extreme temperatures, frequent droughts and soil degradation, the yield
and quality of crops are becoming increasingly unstable. The Intergovernmental Panel on Climate Change (IPCC)
reports that the global mean temperature has increased by approximately 0.8-1.3°C relative to the pre-industrial
baseline of 1850-2019. However, to more accurately simulate and predict the operating status of future agricultural
systems, digital twin (DT) technology is gradually becoming a key tool to promote the development of smart
agriculture. This technology can provide high-timeliness and high-precision decision support for agricultural
management by connecting real physical systems with virtual models in real time. At the same time, with the
development of artificial intelligence, embedding machine learning models into digital twin systems has become
an important way to improve crop growth prediction capabilities.

2. METHODOLOGY AND RESULTS

This study collected real-time meteorological data from six cities in typical climate zones around the world (Lleida,
Adelaide, Paris, San Luis, Singapore and Fairbanks), and replicated them in controlled growth chambers in turn,
simulating the climate of a new city every week, achieving a "virtual switch" of the environment, and reproducing
the extreme growth environment under the future "Climate 2050". We used three machine learning algorithms,
including linear regression, random forest and gradient boosting tree, in this system to build and compare biomass
prediction models under different scenarios.

We designed 4 experimental scenarios (normal conditions, no watering, fertilization, and soil-sand mixture) to
predict the growth performance of lettuce and compared the prediction effects of three machine learning models:
linear regression, random forest, and boosted decision tree. Figure 1 shows that linear regression significantly
overestimates the biomass under normal and fertilization conditions, indicating that its underfitting problem is
serious; while random forest performs most stably in each scenario, and the predicted value is closest to the
measured value, with R? reaching 0.984 and MAPE of 6.3%. Weekly biomass variation was modest across the
4 climate zones, with the exception of a significantly faster rate of biomass growth during the spring in arctic
Fairbanks.

In addition, we improve the model predictions for the no watering, fertilization, and soil-sand mixture scenarios
by adding correction factors. The optimal factor was selected by calculating MAPE and relative error. The results
showed that the average absolute deviation MAPE was around 6% under all scenarios, indicating that the model
prediction deviation was small and generally reliable. In different scenarios, the correction factor was selected to
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avoid the model overestimating or underestimating plant growth. By comparison, the model predictions are best
when the correction factors are 0.12, 1.6, and 0.7. respectively, Table 1 (Liang et al., 2025).
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Figure 1 Comparison between the predicted and measured values of the three algorithms under different
scenarios. (Source: Liang et al., 2025)

Table 1 Model calibration results under different scenarios using
correction factors to improve prediction accuracy

. Correction o Predicted  Relative
Scenario No. factor MAPE/% Value Error/%
N 1 0.10 6.11% 2.24 21.95
wate?in 2 0.12 6.36% 2.68 6.62
£ 3 0.14 6.17% 3.09 7.67
2 1.5 6.03% 33.44 8.43
Fertilisation 2 1.6 6.05% 35.75 2.10
3 1.7 6.07% 38.76 6.13
Soil d 1 0.7 6.03% 15.44 3.62
n‘;‘lX;?fe 2 0.8 6.11% 17.88 11.61
3 0.9 5.99% 19.77 2341
3. CONCLUSIONS AND OUTLOOK

This study introduced the "Climate 2050" scenario and simulated the extreme environments of six climate zones
in the growth chamber, expanding the application boundaries of digital twins in plant growth modeling, especially
in coping with future climate change and space plant cultivation, providing new perspectives and technical paths.
The system accurately predicted lettuce biomass (R* = 0.99, MAPE ~ 6%) under multiple scenarios. This study
not only improves the prediction capability of biomass by machine learning in digital twin systems but also lays
the foundation for the image-based IoT digital twin loop that we subsequently developed. The system collects
lettuce images through a camera, combines image binarization, CNN 3D deconvolution model, and multi-agent
generation system (MAGS) to achieve real-time recognition and intelligent decision-making control of plant
growth status. Although this research focuses on biomass prediction driven by climate variables, related image
recognition methods will be further integrated in subsequent studies to achieve more comprehensive plant growth
modelling.
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