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The possibility of determining seasonal dynamics of agroecosystem productivity was estimated 
based on the combined use of satellite data and results of a mathematical model study. The study 
showed a qualitative agreement between normalized difference vegetation index (NDVI) and the 
total aboveground phytomass of the wheat and oat agroecosystem. Analysis of the mathematical 
model proved the possibility of prediction and improvement of the crop yield estimate. A distinction 
has been made between the vegetative and reproductive biomass of the agroecosystem. Results 
of mathematical modeling were in good agreement with ground-truth data in the case of nutrient 
(nitrogen) limitation.

Keywords: agroecosystems, satellite remote sensing, a mathematical model, vegetative and 
reproductive biomass.

Оценка урожайности агроценозов  
на основе спутниковой информации  
и математической модели
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На основе комплексного использования спутниковых данных и результатов исследования 
математической модели оценена возможность определения сезонной динамики урожайности 
агроценоза пшеницы. Отмечено качественное совпадение нормализованного вегетационного 
индекса (NDVI) и общей наземной фитомассы агроценоза. На основе исследования 
математической модели показана возможность прогноза и уточнения урожайности зерновых 
культур. При этом выделены вегетативная и генеративная биомассы агроценоза и показано 
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совпадение результатов математического моделирования с данными наземных исследований 
при лимитировании биогенным элементом (азотом).

Ключевые слова: агроценозы, дистанционное спутниковое зондирование, математическая 
модель, вегетативная и генеративная биомассы.

Introduction
Agriculture is an important branch of national economy in Russia and other countries. Monitoring 

of vast agricultural areas still represents a challenging task since the monitoring network, including 
ground-based weather stations, is not sufficiently developed, there are not enough accurate maps, etc. 

Satellite methods, which are used in many countries, offer an effective way to resolve these 
problems [13]. Satellite images may be used to facilitate collection of agricultural statistics, by enhancing 
the accuracy, uniformity, objectivity, and frequency of monitoring. They help researchers improve 
methods of crop monitoring and forecasting on the local and global scales [4, 5]. A number of studies 
have shown that the cumulative seasonal normalized difference vegetation index (NDVI) values were 
significantly correlated with reported crop yields [6, 7]. Doraiswamy and Cook [8] demonstrated that 
cumulative NDVI values for spring wheat during the grainfill period improved estimates of crop yields 
in North Dakota. Moges et al. [9] analyzed correlations between normalized difference vegetative 
indices (NDVI) based on red (RNDVI) or green (GNDVI) reflectance and plant health, biomass, and 
nutrient content. RNDVI was better correlated with plant biomass than GNDVI was. Remote sensing 
data are used to make a more accurate prediction of crop harvest, taking into account the degree 
of weed contamination [10]. More advanced methods provided a way to determine thermodynamic 
parameters of the biosphere [11].

Satellite methods combined with mathematical modeling can be successfully used to optimize 
land use and predict changes in agroecosystems [12, 13]. The most promising method for predicting 
and monitoring of the crop from planting to harvest is simulation modeling of the production process. 
This is an essentially new approach to studying the effect of soil and climate on crop production 
[14, 15]. A computer simulation model of regional vegetation dynamics was applied to the terrestrial 
ecosystems of China to study the responses of vegetation to elevated CO2 and global climate change 
[16] At the present time, there are integrated models of agricultural crop growth [17], models of 
development of different plant parts [18], and models of the effect of climate on crop yield [19, 15]. 
Ioslovich and Gutman [20] proposed a model showing differences in photosynthesis use efficiency 
between vegetative and reproductive plant organs. 

The purpose of this study is to investigate seasonal dynamics of agroecosystem production, 
by using a combination of satellite data and a mathematical model of plant production as dependent 
on the supply of mineral nutrients. It is assumed that the combination of these two approaches will 
provide a more accurate estimate of the total agroecosystem production and differentiation between 
the reproductive and vegetative biomasses of agroecosystems. 

Materials and methods

Modis/Terra satellite imagery at a spatial resolution of 250 m was used in this study. 
Photosynthetically active biomass was evaluated using Normalized Difference Vegetation Index  – 
NDVI – calculated from the following formula:
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Modis/Terra satellite imagery at a spatial resolution of 250 m was used in this study. 
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where NIR is reflectance in the near-infrared spectral region; RED is reflectance in the 
red spectral region. Image processing and NDVI computation were conducted using the ENVI 
4.0 software [21].  

	

where NIR is reflectance in the near-infrared spectral region; RED is reflectance in the red spectral 
region. Image processing and NDVI computation were conducted using the ENVI 4.0 software [21]. 

Satellite images were interpreted by using land-based observations of agricultural crops [22]. The 
study plots were spring wheat (Triticum acstivum) and oat (Avena sativa) fields located in the south 
of the Krasnoyarskii Krai. Coordinates of the plots were determined using a GPS-navigator (Garmin 
Olithe, RS, U.S.). During the plant growing season, five samples of fresh aboveground biomass were 
collected from each of 1 × 1 m2 plots at different time points and weighed.

The mathematical model of seasonal dynamics of agricultural crop productivity as dependent on 
the supply of mineral nutrients was studied using the Mathcad software. Coefficients used in the model 
study were computed from results of land-based investigations [22].

Results

The study of seasonal dynamics of wheat and oat agroecosystem productivity was carried out in 
two stages. In the first stage, satellite data were processed and used to calculate seasonal dynamics of 
NDVI values in the wheat and oat fields, and the results were compared with the data obtained from 
land-based measurements of the biomass of the study crops. In the second stage, we constructed and 
studied a mathematical model of the seasonal dynamics of agroecosystem productivity as dependent on 
the amounts of mineral nutrients (nitrogen) in the soil. The model consists of the system of differential 
equations that describe the dynamics of the vegetative and reproductive biomass of the crops. Then, we 
compared the satellite measurements (NDVI dynamics) and theoretical and experimental estimates of 
the seasonal dynamics of the vegetative and reproductive biomass in order to estimate the predictability 
of the crop yields. 

Fig. 1 shows results of satellite data processing: NDVI dynamics for wheat and oat crops. NDVI 
dynamics can provide rather full information on the seasonal dynamics of agroecosystem productivity. 
The phytomass of all spring crops generally increases in early June, reaches its maximum in late July, 
and declines in mid-August. 

Reliable interpretation of satellite imagery was achieved by using results of land-based (ground-
truth) data on the state of the crops. Results derived from satellite images and ground-truth data for 
wheat and oat crops are shown in Fig. 2 and 3. There is stable correlation between the NDVI and 
productivity of wheat and oat agroecosystems. The highest productivity is recorded in July. In August, 
the crops lose moisture and turn yellow; thus, NDVI values decrease. 

It is difficult, however, to study the dynamics of vegetative and reproductive biomass production in 
the agroecosystem using satellite data. In order to be able to predict real productivity of agroecosystems, 
one should find a relationship between the total phytomass of the agroecosystem and its components 
(the biomass of vegetative and reproductive organs). Therefore, we constructed a mathematical model 
describing seasonal dynamics of wheat agroecosystem productivity. The model consists of a system of 
ordinary differential equations with growth limitation at the end of the field season. The limiting factor 
is the mineral nutrient – nitrogen. Nitrogen is one of the major mineral nutrients for plants, and it is the 
factor determining seasonal dynamics of the plant canopy.
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Fig. 1. Seasonal dynamics of NDVI of wheat and oat crops. Time zero is June 1. 
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Fig. 2. Seasonal dynamics of wheat agroecosystem productivity based on satellite and 
ground-truth data. Time zero is June 1. 
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Figure 3. Seasonal dynamics of oat agroecosystem productivity based on satellite and ground-

truth data. Time zero is June 1 
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where Xveg. and Xrep. are vegetative and reproductive biomass, respectively, g/m2; N is nitrogen 
concentration in the soil, g/m2; µveg.(N) and µrep.(Xveg.) are specific rates of increase in vegetative and 
reproductive biomass, d-1; Xveg.max = 880 g/m2 is the maximum vegetative biomass; Xrep. max = 200 g/m2 is 
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Equation (1) of the model represents dynamics of the vegetative biomass of the agroecosystem. 
The first term of its right-hand side determines biomass increase, and the second term is introduced 
to limit the growth as a plant’s growth cannot be infinite. Equation (2) represents dynamics of the 
agroecosystem reproductive biomass; the first term also determines the increase in the reproductive 
biomass and the second term is biomass growth limitation. Equation (3) represents dynamics of 
change in nitrogen concentration in the soil. The nitrogen dependence of the specific rate of increase 
in the agroecosystem vegetative biomass is represented by Equation (4). The vegetative biomass 
dependence of the specific rate of increase in the reproductive biomass is represented by Equation 
(5).

While modeling the biomass of reproductive organs of the wheat, we took into account that in 
this agroecosystem, the increase in the biomass of reproductive organs is related to the increase in the 
biomass of vegetative organs. In this case, a Monod-type formula of vegetative biomass dependence 
of the rate of increase in reproduction biomass was used (Equation 5). It was calculated based on 
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where Xveg. and Xrep. are vegetative and reproductive biomass, respectively, g/m2; N is 
nitrogen concentration in the soil, g/m2; µveg.(N) and µrep.(Xveg.) are specific rates of increase in 
vegetative and reproductive biomass, d-1; Xveg.max = 880 g/m2 is the maximum vegetative 
biomass; Xrep. max = 200 g/m2 is the maximum reproductive biomass;   N0 = 12 g/m2 is initial 
nitrogen concentration in the soil; Y = 30 g vegetative biomass/g nitrogen is yield coefficient; 
µveg. max = 0.04 d-1 and µrep. max = 0.046 d-1

 are maximum specific rates of increase in the 
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ground-truth data. According to this formula, the maximum specific rate of increase in the biomass of 
reproductive organs – µrep max – is defined as a limit to which the rate of increase in the biomass of the 
reproductive organs of the agroecosystem – µrep – tends at the biomass of vegetative organs – Xveg – 
tending to infinity (Fig. 4). 

Based on these assumptions, the model is presented in a way that allows identification of the key 
factors influencing the seasonal dynamics of the crop agroecosystem. 
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Figure 4. Vegetative biomass dependence of specific growth rate of increase in the 
biomass of reproductive organs.  
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Fig. 5. Dynamics of seasonal growth of the wheat agroecosystem (based on the model study and ground-truth 
data). Time zero is June 1
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June and decreases in August, when it dries up. The vegetative biomass of the agroecosystem peaks 
in July. 

This study shows that the mathematical model describing the seasonal growth of crop 
agroecosystems can supplement and improve land-based and satellite measurements. The model has 
also separated vegetative biomass of the agroecosystem from its reproductive biomass. A combination 
of results of mathematical modeling and satellite remote sensing data may provide an effective way of 
promptly obtaining comprehensive information on the state of the crops and their productivity.

Discussion

The main goal of agriculture is to provide people with cheap healthy food. Satellite methods are 
becoming more and more important for the selection of optimal land management, classification of 
agricultural crops, and forecasting of the crop yield. These methods are suitable for tackling these 
issues as they provide sufficient information, are reliable, and enable regular monitoring [23, 24] 

Reliable interpretation of the images should be based on ground-truth data on the state of the 
crops: the phase of development of the ecosystem, amounts of dry and fresh phytomass, and degree of 
weed contamination. In addition to that, based on field observations, one can distinguish between the 
vegetative and reproductive biomass of the agroecosystem. However, this approach to obtaining the 
data on the dynamics of crop productivity is rather complicated. Other shortcomings of this method are 
that the data obtained are local and sporadic. Researchers cannot simultaneously examine all plots in a 
large region and evaluate the state of the entire plant canopy. Moreover, it takes a long time to perform 
land-based measurements, making it impossible to respond quickly to adverse environmental effects 
that might be caused by human activities.  

Therefore, mathematical models have been increasingly used recently [25, 26]. Construction of 
mathematical models capable of predicting growth and productivity of agroecosystems is one of the 
most important tasks of complex ecosystems studies [27]. Of particular importance are development 
and study of dynamic models of yield formation, which can be used for both scientific and practical 
purposes. These models are successfully used to study the plant production process and to predict and 
control yield formation [10].

The main reason why there has been a growing interest in mathematical modeling of plant 
production process is that the extensive use of modern technologies in agriculture will necessarily 
involve controlling environmental factors and crop parameters [28]. As different external factors 
directly influence plant growth and indirectly affect the yield, dynamics of yield formation needs to 
be studied in detail, depending on environmental conditions. These issues can be resolved through 
construction and investigation of integrated mathematical models of the production process with a 
well-developed biological compartment.

A simple but sufficiently accurate model of agricultural crop development still needs to be 
constructed and used in practice.
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