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Abstract

:

Lettuce is an important agricultural plant which is often cultivated under artificial illumination including light of light emitting diodes (LEDs). Spectrum and intensity of used illumination and duration of photoperiod can strongly influence a final lettuce biomass; their effects can be interacted. It means that search of optimal light conditions is complicated problem for experimental investigations because numerous combinations of light conditions should be analyzed. A mathematical model of lettuce productivity can provide the potential tool for intensification of this search; earlier, we preliminarily proposed the minimal model of lettuce productivity under the LED illumination. The aim of the current work was further development, verification, and analysis of the simple mathematical model of the lettuce productivity. Dry weight of a lettuce leaf rosette was used as the main variable of the model; its changes were described as function of difference between production of biomass through assimilation and its consumption through respiration. The model was quantitively parameterized and verified on basis of our previous experimental works devoted to influence of parameters of the LED illumination on lettuce characteristics. It was shown well correspondence between experimental and simulated results. Further analysis of the developed model predicted optimal illumination conditions of the lettuce cultivation. Particularly, it showed a positive influence of gradual and step increase of the light intensity on final biomass of cultivated lettuce plants. Thus, the developed model can be used as the tool for the theoretical prediction of optimal light conditions for the lettuce cultivation.
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1. Introduction


Illumination conditions are an important factor to control plant productivity in greenhouses [1,2] because photosynthesis uses light as an energy source [3,4,5,6], can be regulated by parameters of illumination [7,8,9,10,11,12], and is suppressed by light with high intensity [13,14,15,16]. As a result, light emitting diodes (LEDs) providing light with specific narrow spectral bands and with controlled time regime and intensity are a perspective tool of the plant cultivation under artificial illumination [17,18]. There are numerous works (see, e.g., reviews [17,18,19]) devoted to investigation of influence of various conditions of illumination by LEDs on biomass, morphology, photosynthesis, biochemical composition, and other characteristics in different agricultural plants. However, effects of conditions of LED illumination on morphological, physiological, and biochemical characteristics of plants can be strongly varied and dependent on plant species and stages of their life cycle as well as on spectrum, intensity, and photoperiod of illumination [18]; the variability restricts using LEDs in the plant cultivation and requires extensive investigations of these effects under different illumination conditions in specific species and cultivars of plants.



Lettuce (Lactuca sativa L.), which is widely cultivated under artificial illumination, is the important object of the investigations of influence of illumination by LEDs on plant characteristics [20,21,22,23,24]; spectrum, intensity, and photoperiod of this illumination strongly influence lettuce plants. Particularly, it is known [20,21,22,25] that illumination with increased fraction of the blue light negatively influences the dry weight (DW), photosynthetic light use efficiency, and linear electron flow and positively influences the cyclic electron flow, content of chlorophyll and carotenoids, stomata conductance, and dark respiration; illumination with increased fraction of the red light induces opposite changes. Increasing light intensity stimulates the biomass production and photosynthetic CO2 assimilation (Ahv), increases carotenoid content and stomata conductance, and decreases the non-photochemical quenching of fluorescence and chlorophyll content [26,27,28]. Influence of photoperiod on lettuce plant is intricate: in accordance with few works (e.g., [29]), increasing photoperiod weakly influences the fresh weight (FW), DW and leaf area; in contrast, series of the works [28,30,31] shows that increasing photoperiod significantly increases these plant characteristics.



As a result, search of optimal illumination conditions for the lettuce cultivation can be restricted by necessity of analysis of great number of combinations of light characteristics (spectra, intensities, photoperiods, and, maybe, their long-term changes at the cultivation). The daily light integral (DLI), which is quantity of photons per area for one day, reflects both photoperiod and light intensity and can be linearly related to FW and DW in lettuce [32]; it means that DLI can be potentially used for prediction of the lettuce biomass production under different illumination conditions. However, more accurate analysis shows [30,32,33,34] that changes in the light intensity and photoperiod can influence the lettuce productivity at same DLI. Thus, development of approaches and tools for prediction of the plant productivity under different light conditions remains the topical problem for the lettuce cultivation.



Development of mathematical models of the lettuce productivity can provide this tool because the models can be used for fast analysis of efficiency of specific illumination conditions for the plant cultivation. There are number of mathematical models describing productivity of agricultural plants at different spatial scales [35,36,37,38,39,40]: individual plants, greenhouses, agro-ecosystems, and others. These models are often based on complex description of processes related to productivity (see, e.g., reviews [35] or [40]) including description of photosynthesis, respiration, biomass production, and leaf forming. Particularly, the Farquhar–von Caemmerer–Berry model [41,42,43], which is often used for simulation of the CO2 assimilation in various photosynthesizing systems (e.g., in leaves and canopy [44,45,46,47,48]) under action of different environmental factors (e.g., temperature [42,43,44,49,50]), is the important tool for productivity simulation [39,51,52,53].



However, using this model requires estimation of numerous parameters (e.g., the Farquhar–von Caemmerer–Berry model should be combined with the model of CO2 fluxes through stomata and through mesophyll [47,50,52]; i.e., specific parameters of both models should be estimated for simulation). It makes difficult parameterization of the model to describe plant of specific species (particularly, lettuce) and specific cultivars; as a result, using minimal photosynthetic models [31,54] and simple productivity descriptions seem to be more effective for development of theoretical tools of prediction of the lettuce biomass under different light conditions.



Earlier, we developed the simple model of the lettuce productivity (increasing DW and FW of leaf rosette), which qualitatively described influence of the light intensity and photoperiod on this productivity [31]. The model was based on description of the biomass production through photosynthesis and its consumption through respiration. However, the developed model did not consider series of important points [31] including values of light absorption by leaves, fraction of synthesized biomass distributed to roots, and transport of organic compounds from seeds to leaves. As a result, the developed model could not predict DW and FW of the leaf rosette in lettuce plants in quantitative manner [31].



Thus, the current work was devoted to further development of the simple model of the lettuce productivity under different light conditions (on example of LED illumination) including its additional parameterization (mainly, on basis of the work [31]), verification (on basis of the works [25,31]), and search of optimal LED light conditions for the lettuce cultivation. Both works investigated green-leaved lettuce (cultivar “Azart”) which was cultivated under the combined illumination by white, blue, and red LEDs. Excluding the illumination conditions, the lettuce cultivation was identical in both works (see [25,31]). Plants were grown in pots with mineral wool under about 25 °C and maximal irrigation; solution of fertilizer (the Medium Flora Series®, Terra Aquatica, Fleurance, France) was used for the plant irrigation. Several pots were removed from the experiments in 18th, 25th, and 32nd days to estimate of FW and DW of the leaf rosettes; DW was estimated after 6 h of drying at 100 °C. The green area per plant (S) was estimated on basis of photos of pots with lettuce plants.




2. Development of the Lettuce Productivity Model


2.1. Equations and Parameterization of the Lettuce Productivity Model


Figure 1a shows the general scheme of the simple model of the productivity of the lettuce plant. Equation (1), which was based on the modified equation from [31], was used to describe dynamics of changes in the dry weight of the leaf rosette (DW) in the lettuce plants.


      dDW   dt   = γ ⋅  A  hv    (   β 1  ⋅ PAR  )  ⋅  C  DW   ⋅  S 1   (  DW  )  ⋅    t  PP     24   + γ ⋅  A  hv    (   β 2  ⋅ PAR  )  ⋅  C  DW   ⋅  S 2   (  DW  )  ⋅    t  PP     24   +     +   V − R  d  ⋅  C  DW   ⋅  C   R / DW    ⋅ DW    



(1)




where DW (g) was the dry weight of rosette of leaves, γ was the fraction of the produced DW distributed to the leaf rosette, CDW (g m2 s1 µmol−1 cm−2 h−1) was the proportionality constant for conversion of µmol m−2 s−1 (rates of the assimilation of CO2 or respiration) into g cm−2 h−1 (rates of the production or consumption of DW per 1 cm2), Ahv (β1·PAR) and Ahv (β2·PAR) were photosynthetic CO2 assimilation rates (µmol m−2 s−1) under the specific light intensity (PAR, µmol m−2 s−1) in the first and second layers of leaves, β1 and β2 were fractions of PAR absorbed by the first and second layers of leaves, S1 (DW) and S2 (DW) were areas (cm2) of the first and second layers of leaves, tPP (h) was photoperiod, 24 (h) was the duration of the full light-dark cycle, V (g h−1) was the DW production rate caused by the transport of organic compounds from seed to leaves, Rd (µmol m−2 s−1) was the dark respiration rate, CR/DW (cm2 g−1) was the proportionality constant for conversion of g cm−2 h−1 (rate of the DW consumption per 1 cm2) into h−1 (rate of the DW consumption per 1 g of DW).



S1 (DW) showed area of green leaves directly illuminated by the LEDs; it could be experimentally measured as the green area per plant (S) in the canopy photo [25,31]. This characteristic was based on the classical “sun–shade model” [39,45,55] describing the illumination of “sun” parts of canopy by direct light and illumination of “shade” parts by weak light transmitted through upper leaves. In accordance with our previous model [31], S1 (DW) was approximated by the standard equation from chemical kinetic:


   S 1   (  DW  )  =  S  max   ⋅   DW   DW +  K S     



(2)




where Smax was the maximum S1, KS was value equaling to the DW at S1 (DW) = 0.5·Smax. Earlier, it was shown that Smax = 296 cm2 and KS = 0.72 g for the lettuce cultivar “Azart” [31].



Considering     DW   DW +  K S      as the probability of the leaf localization in the first layer (“sun” layer), probability of the leaf localization in the second layer (“shade” layer) could be described as      (    DW   DW +  K S     )   2   ; as a result, Equation (3) was used for S2 (DW):


   S 2       (  DW  )  =  S  max   ⋅    (    DW   DW +  K S     )   2   



(3)







Equations (4) and (5) were used for description of β1 and β2:


   β 1  =    ∫  λ = 400   800     f    ( λ )  ⋅  α      ( λ )         d λ   



(4)






   β 2  =    ∫  λ = 400   800     f    ( λ )  ⋅      1 − α      ( λ )   2  ⋅  α      ( λ )         d λ   



(5)




where f(λ) was spectrum of illumination of the light source, α(λ) was spectrum of the leaf light absorption, λ was wavelength. All spectra were analyzed from 400 to 800 nm.      1 − α   ( λ )   2    showed partion of light, which was transmitted through the first layer of leaves and acted on the leaves of the second layer. In accordance with our experimental works [25,31], two variants of spectrum of light source (combination of red, blue, and white LEDs with regulated intensity and time regime) were used: with increased intensity of red light (the “red” variant) and with increased intensity of blue light (the “blue” variant). The red variant, which was more effective for the lettuce cultivation [25], was used as the main variant of illumination for simulations. Red and blue f(λ) from the Figure 1b in [25] were used for simulations in the current work.



Figure 1b shows α(λ) in the lettuce leaves. The spectrum was measured by PolyPen RP 410 UVIS systems (Photon Systems Instruments, Drásov, Czech) in experiment, which was described in detail in our previous experimental work [31]. This spectrum of the leaf light absorption was used for simulations in the current work.



Thus, β1 and β2 equaling to 0.7739 and 0.0812 (red variant) or equaling to 0.7894 and 0.0776 (blue variant) were used in the current investigation. It should be noted that we did not analyze the third, fourth, and next layers of leaves because the light flow acted to these layers should be very weak. PAR equaled to 180 µmol m−2 s−1 [25,29,31] was used for the parameterization and verification of the productivity model.



Light dependence of the CO2 assimilation rate was described with using the standard equation from chemical kinetic in accordance with our previous work [31]:


   A  hv        ( I )  =  A  hv      max   ⋅  I  I +  K A     



(6)




where Ahvmax was the maximum photosynthetic CO2 assimilation rate, KA was value equaling to I at Ahv(I) = 0.5·Ahvmax, I (intensity of the absorbed light) was β1·PAR or β2·PAR for the first or second leaf layer, respectively. In accordance with [31], KA = 516.5 µmol m−2 s−1 (after correction on light absorption by leaf) and Ahvmax = 12 µmol m−2 s−1.



Rd was assumed as constant [31]. Rd = 0.769 µmol m−2 s−1 was mainly used for simulation in the current work in accordance with [31]. To verify the model on basis of experimental results from the work [25], Rd = 0.592 µmol m−2 s−1 (red variant) and Rd = 0.987 µmol m−2 s−1 (blue variant) were used in accordance with this work; using these Rd was noted in captions of the corresponding figures and in the text.



γ could be noted on basis of ratio of the dry weights of root to the dry weight of shoot (DW (Root)/DW (Shoot)):


  γ =  1  1 +    DW ( Root )   /   DW ( Shoot )       



(7)







It should be noted that Equation (7) can have error (low measured γ) on the early stage of growth because DW (Root) can also include additional dry weight through transport of organic compounds from seed; with increasing plant biomass, this error is eliminated (the measured γ is increased). Work [56] showed that γ was increased to about 0.94 with increasing shoot and root dry weights; thus, γ = 0.94 was used for simulations in the current work.



CDW was approximately calculated on basis of experimental results of work [31] for 24 h photoperiod, in accordance with Equation (8):


   C  DW   =    Δ DW     Δ S  ⋅  (   A  hv      Av   −  R d     Av    )    ⋅  1 7  ⋅  1  24    



(8)




where ΔS and ΔDW were the average illuminated leaf area and change in DW for 1 week, respectively, AhvAv and RhvAv were the average CO2 assimilation and respiration for this week, 7 and 24 were coefficients for conversion of g cm−2 week−1 to g cm−2 h−1. It was shown that CDW = (3.177 ± 1.032)·10−5 g m2 s1 µmol−1 cm−2 h−1; CDW = 3.177·10−5 g m2 s1 µmol−1 cm−2 h−1 was used for simulations in the current work.



To simplify the model and minimize quantity of parameters, V was described as the constant or as the empirical function of DLI (see below); this parameter was small and influenced rate of the DW production on early stage of the lettuce cultivation, only.



Considering small influence of V on DW at the final stages of the lettuce cultivation, we derived Equation (9):


   C   R / DW    = γ    A  hv    (   β 1  ⋅ PAR  )  ⋅  S 1   (    DW   St    )  +  A  hv    (   β 2  ⋅ PAR  )  ⋅  S 2   (    DW   St    )     R d  ⋅   DW   St     ⋅    t  PP     24    



(9)




where DWSt was the stationary DW under specific light conditions. DWSt was not experimentally measured in our work. However, in accordance with [31], the maximal measured DW was 3.822 ± 0.625 g (i.e., it was ranged from 3.175 g to 4.425 g). It meant that CR/DW should be less than 199 (for DWSt > 4.425 g)–262 (for DWSt > 3.175 g) cm2 g−1. We assumed that CR/DW = 200 cm2 g−1 (that DWSt was about 4.425 g) for simulations in the current work.



In accordance with [31], FW was calculated with using Equation (10):


  FW =  C   FW / DW    ⋅ DW  



(10)




where CFW/DW was the proportionality coefficient. CFW/DW was calculated on basis of Table 1 in the work [31]; the averaged value of this parameter was 15.854 ± 1.315. As a result, CFW/DW = 15.854 was used for estimation of FW in the current work.



The developed model was numerically analyzed using the forward Euler method. Figure 2a shows experimental and simulated dynamics of increasing DW at 8, 16, and 24 h photoperiods. Experimental results from the work [31] were used to parameterize the model. The 180 µmol m−2 s−1 light intensity (red variant) and the basic rate of the dark respiration (Rd = 0.769 µmol m−2 s−1) were used for simulation in accordance with the work [31]. V was assumed to be constant; this parameter was separately fitted for each photoperiod.



It was shown that simulated dynamics of increasing DW were similar to experimental ones; determination coefficients were more than 0.75 for all simulated curves of DW changes. Particularly, the model-based dynamics well simulated influence of photoperiod on increasing DW: the 8 h photoperiod provided minimal plant productivity; in contrast, the 24 h photoperiod contributed to the maximal rate of the biomass production. It should be noted that increasing photoperiod and, therefore, DLI was accompanied by decreasing value of fitted V that showed decreasing transport of organic compounds from seeds to shoot.



Model-based analysis of increasing FW (Figure 2b) and the green area per plant (S), which corresponded to area of directly illuminated leaves of the lettuce plant (the first layer of leaves) (Figure 2c) also showed well similarity between experimental and simulated dynamics (R2 were more than 0.75) and strong influence of photoperiod on values of FW and S.



Figure 3 shows dependence of fitted V on value of DLI and its approximation by the exponential function. This exponential approximation well described values of V (R2 was 0.99) and could be used for further development of the model of the lettuce productivity under different light conditions.



Figure 4 shows dynamics of increasing DW, FW, and S simulated by the model with the exponential description of dependence of V on DLI (on basis of Figure 3); other model parameters were same to ones for Figure 2. These dynamics were also in a good accordance with experimental ones (R2 were more than 0.70), which were shown in Figure 2 (experimental results from the work [31] were used).



The last result showed that the model with the exponential approximation of dependence of V on DLI could be potentially used for analysis of influence of widely-varying light conditions on DW, FW, and S; i.e., it could be considered as initial verification of the developed model. However, an additional verification of this model on basis of another group of results was necessary step for the subsequent analysis.




2.2. Verification of the Lettuce Productivity Model


Experimental results of our earlier work [25], which was devoted to analyzing influence of red and blue variants of illumination on the lettuce biomass, photosynthesis, respiration, and other characteristics, were used for the additional verification of the developed model of the lettuce productivity under different illumination conditions. Both variants of illumination were provided by light source, which included red, blue, and white LEDs. The red variant of illumination corresponded to the increased intensity of the red light; the blue variant of illumination corresponded to increased intensity of the blue light.



In accordance with [25], differences in the dark respiration were main reason of difference in DW, FW, and S in lettuce cultivated under blue and red variants of LED illumination. Considering this point, we used different Rd for red and blue variants (0.592 and 0.987 µmol m−2 s−1, respectively). β1 and β2 were additionally calculated for blue variant of illumination. Other parameters were not changed.



Figure 5 shows values of the dry and fresh weights of the lettuce plants after 25 days of cultivation under red and blue variants of illuminations. Experimental and simulated values of these parameters were quantitatively similar and showed that the red variant of illumination stimulated the lettuce productivity (it increased plant biomass); in contrast, the blue variant of illumination decreased this productivity.



Comparison between experimental and simulated dynamics of the green area per plants (Figure 6) supported this quantitatively similarity because determination coefficients for model-based curves were 0.85 (the red variant) and 0.81 (the blue variant).



These results showed that the developed model was verified and could be used for the further analysis of the lettuce productivity under different light conditions in quantitative manner (at least, for cultivar “Azart”). Additionally, this result supported our earlier supposition about the important role of Rd in influence of red and blue variants of illumination on productivity because changes in Rd (and weak changes in β1 and β2) were enough for imitation of experimental results.





3. Results


3.1. Model-Based Analysis of Influence of Light Intensity and Photoperiod on the Lettuce Productivity and Growth


Figure 7 and Figure 8 show simultaneous influence of the photoperiod and light intensity on investigated characteristics of productivity and growth. It was shown that increasing the photoperiod increased DW of the lettuce plant (Figure 7a); this effect was simulated under different light intensities. Increasing PAR also increased DW; saturation was observed under action of PAR > 600 µmol m−2 s−1. The maximal DW imitated by the model was about 10 g.



DW/TLI, where TLI was the total light integral for 32 days of the lettuce cultivation, was additionally analyzed to estimate influence of the photoperiod and light intensity on efficiency of the energy using (Figure 7b). It was shown that both increasing the photoperiod and light intensity increased DW/TLI; this increase had saturation at PAR > 600 µmol m−2 s−1 and tPP > 20 h. The maximal DW/TLI imitated by the model was about 0.02 g m2 mol−1.



Changes in FW (Figure 8a) were corresponded to changes in DW; the maximal FW was about 160 g. The green leaf area (Figure 8b) was also increased with increasing the photoperiod and light intensity; however, the saturation was formed at PAR > 300 µmol m−2 s−1 and tPP > 16 h. The maximal S was about 275 cm2.



Thus, analysis of the developed model supported influence of the photoperiod and light intensity on the lettuce productivity and growth and theoretically showed potential variants of illumination providing the maximal plant production or the maximal efficiency of the light using. Additionally, different dependences of investigated parameters on tPP and PAR supported different influence of the photoperiod and light intensity on the lettuce productivity showed in the experimental works [30,31,32,33,34].




3.2. Model-Based Analysis of Influence of Changes in Light Intensity at Cultivation on the Lettuce Productivity and Growth


Potentially, optimization of the illumination at the lettuce cultivation can be also based on using time-dependent changes in the light intensity. To check this possibility, we analyzed influence of gradual increasing and decreasing PAR on the DW and S (Figure 9). The 16 h photoperiod and red variant of illumination were used. The average light intensity (180 µmol m−2 s−1) and average DLI (10.37 mol m−2 day−1) were same in all cases.



It was shown that gradual increasing PAR from 90 µmol m−2 s−1 to 270 µmol m−2 s−1 strongly increased DW and S of the lettuce plants in comparison with the action of constant PAR (Figure 9a,b). Relative values of the simulated final increasing were 61.5% (for DW) and 16.4% (for S). In contrast, gradual decreasing PAR from 270 µmol m−2 s−1 to 90 µmol m−2 s−1 strongly decreased DW and S of the lettuce plants in comparison with the action of constant PAR (Figure 9a,c). Relative values of the simulated final decreasing were 60.5% (for DW) and 36.1% (for S). These results were in a good accordance with the experimental work [57], which showed the positive influence of increasing the light intensity at the lettuce cultivation on the final DW and the negative influence of decreasing the light intensity on this characteristic.



There were two potential mechanisms of this effect: the high leaf area on the last stage of the lettuce cultivation (in accordance with [57]) and stimulation of V on the early stage of this cultivation through low initial DLI (in accordance with Figure 3). To check participation of these mechanisms, we analyzed influence of the light intensity changes at the constant V (Figure 10); other parameters were not changed. V was 2 × 10−6 g h−1 (in accordance with Figure 2b).



It was shown that magnitudes of these changes were lower (Figure 10) in comparison to corresponded magnitudes of changes simulated by the model with description of V by the exponential function (Figure 9). Relative values of the simulated final increase of DW and S in the lettuce plants under the gradual PAR increasing were 19.8% and 6.1%, respectively. Relative values of the simulated final decrease of DW and S in the lettuce plants under the gradual PAR decreasing were 26.6% and 11.2%, respectively. The absence of full elimination of influence of the light dynamics on the final DW and S at the constant V showed that both mechanisms could be participated in the revealed effect.



The gradual change in PAR is not technically simple; stepped increasing/decreasing the light intensity seems to be more suitable for using at the lettuce cultivation. Considering this point, we investigated influence of the stepped changes in PAR on dynamics of DW and S (the average PAR and DLI were not changed). It was shown (Figure 11) that the stepped increasing PAR from 90 µmol m−2 s−1 to 270 µmol m−2 s−1 increased DW and S; in contrast, the stepped decreasing PAR from 270 µmol m−2 s−1 to 90 µmol m−2 s−1 decreased DW and S.



Relative values of the simulated final increase of DW and S in the lettuce plants under the stepped PAR increasing were 71.7% and 18.2%, respectively. Relative values of simulated final decrease of DW and S in the lettuce plants under the stepped PAR decreasing were 74.5% and 51.8%, respectively. The results showed that the stepped increase of PAR was also effective for stimulation of the lettuce productivity at its cultivation under LED illumination.



Figure 12 shows influence of the stepped changes in PAR on DW and S at the constant V (the influence of DLI on this parameter was excluded). It was shown that magnitudes of changes were lower than these magnitudes simulated by the model with exponential approximation of V (Figure 11). Relative values of the simulated final increase of DW and S in the lettuce plants under the stepped PAR increasing were 17.5% and 5.5%, respectively. Relative values of simulated final decrease of DW and S in the lettuce plants under the stepped PAR decreasing were 41.6% and 19.9%, respectively. However, absence of the full elimination of these effects additionally showed that both potential mechanisms (changes in V and changes in S) could participate in the influence of long-term changes in PAR on productivity.



Thus, results of this section showed that long-term changes (gradual or stepped) in the light intensity at the lettuce cultivation can be tool to increase efficiency of this cultivation.





4. Discussion


The lettuce is the important agricultural plant which is often cultivated under artificial illumination [20,21,22,23,24,25]; blue, red, green, and white LEDs, and their combinations are widely-used light sources at this cultivation [20,24,25,58,59]. It is known that spectrum [20,21,22,25], intensity [26,27,28], and photoperiod [29,30,31,60] of LED illumination can strongly influence characteristic of lettuce plants including biomass, morphometry, parameters of photosynthesis and respiration, pigment content and others. It means that search of optimal combination of noted parameters of LED illumination has the important role for optimization of the lettuce cultivation.



The experimental search of the optimal light conditions can be restricted by large quantity of potential combinations of illumination parameters as well as by specific influence of combination of these parameters on different cultivars of lettuce plants. Particularly, green-leaved and red-leaved cultivars can have different dependences of productivity, morphometrical characteristics, and photosynthesis on spectrum, light intensity, and time regime of illumination [24,29,32]; light dependences of plant characteristics can be also differed between green-leaved cultivars [61].



Development and analysis of the mathematical model of the lettuce productivity (maybe, adapted to description of the specific cultivar) can be tool for fast search of optimal illumination conditions at the lettuce cultivation under artificial light [31]. There are mathematical models of productivity of agricultural plants at different spatial scales [35,36,37,38,39,40,62,63] which described photosynthesis (e.g., on basis of the Farquhar–von Caemmerer–Berry model [39,51,52,53]), respiration, biomass production, and leaf forming. However, complexity of these models makes difficult their adaptation to description of productivity of the lettuce plants and, especially, its specific cultivars.



An alternative way is based on development of simple descriptions of the lettuce productivity which can be parameterized for the lettuce plants and, maybe, specific cultivars. Earlier, we preliminary developed simple model of the lettuce productivity [31], which qualitatively simulated influence of the photoperiod and light intensity on the biomass (DW). The main result of the current work is modification and extended of this model, its parameterization for the lettuce cultivar “Azart” (on basis of results of the work [31]), and further verification of the model (on basis of results of the work [25]) which are shown the quantity similarity between experimental and simulated values of the dry weight, fresh weight, and area of directly illuminated leaves (the green area per plant) (Figure 2 and Figure 4). It is probable that the proposed procedure of the model parameterization can be used for other lettuce cultivars to provide the “cultivar-based” productivity models which will be tools of prediction of optimal illumination conditions for cultivation of these specific cultivars.



Additionally, verification of the developed model supports our earlier hypothesis [25] about mechanism of influence of red and blue variants of LED illumination on productivity of lettuce plants. Based on our experimental results, we supposed [25] that this influence is caused by the increased dark respiration under the increased blue light intensity and by the decreased dark respiration under the increased red light intensity. It is in an accordance with literature data [64] which shows that Rd is increased with increasing ratio of intensities of the blue and red light. The decreasing Rd under the red illumination can be related to the red-light induced activation of the phytochromes because this activation can suppress the respiratory enzymes including succinate dehydrogenase, subunits of the pyruvate dehydrogenase complex, cytochrome oxidase and fumarase [65]. The current analysis shows (Figure 5 and Figure 6) that changes in Rd in accordance experimental rates of the dark respiration [25] is a sufficient condition to imitate experimental results in quantitative manner; this point supports our hypothesis.



Complex analysis of influence of the photoperiod and light intensity of DW, DW/TLI, FW, and S (Figure 7 and Figure 8) shows potentially perspective conditions of the lettuce illumination to provide the maximal biomass (tPP = 24 h and PAR > 600 µmol m−2 s−1) or maximal efficiency of the light energy using (tPP > 20 h and PAR > 600 µmol m−2 s−1). The maximal DW of lettuce plants equaling to about 10 g is in accordance with the maximal dry weights of these plants showing in some works (6–8 g [24], 8.5–11 g [66], 8–10 g [67], and about 10 g [68]). It is important that dependences of the investigated characteristics on the photoperiod and light intensity can be differed; i.e., simultaneous changes in these parameters can increase or decrease the lettuce productivity under the same daily light integral. It is corresponded to experimental results [33,34,69] and results of our previous qualitative analysis [31] showing that the photoperiod influences biomass stronger than the light intensity.



The second result of analysis of the developed model shows that gradual or stepped increasing the light intensity at the lettuce cultivation increases the final dry weight of plants and area of directly illuminated leaves (the green area per plant) (Figure 9, Figure 10, Figure 11 and Figure 12). This result provides a potential method of additional increasing the lettuce productivity without changes in the total light integral for the cultivation time (i.e., without increasing the power consumption). The recent experimental work by Jin et al. [57] showed that this method can be potentially effective for the lettuce cultivation additionally supporting efficiency of our model. However, Jin et al. [57] experimentally investigated multi-stepped increasing PAR; analysis of the current model shows that two light intensities (the low PAR for the first half of cultivation and the high PAR for the second half of cultivation) are enough for stimulation of the lettuce productivity (Figure 11 and Figure 12). The one-stepped PAR increasing seems to be technically simpler.



Third, the current work theoretically shows two potential mechanisms of influence of the gradual and stepped PAR increasing on DW and S: (i) simultaneous increasing area of directly illuminated leaves (the green area per plant) and increasing the light intensity on last stages of the lettuce cultivation, and (ii) increasing the DW production rate, which is related to the transport of organic compounds from seed to leaves on early stages of the lettuce cultivation, caused by the low DLI on these stages. The first potential mechanism is in accordance with results of the work [57]; it is based on the simple relation between area of illuminated leaves and total productivity and seems to be probable. The second potential mechanism based on the hypothesis about regulation of initial transport of organic compounds from seed to leaves by DLI, which is corresponded with the exponential dependence of V on the DLI (Figure 3). The last mechanism is in accordance with the important role of DLI in the lettuce productivity [32,70], influence of DLI on numerous morphological, physiological, and biochemical characteristics [71], and necessity of the increased transport organic compounds from seed to leaves to form the enough area of leaves under the low DLI. However, the second mechanism is based on the additional assumption (influence of DLI on V); as a result, additional experimental and theoretical investigations of this mechanism are necessary in future.



Finally, there are several potential ways of further development of the proposed simple model of the lettuce productivity under the different light conditions. (i) Experimental checking the simulated results; particularly, investigation of the positive influence of the gradual and stepped light increasing on the lettuce productivity. (ii) Adaptation of the developed model to description of other lettuce cultivars. This way will contribute to additional verification of the model and can provide new tools for search of the optimal light conditions for cultivation of specific cultivars. (iii) Increasing accuracy of description of simulated process including using more detailed equations (e.g., the Farquhar–von Caemmerer–Berry [41,42,43]). This extended model can be potentially more effective for description of productivity under different conditions; however, procedure of the model parameterization can be more difficult in this case.



As a whole, the developed model (maybe, after its adaptation to specific lettuce cultivars) is the theoretical tool for the fast search of optimal illumination conditions for the lettuce cultivation in greenhouses. Considering that the greenhouse-based cultivation supports availability of the lettuce supply in winter and lettuce cultivation in extreme areas (e.g., Arctic area), the acceleration of the search of optimal illumination conditions has a great practical importance.




5. Conclusions


Illumination by LEDs are widely used for the lettuce cultivation in greenhouses and provides the year-round crop of this plant. However, experimental search of optimal light conditions for this cultivation is restricted by great quantity of combinations of illumination characteristics and necessity of specific light regimes for specific cultivars of lettuce. Development of mathematical models of the lettuce productivity and the model-based search of optimal illumination conditions is perspective way of minimization of influence of these restrictions.



The main result of the current work is development of the simple mathematical model of the lettuce productivity under different illumination conditions and demonstration of procedure of adaptation of this model for description of the specific lettuce cultivar (on the example of the cultivar “Azart”). Verification of the developed model supports its efficiency for the quantity description of the lettuce production. Additionally, the model-based theoretical analysis shows that gradual and stepped increasing of the light intensity at the lettuce cultivation can increase plant productivity without changes in the total light integral; i.e., this illumination regime can be used for increasing the energetic efficiency of illumination at the lettuce cultivation.



In future, the developed model will be adapted to describe productivity of other lettuce cultivars and, therefore, can be used to search of optimal illumination conditions for cultivation of these cultivars.
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Figure 1. (a) Scheme of the simple model of the lettuce productivity. DW (g) is the dry weight of rosette of leaves. γ is the fraction of the produced DW distributed to the leaf rosette. CDW (g m2 s1 µmol−1 cm−2 h−1) is the proportionality constant for conversion of µmol m−2 s−1 (rates of the assimilation of CO2 or respiration) into g cm−2 h−1 (rates of the production or consumption of DW per 1 cm2). Ahv (β1·PAR) and Ahv (β2·PAR) are photosynthetic CO2 assimilation rates (µmol m−2 s−1) under the specific light intensity (PAR, µmol m−2 s−1) in the first and second layers of leaves, respectively. β1 and β2 are fractions of PAR absorbed by the first and second layers of leaves, respectively. f (λ) is spectrum of illumination of the light source. α (λ) is spectrum of the leaf light absorption. λ is wavelength. S1 (DW) and S2 (DW) are areas (cm2) of the first and second layers of leaves, respectively. Smax is the maximum S1 and S2. KS is value equaling to the DW at S1 (DW) = 0.5·Smax. tPP (h) is photoperiod. 24 (h) is the duration of the full light-dark cycle. V (g h−1) is the DW production rate caused by the transport of organic compounds from seed to leaves. Rd (µmol m−2 s−1) is the dark respiration rate. CR/DW (cm2 g−1) is the proportionality constant for conversion of g cm−2 h−1 (rate of the DW consumption per 1 cm2) into h−1 (rate of the DW consumption per 1 g of DW). (b) Spectrum of light absorption by the lettuce leaves (based on the experiment described in Yudina et al. [31]). 
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Figure 2. Experimental and simulated dynamics of increasing the dry weight of the lettuce leaf rosette (DW) (a), its fresh weight (FW) (b), and green area per plant (S) (c) at 8, 16, and 24 h photoperiods (tPP). Experimental results from the work [31] were used. V was separately fitted for each photoperiod to maximize correspondence between the experimental and simulated DW; it was 1.1 × 10−5 g h−1 (tPP = 8 h), 2.0 × 10−6 g h−1 (tPP = 16 h), and 1.5 × 10−7 g h−1 (tPP = 24 h). The 180 µmol m−2 s−1 light intensity (red variant) was used. Rd was 0.769 µmol m−2 s−1. Simulated S was equaled to S1 (DW). R2 is the determination coefficient showing similarity between the simulated dependence and corresponded experimental one. 
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Figure 3. Dependence of V on daily light integral (DLI) and exponential approximation of this dependence. Values of V from Figure 2 were used. DLI was calculated as PAR·tPP·0.0036. R is the determination coefficient for the exponential approximation. 
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Figure 4. Simulated dynamics of increasing the dry weight of the lettuce leaf rosette (DW) (a), its fresh weight (FW) (b), and green area per plant (S) (c) at 8, 16, and 24 h photoperiods (tPP). V was calculated as function of DLI on basis of the exponential approximation (see Figure 3). The 180 µmol m−2 s−1 light intensity (red variant) was used. Rd was 0.769 µmol m−2 s−1. Simulated S was equaled to S1 (DW). R2 is the determination coefficient showing similarity between the simulated dependence and corresponded experimental one (see Figure 2). 
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Figure 5. Experimental and simulated values of DW (a) and FW (b) after 25 days of the lettuce cultivation under red and blue variants of LED illumination. Experimental results from the work [25] were used. Rd = 0.592 µmol m−2 s−1 (the red variant) and Rd = 0.987 µmol m−2 s−1 (the blue variant) were used for the simulation. V was calculated as function of DLI on basis of the exponential approximation (see Figure 3). The 180 µmol m−2 s−1 light intensity was used. 
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Figure 6. Experimental and simulated dynamics of S under red and blue variants of LED illumination. Experimental results from the work [25] were used. Rd = 0.592 µmol m−2 s−1 (the red variant) and Rd = 0.987 µmol m−2 s−1 (the blue variant) were used for the simulation. V was calculated as function of DLI on basis of the exponential approximation (see Figure 3). The 180 µmol m−2 s−1 light intensity was used. Simulated S was equaled to S1 (DW). R2 is the determination coefficient showing similarity between the simulated dependence and corresponded experimental one. 
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Figure 7. Simulated values of DW (a) and DW/TLI (b) under the different photoperiod and light intensity (PAR) after 32 days of the lettuce cultivation. TLI is the total light integral for all cultivation time. V was calculated as function of DLI on basis of the exponential approximation (see Figure 3). The red variant of illumination was used. Rd was 0.769 µmol m−2 s−1. 
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Figure 8. Simulated values of FW (a) and S (b) under the different photoperiod and light intensity (PAR) after 32 days of the lettuce cultivation. V was calculated as function of DLI on basis of the exponential approximation (see Figure 3). The red variant of illumination was used. Rd was 0.769 µmol m−2 s−1. Simulated S was equaled to S1 (DW). 
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Figure 9. Simulated dynamics of DW and S under the constant PAR (a), gradual increasing PAR (b), and gradual decreasing PAR (c) at the lettuce cultivation. Photoperiod was 16 h. V was calculated as function of DLI on basis of the exponential approximation (see Figure 3). The average PAR was 180 µmol m−2 s−1 (red variant); the average DLI was 10.37 mol m−2 day−1. Rd was 0.769 µmol m−2 s−1. 
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Figure 10. Simulated dynamics of DW and S under the constant PAR (a), gradual increasing PAR (b), and gradual decreasing PAR (c) at the lettuce cultivation. Photoperiod was 16 h. V was 2 × 10−6 g h−1 (in accordance with Figure 2b). The average PAR was 180 µmol m−2 s−1 (red variant); the average DLI was 10.37 mol m−2 day−1. Rd was 0.769 µmol m−2 s−1. 
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Figure 11. Simulated dynamics of DW and S under the constant PAR (a), stepped increasing PAR (b), and stepped decreasing PAR (c) at the lettuce cultivation. Photoperiod was 16 h. V was calculated as function of DLI on basis of the exponential approximation (see Figure 3). The average PAR was 180 µmol m−2 s−1 (red variant); the average DLI was 10.37 mol m−2 day−1. Rd was 0.769 µmol m−2 s−1. 
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Figure 12. Simulated dynamics of DW and S under the constant PAR (a), stepped increasing PAR (b), and stepped decreasing PAR (c) at the lettuce cultivation. Photoperiod was 16 h. V was 2 × 10−6 g h−1 (in accordance with Figure 2b). The average PAR was 180 µmol m−2 s−1 (red variant); the average DLI was 10.37 mol m−2 day−1. Rd was 0.769 µmol m−2 s−1. 
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