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Abstract

:

Properly designed crop rotation enriches the diversity of the agroecosystem, which has a favorable effect on the environmental properties and crop yield. The experiment assessed winter wheat cultivated under the following crop rotations: A. winter rape + catch crop − spring barley − field pea − winter wheat; B. winter rape − winter wheat + catch crop − field pea − winter wheat; C. winter rape + catch crop − field pea − winter wheat − winter wheat; D. winter rape − winter wheat + catch crop − spring barley − winter wheat. The aim of the study was to investigate: (i) whether the cultivation of wheat in crop rotations following forecrops of rape, pea, barley, and wheat will affect its foliage and photosynthesis; (ii) how the photosynthetic process will affect the wheat yield. At the stem elongation stage (BBCH 36) and at the heading stage (BBCH 58), the following were investigated: foliage features, photosynthetic parameters, and the above-ground biomass; while at the BBCH 89 stage, the grain yield was investigated. It was demonstrated that photosynthesis was most intense under crop rotation A (the highest stomatal conductance, transpiration, intercellular CO2 concentration, and net assimilation rate ranged from 13.1–29.7 μmol CO2∙m−2·s−1). This was reflected in the above-ground biomass volume (1245–1634 g m−2) and grain yield (4.58–7.65 t ha−1). The cultivation of wheat following wheat under crop rotation C and following barley under D had a negative effect on both the foliage and photosynthetic parameters.
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1. Introduction


Due to the nutritional qualities of wheat, coupled with the possibility of cultivating it under various climatic and soil conditions, it ranks first in the world in terms of the area under its cultivation, and second in terms of grain yield. The global grain harvest for this cereal in 2020 was 766 million tons, with 266 million tons harvested in Europe, and 10.8 million tons in Poland [1].



One of the crop production technique factors that affects the volume of produced plant biomass is crop rotation [2,3,4]. A properly designed crop rotation guarantees obtaining high and qualitatively good yields, as well as environmental equilibrium [5]. Meanwhile, the large proportion of grains in the sown crop structure (in Poland oscillating around 70%) makes it difficult to plan the proper crop rotation or select the best forecrop for cereals, particularly for winter wheat [6]. Wheat is a cereal with high crop rotation requirements [7]. When designing crop rotation, it is important to place the cereal after an appropriate (good) forecrop and to maintain a sufficiently long break in its return to the same field [8]. The best forecrops for wheat include legumes, sugar beet, potato, and rape [9]. Legumes (including pea) and rape have a beneficial effect on the physical, chemical, and biological properties of the soil [10]. They improve soil structure, enrich the soil with N and other nutrients, and reduce the growth of cereal pathogens in the soil, which has a positive effect on successive crops [11]. Following these forecrops, wheat exhibits better development, which translates into the volume of the yield obtained [8,12].



The forecrops that are unsuitable for wheat include cereals, particularly wheat. The cultivation of the same cereals in succession results in the accumulation of harmful metabolites in the soil [2], which disturbs the biological equilibrium in the soil [13], resulting in excessive weed infestation, the development of pathogens and pests, unilateral depletion of the soil of nutrients [2,14], and deterioration of the physical and chemical properties of the soil [15]. These unfavorable environmental changes lead to a reduction in plant density and deterioration of their morphological characteristics. This results in lower grain yield and deterioration in grain quality [16]. The literature on the effect of crop rotation on wheat morphological traits, yield, and environmental changes is extensive. However, it lacks information on how the location of wheat in crop rotation will affect its physiological characteristics, including the course of photosynthesis.



The fundamental process of plant metabolism is photosynthesis, which influences plant growth, the amount of biomass produced, and the yield achieved. The course of photosynthesis is significantly influenced by the environmental factors, crop production techniques applied, the crop species, and the stage of crop growth [3,17,18,19,20,21]. Crops are exposed to many environmental stresses, such as drought, inadequate temperature, nutrient deficiency, soil contamination, and the accumulation of harmful secondary plant metabolites in the soil due to growing the same crop species in succession [2,19,22,23]. The course of photosynthesis is also affected by endogenous factors, i.e., those related to the anatomy and morphology of plants (particularly the leaves), their structure, and physiological and biochemical characteristics [24,25,26].



Research into gas exchange taking place in the leaves is of great importance due to its significant role in crop yields. As demonstrated by Richards [27], more than 90% of the biomass produced comes from assimilation. The effect of leaf characteristics on photosynthesis has not yet been sufficiently understood, particularly in cereals [23]. The leaf characteristics that influence the absorption of chemical energy and its use in photosynthesis include the surface area, weight, nitrogen and chlorophyll levels, and temperature [25,28,29,30,31,32,33,34,35,36,37].



A cereal cultivated in a field following an unsuitable forecrop is under stress. Photosynthesis is among the physiological processes of plants that are most sensitive to environmental stress [18,20,38]. Under unfavorable conditions, the stomata are partly or completely closed, which protects the plant against water loss while reducing the absorption of carbon from the atmosphere [3,24]. Under conditions unfavorable to plants, a reduction in the nitrogen content and changes in the chloroplast morphology and structure in the leaves are noted, which reduces the chlorophyll content and leads to its degradation; and reduces the Rubisco activity, which results in decreased assimilation [18,26,31]. Nitrogen and chlorophyll control the supply of CO2 to the leaf interior [39]. The intercellular CO2 concentration and the mesophyll conductance then decrease, which decreases assimilation [34]. In their study, Wanic and Treder [3] found a decrease in stomatal activity, transpiration, intercellular CO2 concentration, and mesophyll conductance, and a simultaneous increase in photosynthetic water use efficiency when cultivating wheat after barley or wheat. Similarly, Orzech et al. [31] observed similar results when cultivating maize after maize. This translated into a decrease in the net assimilation rate and, ultimately, the yield volume. However, there are no comprehensive studies to show how changes in the environment (induced by crop rotation) affect the photosynthetic process.



Therefore, the current study is a novelty, and supplements and extends the knowledge on the subject.



To date, research into photosynthesis focused mainly on the plant generative development stage and its effect on yield. However, plant yield is affected by the photosynthetic process that also occurs at earlier stages (of vegetative plant development). It is, therefore, important to learn about changes in the photosynthetic process caused by the crop rotation factor (the selection and succession of plants) both in the vegetative (the stem elongation stage) and generative (the heading stage) development periods.



This current paper proposes the hypothesis that the selection and succession of plants under crop rotation will have an effect on the plant characteristics (in the current study, the foliage) and their physiology (gas exchange) through a change in environmental characteristics, which will translate into the volume of the yield obtained. The current study is one of the first to address this particular issue. It is essential to understand the role of crop rotation in shaping the physiological characteristics of plants. It was hypothesized that incorporating winter wheat into crop rotations following winter rape and field pea, with proportions of 25% and 50%, would enhance photosynthesis and yield. In contrast, incorporating winter wheat into crop rotations with a 75% cereal proportion following spring barley, or in a 50% proportion where winter wheat is grown successively, was expected to limit these processes.



The aim of the study was to investigate: (i) how the cultivation of winter wheat under crop rotations with 50% and 75% of cereals, following forecrops of winter rape, field pea, spring barley, and winter wheat, will affect its foliage and photosynthesis; (ii) whether the foliage characteristics and photosynthetic parameters, under the crop rotations under assessment, will change depending on the developmental stage; (iii) how the photosynthetic process will affect the wheat yield under crop rotations.




2. Materials and Methods


2.1. Site, Soil and Climate


The study was based on a field experiment conducted in north-eastern Poland at the research center of the University of Warmia and Mazury in Olsztyn, located in Bałcyny (53°35′47″ N, 19°51′20″ E) in the years 2011–2018. This paper presents the results obtained in the years 2016–2018, i.e., the 6th, 7th, and 8th years of the field experiment.



Soil experimental fields were classified as Luvisoil. The soil in the 0–30 cm layer contains 64.7% sand, 15.4% coarse silt, 16.5% fine silt, and 3.4% clay. The soil is characterized by a slightly acid relation (KCl pH 6.25), SOC content 8.1 g·kg−1, the total N content 0.83 g·kg−1, an average P (68.3 mg·kg−1) and K content (115.4 mg·kg−1), and a low Mg content (39.6 mg·kg−1).



During the winter wheat growth period (from October to July), the average air temperature was in the 2015/2016 period +6.3 °C; in the 2016/2017 period + 6.5 °C; and in the 2017/2018 period it was +7.7 °C (Figure 1). Precipitation during this period was: season of 2015/2016—470.0 mm; 2016/2017—663.7 mm; and 2017/2018—602.2 mm. The highest amount of precipitation was noted: in the season of 2015/2016 in July (17.3% of the total amount); in 2016/2017 in June and July (32.5% of the total amount); and in 2017/2018 in October and June (26.6 and 23.4%, respectively). The following factors were not conducive to wheat growth: in the 2015/2016 period—very high precipitation in July (the ripening stage); in the 2016/2017 period—a very low rainfall in May (during this period, the wheat was at the stem elongation stage), and a very high rainfall in July (the ripening stage); and in the 2017/2018 period—a very wet October (which prevented the sowing of wheat and delayed it significantly). In all years of the study, the air temperature was sufficient for the growth of wheat.



During the period of measurements of plant characteristics and photosynthesis, the daily temperature and precipitation at the BBCH 36 stage were as follows, respectively: in 25 April 2016, they were low (6.9 °C and 9.1 mm); in 2nd May 2017, they were moderate (8.5 °C and 27.5 mm); and in 3rd May 2018 the temperature was relatively high (14.9 °C), while precipitation was very low (6.0 mm). At the BBCH 58 stage in 2nd June 2016, the daily precipitation was very low (12.1 mm), and the air temperature was moderate (14.1 °C); in 8th June 2017, moderate precipitation (22.8 mm) and a high temperature (17.1 °C) were noted; in 7th June 2018, low precipitation (9.0 mm) and a high air temperature (20.1 °C) were noted.



The average annual photosynthetically active radiation (PAR) in the area under study is 8079.2 mol photon m−2·s−1 (approximately 50% are per June, July, and August). The number of sunshine hours per year is 1746, including 1413 h in the period from April to September (average for years 1970–2020).




2.2. Experimental Design


The experiment was established as a single-factorial experiment in 4 replicates. The experimental design is provided in the Supplementary material (Table S1). The experiment assessed four crop rotations:




	A.

	
winter rape + catch crop (blue tansy) − spring barley − field pea − winter wheat (50% cereals including 25% wheat);




	B.

	
winter rape − winter wheat + catch crop (blue tansy) − field pea − winter wheat (50% wheat);




	C.

	
winter rape + catch crop (blue tansy) − field pea − winter wheat − winter wheat (50% wheat);




	D.

	
winter rape − winter wheat + catch crop (blue tansy) − spring barley − winter wheat (75% cereals including 50% wheat).









The research was carried out on the plots sown with wheat (Julius cultivar): in crop rotation A on the field with wheat cultivated following pea (AP-W); in crop rotation B on the fields with wheat cultivated following: rape (BR-W) and pea (BP-W); in crop rotation C on the fields with wheat following: pea (CP-W) and wheat (CW-W); and in crop rotation D on the fields with wheat cultivated following rape (DR-W) and barley (DB-W).



In each year, the experiment was carried out on all crop rotation fields simultaneously. It comprised 64 plots with an area of 16 m2 (Table S1).



In 2015 and 2016, winter wheat was sown in autumn at optimal agrotechnical dates (12th September and 19th September), while in 2017, due to unfavorable weather conditions (very heavy rainfalls), the sowing was performed later (20th October). The wheat was sown at a germinating kernel density of 450 plants∙m−2. Most NPK mineral fertilization doses were determined based on the soil abundance, estimated values of their uptake by the wheat and for N, and depending on the forecrop. For wheat, they amounted to N: 160 kg·ha−1—on the fields following rape, wheat, and barley, and 130 kg·ha−1—following pea. Doses of P (superphosphate) and K (potassium salt) for all the plots sown with wheat were identical (they were not differentiated according to forecrop). These were applied in the autumn, several days prior to wheat sowing, in the following amounts: K—91.3 kg·ha−1 and P—35.2 kg·ha−1. The entire nitrogen dose (ammonium nitrate NH4NO3 34%) was divided into four parts and applied: before sowing (20 kg·ha−1), at the tillering stage—BBCH 25–29 (80 kg·ha−1), at the stem elongation stage—BBCH 30–31 (40 kg·ha−1), and at the heading stage BBCH 56 (20 kg·ha−1). The grains were harvested at the full kernel ripeness stage (BBCH 89): in 2016, on 28th July; in 2017, on 3rd August; and in 2018, on 24th July.




2.3. Measurements


2.3.1. Foliage Characteristics


The measurements of the wheat leaf area were carried out at the BBCH 36 stage (stem elongation) and BBCH 58 stage (heading) using a leaf area meter (CI—202 Portable Laser Leaf Area Meter). The measurements were performed on all the leaves set on 4 stems from each plot. The leaves were counted on the same stems. The leaves were separated from the stems, dried to air-dry weight, and weighed. In the laboratory, the N concentration in the leaves was determined by the Kjeldahl method. The leaf area index (LAI) was calculated by dividing the assimilative surface area of all the leaves of 1 stem by the area it occupied. The leaf mass per area (LMA) was calculated by dividing the weight of the leaves by their area, and Narea by dividing the N content by the area of the leaves. At the same stages (BBCH 36 and 58), the chlorophyll content in the wheat leaves was determined using a SPAD 502 chlorophyll meter (Minolta). The measurements were conducted on the middle part of the three uppermost leaves on ten stems from each plot.




2.3.2. Leaf Gas Exchange


The measurements of gas exchange in the wheat leaves were conducted at stages BBCH 36 and BBCH 58. For the measurements, five stems were randomly selected from each plot. Four measurements were conducted on each stem on a fully developed, undamaged flag leaf. The tests were performed on cloudless days before noon (between 10:00 AM and 12:00 AM). Gas exchanges were measured using a compact photosynthesis system (ADC BioScientific LCi Analyzer Serial No, 32568, Hoddesdon, UK). The photosynthetic photon flux density (PPFD) was 1500 μmol photon m−2·s−1, the CO2 concentration in the atmosphere was from 351 µmol·mol−1 to 363 µmol·mol−1 (ca), the vapor pressure was 9.9–10.5 kPa, and the chamber temperature ranged from 20.6 to 23.8 °C.



The testing involved the determination of atmospheric CO2 concentration (ca), stomatal conductance (gs), intercellular CO2 concentration (ci), net assimilation rate (An), and transpiration rate (E). The device was also used to determine the leaf temperature (T). Based on the measurements, the following indices were calculated: stomatal limitation value (ls) as 1-ci/ca [40], instantaneous water use efficiency in the photosynthetic process (WUE) as A/E [41], and intrinsic water use efficiency in the photosynthetic process (WUE1) as A/gs [42].




2.3.3. Above-Ground Biomass Yield, Crop Growth Rate, and Grain Yield of Wheat


At the BBCH 36 and BBCH 58 stages, all plants were collected from 2 randomly selected sites from each plot (with an area of 0.5 m2). These were dried to air-dry weight and then weighed. This provided the basis for calculating the above-ground biomass from an area of 1 m2. At the BBCH 89 stage, the wheat grain yield from each plot was determined (at a 12% water content in the grains). The results were converted to an area of 1 ha. Based on the measurements of the above-ground biomass, the wheat growth rate between the BBCH 36 and BBCH 58 stages was calculated using the following formula [43]:


CGR = (dWc/dt) × (1/P),



(1)




where:



CGR—crop growth rate (g·m−2·day−1)



dWc—crop above-ground biomass increment (g)



dt—time period during which the above-ground biomass increment occurred



P—area (m2).





2.4. Statistical Analysis


In the statistical processing of the results, a one-way analysis of variance (ANOVA) was applied with p < 0.05. Homogeneous groups were then determined using Tukey’s test (HSD) at a significance level of α = 0.05. Based on Spearman’s rank correlation, the strength of the relationship between the net assimilation rate and leaf features, above-ground biomass, and grain yield was assessed. The analysis was conducted using the Statistica 13.3 program (Dell, Inc., Aliso Viejo, CA, USA).





3. Results and Discussion


3.1. Winter Wheat Foliage Characteristics


3.1.1. Stem Elongation Stage (BBCH 36)


At the BBCH 36 stage, the crop rotation sites had different impacts on the area of 1 leaf (LA) of wheat in the years of the study (Table 1). In 2016, leaves with a significantly smaller area (by 4.0–15.1%) were noted on the field under crop rotation C—at the site of wheat cultivation following wheat (CW-W), and under D—at the site of wheat cultivation following barley (DB-W), in relation to the other fields which did not differ significantly from one another. In 2017, the leaves with a significantly larger area (by 6.6–13.9%) were observed on the plants on the fields following pea under crop rotations A (AP-W) and C (CP-W); meanwhile, in 2018, also following pea under crop rotation A (AP-W) and on both crop rotation fields B: following rape (BR-W) and following pea (BP-W) (by 7.1–16.4%), in relation to the other crop rotations which exhibited no significant differences between one another. The leaf area index (LAI) reached the lowest value on the fields of wheat cultivation following wheat (CW-W) and following barley (DB-W), and additionally on the field following pea (CP-W) in 2016, in relation to the site following rape (DR-W) (Table 1). At the other crop rotation sites, LAI was significantly higher (in 2016 by 15.8–88.5%, in 2017 by 11.5–33.2%, and in 2018 by 13.2–33.9%). A deterioration in the morphological parameters of the maize leaves in the field where they was cultivated in succession at the BBCH 36 stage was also noted by Orzech et al. [31].



The highest leaf mass per area (LMA) values were reached for wheat cultivated following wheat (CW-W) and following barley (DB-W). In relation to other fields, it was significantly higher by 9.6–52.6% (Table 1). The highest relative chlorophyll content (SPAD) was noted in the leaves of wheat cultivated on the AP-W field (Table 1). In addition, in 2018, it was at a similar level (no significant differences) on both fields under crop rotation B (following rape, BR-W, and following pea, BP-W), under crop rotation C—following pea (CP-W), and under crop rotation D—following rape (DR-W). In the years 2016 and 2018, the lowest chlorophyll content was noted in the leaves of wheat cultivated on CW-W and DB-W fields. Its content was significantly lower than that on AP-W by 4.4–6.9%. In 2017, the chlorophyll content of the wheat leaves in crop rotations B, C, and D was significantly lower than that under crop rotation A by 5.3–9.3%. In 2016 and 2018, the most N per leaf area unit (Narea) was found in the plants of wheat cultivated on the AP-W and BR-W fields. In these years, significantly lower Narea was found in wheat cultivated following wheat (the CW-W field) and following barley (DB-W). This reduction, in relation to the AP-W and BR-W, amounted to: 12.5–20.8% in 2016, and 26.8–35.7% in 2018. The crop rotation sites remained with no significant impact on this index value in 2017. The leaves of wheat cultivated on the CW-W and DB-W fields were characterized by a significantly higher T than those on the other fields (Table 1) in all the years of the study (by 0.9–2.6 °C).




3.1.2. Heading Stage (BBCH 58)


At the BBCH 58 stage, the wheat leaf area was most favorably influenced by the sites on which wheat was cultivated following pea: in 2016, on the AP-W field; in 2017 on the BP-W and CP-W fields; and in 2018, on the AP-W and CP-W fields (Table 2). In addition, in 2018, the leaves with a significantly greater area were noted following rape cultivated under crop rotations B and D (BR-W and DR-W). At these sites, the wheat leaf area was larger as compared to the least favorable sites, which included fields: following wheat (CW-W) by 6.1–36.3%, and following barley (DB-W) by 7.1–28.7%. In 2016, the highest leaf area index (LAI) was noted for the fields following pea (AP-W) and following rape (DR-W); in 2017, for the fields following pea (BP-W, CP-W) and following rape (DR-W); and in 2018, for the fields following pea (AP-W, BP-W, CP-W) and following rape (BR-W, DR-W) (Table 2). The cultivation of wheat following cereal forecrops wheat (CW-W) and barley (DB-W) resulted in a significant (the largest) reduction in its value (with the exception of the site following barley in 2018). In relation to the sites with the highest LAI, this reduction was by 18.5–43.1%. In the years 2016 and 2017, the leaf mass per area (LMA) reached the significantly highest values on the field with wheat cultivated following wheat (CW-W) and following barley (DB-W) (Table 2). In 2018, no significant differences were demonstrated in the parameter under study between the fields BR-W, BP-W, CP-W, CW-W, and DB-W. During the entire 3-year period under assessment, the lowest LMA values were reached on the AP-W field and (with the exception of 2017) on the DR-W field. In relation to CW-W and DB-W, this reduction ranged from 15.2% (2017) to 31.7% (2016).



As forecrops, pea and rape leaves crops’ residues are rich in N and other elements, and form a well-developed root system. After the cultivation of these crops, the soil is enriched with nutrients. It is characterized by a good structure and sustainable biological life [10,11,44]. The beneficial effect of N fertilization on LAI was confirmed by studies by Ma et al. [45] and Liu et al. [46].The greater leaf area allowed more PAR to be intercepted and converted in the photosynthetic process into chemical energy. Rape, while favorably influencing the soil environment, eliminated in it the adverse effects resulting from the triple successive cultivation of cereals under crop rotation (D). The inclusion of the blue tansy forecrop in this crop rotation might also have been a mitigating factor in this “triple successive cereal cultivation”. On the fields where wheat was cultivated following wheat and other cereals, soil degradation occurred due to the accumulation of harmful secondary accumulation in it, resulting in a biological imbalance in the soil, deterioration of soil structure, and nutrient depletion. This led to a lower uptake of water and nutrients from the soil, manifesting itself in poorer growth of both the above-ground parts and the roots [2,44]. Water deficiency in the plant contributed to a reduction in LAI and an increase in LMA. A larger LMA means that the leaves were thicker (as a result of the plant’s greater investment in structural and conductive tissues), which hindered the inflow of solar energy into their interior [35]. On the other hand, it provided protection against water loss and drying out [36,37]. The difference in the LMA value between sites with wheat cultivated following wheat and following barley and the other crop rotation sites in both periods under study (BBCH 36 and BBCH 58) was similar (Table 1 and Table 2). This indicates that the adverse effect of these sites on the wheat leaves started earlier and did not intensify over time (between these stages). In contrast, significantly lower LMA (irrespective of crop rotation) was noted at the sites of cultivation following pea and following rape. There, the leaves were larger and thinner, making it easier for sunlight to reach their interior [21,36,47].



At the BBCH 58 stage, similar to BBCH 36, significantly more chlorophyll was found in the leaves of wheat cultivated on the AP-W field, and additionally on CP-W in 2018, than on the other fields (Table 2). Its lowest content was found in wheat cultivated under crop rotation, with a 75% proportion of cereals in succession following barley (DB-W), and (with the exception of 2016) under crop rotation with 50% wheat on the field on which it was successively cultivated following wheat (CW-W). The content of this component was lower by 6.4–11% than that on the AP-W field. A significantly smaller Narea (except for the year 2017) was noted for the field with wheat cultivated following wheat and following barley (CW-W, DB-W). It was smaller than that on the other fields: in 2016, by 23.1–28.6%, and in 2018 by 11.1–28.6% (Table 2). In 2017, only on the AP-W field, significantly more Narea was found in the leaves of wheat than on the other fields (by almost 30%). Greater Narea following pea (especially under crop rotation A) and following rape was a result of greater N accumulation in the soil following these forecrops [45]. In addition, the arrangement of plants under crop rotation A with the provision of a 3-year break in the cultivation of wheat on the same field supported the activity of soil microorganisms and organic matter decomposition, including the release of elements such as N. Nitrogen is an essential plant nutrient. A sufficiently high content of this element in the leaves has a positive effect on the photosynthetic process [48] by increasing the chlorophyll content [49,50]. Chlorophyll plays an important role in photon absorption and transmission, and is closely related to the net assimilation rate [51]. A considerable proportion of this element is utilized for synthesizing the photosynthetic apparatus, particularly Rubisco [52]. In the current study, and in a study by Zhang et al. [50], higher N uptake had a positive effect on the chlorophyll content. Pan et al. [38] reported that under unfavorable conditions, the chlorophyll content and photosynthetic capacity are significantly reduced due to damage to both chloroplast morphology and the functional leaf structure.



The leaves of wheat cultivated on the fields CW-W and DB-W were characterized by a significantly higher T than that on the other fields: in 2016, by 0.7–2.1 °C, and in 2017 by 0.8–2.2 °C (Table 2). The leaf temperature on all crop rotation fields in 2018 was similar (no significant differences). Increasing T on fields CW-W and DB-W was due to a reduction in leaf transpiration rates [53]. On the one hand, this protected the plant from water loss, while on the other hand, it reduced water and nutrient uptake [54].





3.2. Leaf Gas Exchange


3.2.1. Stem Elongation Stage (BBCH 36)


In 2016, due to the long-lasting drought (12 days), the stomata in the wheat leaves on all crop rotation fields were almost completely closed (Table 3), and consequently, no significant differences occurred in their conductance (gs). In the years 2017 and 2018, the highest gs was noted for the AP-W field, and in 2018, additionally for the DR-W field. This was higher in relation to the least active stomata on the CW-W field (by 1.4–2.1 times) and on the DB-W (by 1.3–2.4 times). The differences noted between the above-mentioned fields were greater in 2017 than in 2018. In 2016, although the stomata closure reduced transpiration (E), significant differences between the fields under assessment were noted. In all the years of study, the highest E was exhibited by wheat cultivated on the AP-W field, while the lowest was exhibited by wheat cultivated on the CW-W and (with the exception of 2017) DB-W fields. On these fields, the reduction in E in relation to the AP-W amounted to: 42.9% in 2016, 63.8% in 2017, and 43.9% and 44.4% in 2018, respectively. The highest intercellular CO2 concentration (ci) was found in the leaves of wheat cultivated on the AP-W field in the years 2016 and 2017, and in 2018 on the CW-W field. On the AP-W field, its concentration was significantly higher than on the field with its lowest concentration, namely the DB-W: by 17.7% in 2016, and by 75% in 2017. In 2018, the advantage of CW-W over DB-W amounted to 48.1%. The highest net assimilation rate (An) was noted for the leaves of wheat cultivated on the AP-W field in all the years of the study, and additionally for the DR-W in 2018. In 2016, it was on an equally high level (no significant differences) on both the BR-W and BP-W fields. The An took the lowest value on the DB-W field in the years 2016 and 2018 (a reduction, in relation to AP-W, by 30.3% and 34.9%, respectively), and on the CW-W field in 2017 (a reduction, in relation to AP-W, by 43.4%). The results obtained in the experiment are confirmed by studies by Orzech et al. [31] conducted at an early maize development stage (BBCH 36), as well as by Janusauskaite et al. [48] and Wang et al. [18]. They demonstrated that physiological processes proceeded better under conditions favorable to cereals. However, Zhao et al. [55] demonstrated that under conditions unfavorable to wheat, a reduced photosynthesis rate was already noted at the early stages of the development of this cereal.



WUE significantly higher than that on the other fields was observed for CW-W, and additionally for CP-W, DR-W, and DB-W in 2018 (Table 2). The WUE reached the lowest values in 2016 on the AP-W field, in 2017 on the CP-W field, and in 2018 on the AP-W and BR-W fields. In relation to the fields with the highest WUE, this reduction ranged from 34.1% (2016) to 118% (2017). The higher WUE in the field with the wheat crop following wheat (CW-W) was due to the partial closure of the stomata and reduced transpiration [55]. The highest WUE1 was noted in 2017 on the DB-W field, and in 2018 on the AP-W and CW-W fields. This index took the lowest value in 2017 on the BR-W field (a reduction of 43.9% in relation to DB-W) and the CP-W field (a reduction of 40.5% in relation to DB-W). In 2018, the lowest WUE1 was noted on the BP-W and DB-W fields (a reduction of 13.1% in relation to AP-W). In 2016, the differences in the value of the analyzed index between the fields under assessment were the same as those for An due to the identical gs values for all fields. In the years 2016 and 2017, the least resistance to the CO2 flow (ls) was noted for the stomata in the leaves of wheat cultivated on the AP-W field, and also on DR-W in 2017. The greatest limitations in terms of ls were noted in 2016 on the DR-W field, and in 2017 on both crop rotation B fields (the BR-W and BP-W fields). In 2018, no significant differences in the value of this index were observed between the fields.




3.2.2. Heading Stage (BBCH 58)


In all the years of the study, the highest gs was exhibited by the leaves of wheat cultivated on the AP-W and DR-W fields, and additionally on the BP-W field in 2016 (Table 4). In the years 2016 and 2017, the lowest gs was observed for crop rotations C and D on the fields with wheat cultivated following wheat (CW-W) and following barley (DB-W). As compared to the AP-W field, gs was significantly lower on: the CW-W field by almost 50%, and the DB-W field by a value ranging from 55.3% (2017) to 71% (2016). In 2018, gs was significantly lower on the other fields (by 12.5–37.5%). In the years 2016 and 2017, E took the highest values on the AP-W field. In addition, in 2016, it was significantly higher on both fields under crop rotation B (BR-W, BP-W). In 2018, no significant differences were observed between the fields under crop rotations A, B, C, and D—on the field following rape (DR-W). In all the years, the lowest E was noted on the field with wheat cultivation following barley (DR-W), and additionally following wheat (CW-W) in 2017. On these fields, E was lower than that on AP-W by 35–45.5%. The highest ci in the years 2016 and 2017 was noted for fields following pea on the AP-W and CP-W fields, while in 2018, also following pea on CP-W and on both fields under crop rotation B (BP-W, BR-W). Significantly lowest ci was found in the leaves of wheat cultivated following barley on the DB-W field, and in 2016, additionally under crop rotation B following rape (BR-W) and following pea (BP-W). This reduction, in relation to the AP-W field, amounted to: 19.4–22.1% in 2016; 37.8% in 2017; and 17.1% in 2018. The net assimilation rate (An) on the AP-W field in all the years of study, and on the BR-W field in 2018, was significantly higher than on other fields. On the AP-W field, it was higher in relation to the fields with the lowest An: CW-W (in 2016 by 14.9%; in 2017 by 90.2%; and in 2018 by 70.1%) and DB-W (by 11.5%, 71.2%, and 77%, respectively).



The higher values of gs, E, ci, and An in crop rotation A were confirmed by the literature data, according to which a properly designed crop rotation with a sufficiently long break in the cultivation of wheat on the same field has a beneficial effect on both the growth and development of the cereal under analysis and the course of physiological processes [5]. Chapagain and Riseman [56] proved that the N taken up by the plants (it was present in higher amounts following pea thanks to biological synthesis) was effective in enhancing photosynthetic intensity, which was confirmed by the authors’ own study. At the site of this crop rotation, the assimilation apparatus functioned smoothly. The opening of the stomata enabled more rapid CO2 diffusion from the atmosphere (gs) and its concentration in the intercellular spaces (ci), followed by transport to the carboxylation site. This resulted in the highest net assimilation rate (An) of all the fields being compared. The more intensive gas exchange course under this crop rotation (AP-W field) is also indicated by the increase in E in relation to the other crop rotation sites at the BBCH 36 stage. The higher E was associated with a greater opening of the stomata and a greater uptake of water from the soil by plants. While emphasizing the favorable effect of crop rotation A on gas exchange, it should, however, be noted that in the experiment under analysis—in certain years, in the other crop rotations, and at other development stages—gas exchange was favorably influenced by the sites where wheat was cultivated following pea and following rape, with no clear predominance of either.



The authors’ own study documented that the successive cultivation of wheat following wheat under crop rotation C (despite the reinforcement of the site with the earlier cultivation of two very good forecrops, rape and pea, successively, and the blue tansy forecrop) and following barley under crop rotation with 75% of cereals resulted in limited photosynthesis and a reduced yield. Wheat plants are under stress when growing in such an environment. This manifests itself in poorer emergence, canopy thinning, less developed roots, and deterioration of the morphological characteristics of the above-ground parts, including the formation of leaves with a smaller area and lower chlorophyll and N contents. This was documented by the authors’ original study, as well as studies by Sieling and Christen [11], and Kirkegaard and Ryan [14]. The stomatal apparatus exhibits great sensitivity to changes in the environment. Where the environment fails to support plant growth (e.g., drought), one of the first responses is the closing of the stomata, which protects the plant against water loss while reducing the CO2 inflow to the leaf interior [57]. In our study, partial stomata closure reduced E and ci (but only on the field where wheat was cultivated following barley, DB-W) while increasing T, which slowed down the photosynthetic process. This had a negative effect on the An [54,58]. The magnitude of the An reduction on the fields where wheat was cultivated following wheat (CW-W) and following barley (DB-W) in both periods under study (BBCH stages 36 and 58) was similar, which is consistent with the results obtained by Setter et al. [59].



No effect of the crop rotation fields on the WUE was unequivocally demonstrated. Depending on the year of the study, its value varied from site to site. WUE1 reached a significantly higher value on the DB-W field in the years 2016 and 2017, and additionally on CP-W in 2017 and 2018, in relation to the other fields (especially in 2016). As for WUE, it was due to a greater reduction in E than in An, while for WUE1, it was due to a greater reduction in gs than in An on these fields. The differences between gs, E, and An between the other fields were not large enough to have a significant effect on the water management of wheat. In the years 2017 and 2018, the stomata offered the greatest resistance to the CO2 flow (ls) on the fields of wheat cultivated following wheat (CW-W) and following barley (DB-W). A different situation was noted in 2016, when the ls index reached the highest values on the BR-W field.





3.3. Above-Ground Biomass and Grain Yield


3.3.1. Above-Ground Biomass


At the BBCH 36 stage, the greatest above-ground biomass was produced by wheat cultivated on the AP-W field, and additionally on the DR-W field in 2016, on the CP-W field in 2017 and 2018, and on both fields under crop rotation B (BR-W, BP-W) in 2018 (Figure 2). The smallest biomass was noted on the field with wheat cultivated following wheat under crop rotation C (CW-W) and following barley—under D (DB-W). As regards the above-mentioned (most favorable) sites, biomass was significantly smaller here: by 10.3% and 16.3% in 2016, in 2017, by 15.4% and 16.8% in 2017, and by 6.7% and 8.9% in 2018. At the BBCH 58 stage (similarly to the previous period), the growth of wheat was supported at the site following pea under crop rotation A (AP-W), while in 2018, additionally following rape and following pea under crop rotation B (BR-W and BD-W), and following rape—under D (DR-W) (Figure 3). The smallest biomass was noted for the fields with wheat cultivated following wheat under crop rotation C (CW-W) and following barley—under D (DB-W) (with the exception of 2018). As compared to the sites with the greatest biomass, the reduction in the above-ground mass on these fields was as follows: 20.6% and 27.5% in 2016, 16.4% and 16.9% in 2017, and 5.4% and 6.0% in 2018.




3.3.2. Wheat Growth Rate between BBCH 36 and BBCH 58


In the years 2016 and 2017, the highest daily increment of the above-ground wheat biomass was noted on the AP-W field, while the lowest daily increment was noted on the DB-W field in 2016, and on the CW-W and DB-W fields in 2017 (Figure 4). The reduction in the growth rate on these fields, in relation to AP-W, was as follows: in 2016, by 36.5% in 2016, and by 17.7% and 16.5% in 2017. In 2018, no significant differences in the canopy growth rate were demonstrated between the crop rotation sites under assessment.




3.3.3. Grain Yield


In all years of the study, a significantly greater grain yield was obtained from the field following pea under crop rotation A (AP-W) (Figure 5). Moreover, in 2017, it was at a similar level on the fields following rape and following pea under crop rotation B (BR-W, BP-W) and following pea under crop rotation C (CP-W). The successive cultivation of wheat following wheat (CW-W) and following barley (DB-W) significantly reduced the yield (the most). This reduction, in relation to crop rotation A, amounted to the following values, respectively, following wheat: 2016—32.4%; 2017—15.2%; and 2018—18.8%; and following barley: 2016—41.5%; 2017—12.5%; and 2018—23.9%.



The wheat yield is largely determined by the course of photosynthesis lasting for the entire growing season [27,45]. This process is adversely affected by an unfavorable site in crop rotation [3,31], which was documented by the authors’ study. The design of crop rotation A, under which every year a different species was cultivated on the same field with the additionally introduced forecrop of blue tansy, a 3-year break maintained in the wheat cultivation, and placing the wheat following pea provided good conditions for wheat growth. Under this crop rotation, the yield of the above-ground biomass (including the grains) was the greatest. The increment of biomass was also faster between these stages. The beneficial effect of the species-diversified crop rotation on wheat yield was confirmed in a study by Agomoh et al. [60], and Darguza and Gaile [61]. The successive cultivation of wheat following wheat (CW-W field), despite the previous cultivation of two very good forecrops at this site, namely rape and pea, and its reinforcement with the forecrop, did not prevent the reduction in biomass, the slowing of its increment, or the grain yield. The reduction in the above-ground biomass and grain yield on this field was similar to that following barley in crop rotation D, with 75% cereals. The reasons include a smaller area of the leaves, lower LAI, higher LMA, and lower Cl and N contents in the leaves, which considerably reduced the photosynthetic process, slowed the canopy growth, and ultimately reduced the grain yield. Therefore, the fields with crop rotation involving wheat following wheat and wheat following barley reduced photosynthesis, which influenced biomass, its accumulation rate, and the grain yield volume. The reduction in wheat yield on the field following wheat and on the field following other cereals was also found by Bennett et al. [2], Woźniak [7], Lepiarczyk et al. [9], and Wanic et al. [16].





3.4. The Relationship between Assimilation and the Foliage Characteristics and Wheat Yield


The relationship noted between the An and the foliage characteristics, and the above-ground biomass was stronger at the BBCH 58 stage than it was at the BBCH 36 stage (Table 5).



At the BBCH 36 stage, a negative relationship between An and LMA and T was demonstrated for all the years of the study, while a positive relationship between An, LAI, Cl, Narea, and the above-ground biomass was demonstrated for two out of three years of the study. At the BBCH 58 stage, An exhibited a positive relationship with LAI, Cl, and the above-ground biomass; and a negative relationship with LMA and T throughout the 3-year period under study; and in 2 out of 3 years, a positive relationship with Narea and the grain yield.



This paper demonstrates a significant correlation between assimilation and the above-ground biomass yield, both in the period of vegetative (BBCH 36) and generative (BBCH 58) development. This relationship was similar in both periods under study. The weakest relationship between the net assimilation rate and the above-ground biomass was noted in 2018, which stood out as the most unfavorable conditions for wheat growth. Meanwhile, Ahmad et al. [22] reported that under unfavorable environmental conditions, the reduction in dry biomass and the net photosynthetic rate occur to a similar extent.





4. Conclusions


Gas exchange in the leaves was most favorably influenced by crop rotation, with a 3-year break in the cultivation of this cereal, following the pea forecrop. Here, the wheat leaves were characterized by the highest stomatal conductance, transpiration intercellular CO2 concentration, net assimilation rate, and a lower temperature. This was due to the greater assimilation area of the leaves and their higher nitrogen and chlorophyll contents. It had an effect on the volume of the above-ground mass produced, the canopy growth rate, and the grain yield. This is why crop rotation is the best solution recommended for use under sustainable farming systems. The net assimilation rate decreased with the shortening of the breaks in wheat cultivation on the same field and the deterioration of the forecrop, reaching the lowest values under crop rotation as a result of the cultivation of wheat following wheat and barley. At these sites, the foliage, above-ground biomass, and grain yield were the smallest. The effect of crop rotation sites on the foliage characteristics and gas exchange at the stem elongation stage (BBCH 36) and the heading stage (BBCH 58) was similar. The authors’ own study indicates that the diversity of plants cultivated under crop rotation, and maintaining a sufficiently long break in the cultivation of wheat on the same field ensure the smooth course of physiological processes and a high yield. Further research is needed into the role of crop rotation in shaping the gas exchange parameters under different soil and climate conditions, as well as in-depth research into changes in the leaf anatomy and the generation and distribution of photosynthetic products. What is also recommended is in-depth research into the causes of disruption of the physiological processes of plants and their poorer growth at their cultivation sites under shortened crop rotations and when the same crop is cultivated twice in a row. Understanding the role of crop rotation in shaping the physiological processes of plants under different habitat conditions will enable the selection of the best sites in crop rotation for winter wheat.
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Figure 1. Total monthly precipitation and average monthly temperature for the growing seasons of winter wheat. 
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Figure 2. Above-ground biomass of winter wheat at BBCH 36 stage. Abbreviations: * p-value for fields in crop rotations, ** p-value for years; AP-W—crop rotation A, forecrop pea; BR-W—crop rotation B, forecrop rape; BP-W—crop rotation B, forecrop pea; CP-W—crop rotation C, forecrop pea; CW-W—crop rotation C, forecrop wheat; DR-W– crop rotation D, forecrop rape; DB-W—crop rotation D, forecrop barley. Different letters indicate significant differences between fields in crop rotation (p < 0.05); n = 4. 






Figure 2. Above-ground biomass of winter wheat at BBCH 36 stage. Abbreviations: * p-value for fields in crop rotations, ** p-value for years; AP-W—crop rotation A, forecrop pea; BR-W—crop rotation B, forecrop rape; BP-W—crop rotation B, forecrop pea; CP-W—crop rotation C, forecrop pea; CW-W—crop rotation C, forecrop wheat; DR-W– crop rotation D, forecrop rape; DB-W—crop rotation D, forecrop barley. Different letters indicate significant differences between fields in crop rotation (p < 0.05); n = 4.
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Figure 3. Above-ground biomass of winter wheat at BBCH 58 stage. Abbreviations: * p-value for fields in crop rotations, ** p-value for years; AP-W—crop rotation A, forecrop pea; BR-W—crop rotation B, forecrop rape; BP-W—crop rotation B, forecrop pea; CP-W—crop rotation C, forecrop pea; CW-W—crop rotation C, forecrop wheat; DR-W– crop rotation D, forecrop rape; DB-W—crop rotation D, forecrop barley. Different letters indicate significant differences between fields in crop rotation (p < 0.05); n = 4. 






Figure 3. Above-ground biomass of winter wheat at BBCH 58 stage. Abbreviations: * p-value for fields in crop rotations, ** p-value for years; AP-W—crop rotation A, forecrop pea; BR-W—crop rotation B, forecrop rape; BP-W—crop rotation B, forecrop pea; CP-W—crop rotation C, forecrop pea; CW-W—crop rotation C, forecrop wheat; DR-W– crop rotation D, forecrop rape; DB-W—crop rotation D, forecrop barley. Different letters indicate significant differences between fields in crop rotation (p < 0.05); n = 4.
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Figure 4. Crop (wheat) growth rate (CGR) between BBCH 36 and BBCH 58 (g·m−2·day−1). Abbreviations: * p-value for fields in crop rotations, ** p-value for years; AP-W—crop rotation A, forecrop pea; BR-W—crop rotation B, forecrop rape; BP-W—crop rotation B, forecrop pea; CP-W—crop rotation C, forecrop pea; CW-W—crop rotation C, forecrop wheat; DR-W– crop rotation D, forecrop rape; DB-W—crop rotation D, forecrop barley. Different letters indicate significant differences between fields in crop rotation; ns – non significant (p < 0.05); n = 4. 






Figure 4. Crop (wheat) growth rate (CGR) between BBCH 36 and BBCH 58 (g·m−2·day−1). Abbreviations: * p-value for fields in crop rotations, ** p-value for years; AP-W—crop rotation A, forecrop pea; BR-W—crop rotation B, forecrop rape; BP-W—crop rotation B, forecrop pea; CP-W—crop rotation C, forecrop pea; CW-W—crop rotation C, forecrop wheat; DR-W– crop rotation D, forecrop rape; DB-W—crop rotation D, forecrop barley. Different letters indicate significant differences between fields in crop rotation; ns – non significant (p < 0.05); n = 4.
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Figure 5. Yield of wheat grain (t·ha−1). Abbreviations: * p-value for fields in crop rotations, ** p-value for years; AP-W—crop rotation A, forecrop pea; BR-W—crop rotation B, forecrop rape; BP-W—crop rotation B, forecrop pea; CP-W—crop rotation C, forecrop pea; CW-W—crop rotation C, forecrop wheat; DR-W—crop rotation D, forecrop rape; DB-W—crop rotation D, forecrop barley. Different letters indicate significant differences between fields in crop rotation (p < 0.05); n = 4. 
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Table 1. Selected features of the foliage at the BBCH 36 stage.
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Fields

in Crop

Rotations

	
LA

	

	
LAI

	
LMA

	
Cl

	
Narea

	
T






	

	
2016 year




	
AP-W

	
9.9 a

	

	
3.74 ab

	
24.0 bc

	
47.4 a

	
0.24 a

	
15.3 bc




	
BR-W

	
10.0 a

	

	
3.71 ab

	
22.4 c

	
46.6 b

	
0.24 a

	
15.2 b




	
BP-W

	
10.4 a

	

	
3.51 ab

	
22.8 c

	
46.5 b

	
0.20 b

	
14.7 c




	
CP-W

	
10.4 a

	

	
3.34 b

	
23.6 bc

	
45.3 b

	
0.21 b

	
14.5 c




	
CW-W

	
9.5 b

	

	
3.03 c

	
27.0 a

	
45.2 c

	
0.19 c

	
16.2 a




	
DR-W

	
10.6 a

	

	
4.09 a

	
22.2 c

	
46.0 b

	
0.22 b

	
14.2 c




	
DB-W

	
9.0 b

	

	
2.17 c

	
26.3 a

	
45.1 c

	
0.24 c

	
16.5 a




	
p-value *

	
0.005

	

	
0.0002

	
0.0004

	
0.0136

	
0.0002

	
<0.0001




	

	
2017 year




	
AP-W

	

	
11.3 a

	
3.85 a

	
23.1 e

	
45.0 a

	
0.27 ns

	
19.4 b




	
BR-W

	

	
10.6 b

	
3.30 a

	
28.8 b

	
42.0 b

	
0.23 ns

	
19.1 b




	
BP-W

	

	
10.1 b

	
3.29 a

	
23.0 e

	
42.6 b

	
0.25 ns

	
19.2 b




	
CP-W

	

	
11.5 a

	
3.32 a

	
26.8 c

	
40.8 b

	
0.24 ns

	
19.5 b




	
CW-W

	

	
10.5 b

	
2.89 b

	
34.4 a

	
41.1 b

	
0.24 ns

	
21.2 a




	
DR-W

	

	
10.5 b

	
3.48 a

	
24.7 d

	
42.4 b

	
0.24 ns

	
19.0 c




	
DB-W

	

	
10.5 b

	
2.95 b

	
35.1 a

	
41.5 b

	
0.27 ns

	
21.1 a




	
p-value *

	

	
<0.0001

	
<0.0001

	
<0.0001

	
0.0001

	
0.543

	
<0.0001




	

	
2018 year




	
AP-W

	

	
12.1 a

	
3.16 a

	
23.1 c

	
54.5 a

	
0.41 a

	
23.8 b




	
BR-W

	

	
12.2 a

	
2.91 a

	
25.1 b

	
55.1 ab

	
0.42 a

	
24.3 b




	
BP-W

	

	
12.8 a

	
3.11 a

	
23.0 c

	
54.2 ab

	
0.37 b

	
23.4 b




	
CP-W

	

	
11.2 b

	
3.03 a

	
24.7 b

	
54.3 ab

	
0.31 bc

	
23.0 b




	
CW-W

	

	
11.2 b

	
2.36 b

	
26.8 a

	
53.4 b

	
0.27 c

	
25.2 a




	
DR-W

	

	
11.3 b

	
2.98 a

	
24.7 b

	
56.7 a

	
0.38 ab

	
23.9 b




	
DB-W

	

	
11.0 b

	
2.57 b

	
28.8 a

	
52.8 c

	
0.30 c

	
25.6 a




	
p-value *

	

	
0.0003

	
0.0004

	
<0.0001

	
0.0086

	
<0.0001

	
<0.0001




	
p-value **

	

	
<0.0001

	
0.0003

	
<0.0001

	
0.0011

	
0.0120

	
<0.0001








p-value *—for fields in crop rotations; p-value **—for years. Different letters indicate significant differences between fields in crop rotation; ns—non significant (p < 0.05). Abbreviations: AP-W—crop rotation A, forecrop pea; BR-W—crop rotation B, forecrop rape; BP-W—crop rotation B, forecrop pea, CP-W—crop rotation C, forecrop pea; CW-W—crop rotation C, forecrop wheat, DR-W– crop rotation D, forecrop rape; DB-W—crop rotation D, forecrop barley; LA—single leaf area (cm2), LAI—leaf area index (m2·m−2), LMA—leaf mass per area (g·m−2), Narea—leaf nitrogen content per unit area of leaves (g·N·m−2), T—leaf temperature (°C).
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Table 2. Selected features of the foliage at the BBCH 58 stage.
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Fields

in Crop Rotations

	
LA

	
LAI

	
LMA

	
Cl

	
Narea

	
T






	

	

	

	
2016 year

	

	

	




	
AP-W

	
13.9 a

	
6.29 a

	
29.8 e

	
42.4 a

	
0.14 a

	
33.6 c




	
BR-W

	
11.8 b

	
5.31 b

	
40.7 c

	
40.3 bc

	
0.13 a

	
34.4 b




	
BP-W

	
11.7 b

	
5.40 b

	
33.2 d

	
41.4 ab

	
0.14 a

	
34.6 b




	
CP-W

	
11.5 b

	
5.25 b

	
41.6 b

	
40.6 bc

	
0.14 a

	
33.3 c




	
CW-W

	
10.2 c

	
3.69 c

	
43.6 a

	
40.3 b

	
0.10 b

	
35.3 a




	
DR-W

	
11.8 b

	
5.81 a

	
28.3 e

	
40.6 c

	
0.14 a

	
33.7 c




	
DB-W

	
10.8 c

	
3.58 c

	
42.6 a

	
39.5 c

	
0.10 b

	
35.4 a




	
p-value *

	
<0.0001

	
0.0003

	
<0.0001

	
0.0011

	
<0.0001

	
<0.0001




	
2017 year




	
AP-W

	
15.9 b

	
6.02 b

	
23.9 d

	
52.6 a

	
0.14 a

	
20.7 cd




	
BR-W

	
15.3 b

	
5.38 b

	
26.3 c

	
49.4 bc

	
1.11 b

	
20.9 c




	
BP-W

	
17.2 a

	
6.45 a

	
25.7 c

	
49.6 b

	
0.11 b

	
20.4 d




	
CP-W

	
17.3 a

	
6.40 a

	
27.7 b

	
50.3 b

	
0.11 b

	
21.5 b




	
CW-W

	
14.0 c

	
4.71 c

	
30.0 a

	
48.0 d

	
0.10 b

	
22.3 a




	
DR-W

	
16.2 b

	
6.30 a

	
27.4 b

	
48.7 c

	
0.11 b

	
20.5 d




	
DB-W

	
13.7 c

	
5.00 c

	
28.2 a

	
46.8 d

	
0.11 b

	
22.6 a




	
p-value *

	
0.0003

	
<0.0001

	
0.0005

	
<0.0001

	
<0.0001

	
<0.0001




	
2018 year




	
AP-W

	
12.1 a

	
3.53 a

	
31.0 b

	
54.8 a

	
0.20 a

	
28.0 ns




	
BR-W

	
12.2 a

	
3.25 a

	
36.1 a

	
53.4 b

	
0.19 ab

	
28.0 ns




	
BP-W

	
11.9 b

	
3.24 a

	
35.6 a

	
53.4 b

	
0.21 a

	
28.0 ns




	
CP-W

	
12.2 a

	
3.63 a

	
35.9 a

	
55.3 a

	
0.18 b

	
27.5 ns




	
CW-W

	
11.4 c

	
2.64 b

	
36.0 a

	
51.1 d

	
0.16 c

	
27.5 ns




	
DR-W

	
12.2 a

	
3.26 a

	
31.9 b

	
52.6 c

	
0.21 a

	
27.8 ns




	
DB-W

	
11.3 c

	
3.10 ab

	
36.1 a

	
51.3 d

	
0.15 c

	
27.4 ns




	
p-value *

	
<0.0001

	
0.0004

	
<0.0001

	
0.0001

	
0.0002

	
0.3612




	
p-value **

	
0.0018

	
<0.0001

	
<0.0001

	
0.0550

	
0.0001

	
<0.0001








p-value *—for fields in crop rotations; p-value **—for years. Different letters indicate significant differences between fields in crop rotation; ns—non significant (p < 0.05). Abbreviations: AP-W—crop rotation A, forecrop pea; BR-W—crop rotation B, forecrop rape; BP-W—crop rotation B, forecrop pea; CP-W—crop rotation C, forecrop pea; CW-W—crop rotation C, forecrop wheat; DR-W– crop rotation D, forecrop rape; DB-W—crop rotation D, forecrop barley; LA– single leaf area (cm2), LAI—leaf area index (m2·m−2), LMA—leaf mass per area (g·m−2), Narea—leaf nitrogen content per unit area of leaves (g·N·m−2), T—leaf temperature (°C).
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Table 3. Parameters of gas exchange in winter wheat leaves at the BBCH 36 stage.
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Fields

in Crop

Rotations

	
gs

	
E

	
ci

	
An

	
WUE

	
WUE1

	
ls






	
2016 year




	
AP-W

	
0.01 ns

	
0.07 a

	
354.4 a

	
16.5 a

	
235.7 d

	
1650 a

	
0.19 e




	
BR-W

	
0.01 ns

	
0.06 b

	
338.9 bc

	
15.6 ab

	
260.0 c

	
1560 ab

	
0.31 b




	
BP-W

	
0.01 ns

	
0.05 c

	
342.9 b

	
15.8 ab

	
316.0 b

	
1580 ab

	
0.21 d




	
CP-W

	
0.01 ns

	
0.05 c

	
321.3 cd

	
15.3 b

	
306.0 b

	
1530 b

	
0.24 cd




	
CW-W

	
0.01 ns

	
0.04 d

	
324.8 bcd

	
14.3 c

	
357.5 a

	
1430 c

	
0.27 bc




	
DR-W

	
0.01 ns

	
0.06 b

	
315.4 d

	
15.4 b

	
256.7 c

	
1540 b

	
0.72 a




	
DB-W

	
0.01 ns

	
0.04 d

	
301.1 e

	
11.5 d

	
287.5 bc

	
1150 d

	
0.20 cd




	
p-value *

	
-

	
<0.0001

	
00001

	
<0.0001

	
0.0002

	
0.0003

	
<0.0001




	
2017 year




	
AP-W

	
1.80 a

	
8.51 a

	
460.3 a

	
29.7 a

	
3.49 bc

	
16.5 bc

	
0.10 e




	
BR-W

	
1.55 b

	
6.16 c

	
301.0 cd

	
20.6 c

	
3.34 bc

	
13.3 c

	
0.54 ab




	
BP-W

	
1.24 d

	
5.92 d

	
279.0 de

	
18.1 d

	
3.06 c

	
14.6 bc

	
0.58 a




	
CP-W

	
1.28 c

	
7.19 b

	
314.8 c

	
18.0 d

	
2.50 d

	
14.1 c

	
0.26 d




	
CW-W

	
0.84 f

	
3.08 f

	
320.3 c

	
16.8 e

	
5.45 a

	
20.0 b

	
0.41 c




	
DR-W

	
1.05 e

	
4.79 e

	
387.5 b

	
21.9 b

	
4.57 b

	
20.9 b

	
0.06 e




	
DB-W

	
0.76 g

	
4.65 e

	
263.0 f

	
18.0 d

	
3.87 bc

	
23.7 a

	
0.49 b




	
p-value *

	
<0.0001

	
<0.0001

	
<0.0001

	
0.0002

	
0.0005

	
0.0009

	
0.0002




	
2018 year




	
AP-W

	
1.83 a

	
8.52 a

	
180.8 d

	
23.8 a

	
2.79 c

	
13.0 a

	
0.50 ns




	
BR-W

	
1.51 c

	
7.21 b

	
180.5 d

	
18.1 c

	
2.51 c

	
12.0 bc

	
0.51 ns




	
BP-W

	
1.63 b

	
6.16 c

	
196.5 c

	
18.5 c

	
3.00 b

	
11.3 c

	
0.48 ns




	
CP-W

	
1.63 b

	
6.08 cd

	
179.5 d

	
20.6 b

	
3.39 a

	
12.6 b

	
0.51 ns




	
CW-W

	
1.28 d

	
4.78 e

	
201.8 a

	
17.4 d

	
3.64 a

	
13.6 a

	
0.44 ns




	
DR-W

	
1.80 a

	
5.91 d

	
201.3 b

	
21.9 a

	
3.71 a

	
12.2 b

	
0.51 ns




	
DB-W

	
1.37 d

	
4.74 e

	
136.3 e

	
15.5 e

	
3.33 ab

	
11.3 c

	
0.51 ns




	
p-value *

	
0.0011

	
<0.0001

	
<0.0001

	
0.0003

	
0.0002

	
0.0073

	
0.5561




	
p-value **

	
<0.0001

	
0.0001

	
0.0001

	
<0.0001

	
0.0180

	
<0.0001

	
<0.0001








p-value *—for fields in crop rotations; p-value **—for years. Different letters indicate significant differences between fields in crop rotation; ns—non significant (p < 0.05). Abbreviations: AP-W—crop rotation A, forecrop pea; BR-W—crop rotation B, forecrop rape; BP-W—crop rotation B, forecrop pea; CP-W—crop rotation C, forecrop pea; CW-W—crop rotation C, forecrop wheat; DR-W– crop rotation D, forecrop rape; DB-W—crop rotation D, forecrop barley; gs—stomatal conductance (mol H2O∙m−2·s−1), E—leaf transpiration rate (mmol H2O∙m−2·s−1), ci—intercellular CO2 concentration (μmol CO2∙mol−1), An –net assimilation rate (μmol CO2∙m−2·s−1), WUE—instantaneous water use efficiency (μmol CO2∙mol H2O−1), WUE1 –intrinsic water use efficiency (μmol CO2∙mol H2O−1), ls—stomatal limitation value.
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Table 4. Parameters of gas exchange in winter wheat leaves at the BBCH 58 stage.
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Fields

in Crop Rotations

	
gs

	
E

	
ci

	
An

	
WUE

	
WUE1

	
ls






	
2016 year




	
AP-W

	
0.93 a

	
8.51 a

	
336.1 a

	
18.5 a

	
2.17 b

	
19.9 c

	
0.06 f




	
BR-W

	
0.62 b

	
8.19 a

	
261.9 c

	
17.9 b

	
2.19 b

	
28.9 b

	
0.29 a




	
BP-W

	
0.86 a

	
8.21 a

	
270.1 c

	
17.8 b

	
2.17 b

	
20.7 c

	
0.25 b




	
CP-W

	
0.72 b

	
7.20 c

	
325.3 a

	
17.7 b

	
2.46 b

	
24.6 c

	
0.10 e




	
CW-W

	
0.49 c

	
6.20 d

	
291.4 b

	
16.1 d

	
2.60 a

	
32.9 b

	
0.18 d




	
DR-W

	
0.89 a

	
6.26 d

	
296.8 b

	
17.3 bc

	
2.76 a

	
19.4 c

	
0.17 d




	
DB-W

	
0.27 d

	
5.53 e

	
271.0 c

	
16.6 d

	
3.00 a

	
61.5 a

	
0.21 c




	
p-value *

	
0.0001

	
0.0002

	
<0.0001

	
<0.0001

	
<0.0001

	
0.001

	
0.001




	
2017 year




	
AP-W

	
0.85 a

	
8.53 a

	
445.1 a

	
29.1 a

	
3.41 c

	
34.2 b

	
0.06 bc




	
BR-W

	
0.56 b

	
6.16 c

	
301.0 c

	
19.2 e

	
3.12 c

	
34.2 b

	
0.06 bc




	
BP-W

	
0.53 b

	
6.08 c

	
390.4 b

	
20.6 d

	
3.39 d

	
38.9 b

	
0.05 c




	
CP-W

	
0.58 b

	
5.91 d

	
444.0 a

	
23.8 b

	
4.03 a

	
41.1 a

	
0.04 c




	
CW-W

	
0.44 c

	
4.78 e

	
320.1 c

	
15.3 g

	
3.20 c

	
34.8 b

	
0.09 a




	
DR-W

	
0.80 a

	
7.21 b

	
387.5 b

	
21.9 c

	
3.04 c

	
27.4 b

	
0.07 b




	
DB-W

	
0.38 c

	
4.65 e

	
276.8 d

	
17.0 f

	
3.66 b

	
44.7 a

	
0.11 a




	
p-value *

	
<0.0001

	
<0.0001

	
<0.0001

	
0.0004

	
0.0086

	
0.0003

	
0.001




	
2018 year




	
AP-W

	
0.08 a

	
1.42 a

	
262.8 a

	
13.1 a

	
9.23 a

	
163.8 b

	
0.47 b




	
BR-W

	
0.07 b

	
1.39 a

	
256.3 ab

	
12.4 a

	
8.92 ab

	
177.1 b

	
0.45 b




	
BP-W

	
0.06 b

	
1.08 ab

	
250.0 ab

	
9.7 c

	
8.98 ab

	
161.5 b

	
0.33 c




	
CP-W

	
0.05 b

	
1.40 a

	
244.6 bc

	
9.5 c

	
6.79 c

	
190.0 a

	
0.40 b




	
CW-W

	
0.05 b

	
1.20 a

	
232.7 c

	
7.7 d

	
6.42 c

	
154.0 bc

	
0.69 a




	
DR-W

	
0.08 a

	
1.27 a

	
224.5 c

	
10.4 b

	
8.19 b

	
130.0 c

	
0.48 b




	
DB-W

	
0.05 b

	
0.91 b

	
217.9 d

	
7.4 d

	
8.13 b

	
148.0 c

	
0.63 a




	
p-value *

	
0.0004

	
0.0001

	
<0.0001

	
0.0002

	
0.0031

	
0.0002

	
0.003




	
p-value **

	
0.0001

	
<0.0001

	
<0.0001

	
0.0009

	
0.0003

	
0.0040

	
<0.0001








p-value *—for fields in crop rotations; p-value **—for years. Different letters indicate significant differences between fields in crop rotation (p < 0.05). Abbreviations: AP-W—crop rotation A, forecrop pea; BR-W—crop rotation B, forecrop rape; BP-W—crop rotation B, forecrop pea; CP-W—crop rotation C, forecrop pea; CW-W—crop rotation C, forecrop wheat; DR-W—crop rotation D, forecrop rape; DB-W—crop rotation D, forecrop barley; gs—stomatal conductance (mol H2O∙m−2·s−1), E—leaf transpiration rate (mmol H2O∙m−2·s−1), ci—intercellular CO2 concentration (μmol CO2∙mol−1), An –net assimilation rate (μmol CO2∙m−2·s−1), WUE—instantaneous water use efficiency (μmol CO2∙mol H2O−1), WUE1 –intrinsic water use efficiency (μmol CO2∙mol H2O−1), ls—stomatal limitation value.
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Table 5. Correlations between the net assimilation rate and the foliage characteristics, above-ground biomass and yield of grain (n = 28).
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Year

	
LA

	
LAI

	
LMA

	
Cl

	
Narea

	
T

	
AGB

	
Yield of Grain






	
BBCH 36




	
2016

	
0.13

	
0.52 *

	
−0.44 *

	
0.22

	
0.55 *

	
−0.75 *

	
0.72 *

	
×




	
2017

	
0.29

	
0.01

	
−0.38 *

	
0.79 *

	
0.10

	
−0.54 *

	
0.55 *

	
×




	
2018

	
0.22

	
0.54 *

	
−0.48 *

	
0.45 *

	
0.40 *

	
−0.43 *

	
0.31

	
×




	
BBCH 58




	
2016

	
0.76 *

	
0.54 *

	
−0.73 *

	
0.58 *

	
0.52 *

	
−0.54 *

	
0.78 *

	
0.65 *




	
2017

	
0.31

	
0.71 *

	
−0.40 *

	
0.42 *

	
0.45 *

	
−0.61 *

	
0.61 *

	
0.62 *




	
2018

	
0.34

	
0.39 *

	
−0.42 *

	
0.43 *

	
0.10

	
−0.68 *

	
0.43 *

	
0.17








* correlation is significant at p < 0.05. Abbreviations: LA—single leaf area, LAI—leaf area index, LMA—leaf mass per area, Cl—chlorophyll content, Narea—leaf nitrogen content per unit area of leaves, T—leaf temperature (°C), AGB—above-ground biomass, × – not applicable.
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