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Abstract

:

Poppy seed production is susceptible to abiotic and biotic stress and weed infestation, which introduces the risk of total crop failure. For the purpose of risk minimization, poppy was grown in additive intercropping systems with early and late sown white clover and spring barley sown at three different densities in a three year field trial to assess their roles in poppy cropping while adding ecological benefits to the crop rotation. Poppy yielded between 798.7 and 1293.1 kg ha−1, with no significant yield effects of intercropping with white clover, compared to poppy sole-cropping. Dry matter, height, leaf area index and C/N ratio of the poppy plants were not significantly impacted by the clover intercrop either, independent on its sowing date. Higher poppy yields (695.6–918.8 kg ha−1) and LERs (1.11–1.84) in the poppy–barley intercrop were achieved in 2018 and 2020 compared to 2019 (≤361.5 kg ha−1, LER ≤ 0.99), mainly due to differences in seeding dates, precipitation and nutrient availability. Therefore, previous seeding of poppy limits competition when intercropped with barley while white clover and poppy can be sown at the same time. The effect of barley seeding densities on the intercrop performance was small as was the influence of intercropping on weed cover, number and biomass. The weed regulating effect needs to be further examined, however, we conclude that intercropping of poppy is a promising strategy for its cultivation, in terms of minimizing the risk of total yield losses when precisely managed.
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1. Introduction


Sustainable farming systems are based on diverse production strategies to produce high-quality food under the premise of minimizing resource consumption. While the goal of modern agriculture to increase productivity in monocultures often contrasts with the concept of sustainability [1,2], the long-term benefits of diverse cropping systems have been demonstrated repeatedly [3,4,5,6,7]. Maintaining soil fertility, enhancing weed suppression and decreasing the risk of yield losses may be achieved by increasing in-field crop diversity [3,8]. Relying on a broader range of crops can further promote flexibility towards environmental disturbances which is particularly important in a changing climate [8].



One strategy of diversification in agriculture is intercropping [1,5], i.e., the simultaneous growing of two or more crops on the same field at the same time [1,2,4,9]. Potential benefits of intercropping include weed suppression and ecological pest and disease control, both of which are of particular importance in organic farming [1,5,8]. Intercropping may also lead to more efficient resource use, mostly because of temporal or spatial differences in resource use by the individual crops. This resource partitioning among intercrops, along with other mechanisms, can increase the overall yield from a given area [1,2,3,4,8,9,10,11]. Thus, a functioning intercrop is based on partners that occupy complementary niches [2,11,12]. However, competitiveness of the combined crops is strongly influenced by the environment and cultivation practices like time of planting, fertilization and pest control [7]. As crop–crop interactions may change from one cropping environment to another, choosing the right partners and managing an intercrop is difficult [1]. This is particularly true for intercropping poppy, due to a lack of experimental studies.



Apart from possible yield advantages, intercrops can provide additional benefits like enhanced weed suppression compared to single crops [8], especially in additive intercrops where overall crop density is higher than in the respective monocultures. There are several studies proving a weed suppressing effect of crops grown as intercrops, most of them combining cereals with legumes [8,13,14,15,16,17]. While the exact mechanisms of weed regulation by intercrops are still debated, competition for resources such as light is altered when another crop is introduced to a system [3,4,8]. Further, competition for nitrogen influences the intercrop performance as crops differ in nitrogen requirements and their dependence on soil nitrogen. This also applies to competition for nitrogen with weeds. For example legumes leave more soil N to be used by intercrops or weeds than non-nitrogen-fixating plants like barley [18]. That is why total nitrogen uptake of an intercrop can be higher than in the respective sole crops and nitrogen acquisition of weeds will be limited [19].



Resource partitioning and facilitation are the two main principles that usually contribute to enhanced weed suppression in intercrops [4,11]. While not all trials confirmed an advantage of intercropping in terms of weed regulation [17,20], Liebmann and Dyck (1993) considered most intercropping designs successful compared to the weed suppressing effect of at least one of the sole crops [3].



Weed management is a crucial point in poppy cultivation. Due to slow initial growth resulting in a long phase with slow biomass build up, the suppression of poppy plants by weeds is frequently observed [21,22,23,24]. Secondly, late weed infestation can become problematic when green parts of tall weeds like Chenopodium album L. are harvested together with the poppy capsules [23]. It can make post-harvest drying necessary and a separation of C. album seeds from poppy seeds is difficult due to similar color and size [23]. Suppression by intercropping might not always be complete or more effective than herbicide use but could also be of economic interest as costs for herbicides, mechanical or manual weeding are reduced [3]. Therefore, an intercrop design may be chosen to increase soil cover during the whole cropping period. An increased soil cover by intercropping further minimizes soil erosion, evaporation and allows for allelopathic effects between plants [3,25]. Intercropping can also be a measure to reduce total crop failure [5,26]. In the case of poppy, cultivation is often prone to failure due to its high requirements for seedbed preparation and crop management (weed regulation) in early development, making an intercropping experiment particularly worth looking into.



However, to our knowledge, there are no recently published studies on intercropping including poppy. Poppy belongs to a plant family that is otherwise not represented in European farming systems, which creates opportunities to integrate poppy into many crop rotations [22]. Therefore, facilitating poppy cultivation by implementing it in an intercrop can promote its cultivation and contribute to general diversification of cropping systems using minor crop species.



Liebmann and Dyck (1993) [3] define two categories of intercrops, one of them focusing on the main crop where the other crop is added for insurance against crop failure, minor economic uses, erosion control, soil fertility improvement and weed control. This contrasts with a system where both crops are of equal interest to the farmer. The first design applies better to our approach where poppy is the focus crop and spring barley and white clover were chosen as supporting crops. Both companion crops should primarily increase soil cover while not reducing poppy growth and yields. While barley may achieve an extra yield, thus reducing the risk of total crop failure, clover provides an external nitrogen source through nitrogen fixation, thereby limiting competition for soil N [16,27] and improving soil conditions for the following crop. A weed suppressing effect was presumed for all intercropping treatments due to increased plant density and ground cover.



Here we aimed to test if intercropping of poppy with both barley and white clover improves poppy cultivation by decreasing the risk of total yield losses and adding ecological benefits at the same time. Secondly, we aimed to discover key factors determining poppy intercrop performance and competitiveness by testing different seeding densities of barley and two sowing dates of white clover regarding plant growth, yield formation and weed suppression.




2. Materials and Methods


2.1. Site Description


Field trials were carried out at the site of Campus Klein-Altendorf (CKA), University of Bonn, for three consecutive years (2018–2020). The CKA is conventionally farmed but the field trial was predominantly managed under organic principles. This mostly means that the use of pesticides was avoided in these trials, but it must be acknowledged that weed occurrence would probably have been different on long-term organically managed soils. The experimental farm is located on the main terrace area of the Lower Rhine valley. Average annual precipitation and temperature are 603 mm and 9.4 °C, respectively, and the vegetation period lasts 165–170 days. Precipitation and temperature during the trial periods of 2018–2020 were measured at the CKA weather station (Table 1). The main difference between years was that precipitation in 2018 and 2020 was almost always below the long term average while rainfall in 2019 was high, especially in the months of March, May and July.



The soil type at CKA is a highly fertile luvisol. Soil nutrient levels in 0–30 cm depth were determined at the beginning of each growing period (Table 2). Samples were collected at five points per site and merged into a mixed sample. In 2019 and 2020 organic nitrogen fertilizer as fine grained horn meal (0–1 mm, 13% organically bound N) at 30 kg N ha−1 was manually applied on all plots a few days after sowing. Preceding crops were winter wheat (2017 and 2018) and spring barley (2019).




2.2. Experimental Design


The trial was a complete randomized block design with four blocks arranged next to each other, each block comprising the eleven treatments so that each treatment was replicated four times. The plot size of each treatment was 3 m × 10 m. The main crop was the spring-sown poppy variety “Viola” (Zeno Projekte, Austria) that was tested in additive intercropping with white clover cultivar (cv.) “SW Hebe” (Camena Samen, Lauenau, Germany) and spring barley cv. “Laureate” (Syngenta, Maintal, Germany).



To explore if a delayed sowing of clover increases the compatibility of both crops, two different seeding dates of clover were tested in combination with poppy. Concerning barley, intercropping effects on poppy and barley yield formation were of primary importance resulting in the testing of three different seeding densities of barley for assessing competition effects. The seeding density of poppy remained the same in all treatments and throughout all years. Each crop was also grown as a sole crop for comparison. In total, 11 treatments were tested (Table 3).



Seeding and harvest dates are summarized in Table 4. Only the grains of barley and poppy seeds were harvested while clover was grown as green manure. Poppy seeds were sown with a precision air seeder for small seeds at 1.1 kg ha−1 in both the intercrops and the sole crop. This resulted in poppy plant densities after seed emergence of 202 (±33; 2018), 210 (±28; 2019) and 69 (±44; 2020) plants m−2 respectively. Row spacing between poppy rows was 50 cm (2018) and 45 cm (2019, 2020) so that every plot contained 6 poppy rows. Row spacing was changed to improve compatibility of the sowing machine and tractor to avoid effects on plant growth at the side of the plots. Clover and barley seeds were spread between poppy rows with a mechanical seed drilling machine with 11 cm row spacing. The seeding shares that would interfere with poppy rows were lifted. Therefore, intercropped plots contained 6 poppy rows and 16 rows of the respective intercrop (Figure S1). Clover was sown at 5.3 kg ha−1 (145 ± 25 plants m−2 after emergence) and barley at 135, 270 and 450 germinable seeds m−2 (Table 3). Sole crops consisted of the same row pattern but with the intercropping partner left out.



The aim was an early sowing of poppy, preferably in March, but seedbed preparation is essential for its germination and wet soils in March of 2018 and 2019 prevented such an early sowing in those years. Sowing dates of barley and late white clover were adapted to soil conditions as well, resulting in different seeding dates between years.



For the purpose of observing weed suppression ability of the intercrops, no mechanical weed regulation or herbicides were applied after sowing of the second crop. In 2019 a single application of a grass herbicide (Fusilade, 1 L ha−1) was executed before crop emergence. This was done because of massive regrowth of previously grown cereals that would not have allowed any poppy growth at that time. In 2018 and 2020 mechanical weeding was done before seeding barley and late white clover (C2). Due to very low weed infestation after crop emergence in 2019, mechanical weeding was not necessary that year. The sites were fenced from seed emergence until harvest to prevent damage from hares.




2.3. Measurements


Growth parameters were analyzed depending on poppy developmental stage (BBCH) including leaf area index (LAI), plant biomass, weed coverage, weed number and weed species. The correspondence between BBCH stages and day of year are listed in Table S1. Furthermore, the yield parameters capsule number or ear number, capsule weight, seed number and seed weight as well as straw weight were assessed at harvest. Data was generated for each crop separately on a single row from the center of each plot to reduce boundary effects.



For determining crop phenology, BBCH growth stages were used, with the extended cereal BBCH scale for barley and the general extended BBCH scale for clover [28]. This latter scale was also used for identifying poppy growth stages but slightly modified. Main adaption was the exclusion of stage 2 and 4 due to overlapping with stages 3 and 5. Accordingly, the following principal growth stages occurred: 10–19,leaf development; 30–39, stem elongation; 50–59, inflorescence development; 60–69, flowering; 70–79, fruit development; 80–89, ripening. The BBCH stages were determined for every plot.



For fresh and dry matter determination, crop samples were collected on each plot from 0.1 m2. An area was chosen in the center of each plot that contained one poppy row and adjacent intercrops when present. The areas were chosen randomly but with distance to plot boarders and previously sampled zones. The plant material was sorted by crop species and its fresh weight was determined. For assessing dry matter, the plant samples were placed in a drying oven at 60 °C for 48 h and weighed again. As an intermediate step, before drying, leaves of the crop samples from 0.1 m² were separated from stems for leaf area measurement. Leaf area was determined by use of a Li-Cor 3100C leaf area meter (Li-Cor, Lincoln, NE, USA). Leaf area index (LAI) was obtained by dividing leaf area (m2) by the sampling area. Leaf area was first determined in 2019 and also analyzed in 2020.



For each of the four replicates, the dried material was further processed to analyze nitrogen content in the aboveground biomass. First the dry biomass was shredded with a SM 300 cutting mill (Retsch, Haan, Germany) at 3000 rpm and the use of a 0.25 mm sieve. For samples that were too small in weight for the SM 300 mill, material was pulverized with a MM 400 ball mill (Retsch, Haan, Germany) at 3000 rpm for 30 s. Then 6 mg of each ground sample were weighed into tin capsules for combustion and gas chromatographic analysis in the EA 3000 Elemental Analyser (HEKAtech, Wegberg, Germany).



Weeds were documented by weed number counting and weed species identification on three evenly distributed areas on each plot, each comprising 0.1 m², and weed ground coverage as well as crop ground coverage were estimated in percent.



At harvest, poppy and barley plants were collected manually from one row of each plot on three evenly distributed lengths of 1 m, respectively. Moisture content at harvest was 7–9% for poppy and 12–16% for barley. Number of plants and capsules or ears were counted. Poppy capsules and barley ears were cut off and counted and the straw was dried for 24 h at 104 °C and weighed afterwards. The dry capsules were weighed and cut with a small hack saw to separate seeds from capsules. Seeds of the whole sample were weighed to calculate total seed yield. Barley ears were processed with a Wintersteiger LD 180 laboratory thresher (Wintersteiger, Ried, Austria) and then seeds were weighed. One thousand seed masses of poppy and of barley were determined by weighing 1000 seeds that were counted with a Contador 2 Seed Counter (Pfeuffer, Kitzingen, Germany).




2.4. Data Analysis


For yield comparison the land equivalent ratio (LER) was computed for poppy and barley yields by the formula according to Mead and Willey (1980):


  L E R = p L E R a + p L E R b =   Y a   S a   +   Y b   S b   ,  



(1)




with Ya = Yield of crop a as intercrop, Yb = Yield of crop b as intercrops, Sa = Yield of crop a as sole crop and Sb = Yield of crop b as sole crop [29]. The LER defines the relative land area that would be needed by a sole crop to produce the same yield as the intercropping system [29]. An LER > 1 means for a substitutive design that more land would be needed if both crops were sown as sole crops thus indicating a benefit by intercropping. In additive intercropping, LERs between 1 and 2 could be expected due to increased plant density. pLERa and pLERb are partial LERs of each cultivar, describing their individual competitive ability by comparing yields in the intercrop to yields in monoculture.



The trial was analyzed as a one-factorial experiment and overall comparisons were done with a linear model including treatment and year as fixed factors. Due to consistent interactions between year and treatment, analyses of variance (ANOVA) were conducted for the individual years with treatment as a fixed factor for every measured parameter. Normal distribution (Shapiro–Wilk test) and homogeneity of variance (Levene’s test) was given for all data except weeds. Tukey HSD tests were chosen for all post-hoc comparisons except for weed data where the Scheffé test was applied. To stabilize estimates for LERs and pLERs, the ratios were calculated with individual plot values for the numerators (intercrops) and averages over all replicates for the denominators (sole crops). Analysis of variance for the LER values was performed with R software (version 1.2.1335) and all other statistical calculations were performed with SPSS 26 software (IBM Ehningen, Germany). Visualizations were made with Microsoft Excel 2019.





3. Results


3.1. Yield


3.1.1. Poppy Yield


Mean poppy seed yield as sole crop was 831, 1293 and 909 kg ha−1 in 2018, 2019 and 2020, respectively (Figure 1). The poppy-clover intercrop produced similar yields to poppy sole crop while the combination with barley generated mixed results. Poppy yields from intercropping with both early and late sown clover were similar (no significant differences) to sole-cropped poppy in each year. For poppy-barley intercropping, poppy yields from intercropping were as high as sole crop poppy yields in two of three years (Figure 1). In 2019 poppy yield was significantly lower than sole-cropped poppy in all three poppy-barley combinations, ranging from 155 kg ha−1 (PB3) to 362 kg ha−1 (PB1), while poppy sole crop yield was 1293 kg ha−1. Higher barley seeding densities tended to decrease poppy seed yield even further, but the effect was not as strong as differences between years.



Poppy straw yields responded similarly to seed yields with no differences between P and PC1 or PC2 (Table 5). Straw yield from poppy-barley intercropping (PB1, PB2, PB3) was significantly lower compared to P, PC1 and PC2 in 2019, which was not the case in 2018 and 2020. One thousand grain weight of poppy did not significantly differ between treatments and ranged from 0.41 g (PB3, 2019) to 0.49 g (P and PB3, 2020). Similarly, capsule number per plant was not different between treatments but between years. There was more than one capsule per plant on average in 2020 while in others years it was around one capsule per plant. Accordingly, plant number m−2 was higher in 2018 and 2019 compared to 2020. A significant difference in plant density as well as grain number per capsule between treatments was only observed in 2019. Therefore, fewer plants were counted in PB2 and PB3 compared to sole cropped poppy and less than half of the grains per capsule were found in PB3 (802 ± 91) compared to P (2085 ± 257). It must be noted that the values for seed per capsule showed a high variation.




3.1.2. Barley Yield


Barley grain yield varied between 981 and 3834 kg ha−1 (Figure 2). Sole-cropped barley outyielded intercropped treatments significantly in 2018 (B2, B3 compared to PB2, PB3) and 2019 (B2 compared to PB2). The highest yield but also the highest gap between treatments was observed in 2018 when B2 and B3 yielded 3532 and 3826 kg ha−1 which was significantly more than PB2 and PB3 (1159 and 981 kg ha−1). The difference between sole cropping and intercropping was smaller in 2019 and 2020 (Table S2). Even though barley was the strongest intercrop component in 2019, barley yields were still higher in sole crops (2017–3006 kg ha−1) than in intercrops (1099–1753 kg ha−1). In 2020, both poppy and barley yields were not affected by intercropping. For the intercrop designs no effect of seeding density on barley yield was observed. In sole crops higher seeding densities were associated with higher yields only in 2019 but these differences were not significant. Straw yield was similar to grain yield, producing significant differences between sole crops and intercropped barley in 2018 and 2019 but not in 2020 (Table S2). In contrast, thousand grain weight was similar between treatments in 2018 and 2019 but in 2020 it was significantly higher for B1 (39.66 ± 3.03 g) and B2 (38.64 ± 1.58) compared to PB1 (30.61 ± 2.40 g) and PB2 (31.34 ± 1.24 g).




3.1.3. Land Equivalent Ratio (LER)


The LER of the poppy-barley intercrops was between 1 and 2 for two of the three years (Figure 3). The data are clustered according to years, underlining the dominant year effect, while seeding density did not have a substantial influence on yields and subsequently neither on LERs. The year 2018 marks an exception when the LER of PB3 was higher than the LER of PB2 due to increased poppy yields. Corresponding to significant differences in seed yield between sole-cropped poppy and poppy intercropped with barley, 2019 was the year with the lowest total area productivity in intercropping. pLERs of 2018 and 2020 demonstrated a shift towards higher poppy pLERs of >0.8, indicating that in both years poppy contributed essentially to the positive LERs of >1.1 in 2018 (PB2: 1.37; PB3: 1.11) and >1.7 (PB1: 1.82; PB2: 1.73; PB3: 1.84) in 2020. LERs of 2019 were between 0.72 (PB2) and 0.99 (PB3).





3.2. Plant Growth


Competition between poppy and its respective companion crop was observed by measuring plant biomass, leaf area and nitrogen content throughout the growing period.



3.2.1. Biomass


Dry matter development of poppy sole crop and intercropped with barley or clover was similar in 2018 and 2020 in contrast to 2019 (Figure 4a). Poppy dry matter increased until capsule ripening and was not negatively affected by intercropping with white clover in all three years. Additionally, sowing date of white clover did not influence poppy dry matter accumulation significantly, although poppy dry matter of PC1 always tended to be the lowest. In 2018 poppy biomass was not significantly different between treatments except for BBCH 85 where poppy biomasses of P (941.5 ± 67.8 g m−2) and PC2 (1086.9 ± 17.6 g m−2) were significantly higher than those of PB3 (596.7 ± 121.8 g m−2). In 2020 treatment differences were never significant but there was a tendency for poppy sole crop to yield higher biomasses. In 2019, poppy dry matter was reduced in the intercrop with barley. Differences between treatments already occurred from BBCH 30 onward as at that point dry matter of P (163.8 ± 23.3 g m−2) and PC2 (168.2 ± 15.7 g m−2) were significantly higher than PB3 (94.6 ± 8.2 g m−2). This trend continued up to BBCH 81 when dry matter of P, PC1 and PC2 was between 955.1 and 1260.8 g m−2 and significantly higher than dry matter of poppy intercropped with barley (241.5–343.6 g m−2).



Barley dry matter development was opposed to the pattern of poppy as its biomass accumulation in 2019 was stronger compared to 2018 and 2020. The biomass data revealed that when there was strong competition with barley, it started early, at the beginning of poppy elongation growth. In 2019, barley was already at the developmental stage BBCH 21 while poppy was at BBCH 16, resulting in earlier biomass build-up than in the other years when barley was not present in noteworthy amounts at that time. Therefore, overall biomass accumulation of barley was high in 2019 with amounts ranging from 790.2 ± 248.7 (PB2) to 1373.2 ± 427.5 g m−2 (B1) at its ripening (BBCH 78). In each year there was a tendency of sole cropped barley to gain more dry matter than the respective intercrops, which is consistent with barley yield data of 2018 and 2019 where significantly higher yields were achieved in sole cropped barley. The influence of barley seeding density on barley dry matter was smaller than the influence of the intercrop and the individual years.



The later sown clover did not achieve as much biomass as the early sown treatments, especially in 2018 and 2020 (Figure 4b). Additionally, clover dry matter in intercropping was mostly smaller than in sole cropped clover. In 2018 and 2020, differences between sole cropping and intercropping were statistically significant from BBCH 5 (C1) onward. Further differences were evident at the same time for the late sown clover that accumulated more dry matter in sole cropping compared to intercropping (C2: 149.7 ± 42.6 g m−2; PC2: 19.2 ± 4.2 g m−2). Dry matter of PC2 was almost irrelevant in 2018 and 2020 with a final level of 17.7 ± 14.2 and 7.8 ± 8.6 g m−2. Contrarily, in 2019 the later sown clover grew biomass in amounts up to 71.7 ± 24.0 (PC2) and 441.1 ± 76.8 g m−2 (C2) at BBCH 6 (C2). Thus, late clover sowing as an intercrop with poppy was unsuccessful in two of three years. Dry matter accumulation of early sown clover was mostly higher as sole crop than in intercrop, revealing that under the given trial conditions clover had a lower competitive ability than poppy when brought into competition.




3.2.2. Leaf Area


Leaf area of poppy was analyzed in 2019 and 2020 (Table 6) and reached maximum in both years at flowering stage. LAI was higher in 2020 reaching 7.4 ± 2.7 (BBCH 60) for sole cropped poppy while in 2019 it was 4.9 ± 0.8 (BBCH 59). Maximum LAI at flowering was followed by a decrease that was stronger in 2019 where LAIs dropped below 3.0. During capsule ripening, leaves start to turn brown and fall off and this phenomenon occurred earlier in 2019 than 2020, explaining the greater LAI decrease at BBCH 77. Differences between treatments in 2019 are consistent with biomass development. In 2019, LAI of poppy intercropped with barley was consistently lower than that of sole cropped poppy and poppy–clover intercropping. This separation began early in development, resulting in significantly higher LAIs of 4.8–5.1 for P, PC1 and PC2 compared to 1.4–2.5 for PB1, PB2 and PB3 at BBCH 59. In both years, there was a tendency of poppy LAI decreasing with increasing barley seed density.



Treatment differences were not as pronounced in 2020 as in 2019. LAI of PC1 was always the lowest (3.2 ± 1.0 at BBCH 60) while the others were >4.0. This tendency of PC1 ranking lowest was also found in biomass and seed yield of poppy and gives a hint that early clover can still have a competitive influence on poppy growth. Barley and clover LAI were measured in the same as poppy and are available in the Supplementary Materials (Tables S6 and S7).




3.2.3. Nitrogen


The pattern of nitrogen content in the poppy plants was similar in each year as there was a continuous decrease in nitrogen throughout the growing period (Figure 5). However, the initial N amounts differed between years and treatments. Poppy intercropped with clover tended to have higher nitrogen levels than poppy intercropped with barley.



In 2018 and 2020 the amount of nitrogen present at poppy BBCH 14/17 was between 3.00% and 3.84%, without significant differences between treatments in each year. In 2018, PB2 and PB3 continued to be under the lowest ranking treatments concerning N levels but this was only significant for BBCH 51 when sole cropped poppy had significantly more nitrogen (2.38% ± 0.15%) than poppy from PB3 (1.66% ± 0.14%). In 2019 a higher initial discrepancy between nitrogen contents was observed as PC2 and started with significantly higher nitrogen amounts (4.37 ± 0.48%) than PB3 (2.49 ± 1.00%). There was also a grouping of P, PC1 and PC2 scoring constantly higher than the barley intercropped treatments (PB1, PB2, PB3) in 2019 but the differences between both groups declined during development. Nevertheless the trend was similar to 2018, where competition for nitrogen was stronger in poppy–barley intercropping as opposed to intercropping with clover as both PC1 and PC2 did not differ significantly in nitrogen content compared to poppy sole cropping. In 2020 there was almost no different nitrogen content between treatments except for BBCH 69 when PC2 showed higher N content (2.79% ± 0.57%) than PB1 and PB2 (1.97–2.00%). As the decline in nitrogen was weaker compared to other years, leaving above 1.95% N before harvest, competitive effects for nitrogen did not occur to a significantly measurable extent.




3.2.4. Weeds


Weed data was prone to high variations due to an irregular distribution of weeds in the field. C. album was the species found most often throughout years and treatments, followed by Cirsium arvense L., Matricaria sp. and Solanum nigrum L. Total ground cover (without weeds) at harvest of the sole cropped poppy plots was the lowest of all treatments, ranging from 55.9 ± 4.3 % in 2018 to 68.3 ± 17.8 % in 2020. Only the ground cover of PC2 in 2018 (54.8%) was similarly low due to minor growth of the late sown clover. The desired effect of an increased ground cover through intercropping was, however, fulfilled by PC1 (85–100%), PB1 (97–98%), PB2 (83–100%) and PB3 (89–98%). The combination of poppy with all barley seeding densities or with early clover resulted in total crop ground cover rates of ≥90% in 2019 and 2020 and >80% in 2018.



Weed infestation was generally low and a weed suppressing effect of the intercrops was not statistically significant compared to sole cropped poppy due to large standard deviations. Variation was especially high in the sole cropped poppy with a weed coverage of 1.3–20.0% in 2018, 4.5–43.4% in 2019 and 0–20.0% in 2020. There was a tendency of poppy–barley intercropping to suppress weeds more successfully as there was below 4% of weeds on average in any of the barley–poppy intercrops and even below 2% in 2018 and 2019. White clover as a sole crop did not suppress weeds substantially, in particular when sown late. The highest weed infestation was noticed for the sole-cropped C2 treatments (28.4 ± 18.6% in 2018 and 45.8 ± 30.2% in 2020) which was significantly more than in the other treatments in every year, presumably due to the weak growth of the late sown clover. In intercropping, however, PC1 and PC2 (except for PC2 in 2020) produced only a weed cover of ≤5%.



Weed number and weed biomass were determined in 2019 and 2020 but agreed with the weed coverage results. There was a tendency for elevated weed numbers in the plots of P, C1 and C2 in 2019 whereas this tendency was less marked in 2020. At 2019 harvest, sole cropped poppy plots contained 3.3–53.3 weeds m−2, C1 had 6.6–30.0 and C2 had 13.3–26.7 weeds m−2 compared to zero weeds in PB1, PB3 and B3 and <5 weeds m−2 in the other treatments. Similarly, in 2020 weed numbers were 0–10 in P and 3.3–10 weeds m−2 in C2 in contrast to zero weeds in PB2 and <5 weeds m−2 in the other treatments. Weed biomass was characterized by a similarly high variation that was particularly large for the sole cropped poppy and clover treatments (Table S11).






4. Discussion


4.1. Yield Effects


Poppy seed yield and growth parameters (biomass, LAI, nitrogen content) revealed that 2019 was different from 2018 and 2020, indicating a dominant year effect on intercrop performance. Poppy seed yields as sole crops highly fluctuated but were always above the 10 year European average of 756 kg ha−1 (2008–2018) [30] so that 2019 can be considered a high-yielding poppy year at the experimental site.



Ground covering intercrops, like white clover, can reduce yields of the main crop in case of high competition for water or nutrients, particularly nitrogen [3]. However, poppy yields and poppy biomass were not affected by intercropping with white clover, implying that competition for those resources between poppy and clover was small. Similarly, Gerhards et al. (2018) showed that clover did not reduce grain yields of spring cereals [31]. Because seeding date of clover also did not affect poppy development, it implicates flexibility in choosing seeding dates of clover as a ground covering intercrop. A yield advantage of an intercrop can occur when the crops do not compete for the same ecological niches and interspecific is weaker than intraspecific competition [1]. In this case the differences in the ecological niches of poppy and clover allowed poppy to achieve its yield potential, not increasing total poppy yield but keeping it on a high level. Additionally, the multiple benefits of intercropping, like erosion control and soil fertility conservation through increased ground cover or nitrogen fixation by a legume, can be exploited without interfering with the poppy harvest [5,7].



In combination with barley, yields were comparable to the sole cropped poppy yield in 2018 and 2020 but were significantly reduced in 2019. This year effect can mainly be attributed to weather conditions and seeding dates as barley was sown earlier in 2019 compared to the other years, which strongly promoted barley growth and thus competitive strength against poppy. For stabilizing poppy, a difference of 4–6 weeks between poppy and barley sowing was favorable for poppy and this worked best when poppy was sown already in March (2020). Secondly, spring and summer of 2018 and 2020 were predominantly dry and hot (Table 1) while water supply in 2019 was higher (Table 1). As barley is particularly sensitive to water deficits and heat [32,33], this explains its weakness in those years. As a result, poppy was the stronger intercrop component compared to barley in two of the three years, as its yields were not depressed by intercropping. Therefore, the success of poppy–barley intercropping depends on how water supply and seeding dates coincide.



The environment plays a fundamental role in plant-to-plant interactions, e.g., competition and facilitation processes depend on the severity of the growing conditions [34], meaning that plants react differently towards each other under limited resource availability. This could be an explanation of why competition coming from barley was lower when water was a limiting growth factor. However, poppy grew despite limited precipitation in 2018 and 2020, indicating that it is able to cope with adverse environmental conditions, which could be an advantage facing future growing conditions due to climate change. These results must be considered with regard to the soil conditions as the trials were conducted on a highly fertile luvisol that compensates water and nutrient deficits to some degree [35].



Delayed sowing of barley produced grain yields that were lower than average spring barley yields in Germany that were 5330 kg ha−1 for the timeframe of 2014–2019 [36]. This was not unexpected as the sowing date for spring barley in our experiment was much later than is normally the case in Germany. As poppy was the main crop in the intercropping system, delayed sowing was chosen on purpose to give poppy a head start, implicating limitations for the yield potential of barley. Due to individual climate and soil conditions in each year, it was impossible to implement identical seeding dates every year but this revealed that seeding date and climatic conditions had the strongest effect on the intercropping systems, underlining the significant role of the environment involved in the performance of intercrops [7,37]. Differences between seeding densities were particularly small for the intercrop designs. Vandermeer (2012) stated that intraspecific competition is often higher than interspecific competition, [4] meaning that high barley seeding densities can be unfavorable for barley itself. Higher plant densities can provide yield advantages, but limited resources will be exhausted earlier [7]; thus, only under favorable water supply in 2019 did higher barley seeding densities result in higher seed yields. However, barley was affected by intercropping in 2018 and 2019, when yields were higher as sole crops compared to intercrops. Contrarily, in 2020 both poppy and barley yields were not affected by intercropping. It was observed that under unfavorable growing conditions the differences between a dominant and a suppressed crop tend to be less intense [7]. Both seeding dates of poppy and barley were realized early in 2020 but the dry growing conditions probably prevented both crops to realize their yield potential and competitive abilities.



Plant densities of poppy after emergence were similar in 2018 and 2019 but lower in 2020 as a result of less favorable germination conditions in 2020 (dry soil). This is why plant density at harvest was also lower in 2020 than in the other years. It is known that fewer plants m−2 usually build more capsules per plant, not necessarily leading to any total seed yield differences [22], as indicated by the higher seed number per capsules. This explains the higher capsule number per plant in 2020 but might also be a reason for less competition in intercropping in 2020, as it reduced the total plant density in each treatment as well. Resulting from the yield differences between years, a LER > 1 was achieved in 2018 and 2020. Due to the additive design, a maximum LER of 2 could be expected if there was no interaction between both components. However, the increased plant density in intercropping induces competition that will lower both individual yields to some extent. With that in mind, the LERs of 2020 (>1.7) reveal that this competition was relatively minor. Partial LERs for barley were higher in 2020 than in 2018 which is why the highest LERs in total were also calculated for 2020. To assess the success of an intercrop, the LER is an insufficient criterion, as for instance the economic value of both crops differs substantially, with poppy usually being the higher priced crop. Nonetheless, the LER results support the conclusion from yield data that moderate yields of both crops increase overall productivity of the intercrop by limiting competition.




4.2. Effects on Biomass, Leaf Area and Nitrogen Content


Biomass and leaf area of poppy and barley also reflected the competition between both crops that was stronger in 2019 compared to 2018 and 2020. In a study with spring barley in Lithuania, highest biomass increase was reported at barley heading that was associated with rainfall events [33]. That might be one reason why overall biomass accumulation of barley was particularly high in 2019. In intercropping with rape and pea, barley dominated the intercrop, accounting for the largest part of biomass [37]. Thus, if not manipulated by late sowing, barley would probably have dominated poppy biomass as well, which emphasizes the importance of supporting poppy by earlier sowing. Due to rapid growth of barley, its competitive abilities can influence the companion crop early on [37] which accordingly happened most intensively in 2019, leading to fewer poppy plants of low biomass in poppy–barley intercropping.



In this trial, dry matter accumulation of early sown clover was more reduced in the intercrop than as sole crop, giving a hint that it was inferior to poppy when brought into competition. Clover biomass data further implies that sowing dates in late April or early May are too late for a ground covering biomass growth. When white clover was sown between spring cereals simultaneously and again under sown approximately 30 days later, dry biomass of the late sown clover was only 2–3 g m−2 at DAS 95 compared to 8 g m−2 in the early sowing [31]. The same tendency of reduced clover dry matter when sown later than the companion crop was observed in this study. Therefore, early sowing of both crops ensures sufficient clover biomass buildup in intercropping.



In an experiment by Yadav et al. (1984), poppy plants reached a maximum average LAI of 4.02–5.13 [38], similar to our findings in 2019. Willey et al. (1990) reported differences in light use of an erect (millet) and a low crop (groundnut). Light use was not increased in total, but the intercrop still produced a larger LAI, meaning that the same amount of light was distributed more efficiently between both crops as the erect crop used higher and the low crop used lower light intensities [9]. In our case, poppy and barley are both erect crops while clover is low to the ground, probably facilitating light use in the poppy–clover intercrops. Poppy leaf area was less affected by the clover than by the barley intercrop and early clover and high barley seeding densities tended to decrease poppy LAI. Therefore, maximizing poppy LAI is only possible without an intercrop or with late sown clover. Intercropping with crops of similar light use, like barley, reduces poppy leaf area but a lower LAI might still be acceptable if yields are unaffected or compensated by increased total yields of the intercrop.



A decreasing nitrogen content in poppy plants thoughout the growing period is commonly reported. For instance, poppy leaf N contents decreased to 54% of their initial content at seed maturity [39], partly due to higher nitrogen accumulation in the seeds [39,40]. Nitrogen concentrations of (alkaloid) poppy plants were reported to be in the range of 4.76–4.93% at leaf rosette stage, decreasing to 1.83–2.47% at flowering stage, depending on N fertilization [41]. In the present study the nitrogen decrease towards the end of the growing period was smaller and levels were finally similar for each treatment. However, there were differences in nitrogen content between sole cropped poppy and poppy intercropped with barley at the beginning of the growing period 2019. This does not automatically mean higher competition for nitrogen but indicates the weakness of the poppy plants in poppy–barley intercropping compared to the other treatments at early development stages.



Clover is able to use atmospheric nitrogen through its root nodule bacteria, making it less dependent on soil nitrogen supply [27] and thus, a weaker competitor for soil N than barley. Additionally, less demand for nitrogen could also be attributed to the lower amounts of clover biomass compared to barley. According to Liebmann (1986), the combination of mustard and barley resulted in lower leaf N concentration in mustard but no effect on mustard N was observed for mustard and pea in intercropping [42]. Likewise, in poppy and barley intercropping, the nitrogen content in poppy was partly affected while it was not affected by the legume (clover). Poppy might not directly benefit from the nitrogen accumulation through clover as the N transfer is probably higher to the following crop [9], but competition for soil nitrogen might be smaller. Therefore, the use of a legume like clover could be a benefit for poppy nitrogen supply but could also contribute to more weed growth as soil nitrogen is less depleted by the intercrops [19].




4.3. Weed Suppression


The weed regulation effectiveness of intercropping varies dependent on many factors such as choice of crop species, seeding dates and densities, preceding crop, soil and weather conditions, weed seed bank or site management factors [3,8]. In many intercropping systems, weed suppression is only a function of increased total crop density [3,17] which was higher in our intercrops as well compared to the sole cropped plots.



However, barley had a weed suppressing effect itself, as weed infestation in the sole cropped barley treatments was only once above 1%. The most weed suppressive intercrops include crops with a rapid, early growth and a dense canopy [3]. All three factors apply to barley. Achieving high weed suppression without yield reduction of the main crop is a difficult task [27] and the main crop yields may be at risk as shown in the poppy seed yield in 2019. In correspondence to yield, biomass, leaf area and C/N data, high seeding densities of barley may increase competition with poppy, but they also intensify competition with weeds resulting in nearly weed-free intercrops of poppy with barley.



White clover was said to provide the best compromise between weed suppression and yield reduction of the main crop when compared to other under sown clover species [27]. However, C. album was almost unaffected by each of the clover species. This may explain why weed suppression of white clover in our experiment was weak. Despite its weak weed suppressing effect as the sole crop, clover as an intercrop with poppy can still add to the competition against weeds when intercropped with poppy, in particular when providing enough biomass as in the early sown clover. Szumigalski and van Acker (2005) determined a dominant effect of environmental conditions on weed density and weed biomass in annual intercrops that was much greater than the crop treatment effect [8]. Accordingly, differing climatic conditions and inhomogeneous weed distribution led to high variation in weed coverage, weed number and weed biomass, particularly in sole cropped poppy. Mechanical weeding before sowing of late clover and barley was necessary in 2018 and 2020 but weed infestation was very low in 2019 at the start of the trial and the different treatment could also have influenced weed development. However, this also confirms it is important to adapt cultivation strategies to local conditions and that a combination of first mechanical weeding and then intercropping can be helpful to provide sufficient weed suppression throughout the growing period.




4.4. Poppy Intercropping Perspectives


Environmental conditions (e.g., soil and weather) and management (e.g., sowing dates, crop protection) are key factors in deciding on an intercropping design for poppy. Additive intercropping can be productive in high-yielding environments [7], which was shown by high LERs for poppy–barley in two of the three years at the trial site. However, adjusting seeding dates was necessary to balance competitive effects of both crops and were still influenced by water and nitrogen as the main growth limiting resources. Therefore, low growing, less competitive crops like clover are the optimal choice to ensure poppy yields, especially when resources are limited. As competition is low, they can be implemented in the intercropping system as early as possible. An increase in area productivity can be achieved by integrating harvestable crops like barley into the system but it requires site specific management and increases the risk of yield losses. For limited competitive effects, reduction in seeding densities of both crops might be considered to keep total plant density on the same level as in a sole crop (substitutive intercropping).



In general, a balance must be achieved between higher weed suppression by more competitive partners and possible yield losses of the main crop. Replacing mechanical weed regulation by intercrops saves time and money, but also lacks it soil aeration effect. For risk minimization, an earlier sowing date of poppy (4–5 weeks) and lower seeding densities of competitive companion crops like barley are recommendable to increase the competitive abilities of poppy. Therefore, the specific interactions of the intercropped crops and their mechanisms in suppressing weeds should be the focus of future intercropping research to determine when and how manipulations in seeding dates, seeding densities or fertilization are necessary. Instead of barley, other cereals could be an alternative, e.g., oats can have a weed reducing effect as well [14,43]. Further, intercropping poppy with grain legumes such as lupins, peas or beans, could implement both the advantage of reduced competition for nitrogen as well as a second harvestable crop of economic value.



The advantages of intercropping, like increasing area productivity, biodiversity and soil fertility, can also be incorporated by poppy intercropping systems. Establishing more diverse agroecosystems is a central goal of the European Agricultural Policy including monetary rewards for some types of intercropping. In this context, incorporating nitrogen fixating plants in a poppy intercrop may become particularly attractive for farmers.



In the face of climate change and an increase in unpredictable growing conditions, intercropping distributes risks on more than one crop and is therefore a promising strategy for poppy cultivation. However, further research needs to elucidate if results on poppy intercropping are indeed transferrable to less favorable soil conditions by testing these systems under more diverse environments.





5. Conclusions


Poppy intercropped with clover was not severely impacted by competition as indicated by similar poppy yield, biomass, LAI and nitrogen content compared to poppy sole crops. This was mainly attributed to limited competition for water, light and soil nitrogen and a smaller demand of clover for exploiting these resources due to less biomass growth and its nitrogen fixation abilities. Seeding dates of clover did not have a major impact on yield and plant morphology but an earlier sowing date secured sufficient biomass build up to exploit the benefits of an increased ground cover. Therefore, implementing low growing intercrops like white clover into a poppy intercrop should be realized simultaneously to the poppy. Barley and poppy intercrops produced acceptable poppy yields compared to sole crops in two of three years. Early seeding dates and increased water supply enhanced the competitive abilities of barley, lowering poppy yields, LER, LAI, biomass and nitrogen content in intercropping with barley. Competition for nitrogen was strong particularly in the early phases of development. Higher seeding densities of barley tended to increase competitive effects, but the influence of climatic and management factors was stronger. Therefore, when choosing tall growing, biomass rich crops like barley, the poppy crop must be supported by earlier sowing or lower seeding densities of the second crop to ensure competitive equality in the intercrop. The effect of intercropping on weeds was small due to high variability in weed distribution and years with overall low weed infestation. However, a tendency towards lower weed ground cover in intercropping treatments was observed, in particular with barley. Higher plant densities in intercropping may be responsible for why poppy–clover intercrops were also less weedy than both sole crops.



In summary, intercropping poppy with barley requires precise management and earlier sowing of the poppy crop to limit the competitive abilities of barley. Clover appears to be a promising intercrop for poppy as it added ecological benefits while not affecting poppy performance. Due to great flexibility in choosing intercropping cultivars, seeding dates and densities, intercropping poppy can a promising cultivation strategy for poppy in the future.
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Figure 1. Poppy sole crop seed yield (P) compared to poppy yield intercropped with barley for three sowing densities (PB1 (not in 2018), PB2, PB3) and white clover for two sowing dates (PC1, PC2) in three consecutive years (2018–2020). Means and standard deviations are given for each treatment in each year. Lower case letters indicate significant differences between treatments in each year (ANOVA + Tukey HSD test). 
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Figure 2. Barley seed yield as sole crop in two (B1, B2; 2018) and three (B1, B2, B3; 2019–2020) different seedings densities compared to barley yields from intercropping with poppy (PB1, PB2, PB3). Lower case letters indicate significant differences between treatments in each year (ANOVA + Tukey HSD test). 
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Figure 3. Partial land equivalent ratios (pLER) for poppy and barley yields in the intercropping designs of three different barley seeding densities (PB1 (not in 2018), PB2, PB3) over three years (2018–2020). Symbols and error bars represent means and standard deviations respectively. The dotted lines represent LER = 1 (black) and LER = 2 (grey). Analyses of variance showed no significant differences of LER values between seeding densities within each year. 
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Figure 4. Dry matter (g m−2) of (a) poppy, (b) barley, (c) early sown clover and (d) late sown clover as sole crops (P, B1, B2, B3, C1, C2), in poppy–barley intercropping (PB1, PB2, PB3) and poppy-white clover intercropping (PC1, PC2). Detailed descriptive and inferential statistics can be found in Tables S3–S5. 
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Figure 5. Nitrogen content of poppy plants from sole cropping (P), intercropped with barley at three different seeding densities (PB1, PB2, PB3) and intercropped with white clover at two different sowing times (PC1, PC2) in (a) 2018, (b) 2019 and (c) 2020. General principal growth stages (BBCH) as adapted for poppy are given in twodigit numbers at each sampling point. Detailed descriptive and inferential statistics can be found in Tables S8–S10. 
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Table 1. Mean temperature (°C) and precipitation (mm) for March to August at Campus Klein-Altendorf (Germany) in the experimental years compared to the long-term average (1956–2019).
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Month

	
Temperature (°C)

	
Precipitation (mm)




	

	
2018

	
2019

	
2020

	
Av 1

	
2018

	
2019

	
2020

	
Av 1






	
March

	
4.3

	
7.4

	
6.7

	
5.5

	
35.8

	
63.9

	
39.0

	
40.5




	
April

	
12.9

	
10.0

	
11.7

	
8.7

	
40.8

	
26.7

	
5.4

	
43.3




	
May

	
16.1

	
11.3

	
13.1

	
12.8

	
34.9

	
75.8

	
18.1

	
57.5




	
June

	
18.0

	
19.7

	
17.3

	
15.7

	
47.1

	
25.5

	
66.3

	
65.7




	
July

	
21.4

	
19.5

	
18.4

	
17.4

	
22.8

	
55.0

	
27.1

	
65.8




	
August

	
20.2

	
19.4

	
21.0

	
17.0

	
19.7

	
69.6

	
83.6

	
67.2








1 Long-term average from 1956–2019.
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Table 2. Summary of physical and chemical soil properties of the experimental site for the top 30 cm in experimental years.
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	Year
	pH
	P mg/100 g
	K mg/100 g
	Mg mg/100 g





	2018
	7.0
	19
	10
	7.8



	2019
	6.5
	14
	15
	12.1



	2020
	6.9
	22
	16
	8.2










[image: Table] 





Table 3. Treatments of the poppy intercropping trial.
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	Code
	Treatment





	P
	Poppy



	B1 *
	Barley at 135 seeds m−2



	B2
	Barley at 270 seeds m−2



	B3
	Barley at 450 seeds m−2



	C1
	Clover sown early



	C2
	Clover sown late



	PB1 *
	Poppy + barley at 135 seeds m−2



	PB2
	Poppy + barley at 270 seeds m−2



	PB3
	Poppy + barley at 450 seeds m−2



	PC1
	Poppy + clover sown early



	PC2
	Poppy + clover sown late







* Only in 2019 & 2020.
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Table 4. The seeding dates of poppy, clover and barley in the intercrop experiment 2018–2020 at Campus Klein-Altendorf, Germany.
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Cultivar

	
2018

	
2019

	
2020




	

	
Seeding

	
Harvest

	
Seeding

	
Harvest

	
Seeding

	
Harvest






	
Poppy (P)

	
04/20

	
08/20

	
04/05

	
08/13

	
03/24

	
08/12




	
White clover (C1)

	
04/24

	
-

	
04/09

	
-

	
03/28

	
-




	
White clover (C2)

	
05/24

	
-

	
04/24

	
-

	
05/07

	
-




	
Barley (B1, B2, B3)

	
05/24

	
08/20

	
04/24

	
08/13

	
05/07

	
08/12











[image: Table] 





Table 5. Poppy yield data from sole cropping (P) and intercropping with barley for three different sowing densities (PB1 (not in 2018), PB2, PB3) and white clover for two sowing dates (PC1, PC2) at Campus Klein-Altendorf 2018–2020. Lower case letters indicate significant differences between crop treatments for each yield parameter in each year (ANOVA & Tukey HSD test, p < 0.05).
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	Year
	Sample
	Straw Yield (kg ha −1)
	Thousand Grain Mass (g)
	Plants m−2
	Capsules Per Plant
	Seed Number Per Capsule





	2018
	P
	2748 ± 419 a
	0.44 ± 0.03 a
	156.2 ± 18.1 a
	1.00 ± 0.05 a
	1245 ± 287 a



	
	PB2
	2580 ± 626 a
	0.44 ± 0.03 a
	118.8 ± 17.1 a
	1.04 ± 0.07 a
	1679 ± 684 a



	
	PB3
	2393 ± 286 a
	0.44 ± 0.02 a
	128.5 ± 37.1 a
	0.98 ± 0.05 a
	1347 ± 507 a



	
	PC1
	2553 ± 844 a
	0.48 ± 0.02 a
	107.3 ± 26.7 a
	1.09 ± 0.08 a
	1748 ± 528 a



	
	PC2
	2823 ± 191 a
	0.45 ± 0.01 a
	132.8 ± 15.6 a
	0.96 ± 0.15 a
	1779 ± 353 a



	2019
	P
	3634 ± 719 a
	0.44 ± 0.02 a
	158.2 ± 17.8 a
	0.92 ± 0.04 a
	2085 ± 257 ab



	
	PB1
	1105 ± 414 b
	0.42 ± 0.02 a
	86.5 ± 41.4 ab
	0.91 ± 0.11 a
	1204 ± 436 cd



	
	PB2
	602 ± 273 b
	0.43 ± 0.01 a
	52.5 ± 30.3 c
	0.97 ± 0.15 a
	1350 ± 638 bcd



	
	PB3
	403 ± 106 b
	0.41 ± 0.02 a
	52.5 ± 17.7 c
	0.91 ± 0.12 a
	802 ± 91 d



	
	PC1
	2880 ± 388 a
	0.43 ± 0.03 a
	118.5 ± 42.9 bc
	0.96 ± 0.06 a
	2684 ± 593 a



	
	PC2
	3042 ± 248 a
	0.44 ± 0.02 a
	149.7 ± 9.6 a
	0.93 ± 0.02 a
	1879 ± 162 abc



	2020
	P
	2552 ± 431 a
	0.49 ± 0.03 a
	65.3 ± 22.1 a
	1.40 ± 0.19 a
	4277 ± 557 a



	
	PB1
	2238 ± 203 a
	0.49 ± 0.03 a
	69.7 ± 12.7 a
	1.27 ± 0.12 a
	4344 ± 865 a



	
	PB2
	2162 ± 338 a
	0.50 ± 0.01 a
	67.0 ± 28.0 a
	1.45 ± 0.51 a
	4141 ± 477 a



	
	PB3
	1881 ± 336 a
	0.49 ± 0.02 a
	52.3 ± 10.6 a
	1.51 ± 0.19 a
	4234 ± 189 a



	
	PC1
	1844 ± 367 a
	0.48 ± 0.03 a
	65.5 ± 26.1 a
	1.42 ± 0.31 a
	3854 ± 572 a



	
	PC2
	2631 ± 397 a
	0.48 ± 0.03 a
	68.3 ± 15.2 a
	1.35 ± 0.16 a
	4371 ± 304 a
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Table 6. Leaf area indices of poppy as sole crop (P) and intercropped with clover (PC1, PC2) and barley (PB1, PB2, PB3) at different BBCH growth stages at Campus Klein-Altendorf 2019 and 2020. Lower case letters indicate significant differences between crop treatments for each growth stage in each year (ANOVA & Tukey HSD test, p < 0.05).
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LAI at Poppy Principal Growth Stages (BBCH)






	
Year

	
Sample

	
BBCH 30

	
BBCH 51

	
BBCH 59

	
BBCH 77




	
2019

	
P

	
3.99 ± 0.75 a

	
4.46 ± 1.35 a

	
4.88 ± 0.84 a

	
2.54 ± 0.62 a




	
PC1

	
3.02 ± 0.79 abc

	
3.84 ± 1.16 ab

	
4.83 ± 0.78 a

	
2.23 ± 0.65 a




	
PC2

	
3.11 ± 0.44 ab

	
4.22 ± 0.53 ab

	
5.12 ± 0.83 a

	
2.31 ± 0.59 a




	
PB1

	
1.54 ± 0.42 d

	
2.26 ± 0.58 bc

	
2.52 ± 1.16 b

	
0.70 ± 0.27 b




	
PB2

	
1.64 ± 0.93 cd

	
1.74 ± 0.46 c

	
1.69 ± 0.41 b

	
0.59 ± 0.26 b




	
PB3

	
1.77 ± 0.46 bcd

	
1.39 ± 0.14 c

	
1.44 ± 0.27 b

	
0.51 ± 0.50 b




	
Year

	
Sample

	
BBCH 30

	
BBCH 51

	
BBCH 60

	
BBCH 69




	
2020

	
P

	
2.11 ± 0.82 a

	
4.41 ± 1.92 a

	
7.36 ± 2.69 a

	
6.35 ± 1.56 a




	
PC1

	
1.04 ± 0.51 a

	
2.47 ± 0.78 a

	
3.19 ± 0.99 a

	
4.47 ± 1.35 a




	
PC2

	
1.84 ± 0.84 a

	
4.04 ± 1.32 a

	
4.87 ± 1.53 a

	
6.21 ± 3.16 a




	
PB1

	
1.97 ± 1.25 a

	
4.60 ± 1.55 a

	
6.68 ± 1.63 a

	
6.70 ± 1.56 a




	
PB2

	
1.53 ± 0.51 a

	
4.27 ± 1.61 a

	
5.30 ± 2.04 a

	
6.10 ± 1.21 a




	
PB3

	
1.59 ± 1.49 a

	
2.57 ± 0.87 a

	
4.39 ± 2.86 a

	
4.25 ± 1.16 a
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