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Abstract

:

The effect of weeds, plant diseases and insect pests on spring barley (Hordeum vulgare) and spring wheat (Triticum aestivum) grain and nutrient yield was examined. Long-term field trial data was used to assess the impact of different pests on grain yield. In the absence of pesticides, fungal diseases caused the largest annual yield-reduction in spring wheat and spring barley, 500 kg ha−1 on average. Converting yield loss to nutrient yield loss this represented reductions of 8.1 and 9.2 kg ha−1 in nitrogen and 1.5 and 1.6 kg ha−1 in phosphorus, respectively. Likewise, it was estimated that weeds decrease the yield of spring barley and spring wheat for 200 kg ha−1, which means reductions of 3.7 and 3.2 kg ha−1 in nitrogen and 0.6 kg ha−1 in phosphorus, respectively. For insect pests yield-reduction in spring barley and spring wheat varied between 418 and 745 kg ha−1 respectively. However, because bird cherry-oat aphid (Rhopalosiphum padi L.) incidence data was limited, and aphids are highly variable annually, nutrient yield losses caused by insect pests were not included. Based on the current study, the management of weeds, plant diseases and insects maintain cereal crop yield and may thus decrease the environmental risks caused by unutilized nutrients.
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1. Introduction


In the Boreal region the growing conditions are unique. In Finland over half of the cereal grain cultivation area is located between 60° N and 65° N [1]. However, climate change is forecasted to extend the length of the potential growing season at middle and higher latitudes [2] and different solutions are needed to reduce the potential adverse effects of warming autumns, such as nutrient leaching [3]. Longer growing seasons may also affect the incidence of pests (weeds, insects and plant diseases): plant disease risk may increase due to accelerated and more aggressive plant pathogen evolution and a larger number of infection cycles [4,5] while longer and warmer growing seasons constitute ideal conditions for pests to thrive [6,7,8].



Pests have a negative effect on crop yield, and at the worst, some pests may destroy entire crops leading to a total loss of crop yield. In addition to decreasing crop yield, pests may also have a negative effect on the quality of crop yield. According to Oerke [9], weeds can cause high yield losses (up to 34%) in spring wheat (Triticum aestivum), rice (Oryza sativa), maize (Zea mays), potatoes (Solanum tuberosum), soybeans (Glycine max) and common flax (Linum usitatissimum), whereas insects and plant diseases cause lower but still substantial average yield losses (18% for insects and 16% for plant diseases) for the same crops. The yield losses of spring wheat and spring barley (Hordeum vulgare) caused by weeds were found to depend more on the relative time of weed emergence than weed density [10,11]. There are also differences with different crop densities: Lutman et al. [12] found that when winter wheat density increased from 100 wheat plants m−2 to 200 or 300 plants m−2, it decreased the head numbers of black grass (Alopecurus myosuroides) by 17 and 32%, respectively. In Finland, Salonen [13] found that the use of herbicides increases the average spring wheat yield by 202 kg ha−1 and spring barley yield by 30 kg ha−1. In Sweden, increased weed biomass was found to explain 31% yield losses of both spring and winter cereals [14].



Yield reduction caused by plant diseases varies considerably between host plant and pathogen cognate pairs. For spring wheat, Murray and Brennan [15] found that diseases caused an 18% annual yield loss; for spring barley, annual yield reduction due to plant pathogens was 19.6% [16]. In a long-term (1976–2000) study, Bockus et al. [17] found that the annual grain yield loss caused by spring wheat diseases was on average 13.7%. In a recent study, Jalli et al. [18] found that leaf blotch diseases, with severity above 50% at the milk ripening stage, caused an average yield loss of 1072 kg ha−1 in winter wheat and 1114 kg ha−1 in spring barley in northern European countries.



There may also be combined effects of insects and pathogens. Riedell et al. [19] examined the effect of bird cherry-oat aphid (Rhopalosiphum padi L.) and barley yellow dwarf virus (BYDV), both separately and in combination, on winter wheat. It was shown that the combined effects of pests decreased winter wheat yield by 58% while yield reduction caused by R. padi alone was 21% and yield reduction caused by BYDV alone was 46%. McKirdy et al. [20] also observed a clear connection between BYDV and grain yield loss: the grain yield reduction caused by BYDV was 0–2700 kg ha−1 for wheat and oats (Avena sativa L.). For barley, BYDV-resistance in cultivars differs. For example, in Jefferies et al. [21] study it was shown that a relatively tolerant cultivar had a 13% reduction in grain yield due to BYDV whereas a more sensitive cultivar had a yield reduction of 71%. In addition, R. padi has been shown to decrease the grain yield of oats by 19–22% [22] and the yield of spring barley by 0–1810 kg ha−1 [23].



Crop protection actions strongly define the formation and realization of crop yield. Farmers in the EU are committed to implementing the Integrated Pest Management (IPM)-directive which aims to minimize the risk of pesticides to human health and the environment. In IPM, the focus is on prevention of pests or their damage through a combination of different techniques like crop rotation and plant disease resistance. A decision on the use of chemicals for crop protection should be based on verified need [24]. In Finland, herbicide application was used on over 90% of the cultivated area while fungicide application was used on 20−30% and insecticide application on less than 10% of the cultivated area in 2018 [25].



Besides IPM, farmers in the EU are also committed to Farm to Fork strategy, which aims to reduce nutrient losses by at least 50% from 2020 level and to reduce the use of fertilizers by 20% by the end of 2030 [26]. Globally, the nitrogen fertilizer use has increased around 1.5% (1.7 M tonnes) and phosphorus around 2.4% (1M tonnes) annually during the years 2014–2018 [27]. However, in Finland, the mean field balance (nutrient applied as in fertilizer/manure—nutrient harvested in (grain) yield (kg/ha)) of nitrogen (N) has decreased from 90 to 50 kg ha−1 and balance of phosphorus (P) from 30 to 4 kg ha−1 in 1985–2015 [28]. However, still significant nutrient losses to watercourses occur [29,30,31] and the efficacy of N and P uptake of plants has been lower than 50 and 10% of applied fertilizers [32]. For protecting soil, water and air for unused nutrients, different actions like avoiding overfertilization and favoring the use of crops with the high nutrient use efficiency are needed [33,34]. However, not just the ability of crops to use nutrients but also several types of stresses like flooding, salinity and water stress may affect plant growth and disturb crop nutrient uptake [35].



Previous studies in plant health have focused mainly on the effects of pests on crop yield but seldom the interaction of crop protection and nutrient yield of cereals has been reported. The aim of the current study was to estimate the impact of plant protection on spring cereal grain yield and crop nutrient uptake by determining the N and P-yield harvested in grain yield in a Boreal climate. The current study is based on long-term data in different pest pressures and climatic conditions covering several growth zones in Finland.




2. Material and Methods


In the current study, the effects of weeds, plant diseases and insect pests on the grain yield of spring barley and spring wheat were examined in long-term field trials between 1965 and 2016. The collected grain yield data were used when examining the estimation of nutrient yield of spring barley and spring wheat in the current study (Figure 1).



2.1. Data Collection


Finland has been divided into five different growth zones based on the different effective temperature sum in different parts of Finland which define the crops that can be cultivated in certain growth zones [1]. In the current study, trials were sited at six different locations in Finland: Inkoo, Jokioinen, Kaarina, Nousiainen, Tikkurila and Ylistaro in which only Ylistaro was located in growth zone III while other sites were located in growth zone I (Figure 2). During the experimental period, fields were autumn ploughed annually. Typical spring wheat and spring barley varieties for each decade were used. In addition, the fertilizer levels followed the general recommendations in Finland in each decade: in 1960s the common nitrogen dose (N) was 20 kg ha−1 [36], in 1970s 70 kg ha−1 [36] and in 1980s onwards 90 kg ha−1 [37]. Similarly, the common dose of phosphorus (P) was in the 1960s 20 kg ha−1 [36], in the 1970s 30 kg ha−1 [36], in the 1980s 20 kg ha−1 [37], in the 1990s 15 kg ha−1 [37,38] and from 2000 onwards 10 kg ha−1 [37].



2.1.1. Weed Trials


Luke’s (Natural Resources Institute Finland, previously known as MTT Agrifood Research Finland and MTTK Agrifood Research Finland) herbicide efficacy testing field trial data from the years 1965 to 2012 was used to study the effect of weeds on the cereal yield of crops grown on mineral soils. There were 72 trials in spring wheat and 107 trials in spring barley: the collected data included weed biomass data (density and dry biomass) as well as observations of the effect of herbicide treatment on grain yield [39]. Up until 1979 the trials were located in Tikkurila and thereafter in Jokioinen (Figure 2). The field trials were conducted in order to test the biological efficacy of new herbicide products before their approval for use in Finland. Therefore, the trials included new products of each period of history [39]. In 1960s and 1970s mainly phenoxy herbicides were used, in 1980s and 1990s mainly sulfonyl ureas and from 2000 onwards mainly mixtures of sulfonyl ureas and phenoxy herbicides.



All herbicide trials contained one untreated (control) treatment and 4–14 herbicide treatments. The trials were carried out as randomized complete block design, typically with a plot size of 3 m × 8–10 m and with four replicates. The herbicide applications were generally made from the growth stage (BBCH) 12 to 31 [40] of the crop.



The weed assessments were made from six to eight weeks after the last herbicide application of the trial. The weed samples were taken from two 0.1–0.5 m2 subsample areas in each plot, after which the weeds were counted, sorted by species, placed into pre-weighed paper bags, air-dried and then weighed to determined weed biomass yield [39]. The total weed dry biomass and the grain yield of the untreated treatment and the herbicide treatment with the highest positive yield response per trial were chosen for data analyses (Figure 1). This demonstrated the highest potential yield increase of weed control in each trial.




2.1.2. Plant Disease Trials


Spring barley and spring wheat plant disease severity data originated from untreated plots in national fungicide efficacy trials conducted on mineral soils held between 1999 and 2016. The fungicides represented a range of broad-spectrum fungicides, mainly triazole and strobilurin and their mixtures, with different modes of actions and good efficacy to leaf blotch diseases. Data from 49 trials for spring barley and 55 trials for spring wheat were included in the analyses. The spring barley data was collected from Jokioinen, Ylistaro and Inkoo, and the spring wheat data from Jokioinen, Inkoo and Kaarina (Figure 2).



The trial design was a randomized block field trial with four replicates [41]. In each trial, the grain yield difference between the untreated and average of fungicide treated treatments was chosen for data analyses (Figure 1).



The disease severity was observed at the milk ripening stage, BBCH 73–77. The disease scale was based on the percentage of leaf area covered by disease on the four uppermost leaves [41]. For spring barley, symptoms attributed to net blotch (Pyrenophora teres f. teres), scald (Rhynchosporium commune) and powdery mildew (Blumeria graminis) were recorded. For spring wheat, the symptoms attributed to stagonospora nodorum blotch (Parastagonospora nodorum), tan spot (Pyrenophora tritici-repentis), powdery mildew (Blumeria graminis) and wheat leaf rust (Puccinia recondita) were recorded. The trials with mixed infections were avoided. The disease resistance of the cultivars used in the trials varied, ranging from moderately susceptible to susceptible.



The estimation of yield loss caused by seed borne diseases was based on a seed quality study carried out on spring barley [42] and spring wheat [43]. In both studies, the yield from untreated seeds was 300 kg/ha lower than yield of the fungicide treated seed lot.




2.1.3. Insect Pest Trials


Insect pest data includes results from field trials to test biological efficacy of insecticides against bird cherry-oat aphid, Rhopalosiphum padi (15 field trials held between 1999–2008) on barley, wheat, and oats. The trials were carried out in Jokioinen and Ylistaro (Figure 2). Insecticides used in the field trials were mainly pyrethroids, after insecticide spraying the number of aphids per plant was counted 1–5 times. The grain yield of the untreated treatment and the insecticide treatment with the highest positive yield response per trial were chosen for data analyses (Figure 1).





2.2. Statistical Analysis


Data from weeds, plant diseases and insects were analyzed separately. However, there were different testing methods in analyzing different pests’ data: for weed and insect trials new herbicides and insecticides were tested with varying success on different weed and insect species, while for plant disease trials all of the used fungicides were commonly used and their efficacy against diseases were known. Thus, for getting the realistic picture about the ability of pests to disturb crop growth and decrease crop yield, for weeds and insects the difference in yields between the untreated plot and the corresponding treated plot with the highest yield potential was included, while for plant diseases all treated plots were included (Figure 1).



The data were categorized into different severity classes of weeds, diseases and insect pests. For weeds the amount of air-dry weed biomass of untreated plots was categorized into five equally sized classes (20% of observations for each). The median of weed biomasses in different classes was: 52 kg ha−1 in class 1, 106 kg ha−1 in class 2, 214 kg ha−1 in class 3, 415 kg ha−1 in class 4 and 959 kg ha−1 in class 5. In addition, the average densities of the most abundant weed species were analyzed in order to describe the spectrum of the weed species in the trials. Similarly, for plant diseases the disease severity observations were categorized into the following severity classes: 0–1, 1.01–10, 10.01–25, 25.01–35, 35.01–100% of diseased leaf area for spring barley and 0–2, 2.01–10, 10.01–25, 25.01–100% of diseased leaf area for spring wheat. For the insect pests the aphid incidence of untreated plots was categorized into three aphid-abundance classes: 0–5 aphids in class 1, 5.01–25 aphids in class 2 and 25.01–100 aphids in class 3. However, the number of classes presented above and their boundaries were chosen based on the sample size and the distribution of observations still maintaining the effectiveness of statistical inference. Weed classes were equally classified having the same number of observations, but for plant diseases and insects the boundaries were modified based on more meaningful class levels.



For weeds both spring barley and spring wheat data were analyzed together. A linear mixed model (LMM) consisted of interaction between the classified weed biomass classes (1–5) and crop (spring barley and spring wheat) in addition to their main effects. Random effects based on experimental design were year and year × trial × crop × (weed biomass class). Thus, yield loss between treated and untreated plots was analyzed using the model:


Yield loss = intercept + weed biomass class + crop + weed biomass class × crop + year + year × trial × crop × (weed biomass class) + residual



(1)







For plant diseases and insects, yield losses were calculated by comparing fungicide or insecticide, respectively, treated plots with corresponding untreated plots (=untreated yield − treated yield). Classified plant diseases or insects were used as a fixed effect. These models had no other fixed effects, because for plant diseases both crops were analyzed separately, and for insects the effect of crop was not included in the model. For plant diseases, three random effects were used: fungicide, year × site × trial × (plant disease class) and replicate × year × site × trial × (plant disease class). For insects there were no random effects, but unequal variances for aphid classes were allowed. However, one insect trial had an exceptional high yield increase (800 kg ha−1) in the untreated plot and was not included in the analysis.



All models were fitted by using the restricted maximum likelihood (REML) estimation method, and degrees of freedom were calculated using the Kenward-Roger method [44]. The residuals were plotted against the fitted values, which indicated that the assumptions of the models were adequate. Comparison of the means was performed using the Tukey–Kramer post hoc test at significance level 0.05 (Supplementary Tables S1–S3) [45] while the analyses were performed using the GLIMMIX procedure in SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).




2.3. Nitrogen and Phosphorus Yield Loss Estimation


The effect of grain yield loss caused by weeds and plant diseases on N and P yield loss was assessed by using N-and P-concentrations of spring barley and spring wheat (Figure 1). However, because aphid incidence data was limited and aphids are highly variable annually [46], N-and P-yield losses caused by insect pest were not included in the current study.



Average values of 19.0 and 21.6 g kg−1 for grain N and 3.6 and 3.7 g kg−1 for grain P concentrations, were used in N- (kg N ha−1) and P-loss (kg P ha−1) calculations for barley and wheat, respectively [47]. These N and P concentrations represent average values for cultivars cultivated in 2010s, thus providing relatively recent and reliable estimations for N- and P-yield calculations. In nutrient calculations, yield loss (kg ha−1) for both spring barley and spring wheat was converted from 15% moisture to dry matter.



N-and P-yield loss was calculated as follows:


  Nitrogen   yield   loss   =     grain   loss    (     kg   dry   matter   ha    − 1    )    ×   grain   N   concentration    (     g   dm   kg    − 1    )    1000    



(2)






  Phosphorus   yield   loss   =     grain   loss    (     kg   dry   matter   ha    − 1    )    ×   grain   P   concentration    (     g   dm   kg    − 1    )      1000    



(3)







Potential total national N- and P-yield loss was estimated by multiplying hectare-based N- and P-yield loss by the average cultivation area in Finland in 2019 for spring barley (500,000 ha) and spring wheat (200,000 ha) [48].





3. Results


3.1. Effect of Weeds on Cereal Yield


In 179 spring barley and spring wheat herbicide trials, the most abundant weed species in untreated plots were chickweed (Stellaria media (L.)), white goosefoot (Chenopodium album (L.)), field pansy (Viola arvensis (L.)) and hemp-nettle (Galeopsis (L.)) (Table 1). All of these weed species are commonly found in spring cereal fields in Finland [49].



The trial data were classified into five weed biomass classes according to the total weed biomasses of the untreated treatments (Figure 3). For spring barley, in the fifth class, with the highest weed biomass (580–7800 kg ha−1), the yield loss differed statistically significantly from the other classes (p < 0.001), whereas for spring wheat there were no statistically significant yield loss differences (p > 0.320) between the weed biomass classes. The yield loss was also significantly higher for spring barley than for spring wheat (p = 0.037) in the fifth class. Based on current results, when comparing average yield of each weed biomass class, weeds decreased the yield of spring barley 5–7% in weed classes 1–4 and 19% in class 5. For spring wheat, yield loss was 4–8% in weed classes 1–4 and 13% in class 5 (Figure 3).




3.2. Effect of Plant Diseases on Cereal Yield


The trial data were classified into five disease severity classes according to the total disease severity of the untreated treatments for spring barley (Figure 4). In 49 spring barley fungicide trials studied, net blotch symptoms were observed in 47 of the trials. In the untreated plots of these 47 trials, maximum net blotch severity was 95% and the average severity was 26%. For net blotch, the yield losses in the highest disease class (class 5) differed from classes 2 and 4 significantly (p < 0.001 and p = 0.020) and nearly significantly for class 3 (p = 0.086). The mean yield loss caused by net blotch at disease severity 35.01–100% was 1035 kg ha−1.



Scald data was compiled from 32 trials with a maximum disease severity of 80% and an average disease severity of 18%. The yield loss in the highest disease class (class 5) for scald differs from class 2 significantly (p = 0.001) and almost significantly from classes 3 and 4 (p = 0.082 and p = 0.061, respectively). The mean yield loss estimate caused by scald at disease severity 35.01–100% was 1017 kg ha−1.



Powdery mildew was only observed in 9 of the 49 trials with a maximum disease severity value of 8% and an average disease severity of 1.7% overall (Figure 4). In the lowest disease severity class (0–1%), powdery mildew caused 517 kg ha−1 yield reduction. When the disease severity was 1.01–10%, powdery mildew caused higher yield losses (697 kg ha−1) than net blotch or scald (375 and 382 kg ha−1, respectively).



In spring wheat, the trial data were classified into four disease severity classes according to the total disease severity of the untreated treatments (Figure 5). For the 55 spring wheat fungicide trials, the sum of stagonospora blotch severity and tan spot severity was combined to give a composite leaf blotch value. Leaf blotch symptoms were observed in all 55 trials. In the untreated plots, the maximum disease severity was 90% and the average severity was 19%. There was no clear correlation between increased leaf blotch severity and yield loss. However, yield loss caused by the lowest infection level (0–2%) did differ significantly from the yield losses caused by higher leaf blotch severity classes (p < 0.05). The mean yield loss caused by leaf blotch at disease severity 25.01–100% was 535 kg ha−1.



Powdery mildew was observed in 22 of the 55 trials with a maximum disease severity value of 15% and an average disease severity of 7.4%. In the lowest disease severity class (0–2%), powdery mildew caused 462 kg ha−1 yield reduction. When the disease severity was 2.01–10%, powdery mildew caused higher yield losses (721 kg ha−1) than leaf blotch or leaf rust (578 and 562 kg ha−1, respectively).



Wheat leaf rust symptoms were only observed in seven of the 55 trials, with the maximum disease severity 62% and the average disease severity of 7.5%. In the highest disease severity class (25.01–100%) the yield loss caused by wheat leaf rust (1262 kg ha−1) was clearly higher than in the first two classes (p = 0.014 and p = 0.100, respectively) and significantly higher (p = 0.001) than that caused by leaf blotch diseases (536 kg ha−1). On average, leaf rust decreased the yield of spring wheat by 26% and leaf blotch disease by 11% in the highest disease severity class.




3.3. Effect of Pest Insects on Crop Yield


In 15 insecticide trials of bird cherry-oat aphids held between 1999 and 2008, the number of aphids varied widely in cereal crops, as is typical in Finland [50]. Yield loss caused by aphids increased particularly when there were more than 25 aphids per plant (Figure 6). Yield losses caused by bird cherry-oat aphid were significantly higher in the highest allocated aphid-abundance class (class 3): class 3 differed from classes 2 and 1 significantly (p = 0.016 and p = 0.064). Estimated yield losses in different insect classes 1, 2 and 3 were 418, 481 and 745 kg ha−1, respectively. Based on these results, bird cherry-oat aphid decreased the yield of cereal crops on average by 7, 9 and 13% in aphid-abundance classes 1–3 (Figure 6), respectively.




3.4. Nitrogen and Phosphorus Yield Loss


Based on the results of herbicide and fungicide trials described above, the estimated yield loss for both spring barley and spring wheat in the untreated conditions (at 15% grain moisture content) was set to 200 kg ha−1 for weeds (Figure 3) and 500 kg ha−1 for fungal leaf diseases (Figure 4 and Figure 5). The estimated yield loss, when no seed treatment was used, was set 300 kg ha−1 based on a study by Khanzada et al. [43], and Rajala et al. [42]. The hectare-based N- and P-yield losses were similar for both spring barley and spring wheat, though mean N-yield loss was slightly higher in spring wheat, due to higher grain N concentration of spring wheat compared to spring barley (Table 2). In case of none of the chemical plant protection actions being carried out (seed treatment, herbicide treatment and fungicide treatment), estimated theoretical maximum N yield loss was 16.1 kg N ha−1 for barley and 18.4 kg N ha−1 for wheat. Phosphorus yield loss was 3.0 kg P ha−1 for barley and 3.1 kg P ha−1 for wheat (Table 2).





4. Discussion


Even though pests and their effect to crop yield has been an object of interest in agricultural studies for decades, the effect of pests on nutrient yield harvested in grain yield is seldom reported. There is, however, an urgent need to reduce nutrient leaching from field to surface water [30,51,52,53]. Crop nutrient uptake efficiency related to nutrients applied as fertilizer is one indicator for the risk of nutrient leaching especially outside growing season [33,42,54]. We addressed the question by examining the effects of pests on spring cereal grain yield and nutrient yield harvested in grain yield. The effects of weeds, plant diseases and insect pests on the grain yield of spring barley and spring wheat were examined in 47 study years with 299 trials. This long-term data covered several growth zones in Finland and wide range of growing seasons with variable weather conditions and cultivars.



In the studied herbicide trials, it was estimated that weeds caused a 200 kg ha−1 annual yield loss both in spring barley and spring wheat in northern European growing conditions. The estimate is based on the Salonen et al. [49] survey, where the average air-dry weed biomass was 167 kg ha−1 with the median of 82 kg ha−1 in conventional fields in Finland (523 fields). That represents the weed biomass class 1 and class 2 in the current study, which caused on average 200 kg ha−1 yield losses to spring barley and spring wheat. In addition, similar yield losses caused by weeds were found by Salonen [13] for spring wheat in Finland, but Milberg and Hallgren [14] estimated much higher yield losses for spring and winter cereals in Sweden (31% yield losses).



In the current study, when the average weed biomass was below 580 kg ha−1, the grain yield loss of spring wheat and spring barley caused by weeds was on the same level, below 300 kg ha−1. However, when the weed biomass exceeded 580 kg ha−1, the average yield loss for spring barley was higher than for spring wheat. Current results are not congruent with other studies, which report that spring wheat is more sensitive to weeds than spring barley [55,56]. However, it is reported that in unfavorable weather conditions, prolonged drought or excess soil moisture, especially early in the season or high temperatures at heading, spring barley is sensitive to stress [57] which may give more opportunity for weeds to further compete aggressively. Besides, morphological characters like crop height and tillering capacity have an effect on weed suppression [58] as well as sowing density and nitrogen fertilization [59] when part of the given fertilization is taken up by weeds [60,61]



In the studied fungicide trials, the variation in yield losses were high among trials. This illustrates the challenge of quantifying the actual yield loss based on specific disease severities in different environmental conditions and crop growth stages in which the crop is affected by the disease [62]. According to the results, more than 35% of leaf area infected by net blotch or scald in spring barley and more than 25% of leaf area infected leaf rust in spring wheat caused significant yield reduction compared to lower disease severities. On average, 10–25% cereal leaf diseases infection on three uppermost leaves cause 500 kg ha−1 yield reduction both in spring barley and spring wheat in Finland without plant protection. This agrees with a study by Jayasena et al. [63] where on average, every 10% increase of net blotch disease severity decreased the spring barley yield by 400 kg ha−1.



Bird cherry-oat aphid is the predominant insect pest found on spring cereals in Finland [50] but its abundance and influence on spring cereal yield vary widely, both temporally and regionally. Heavy aphid infestations generally occur twice in a decade [46]. In the current study, aphid data was restricted to 15 trials from 1999 to 2008 in the absence of a heavy outbreak of bird cherry-oat aphid. According to the current results, cereal yield loss caused by aphids was approximately 750 kg ha−1 when there were 25–100 aphids per plant. Similarly, Kieckhefer and Kantack [64] found that 25–30 aphids per stem decreased the yield of winter cereals by up to 50%. Furthermore, barley yellow dwarf virus (BYDV) transmitted by aphids can notably increase yield loss [19].



Yield loss estimations based on extensive experimental data were the basis for N- and P-yield calculations. Grain yield is the primary determinant for the nutrient removal from the field. Typically, 75–85% of the above-ground plant N and P is in the grain of barley and wheat, grown in northern growing conditions ([34], Rajala, unpublished data). Thus, reduction in grain yield directly affects N- and P-yield and N and P removal from the field. When the N- and P removal compared to the N- and P- dose given as fertilizes decreases, the positive nutrient balance (nutrient dose kg ha−1—nutrient removal in yield kg ha−1) increases. In this situation after harvester, the amount of nutrients that were left unused by crops will increase the risk of nutrient leaching outside the growing season. As shown in Turtola et al. [37] study, higher N-balance (nitrogen applied as in fertilize/manure—nitrogen harvested in grain (yield)) increase the risk of nitrogen leaching. Similarly, in Uusitalo et al. [53] study, values of phosphorus in soil tests change over time affected by the reduction of P-balance and the reduction of soil P level decreases the risk of phosphorus leaching. As pests disturb crop growth causing significant yield losses and increasing the positive nutrient balance, this probably also increases the risk of nutrient leaching. This will also reduce the secure yield of crops: in the current study, if none of the crop protection measures (seed treatment, herbicide and fungicide treatment) were applied, hypothetical annual average reduction in cereal grain yield could be as high as 1000 kg ha−1 which corresponds to a 27% yield loss of the average yield of spring cereals in Finland [65].



In 2019 in Finland, the total land area allocated for spring barley and spring wheat was 700 thousand hectares with average crop yield 4230 and 4300 kg ha−1 for spring wheat and spring barley, respectively [65] which are clearly lower than average crop yield in Europe [66]. In spring cereal production during normal Finnish growing conditions, average theoretical nutrient yield losses caused by weeds and plant diseases was on a per hectare basis in current study: 16 kg N ha−1 and 3 kg P ha−1 for spring barley and 18 kg N ha−1 and 3 kg P ha−1 for spring wheat. However, when the total cultivation area of spring barley and spring wheat in Finland (700,000 ha in 2019) [49] is taken account, the situation changes. Theoretical annual nutrient loss estimation due to weeds and fungal diseases without plant protection totals 12 Mkg N and 2.2 Mkg P per year in Finland. The observation that nutrient concentration and grain yield tend to be negatively correlated [34,67], was not taken account in N and P loss calculations in the current study. This effect is relatively small and challenging to estimate.



In Finland, the average annual nutrient input per hectare for the years between 2010 and 2014, was 100 kg N and 9.8 kg P for spring wheat and 80 kg N and 9.3 kg P for spring barley [37]. When the N- and P-yield loss estimation (16 kg N ha−1 and 3 kg P ha−1 for spring barley and 18 kg N ha−1 and 3 kg P ha−1 for spring wheat) is compared to annual nutrient input for spring barley and spring wheat in Finland [37], theoretical estimated N- and P-yield loss as unused nutrient input without any plant protection is 20% (N) and 32% (P) for spring barley and 18% (N) and 32% (P) for spring wheat. This reduces the use efficiency of fertilizer nutrients and may increase the risk of nutrient leaching by leaving surplus N and P in the soil [33,42,54]. For farmers, these nutrient losses translate also into commercially damaging economic losses by unused fertilizer and crop yield losses.



Ensuring plant health and high grain yield enhances effective nutrient utilization of the crop, which may decrease the potential risk of nutrient leaching [68,69]. Nutrient loss estimations reveal the underlying scale and magnitude of the potential crop pest-induced losses in both grain yield and N- and P-yield. Different plant protection methods such as for example crop rotation [70,71,72], cultivar resistance [73,74,75] and tillage [76,77,78,79] are available to prevent these losses caused by weeds, plant diseases and insects. In situations where preventive control measures are not available or are not sufficiently effective, the use of plant protection products is justified.




5. Conclusions


The results presented above indicate that there is a positive correlation between plant protection actions and nutrient yield in spring wheat and spring barley. Fortifying plant health secures cereal grain yield and may decrease the environmental risks caused by unutilized nutrients due to weaker plant growth caused by pests. The phenomena associated with plant health and the potential impact of pests on crop yield and nutrient uptake are universal and thus the results presented in this paper are expected to be of value to the wider global crop-production sector.
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Figure 1. Flow chart of the analyses for different data. 
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Figure 2. Different growth zones (I–V), 60 degree latitude zone and trial sites in Finland. 1 = Inkoo, 2 = Jokioinen, 3 = Kaarina, 4 = Tikkurila, 5 = Nousiainen and 6 = Ylistaro. 
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Figure 3. The yield response (at 15% grain moisture content) of spring barley (blue) and spring wheat (red) in 1965–2012 in different biomass classes (1–5) of weeds. The ranges of the classes are shown in parenthesis. The class medians of weed biomasses were 52, 106, 214, 415 and 959 kg ha−1, respectively. Bars denote the 95% confidence interval for the means. The yield loss is calculated by subtracting the treated crop yield from the untreated crop yield. 
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Figure 4. The yield response (at 15% grain moisture content) in 1999–2016 of spring barley according to the allocated class (1–5) of total disease severity (%) for net blotch (red), scald (blue) and powdery mildew (yellow) at BBCH 73–77. The ranges of the classes are shown in parenthesis. Bars denote the 95% confidence interval for the means. The yield loss is calculated by subtracting the treated crop from the untreated crop. 
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Figure 5. The yield response (at 15% grain moisture content) in 1999–2016 of spring wheat by class of total disease severity (%) of leaf blotch diseases (red), powdery mildew (yellow) and leaf rust (blue) at BBCH 73–77. The ranges of the classes are shown in parenthesis. Bars denote the 95% confidence interval for the means. The yield loss is calculated by subtracting the treated crop from the untreated crop. 
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Figure 6. The yield response (at 15% grain moisture content) in 1999–2008 of spring barley, spring wheat and oat caused by different aphid-abundance classes of bird cherry-oat aphids (number plant−1). The ranges of the classes are shown in parenthesis. Bars denote the 95% confidence interval for the means. The yield loss is calculated by subtracting the treated crop from the untreated crop. 
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Table 1. The average annual median, minimum and maximum densities (plants m−2) and air-dry biomasses (g m−2) of the four most abundant weed species in untreated plots in 179 herbicide trials conducted between 1965 and 2012.
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	Weed Species
	Median, Plants m−2 (Min–Max)
	Median, g m−2 (Min–Max)





	Stellaria media (L.)
	10 (0–999)
	0.60 (0–156.8)



	Chenopodium album (L.)
	9 (0–1282)
	0.80 (0–159.7)



	Viola arvensis (L.)
	6 (0–510)
	0.20 (0–48.0)



	Galeopsis species (L.)
	6 (0–714)
	1.10 (0–109.4)
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Table 2. The estimated annual mean grain yield loss (kg ha−1, at 15% moisture content), N- and P-yield loss per hectare (kg N ha−1 and kg P ha−1) and N- and P-yield loss per whole spring cereal production area level (Mkg N and Mkg P) in 2019 in the absence of plant protection measures (seed treatment, weed and disease control).






Table 2. The estimated annual mean grain yield loss (kg ha−1, at 15% moisture content), N- and P-yield loss per hectare (kg N ha−1 and kg P ha−1) and N- and P-yield loss per whole spring cereal production area level (Mkg N and Mkg P) in 2019 in the absence of plant protection measures (seed treatment, weed and disease control).













	Barley
	Yield Loss kg ha−1
	N-Yield Loss kg ha−1
	P-Yield Loss kg P ha−1
	N-Yield Loss Mkg N Production Area−1 *
	P-Yield Loss Mkg P Production Area−1 *





	no seed treatment **
	300
	4.8
	0.9
	2.42
	0.46



	no herbicide treatment
	200
	3.2
	0.6
	1.61
	0.31



	no fungicide treatment
	500
	8.1
	1.5
	4.04
	0.77



	Wheat
	
	
	
	
	



	no seed treatment ***
	300
	5.5
	0.9
	1.11
	0.19



	no herbicide treatment
	200
	3.7
	0.6
	0.73
	0.13



	no fungicide treatment
	500
	9.2
	1.6
	1.84
	0.31







* annual barley production area 500,000 ha in 2019 annual wheat production area 200,000 ha in 2019 [48]; ** Rajala et al. [42]; *** Khanzada et al. [43].
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