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Abstract

:

Former studies carried out in the 2000s in the Lahn-Dill region located in the middle-east of the German state Hesse stated a depletion of arable weeds on the field scale and more diverse weed flora on the landscape scale. Current study, having started in 2018, aims to contribute to a better understanding of the interactions between arable weed species diversity, farming intensity, grown crops and landscape area. Moreover, the potential of organic farming methods for conservation and promotion the arable weed diversity is aimed to be assessed with the study. In total, 42 fields in two landscape regions were sampled—six seedbank samples were collected from each field; additionally, data on spontaneous arable weed flora were recorded each spring from 2019 to 2021; emerged aboveground weeds were identified in the fields and their coverage was documented. Four factors were considered in the field trial: Farming practice, landscape area, soil depth and the current crop. Effects of these factors on arable weed species diversity were calculated with a Generalized Linear Model (GLM), resulting in significant effects of the management system, the area and the current crop. Among the four organic farming systems that were sampled, the time period of organic growing had a significant effect on weed seed numbers in the soil with an increase in seed numbers. Average seedbank species numbers were around twice as high in organic farming systems (18 species) compared to conventional managed fields (nine species). Evidence of an ongoing species decline in the region on the landscape scale could be detected by comparison with a former study. Especially rare and endangered weed species are a concern due to seedbank and current vegetation depletion tendencies.
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1. Introduction


Due to the intensification in agricultural systems, there is a loss of biodiversity in the agricultural landscape on a global scale [1]. Segetal species found in the agro-ecosystems are strongly affected by this process, resulting in reductions in total species and individual numbers per species as well [2,3,4]. Arable weeds are strongly endangered in middle Europe [5]. In general, there is a depletion of arable plant species richness in farming systems with a high intensity level, thus conventional cropping systems are concerned by this tendency primarily [6]. Studies Albrecht [7] could state the positive effects of organic farming methods on arable weed diversity and its potential to preserve arable weed richness by the maintenance and promotion of a stable weed seedbank. Several studies have well documented the effect of the management system in agriculture on segetal species abundance [8,9]. Mostly, increasing land-use intensity of conventional farming practices resulted in a loss of arable plant species diversity [10,11,12].



Besides the decrease in high proportion of arable weeds, there are some species that have already adapted to more intensive farming conditions, and especially to herbicide inputs, in the case of Alopecurus myosuroides and some Lolium species [13,14,15]. As Storkey & Neve [16] stated there is an advantage of a diverse arable weed flora for economic and ecological reasons. They found a negative linear relationship between yield loss and the number of arable species. Yield losses were much lower in fields with higher species diversity (30% yield loss) compared to fields with a low species number (60% yield loss).



A diverse and species-rich cropping system offers several ecological benefits that are well documented [17,18,19]. Supply of food, shelter and habitat plays a key role of arable plant species for a diverse fauna [20,21].



Higher diversity values of organic managed land has been stated by several studies; Kolářová et al. [22] reported up to 4.5 times higher abundance of these species in organic farming compared to the conventional variants.



However, studies usually focus on the aboveground coverage of weeds. Way fewer research has been done on the soil seedbank of weeds. Studies by Rotchés-Ribalta et al. [23] stated an effect of the intensity level of the farming system on the seed abundance of the soil seed bank with higher seed abundances in organic and lower abundances in conventional farming systems. In studies of Hawes et al. [9], current arable weeds were stronger and more directly affected by the farming practice than the soil seed bank was. Studies that were conducted at the beginning of the 2000s in the region of the current project (Lahn-Dill-Bergland) on arable weed diversity found a significant depletion of arable weed richness on a small scale (field) but stated still moderate high species richness on a larger scale (landscape) [24]. Current study purposes to detect changes of the situation of arable weeds in the region between former studies and the current one. Besides that, relationships between management regime, region and the arable weed flora shall be clarified in this study. The research questions include: Which factors have the strongest impact on species distribution patterns and diversity indices? What changes compared to former studies can be detected referring to the arable weed flora? Information on that can contribute to developing strategies for recovery and conservation of arable weed diversity in the region and in regions with similar site conditions.




2. Materials and Methods


2.1. Study Sites and Experimental Setup


The study is based on a sampling of vegetation ecological data of 42 arable fields in two landscape areas in the region between Marburg and Giessen in Hessen, Germany. The region “Lahntal” is an area of the valley of the river Lahn which is characterized by fertile loamy soils and mainly alluvium materials like silt and clay. Site conditions allow intensive arable farming with a high proportion of cereals in the crop rotation. Winter wheat and winter barley are commonly grown there. Twenty-two sites were samples in this region. Average altitude of the region “Lahntal” is 175 m above sea level, with an annual average temperature of 10 °C and average annual precipitation of 750 mm. Coordinates of the center of these study sites are 50°43′1.20″ N and 8°42′21.69″ E. Study sites are located on a north-south line that stretches about 3.5 km north and 3.5 km south of the given coordinates.



The second region “Gladenbacher Bergland” is located about 10 km east of the region “Lahntal” and here, 20 fields were sampled. Center coordinates of the sites are 50°43′18.14″ N and 8°37′33.46″ E. Study sites are spread in an area of about 8 km in the east-west direction and 3 km in the north-south direction from the given center coordinates. Commonly grown crops in this region are clover, winter and spring barley and spelt. Bedrock material of soils in this region is mostly slate rock, resulting in flat soils. Due to these site conditions farming methods are less intensive than in the region of river Lahn. Ground level elevation is between 180 and 300 m above sea level. Annual average temperature is 9 °C. With an average annual precipitation of 900 mm, rainwater supply is a little higher than in the neighboring region.



In the winter of 2018/2019, six soil samples were taken from each of the 42 fields to obtain qualitative and quantitative data on the arable weed flora in the region. Figure 1 gives an overview of the sampling design of the study. Soil samples were taken with a metal sampling cylinder of 20 cm length and a diameter of 5 cm. For each field, six soil samples were taken in two different soil depths, to obtain quantitative and qualitative information on the arable weed flora in the region. Sampled soil depths were as follows:



(a) 0–5 cm below soil surface and (b) 5–20 cm below soil surface. In total, there are 504 samples as data basis for seedbank analysis resulting from 42 fields multiplied with 3 repetitions per soil depth level and two soil depth levels: 42 × 6 × 2 = 504.



Following the principles of the commonly used ‘seedling emergence method’ [25,26,27] a given soil volume (500 mL) was transferred into trays. During a period of four weeks identification was conducted; the first one was done between 23 April and 20 May, followed by a second period from 21 May until 24 June. In October 2019 there was a third identification of species. The trays were placed in the greenhouse before and during the period of identification in April 2019 to accelerate germination process by higher temperatures. From April onwards trays were placed outside the greenhouse, covered with a thin textile sheet to prevent inputs from foreign diaspore sources. After all seedlings had been identified in October, empty trays were left outside during winter months to overcome dormancy of remaining seeds that had not germinated until then. The last period of identification was then finished by the end of April 2020. Up to three weeks after seedlings’ emergence, seedlings were identified and also individual numbers per species have been recorded. Samples were irrigated once a week before seedlings emergence and each day after germination to ensure rapid and even plant development.



Besides seedbank data, information on the spontaneous arable weed flora in the fields was collected during the spring of 2019, 2020 and 2021. Botanical surveys included a 3-week-period from the beginning of April. Spontaneous weed species were identified and also their coverage on the field was recorded on the scale of Braun–Blanquet which is commonly used for botanical surveys [28]. In the center of each field, two frames were placed with the size of 10 × 5 m each to identify weed species and their current coverage. Thus, in total, an area of 100 m2 was tested for the botanical survey.




2.2. Statistical Analysis


Analyses on the data were conducted with the free software R studio, which provides several packages for analyzing vegetation ecological data; a commonly used package for data analyses on vegetation data is the package “vegan” that has been used frequently also in this study. In this package, functions for estimating ecological diversity are included such as several diversity indices (e.g., Shannon Diversity) [28]. For the assessment of the floristic diversity of the arable fields in the region, Shannon Diversity Index (H) was used which is calculated by


H = ∑ [(pi) × ln(pi)]



(1)




where pi = proportion of total sample individual number represented by species i. Evenness E was calculated by E = H/Hmax, with Hmax as the maximum diversity possible. Since the response variables ‘species number’ and ‘individual number’ of the project fields were not normally distributed, a Generalized Linear Model (GLM) was used for calculating the effects of the factors on the species and individual numbers as dependent variables. All factors were considered as fixed effects.



The full model including all factors and all factor X factor interaction effects is given in Formula (2)


Y = m + a + sd + m × a + m × sd + a × sd



(2)




where the response variable Y = number of species, and the four factors with two factor levels each: m = management (organic, conventional), a = area (Lahntal and Gladenbacher Bergland), sd = soil depth (two factor levels 0–5; 5–20 cm). Starting from a zero model without factors, a forward selection was conducted to find the model with the best predictive power, considering the AIC values.



Studies by Hyvönen et al. [29] showed that even short periods of organic growing supports the development of a diverse arable weed flora and changes show up especially in spontaneous weed flora; in contrast, a more substantial transformation of the weed flora composition can be potentially achieved by longer periods of organic cropping. As the factor time has obviously been found to be an important factor explaining arable weed flora diversity the current study aims to assess this factor under the given site conditions. For that reason, a second Generalized Linear Model has been introduced which is targeting the factor “period of organic cropping” in case of the organic growers; for this model, only organic managed fields were included in the dataset; the samples for conventional fields were excluded though, since there has been no change of farming methods in the history of conventional farmers. The four organic farmers involved in the project started organic growing in the years 1980, 1991, 2000 and 2004; thus, organic fields have been for roughly 38, 27, 18 and 13 years in organic management at the first botanical survey in February 2019. Model Equation (1) was extended by the term t, which represents the factor ‘time of organic growing’:


Y = m + a + sd + t + m × a



(3)







To indicate distribution patterns of arable weeds among the considered factors, a Nonmetric Multi-Dimensional Scaling (NMDS) was used as ordination method due to its robustness towards input data and types of distribution of the response variable, which follows a Poisson-distribution. NMDS was conducted with two different data sets. For the NMDS ordination of the relevé data two datasets (summer and spring period) were pooled into one dataset to conduct the analyses. The analysis of the soil seedbank is based on one dataset. Similarities between sites concerning occurring weed species was calculated with the Sorensen Similarity Index [30].



As an assessment for the floristic characteristics of the sites in two different landscape regions and in two different farming systems an indicator species analysis was conducted with the R-package “indicspecies” and its function indpower that performs a correlation between target and indicator species. Indicator species analysis was conducted for the landscape level; thus, classification refers to the landscape regions or groups of landscape regions. Besides that, the farming system was included as an information for the species affinity towards the nutrient supply and their tolerance concerning farming intensity.





3. Results


3.1. Spontaneous Arable Weed Flora


Farming practice has been identified as the main factor explaining arable plant species diversity and abundance as several studies have stated [22,31,32]. As an important factor for explaining segetal species richness, the management system was accessed concerning its impact on species diversity and species abundances. The management system is an indicator of the intensity of land use. Conventional farming represents a highly intensive farming system. Organic farms decrease inputs or do not use external inputs like fertilizers and can be considered as moderate to low intensive farming systems. The factors area, management and the interaction of area x management were analyzed concerning their impact on species numbers and diversity indices in current plant coverage. It was found that management was the only factor showing a significant impact on the species numbers in the dataset of the relevés.



Current vegetation data were analyzed concerning the impact of different factors on species numbers and on Shannon Diversity Index. Following Table 1, the factors management and crop have a significant impact on species numbers with alpha = 0.001. However, the area was not found to be a significant explaining factor for species number variance. In general, species number and Shannon Diversity Index show similar patterns across the four different field trial variants (Gl-org, La-org, Gl-con, La-con). The factor crop is slightly less significant when testing its impact on Shannon Diversity Index (α = 0.05) compared to its impact on species richness (α = 0.01). Interaction effects were not significant in both species richness and Shannon diversity measurements indicating an independent experimental setup. Studies by Chamorro et al. [4] have shown the potential for a conversion from conventional to organic farming practices affecting the recovery of a diverse arable plant community. Species abundance could be increased from 61 to 122 within a period of five years after the transition from conventional to organic farming system Chamorro et al. [33].



The GLM found significant effects of all factors and all interaction effects. Species numbers in the region “Lahntal” are reduced compared to those of the other project region “Gladenbacher Bergland”.



All factors except the factor area La have positive effects on the species numbers per square meter in the fields. Concerning the variance of the data, area and management are the two factors explaining the main proportion of the variance of the data. For the spontaneous weed flora, average species numbers and Shannon Diversity Indices varied significantly among the four considered variants Gl.con, Gl.org, La.con and La.org as depicted in Figure 2.



The organic variants Gl.org and La.org show significantly higher species numbers than the conventional variants. The number of species in the soil seed bank identified with the seedling-emergence method is higher than the number of species in current vegetation in three out of four variants. A reason for lower species numbers with the in-field identification might be the effect of competition between weeds and crops.



With the method of soil seed bank germinating, there is no crop, which will compete with the weeds for natural resources. This explains the higher number of wild herb species with the germinating method. In all cases of the seed bank method, the number of individuals is higher for the organic farming systems than in the conventional farming systems. The management system has a significant effect on species richness in the fields. In the investigation area of Gladenbacher Bergland there is a difference of 10 species in average between conventional and organic farming systems. The average species number in the conventional variant is eight whereas the average in the organic farming system is 18. In the other area (Marburg-Giessener Lahntal) the mean species number is lower (five species) and in the organic farming system the species number is 19. In both sites, organic farming systems show higher species richness and diversity in wild herbs. Conventional farming systems have selected a few species that do not react as sensitively as other species concerning the input of herbicides and fertilizers.



For all four groups except the conventional one in Gladenbacher Bergland, there are significant differences between the determination methods in species numbers. A reason for lower species numbers with the in-field identification could be the effect of competition between weeds and crops. With the method of soil seed bank germinating there is no crop, which will compete with the weeds for natural resources. This explains the higher number of wild herb species with the germinating method. In all cases of the seed bank method the number of individuals is higher for the organic farming systems than in the conventional farming systems.



The management system has a significant effect on species richness in the fields. In the investigation area of Gladenbacher Bergland there is a difference of 10 species in average between conventional and organic farming systems. The average species number in the conventional variant is 8 whereas the average in the organic farming system is 18. In the other area (Marburg-Giessener Lahntal) the mean species number is lower (5 species) and in the organic farming system, the species number is 19. In both sites, organic farming systems show higher species richness and diversity in wild herbs.



At the significance level of alpha = 0.05 only the factor crop was found to be a significant explanatory variable for differences in the individual and species numbers. However, area and management were not significant in the setting of the trial. For the relevé data, the effect of the factor year, area and management system were checked with a Generalized Linear Model, since the data have a Poisson distribution.



For the relevé dataset, the organic managed fields showed significantly higher average weed coverage as shown in Figure 3.



The coverage numbers refer to the standardized relevé plot with the size of 100 m2. The effect of the year on the average weed cover was significant, too. For the organic managed fields, variance of the data was much wider than those for the weed coverage of the conventional fields. Results of a Generalized Linear Model on the coverage of spontaneous weeds are compiled in Table 2.



Nonmetric multidimensional scaling was used to analyze current vegetation data and to identify patterns in species distribution. NMDS was conducted in R package “vegan” and resulted in Figure 4.



The best solution for the NMDS model concerning the increase in goodness of fit and the decrease in stress was found with a number of three dimensions. In this case, the correlation between the distance values and the observed dissimilarity expressed as R2 equals 0.97 and stress is reduced to a value of 0.178. The four crops winter rye (WR), winter barley (WB), winter wheat (WW) and spelt (SP) were identified as significant factors.



Most of the arable weed species were found in both areas, in the hill-sites around Gladenbach and the valley of river Lahn and in both of the management systems.



Some species show tendencies of a more specific occurrence concerning the factors area and management—here, Papaver dubium, Galeopsis tetrahit and Galium mollugo were some of the species showing higher abundance patterns in organic than in conventional farming systems.



In an experiment of Hyvönen & Huusela-Veistola [1] some species with a high steadiness could be identified. Galium aparine was detected on 41% of the fields followed by Chenopodium album (68%), Stellaria media (76%) and Viola arvensis (84%) as the most frequent species in cereal cropping. This study could also identify some of these species as frequent species in cereal cropping. Rumex crispus, Galium aparine and Alopecurus myosuroides were more frequently found in conventionally managed fields. Moreover, Vicia hirsuta and Equisetum arvensis and Cirsium arvense and Stellaria media showed higher abundance patterns in more intensive cereal cropped fields.



The weed species Cirsium arvense, Centaurea cyanus, Vicia villosa and Rumex crispus were frequently associated with winter rye. In the crops winter wheat and winter barley, the weeds Trifolium pretense, Geranium dissectum, Tripleurospermum inodorum and Thlaspi arvense were frequently represented.




3.2. Soil Seedbank of the Arable Weeds


The reservoir of seeds of mostly annual arable plant species in the soil is an important parameter for analyzing the emerged arable weed flora of the past. Moreover, the soil seedbank allows forecasts regarding to the composition of futures’ arable plant communities and it provides information for conservation and regulation strategies for arable plant species [34,35].



The response variable in the soil seedbank dataset (individual numbers) is not normally distributed and follows a Poisson-distribution. For that reason, a Generalized Linear Model was chosen to conduct the analyses. A model with three fixed factors and two interaction terms was found to be the model with the best performance and predictive power. The results of the model are given in Table 3.



Soil seedbank data was tested with a GLM concerning the impact of the factors area, management, soil depth and two two-way interaction effects between those mentioned factors. The Dredge-Function of the R-package “MuMIn” was used to find the model with the best performance and predictive power. Using the AIC and the AIC delta as a criterion for model selection, the model including all factors and two out three interaction effects was found to be the best one for modelling the individual numbers per square meter. For this model, AIC was 6149.2 and AIC delta was 0.17.



For the soil seed bank species numbers differed significantly from each other between the different farming methods (conventional and organic). Belowground species numbers were twice as high (18 species) as those in the conventional alternative (nine species) as depicted in the left part of Figure 5.



A Kruskal–Wallis test was conducted with the software “R studio” to assess if organic farming period has a significant effect on the seed numbers of the soil seedbank. Testing results were significant, indicating significant differences in the data. Pairwise Wilcoxon test was followed up indicating significantly higher seed numbers of 18 and 27 years of organic growing, compared to 14 years of organic growing. Other groups did not differ significantly from each other. In the study, a maximum seed density is reached between 18 and 27 years of organic farming. After this period, the tendency of a decrease in species numbers per square meter can be observed.



As shown in Figure 6, the number of weed seeds per square meter differs from organic management systems as affected by different time periods of organic growing. A Kruskal-Wallis Test was conducted to detect significant differences in the data. Results of this test are given in Table 4, indicating significant higher seed numbers after 27 years of organic growing compared to 14 years, and also, the number of weed seeds in the soil per square meter is significantly higher in systems of 18 years organic farming, compared to those of 14 years. Evidence of an increase of the soils’ seed potential with an increasing time period of organic growing could be stated. This observation is applicable for the organic growing period until 27 years. Thereafter, however, the increase of seed numbers stagnates or fluctuates.



3.2.1. Analysis of Spring Vegetation


The seedbank data set was divided into three subgroups to access the effect of seasonal changes in the plant species communities. The first group includes species of the seedbank that germinated during a four-week period of April 2019, the second one contains those seedlings from June 2019 and the third one contains all additional seedlings from October 2019. Main germination of seeds was in June 2019. Way fewer seedlings emerged in autumn and spring. As shown in the graphical result of an NMDS in Figure 7, Organic farming systems provide the highest species richness and species abundance. Species showing higher occurrences in conventional farming during spring are Chenopodium polyspermum, Galium aparine and Juncus bufonius.



In organic farming systems, Chenopodium album, Plantago intermediae and Rumex acetosella and Cirsium arvense showed higher abundances than in conventional farming systems.



Arable weeds of the soil seed bank samples were analyzed with a Nonmetric Multidimensional Scaling ordination (NMDS) as shown in Figure 8. Resulting from this analysis, the management system has the main effect on explaining the variance in species abundance of the soil seedbank.



So, the impact of the farming practice could be stated in both, current vegetation and seedbank. There is a clear grouping of species concerning their occurrence pattern. Organic farming includes the highest proportion of total species numbers. There are a few species found more frequently in conventional farming systems. Tendencies found in current vegetation data are partially reflected by the soil seedbank.



Following seedbank data, the weed species Polygonum aviculare, Poa trivialis, Solanum nigrum, Stellaria media and Juncus bufonius appear as tolerant towards intensive farming methods, whereas the highest proportion of the total species number is only found in organic farming conditions at a higher abundance level. In current vegetation on arable fields, 49 segetal species were identified, which is a share of 60%. In total, 82 species that were identified in the soil seedbank over all fields were included in the experiment. Centaurea cyanus and Papaver rhoeas were mostly found under organic farming conditions which is reflected by both seedbank data and current vegetation. However, the impact of farming practice is considerably higher in the seedbank.



The current vegetation is more directly affected by environmental conditions like climate (rainfall) which results in a higher fluctuation. In contrast, the soil seedbank is reacting way slower and delayed to a change in environmental conditions. The seedbank represents the intensity level in farming over the last couple of years. The management system is the major factor whereas the area shows a lower significance for explaining the variance.



Figure 8 shows higher species numbers in organic cropping systems, indicated by the clustering of species along the factor organic management.



Species tend to have a lower distribution and spread along the factor of environment. Some species show tendencies to occur either in more extensive or more intensive farming. Species that are more likely found in intensive farming are Solanum nigrum, Matricharia chamomilla and Stellaria media. Under less intensive conditions, Fumaria officinalis, Centaurea cyanus and Holcus lanatus can be found more likely.




3.2.2. Indicator Species Analysis


Therefore, a grouping vector of sites was built on the basis of the four field trial variants consisting of two landscape areas (Lahn valley = La, Hillsites = Gl) and two management systems (organic = org, conventional = con). The assumption was met that both management system and landscape area could have an impact on the constellation of segetal species in arable fields.



For the area of Gladenbach and Lahntal under organic farming, the indicator species Tripleuspermum inodorum and Myosotis arvensis, Alopecurus myosuroides were the most significant indicators. Following the methodology from De Cáceres (2020) an indicator species analysis was conducted using the R package “indicspecies”. After running the analysis, 16 of 82 species in total were identified as indicator species. K-means algorithm was used to assign the species to four different groups. Following this procedure, four site group combinations were calculated as shown in Table 5. Most of the indicator species are found in organic farming systems (group-nr. 1), way fewer under conventional farming conditions (groups 2 + 3 +4). A principal component analysis was conducted which resulted in an optimal number of four species groups. Within the four groups the proportion of explained variance in the data is around 76.7%. An indicator species analysis was conducted with the results shown in the table below. In organic farming, there are many species that can be used as indicators for organic managed sites; in contrast there are only two species as indicators for intensive farming methods of conventional agriculture, which are in this case Daucus carota and Anthemis arvensis. In this study, Vicia hirsuta, Cirsium arvenese and Rumex crispus were detected as indicator species for organic management systems. Intensive farming methods can be indicated by the species Daucus carota and Anthemis arvensis.




3.2.3. Impact of Crop Type on Species Richness


The effect of crop type has been stated by several studies with mainly a higher species richness and less geophytes in cereal fields than in root crops [36]. As shown in Figure 9 high variation in the weed individual numbers could be observed with significant differences between the crop types.



The highest species and individual numbers were found in the crops maize, red clover and spelt, whereas broad bean and winter wheat showed the lowest individual numbers per square meter.



To access the floristic similarity between the sites, Sorensen quantitative similarity index was calculated:


Sorensen’s qualitative index = 2C/A + B × 100%








where:




	
A—the number of species in one of the two communities compared.



	
B—the number of species in the second community compared.



	
C—the number of common species in the compared communities.








In Table 6, Sorensen’s Qualitative Similarity Index is given for each of the considered pairs of variants. Similarity between organic fields in two different sites was 65% and higher than those between organic and conventional sites (57.3%). Organic and conventional fields differ more in their species composition than organic fields among each other in different locations. However, the similarity between the organic fields is not considerably higher than those between conventional and organic farms, indicating that regional differences between arable weed communities might play a role although on a smaller regional scale.



As shown in Figure 10, Shannon Diversity varied between spring and summer season. Significant higher Diversity values were found during the summer season. As Mennan & Ngouajio [37] stated, there are seasonal cycles in the germination patterns of the weeds Galium aparine and wild mustard (Brassica kaber). Highest germination rates were stated during May with around 70% germination and a strong decrease in germination of around 30% in August.



Diversity of arable weed communities differs between spring and summer. Higher diversity is found during the summer months, since new species have germinated and contribute to a higher index.



Studies of Lososová et al. [36] stated seasonal dynamics as a factor causing changes in arable plant community composition with higher species richness and beta diversity during the summer months. Species that were found in summer were mostly those also present in the spring germination.



There is no significant difference in species diversity between the two areas. There is no significant effect of the landscape area on the diversity of segetal species of arable fields. Studies by Swanton et al. [38] suggest that there is an interaction effect between tillage system and soil type which may influence the distribution of soil seed bank vertically. The management showed significant effects on species diversity. Shannon Diversity Index is almost two times higher in organically managed fields than in the conventional ones. Several studies have stated the impact of an increasing farming intensity (herbicide application, plowing, fertilizing) on the diversity of arable plant communities. With higher intensity levels in farming, diversity of arable plant communities decreased significantly [10,39,40,41,42].



The hypothesis was tested that there is a different accumulation rate of weed seeds in different soil depths resulting in different diversity indices. Therefore, a Kruskal-Wallis Test was conducted which has not become significant. Shannon Diversity Indices were plotted, as shown in Figure 11. Though, species diversity has not been affected by the depth level of the soil sample. The farmers of the study fields have used a mixture of reduced tillage and ploughing. The arable fields show a homogenous mixture of seeds in the soil at a testing depth of 20 cm. A significant difference in the seed number and Shannon Diversity Index could not be found. This observation has also been stated by studies of Feledyn-Szewczyk et al. [43] which showed the effect of the tillage system on the absolute weed seed numbers in the soil and their vertical distribution in the soil of arable fields. Feledyn-Szewczyk et al. [43] showed that reduced tillage systems and ploughing systems tend to establish a mixture of seeds in the soil with higher average seed numbers in reduced tillage systems (4515 seeds m−2 ) compared to ploughing systems (2080 m−2).



Studies by Clements et al. [40] analyzed the impact of different soil tillage methods on the seedbank composition of different weeds. It was found that deep soil tillage, like plowing, results in a more homogeneous distribution of the seedbank over depth. In contrast, in a system with minimal soil tillage, Clements et al. [40] assumed that the upper 5 cm of the soil comprises over 60% of the seed bank. Research by Buhler et al. [41] could identify grass seed accumulation in minimal tillage systems and found higher accumulation rates at the deeper soil levels in moldboard plowing systems.






4. Discussion


Studies on the arable weed flora in the center of the German state Hesse could state a strong reaction of both spontaneous flora and soil seedbank towards the farming intensity. Among others, farming intensity has been identified as the factor with the strongest impact on species numbers, abundances and distribution patterns of arable weeds.



Species numbers derived from soil seedbank data were on average twice as high in organically managed fields (18 species) compared to conventional ones (nine species). For the relevé data, species numbers and diversity indices (Shannon Diversity) were significantly higher in organic cropping systems. Relevés included usually a proportion of the seedbank species so not all species present in the soil seedbank were also found in the relevés.



Besides management system, the crop type played a minor role in explaining differences in species richness and diversity indices. Results from NMDS analysis have shown that highest species richness can be found in organic farming systems in both landscape areas—in Valley of river Lahn and the hill site of Gladenbach. Therefore, landscape area was not detected as a factor for explaining significant differences in species distribution. The hypothesis of a difference in species and individual numbers in different soil depth levels could not be stated, however. A reason for this might be that soil tillage is applied on the study sites. The use of plow and grubber might result in a mixture of soil horizons so seeds will be mixed as well. Comparing germination numbers and diversity indices of different seasons showed a tendency of a slightly higher diversity values in summer compared to spring, significant differences could not be found.



The study could state the assumption that organic farming contributes to the regeneration of the arable seed bank. The period of organic growing affects the abundance and species richness of the arable weed species pool of the soil. Tendencies of an accumulation of seeds in the soil over time were identified. Evidence was also found in the data that, at some point in time, the seedbank increase stagnates again and stays more or less stable on a certain level of seeds per square meter.



Compared to the conventional managed fields, the organically managed fields showed significantly higher species numbers and also Shannon Diversity increased in these fields. Evidence was found that long-term intensive farming conditions result in a depletion of the seed reservoir of arable weeds in the soil, as stated by other studies as well [43,44,45,46].



Regarding the project fields, organic farming could double average seedbank species numbers in the fields from an average of 10 species per field in conventional farming systems to average of 20 species per field in organic farming systems. Crops had a significant effect on the distribution of arable weeds with higher diversity values in winter crops and lower diversity indices in spring grown crops. The season also had a significant impact on species numbers, with the highest species numbers during the summer months.
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Figure 1. Sampling scheme for soil seedbank samples and relevées. 
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Figure 2. Diversity indices for spontaneous arable weeds. Gl and La: site indication: Gl—Gladenbacher Bergland, La—Lahntal. Org and con—management system indication: org—organic farming, con—conventional farming. 
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Figure 3. Weed coverage for all considered combinations of the factors: year (2019–2021), area (management system: Gl—Gladenbacher Bergland). 
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Figure 4. NMDS-Ordination of spontaneous arable weeds (relevé data); only significant factors are shown. These are winter rye (WR), spelt (SP), winter barley (WB) and winter wheat (WW). Shapes of the symbols (triangle, circle) refer to the area; colours (blue, green) refer to the farm type; e.g., blue circles represent conventional farms in the area of Gladenbach. 
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[image: Diversity 14 00111 g004]







[image: Diversity 14 00111 g005 550] 





Figure 5. Weed species numbers derived from the soil seed bank data. 
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Figure 6. Comparison of time periods of organic growing with regard to the weed seed number. 
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Figure 7. Species of the soil seedbank germinated in the period of May 2019. Shapes (triangels and circles) represent the two different areas; the colours green and blue indicate the two farm types. E.g., green circles mean organic farms in the region Gladenbach. 
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Figure 8. Species of the soil seedbank germinated in the period of May, June and October 2019. 
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Figure 9. Comparison of average weed individual numbers in different crops on the project fields. 
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Figure 10. Comparison of average diversity indices for spring and summer germination period of arable weeds. 
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Figure 11. Comparison of two soil depths regarding their belowground species diversity. Level A: 0–5 cm below soil surface; B: 5–20 cm below soil surface. 
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Table 1. Summary of the GLM model with all considered factors and their significances (p (***) = 0, area. La = sites of the area “Lahntal”, man.org = organic management system, sd.2 = soil depth 2 (5–20 cm below ground level).
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	Estimate
	Std.Error
	z
	Pr(>|z|)
	Significance





	(Intercept)
	7.161
	0.002555
	2802.65
	2e × 10−16
	***



	area.La
	−1.252
	0.004270
	−293.20
	2e × 10−16
	***



	man.org
	0.944
	0.002259
	417.83
	2e × 10−16
	***



	sd.2
	1.031
	0.002249
	458.35
	2e × 10−16
	***



	area.La × man.org
	1.094
	0.003770
	290.25
	2e × 10−16
	***



	area.La × sd.2
	0.213
	0.003399
	62.56
	2e × 10−16
	***
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Table 2. Results of the GLM model for the coverage of spontaneous weeds as a response variable.
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	Estimate
	Std.Error
	t-Value
	Pr(>|t|)
	Significance





	Intercept
	10
	3.383.923
	3.046
	0.00285
	*



	year
	−5.097
	1.675
	−3.043
	0.00288
	*



	area
	7.008
	3.808
	1.840
	0.06819
	n.s.



	management
	24.024
	3.974
	6.045
	1.73e-08
	*
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Table 3. Results of the GLM for the seedbank data. (p (***) = 0.
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	Significance
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Table 4. Significance levels between the four periods of organic growing with regard to the total seed number per square meter. Significant differences on the level of α = 0.05 are indicated with *.
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	14 Years
	18 Years
	27 Years





	14 years
	-
	0.035 *
	-



	27 years
	0.025 *
	0.403
	-



	38 years
	0.403
	0.402
	0.207
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Table 5. Indicator species with their indicator values and assignments to the groups. (***) significant on α = 0.99, (**) significant on α = 0.95, significant on α = 0.90.
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Group nr.

	

	
A

	
B

	
Stat

	
p.Value

	






	
1

	
Pap.rho

	
0.9732

	
1.0

	
0.987

	
0.001

	
***




	
Cen.cya.

	
0.9784

	
0.8333

	
0.903

	
0.001

	
***




	
Ver.arv.

	
0.6816

	
1.0

	
0.826

	
0.001

	
***




	
Fal.con.

	
0.8128

	
0.5000

	
0.638

	
0.001

	
***




	
Vio.arv.

	
0.4722

	
0.6667

	
0.561

	
0.004

	
**




	
Dac.glo.

	
0.6598

	
0.3333

	
0.469

	
0.013

	
*




	
Gal.apa.

	
0.9010

	
0.1667

	
0.388

	
0.011

	
*




	
Sis.off.

	
0.8987

	
0.1667

	
0.387

	
0.039

	
*




	
Pap.dub.

	
0.8812

	
0.1667

	
0.383

	
0.025

	
*




	
2

	
Sag.pr.

	
0.87429

	
0.24490

	
0.463

	
0.032

	
*




	
Rum.obt.

	
100.000

	
0.06122

	
0.247

	
0.041

	
*




	
3

	
Tri.pra.

	
0.91054

	
0.43478

	
0.629

	
0.001

	
***




	
Alop.myo.

	
0.75716

	
0.26087

	
0.444

	
0.033

	
*




	
Laps.comm.

	
100.000

	
0.08696

	
0.295

	
0.025

	
*




	
4

	
Matr.cham.

	
0.8640

	
0.9636

	
0.912

	
0.001

	
***




	
Cha.mi.

	
0.9445

	
0.1455

	
0.371

	
0.029

	
*
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Table 6. Sorensen’s Qualitative Similarity Indices for the project sites.
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	Conventional
	Gl.Organic





	organic
	57.3
	-



	La.organic
	-
	65
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