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Vegetated buffer strips are often established in agricultural landscapes as an “edge of the field” mitigation measure against diffuse nutrient pollution of the aquatic environment. Harvesting of the vegetation has been suggested as a possible management strategy to prevent build-up of excessive amounts of nutrients in buffer soils and, at the same time, harvesting can have a positive effect on the diversity of the vegetation. However, the response of the vegetation to harvesting likely depends on taxonomic and functional characteristics. In the present study, we explored effects of harvesting frequency (by comparing harvesting once, twice, and four times per year to an unharvested control) on the taxonomic and functional trait composition of four different types of plant communities in buffer strips in Denmark. We found that one to two harvests per year mediated an increase in the diversity of the vegetation in low diversity buffer strips dominated by tall and productive herbs (tall herb fringe), whereas the diversity remained unchanged in buffer strips dominated by grasses as well as in more diverse buffer strips with rich fen and wet meadow species. We also found that harvesting changed the compositional patterns in the tall herb fringe community, with an increasing abundance of grasses and a declining abundance of tall herb species, in particular at a high harvesting frequency. Concomitant with these taxonomic changes, we observed changes in the trait composition of the community. The abundance of tall species declined in the tall herb fringe and in the tall grass community. Similarly, the abundance of productive species (as indicated by high Ellenberg N and Ellenberg R values) declined in the tall herb fringe (in areas harvested four times per year). We conclude that low frequency harvesting is a promising management strategy to increase plant diversity in buffer strips with an initially low diversity and high productivity and that harvesting over time can mediate a shift in compositional patterns toward less productive species.
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INTRODUCTION

Buffer strips, defined as narrow, uncultivated riparian margins between waterways and fields, are often established in agricultural landscapes to reduce nutrient loss from nearby fields to the aquatic environment (Osborne and Kovacic, 1993; Correll, 1996; Stutter et al., 2012). High nutrient concentrations endanger aquatic ecosystems (Carpenter et al., 1995; Correll, 1998) and may hinder fulfillment of ecological goals as defined, for instance, in the European Water Framework Directive (European Parliament and Council, 2000). Buffer strips in contrast to wider buffer zones (“conservation buffers” Lovell and Sullivan, 2006) are rarely implemented with the aim of biodiversity conservation, as they are too narrow and too much impacted by agricultural land-use practices to offer natural habitats. Thus, many buffer soils are enriched in nutrients, especially with phosphorus, as they have previously been part of the agricultural land (Meals et al., 2008). Concentrations may further increase with erosional sediment input as well as temporally when nutrients are being recycled during plant senescence (Syversen and Borch, 2005; Uusi-Kämppä, 2005). The latter process is accelerated with the increased microbial activity found in buffers (Stutter et al., 2009; Roberts et al., 2012; Dodd and Sharpley, 2016). Consequently, buffer strips can be a source of nutrient loss to the aquatic environment.

Harvesting (cutting and removal of biomass) has been suggested as a management method to counteract accumulation of nutrients in buffer soils (Osborne and Kovacic, 1993; Stutter et al., 2009), which will consequently reduce P loss to the aquatic environment (Mander et al., 1997; Mander and Lõhmus, 2006). At the same time, harvesting may affect the compositional patterns of the vegetation in buffer strips. Buffer strips are sometimes attributed a higher biodiversity, compared to the otherwise impoverished agricultural landscape; although they are usually not implemented with the goal of conservation. Their value for at least plant conservation has however often been questioned and, indeed, very few species of conservation value occur in Danish buffer strips (Hille et al., 2018). Harvesting, could present a management practice to improve the plant diversity value of buffer strips.

In grasslands, annual harvesting (mowing) has been found to increase plant diversity and alleviate the negative effect of high nutrient levels on diversity (e.g., Collins et al., 1998; Maron and Jefferies, 2001; Yang et al., 2012). This effect can be related to a trade-off often observed in natural communities between productivity and diversity, with highly productive communities having lower species richness and diversity (e.g., Grime, 1974; Baattrup-Pedersen et al., 2005) reflecting that productive species can exclude many smaller species because of shading. Additionally, productive species have a high litter production that may effectively hinder the establishment of new species (Foster and Gross, 1998; Socher et al., 2012). Harvesting represents a major disturbance to the vegetation since it leads to a decrease in community biomass by reducing the abundance of the most productive species (Huston, 2004). Harvesting can therefore affect the relative abundance of species with different competitive capabilities, while preventing the buildup of large amounts of plant litter.

The frequency of harvesting can affect the amount of nutrients removed; thus, more nutrients may be removed if the biomass is harvested several times during the growing season. However, it has been shown that a high harvesting frequency may have negative effects on the vegetation (Zechmeister et al., 2003; Socher et al., 2012, 2013). An intermediate harvesting frequency, representing an intermediate disturbance (Connell, 1978), might therefore be a compromise between maximizing nutrient removal as well as diversity in buffer strips as it might allow for the co-occurrence of species with divergent traits. Mostly the harvesting disturbance might prevent dominance of competitive species through reduced community biomass (Grime, 1973). The vulnerability of species to disturbance varies with their life strategy (Grime, 2006; Biswas and Mallik, 2010) and the response of the vegetation to harvesting may therefore depend on taxonomic and functional characteristics. For example, harvesting can promote species with basal growth (Belsky, 1992; Socher et al., 2013) because their growth meristem stays intact as opposed to species with apical growth.

In this study, we explored effects of harvesting frequency on the taxonomic and functional trait composition of the vegetation in Danish buffer strips. Plant communities in Danish buffer strips are generally highly productive (Hille et al., 2018) due to the high nutrient status of the soils and the generally high degree of human influence in the catchments (Kronvang et al., 2008). We analyzed structural and functional vegetation properties in four different types of plant communities. Our aim was to identify cross-regional patterns in the response of the vegetation. We hypothesized that the effects of harvesting depend on the characteristics of the vegetation. In particular the following hypotheses were tested: (1) harvesting mediates an increase in species diversity in low-diversity plant communities with predominance of highly productive species; (2) harvesting mediates a shift in species composition, the shift occurring faster with increased harvesting frequency; (3) effects of harvesting can be predicted from plant functional traits related to productivity (leaf mass, leaf dry matter content, specific leaf area, canopy height, abundance of competitors, preference for nutrients and soil acidity).

METHODS

Study Sites and Experimental Set-Up

This study was conducted between 2014 and 2016 at two locations (Sillerup and Spjald) with differing soil types in Denmark. Sillerup is located in southern Jutland and receives on average 795 mm precipitation per year. The soil consists of clay and silt deposits. Spjald is located in western Jutland and receives on average 833 mm precipitation per year. The soil consists of glacial sand and gravel deposits. The experimental years 2014 and 2016 can be considered normal years with an average precipitation amount of 16% more and 7% less, respectively, than in a typical meteorological year, while 2015 was a wet year with 25% more precipitation than in a typical meteorological year (Danmarks Meteorologiske Institut, 2017).

We established 112 experimental plots (1 m2) distributed over 3 different sites per location, comprising 24 control plots (C, unharvested reference) and 88 treatment plots. Experimental plots within the same site were situated in close proximity to each other. The treatment plots were harvested (cutting and removal of plant material) with different frequencies. The vegetation was cut ~5 cm above the soil surface. A total of 24 plots were harvested once a year (H1) and four times a year (H4), respectively, and 40 plots were harvested twice a year (H2). Harvests were carried out in May (H4), June (H1, H2 and H4), July (H4), and August (H2 and H4). Plant species cover was registered by placing a frame (25 × 25 cm), divided into 16 sub-quadrats, in the center of each plot. Registrations were carried out in June (H1 and H2), July (C and H3), and August (H2). Species abundance in each plot was calculated as the sum of cover from all sub-quadrants divided by 16 (total number of sub-quadrants). Species were identified according to Mossberg and Stenberg (2014).

Data Analysis

Vegetation Types

We performed an initial Detrended Correspondence Analysis (DCA) in R (version 3.3.3; R Core Team, 2017) using species abundance data from the first assessment in July 2014 (function decorana, package “vegan”; Oksanen et al., 2017) in order to extract the major floristic gradients in the data set as ordination axes. From DCA scores 1–4, we calculated an Euclidean distance matrix (function vegdist, method “euclidean,” package “vegan”) for use in a hierarchical clustering (Ward's minimum variance clustering, function hclust, method “ward.D2,” package “stats”), which minimizes the within-group sum of squares (linear model criterion of least squares) to identify existing vegetation types in the experimental sites. When using DCA site scores to calculate an Euclidean distance matrix for the clustering instead of using the raw abundance data, a certain independence from the “double zero problem” (two sites being judged “similar” because both are lacking certain species) is achieved as DCA uses χ2 distance, which is not influenced by double zeros (Borcard et al., 2011). We chose four interpretable clusters by visual examination as these offered the most equal distribution of plots over clusters, while simultaneously representing ecological meaningful vegetation types (Borcard et al., 2011), although treatment H1 was not present in one of the clusters. We also determined indicator species for each vegetation type (R, function “indval,” package “labdsv”; Roberts, 2016; Appendix Table 1 in Supplementary Material).

Diversity Parameters

We calculated Shannon Diversity Index (H) and species richness (S) in R (function diversity, method “Shannon” and function specnumber, package “vegan”) to describe community diversity for each vegetation type and used these parameters as response variables to test for effects of harvesting.

Community Composition Parameters

We performed DCAs for each vegetation type identified by the cluster analysis using DCA1-3 site scores to describe changes in plant community composition over time. We proceeded by plotting the development in DCA1 site scores over time to visualize effects of harvesting over time. Additionally, we plotted species with DCA1 species scores >1 and <-1 as these were the most important for the change in DCA1 site scores. We furthermore used the DCA1-3 site scores as response variables to analyze the effect of harvesting on compositional patterns.

Plant Traits

Traits reflecting the productivity of the plant community, inferred from life-history traits, were: canopy height, specific leaf area, leaf dry mass and leaf mass. Trait information was downloaded as a subset of the LEDA trait database (Kleyer et al., 2008). Furthermore we used the abundance of competitive species (being one of Grime's life strategies), as these species exhibit high primary production due to effective use of resources (Grime, 1974). Finally we used the ecological preference of the community in terms of soil fertility (Ellenberg N) and soil pH (Ellenberg R; Hill and Carey, 1997; Schaffers and Sýkora, 2000) as traits related to productivity of the plants. Traits of the mentioned sources were recorded for northwestern Europe but we judged that the climatic conditions were similar enough to allow use of these traits in our study.

Community weighted means (CWM) were calculated for all traits as the mean trait expression multiplied by the abundance of species present (based on percent cover) within an experimental plot. Trait CWM were used as response variables to analyze effects of harvesting on the plant communities.

Test for Initial Differences in Response Variables Between Vegetation Types

We performed non-parametric, permutation-based pairwise tests (Nemenyi-Damico-Wolfe-Dunn test) in R (Hollander et al., 2013; package coin; Hothorn et al., 2008) to identify initial differences in response variables between vegetation types by using CWM from all experimental plots (control as well as treatments; see Appendix Table 2 in Supplementary Material for number of samples). The Nemenyi-Damico-Wolfe-Dunn test is an independence test based on Monte Carlo permutations with 50,000 iterations and includes a Tukey post-hoc test. We used this method since variance homogeneity of the residuals was not fulfilled.

Evaluation of Treatment Effects on Response Variables

In total, we had 422 observations of the 112 experimental plots over three summers (Appendix Table 2 in Supplementary Material shows the number of plots studied per vegetation type and treatment within a year) and encountered a total of 91 plant taxa. We square root transformed species richness for a better fit with normal distribution. We calculated single Linear Mixed Effects Models (LMEMs) for each vegetation type and year on the response variables (Shannon diversity, species richness, DCA site scores 1–3, plant traits related to productivity as described above) in SAS (version 9.4) to test for effects of harvesting on plant diversity, plant community composition, and functional trait expression. We used location (Sillerup and Spjald) and site (3 sites per location) as random effects and treatment (C, H1, H2, and H4) as fixed effect. The model used for calculating the effect on each response variable being:
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where Y is the vector of the response variable, μ is the vector of the effects of treatment, Z is the design matrix for the random effects [location*site(treatment)], u is the vector of the random effects and ε is the vector of the random errors. The LMEMs used in this study implemented a likelihood-based method (REML) to estimate the covariance structure, which accounts for missing data and the slightly unbalanced sampling design in this study (as derived from the SAS/STAT 9.2 users guide; Rubin, 1976; Little, 1995).

RESULTS

We identified four different vegetation types based on the initial clustering of the DCA scores of species recorded in the experimental plots in the studied buffer strips: a tall herb fringe, a tall grass community, a ryegrass-dominated lower herb/grass community and a rich fen/wet meadow community (Appendix Image 1 in Supplementary Material). Indicator species for each vegetation type are given in Appendix Table 1 (Supplementary Material). Although the soil type varied, revealed the cluster analysis that vegetation types were more similar between than within location, indicating that soil type was less important for the vegetation types than other factors i.e., soil nutrient content (Appendix Table 3 in Supplementary Material).

Productivity and diversity varied significantly among the four vegetation types at the beginning of the experiment. The tall herb fringe was the most productive as inferred from CWM for soil fertility (mean Ellenberg N 7.06, Appendix Table 3 in Supplementary Material), soil pH (Ellenberg R 6.77), as well as canopy height (1.42 m) and from the abundance of competitive species (68%). The tall grass community had intermediate productivity, while the rich fen/wet meadow and the ryegrass-dominated lower herb/grass community were the least productive. The rich fen/wet meadow was the most diverse based on both Shannon Diversity (mean 2.16, Appendix Table 3 in Supplementary Material) and species richness (12.85), the tall grass community and the tall herb fringe had intermediate diversity (H = 1.68 and 1.63, S = 7.04 and 7.25, respectively) and the ryegrass-dominated lower herb/grass community was the least diverse (H = 1.09 and S = 5.96).

Harvesting of the vegetation mediated an increase in Shannon diversity in the tall herb fringe (Figure 1, LMEM, adj. p < 0.05, Appendix Table 4 in Supplementary Material) but not in the tall grass community (LMEM, adj. p > 0.05), the ryegrass-dominated lower herb/grass community, LMEM, adj. p > 0.05) or in the rich fen/wet meadow (LMEM, adj. p > 0.05). The increase in Shannon diversity in the tall herb fringe was significant after 2 years of harvesting in plots harvested twice per year and after 3 years of harvesting in plots harvested once per year (Figure 1, LMEM, adj. p < 0.05, Appendix Table 4 in Supplementary Material). Similarly, species richness increased in the tall herb fringe after 2 years in plots harvested twice per year and after 3 years in plots harvested once per year (Figure 2, LMEM, adj. p < 0.05, Appendix Table 4 in Supplementary Material) but did not change in the other vegetation types studied. In contrast, no significant effect of harvesting on Shannon diversity or species richness was found in plots harvested four times per year (Figures 1, 2, LMEM, adj. p > 0.05).
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FIGURE 1. Boxplots of Shannon diversity for the second and third experimental year for the tall herb fringe community. Horizontal lines indicate the median, boxes the interquartile range and whiskers the 95% interval of the data. (A) 2015, (B) 2016. Treatments: C, control; H1, harvest once per year; H2, harvest twice per year; H4, harvest four times per year. Different letters indicate significant difference (p < 0.05) tested by linear mixed effects model with post-hoc test for pairwise comparisons (for details, see Appendix Table 4 in Supplementary Material). Community-weighted medians (min, max) after the first experimental year (non-significant, LMEM, see Appendix Table 5 in Supplementary Material) as well as boxplots for the other tested community types (non-significant, LMEM) can be found in Appendix Image 2 (Supplementary Material).
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FIGURE 2. Boxplots of plant species richness for the second and third experimental year for the tall herb fringe community. Horizontal lines indicate the median, boxes the interquartile range and whiskers the 95% interval of the data. Panel and treatment designation as in Figure 1. Different letters indicate significant difference (p < 0.05) tested by linear mixed effects model with post-hoc test for pairwise comparisons (for details, see Appendix Table 4 in Supplementary Material). Community-weighted medians (min, max) after the first experimental year (non-significant, LMEM, see Appendix Table 5 in Supplementary Material) as well as boxplots for the other tested community types (non-significant, LMEM) can be found in Appendix Image 3 (Supplementary Material). (A) 2015, (B) 2016.



A significant shift in species composition occurred in the tall herb fringe (although only significant after 2 years; Figure 3; LMEM, adj. p < 0.05, Appendix Table 4 in Supplementary Material) but not in the other vegetation types studied (LMEM, adj. p > 0.05). The species shift occurred more rapidly in plots harvested four times per year compared with those harvested once or twice per year (Figure 3; LMEM, adj. p < 0.05, Appendix Table 4 in Supplementary Material). Harvesting affected herbs and grasses differently (Figure 3). This is clearly illustrated by a decline in the abundance of many tall herb species in response to harvesting (e.g., Urtica dioica L., Epilobium hirsutum L., Valeriana sambucifolia J.C. MIKAN EX POHL), while the abundance of several grass species (e.g., Alopecurus geniculatus L., Holcus lanatus L., Poa pratensis L.) and some smaller herbs (e.g., Taraxacum sp. F.H.WIGG., Cerastium fontanum BAUMG., Galeopsis sp. L.) increased.
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FIGURE 3. Mean (standard error) of DCA 1 site scores of all vegetation types plotted over time with DCA1 species scores for each vegetation type. Treatment designation as in Figure 1. Different letters indicate significant difference (p < 0.05) tested by linear mixed effects model with post-hoc test for pairwise comparisons (for details, see Appendix Table 4 in Supplementary Material). Only species with scores < -1 or >1 are plotted. (A) Tall herb fringe, (B) Tall grass community, (C) Ryegrass-dominated lower herb/grass community, (D) Rich fen/wet meadow.



In contrast to the observed increase in diversity and the species shift in the tall herb fringe, harvesting mediated a significant decrease in productivity-related traits, including canopy height (Figure 4; LMEM, adj. p < 0.05, Appendix Table 4 in Supplementary Material), preference for soil fertility (Figure 5; LMEM, adj. p < 0.05, Appendix Table 4 in Supplementary Material) and preference for soil pH (not shown; LMEM, adj. p < 0.05, Appendix Table 4 in Supplementary Material) after 3 years in plots harvested four times per year. In the tall grass community, canopy height decreased after 3 years in plots harvested two and four times per year (Figure 4; LMEM, adj. p < 0.05, Appendix Table 4 in Supplementary Material), but preferences for soil fertility and soil pH did not change (LMEM, adj. p > 0.05). In the ryegrass-dominated lower herb/grass community as well as in the rich fen/wet meadow, we found no significant effect of harvesting on productivity-related traits (LMEM, adj. p > 0.05).
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FIGURE 4. Boxplots of community canopy height for the second and third experimental year for the tall herb fringe (A,B) and the tall grass communities (C,D). (A,C) 2015, (B,D) 2016. Horizontal lines indicate the median, boxes the interquartile range and whiskers the 95% interval of the data. Treatment designation as in Figure 1. Different letters indicate significant difference (p < 0.05) tested by linear mixed effects model with post-hoc test for pairwise comparisons (for details, see Appendix Table 4 in Supplementary Material. Community-weighted medians (min, max) after the first experimental year (non-significant, LMEM, see Appendix Table 5 in Supplementary Material) as well as boxplots for the other tested community types (non-significant, LMEM) can be found in Appendix Image 4 (Supplementary Material).
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FIGURE 5. Boxplots of community-weighted preference for soil fertility (Ellenberg N) for the second and third experimental year for the tall herb fringe community. Horizontal lines indicate the median, boxes the interquartile range and whiskers the 95% interval of the data. Panel and treatment designation as in Figure 1. Different letters indicate significant difference (p < 0.05) tested by linear mixed effects model with post-hoc test for pairwise comparisons (for details, see Appendix Table 4 in Supplementary Material). Community-weighted medians (min, max) after the first experimental year (non-significant, LMEM, see Appendix Table 5 in Supplementary Material) as well as boxplots for the other tested community types (non-significant, LMEM) can be found in Appendix Image 5 (Supplementary Material). (A) 2015, (B) 2016.



We did not find any significant effects of harvesting on the abundance of competitive species, specific leaf area, leaf dry matter content or leaf mass in any of the four vegetation types (LMEM, adj. p > 0.05), nor did we find any significant effects of harvest on any of the response variables (diversity parameters, DCA site scores, productivity related plant traits) after one year of harvesting (see Appendix Table 5 in Supplementary Material for CWM).

DISCUSSION

Effect of Harvesting on Species Diversity

In accordance with our first hypothesis, we found an increase in diversity in the tall herb fringe in response to harvesting but not in the tall grass community, the ryegrass-dominated lower herb/grass community or the rich fen/wet meadow. The tall herb fringe was the most productive community initially in comparison to the other communities. At the same time, the tall herb fringe displayed intermediate diversity, whereas the rich fen/wet meadow and the ryegrass-dominated lower herb/grass community displayed higher and lower diversity, respectively. We did not observe an increase in the diversity of the tall grass community in response to harvesting even though the diversity of this community was as low as in the tall herb fringe. This finding indicates that productivity rather than diversity determined the response of the vegetation to harvesting.

Species richness increased in response to both one and two annual harvests after 2 years and the increase became even more pronounced following two harvests after 3 years. This finding indicates that harvesting facilitated the establishment of new species in the community (Burke and Grime, 1996). In particular, we observed that, for instance, Poa nemoralis L. (in year 2), Epilobium tetragonum L., and Galeopsis sp. (both in year 3) established in the area. Shannon diversity also increased in plots harvested twice per year after 2 years and increased both in plots harvested once and twice per year after 3 years of harvesting, further indicating that the species that entered the community became established and even proliferated, creating a more even distribution after the third year.

In accordance with our findings, it has been observed that one or two harvests a year resulted in the highest plant diversity in grassland experiments (Socher et al., 2013), while higher harvesting frequency affected plant diversity negatively (Zechmeister et al., 2003; Socher et al., 2012). In the before mentioned studies, as well as in the four harvests per year treatment in our study, more frequent harvesting also meant harvesting earlier in the season. This might have led to discrimination against species unable to reproduce vegetatively as well as species flowering late in the season by preventing their reproduction (Smith et al., 2000). An extensive harvest of one cut conducted later in the year might have yielded higher diversity in the grass-dominated vegetation types (tall grass community and ryegrass-dominated lower herb/grass community) as shown by others (e.g., Smith et al., 2000; Knop et al., 2006).

Effect of Harvesting on Species Composition

In accordance with the second hypothesis, we also observed a shift in species composition in the tall herb fringe (highest deviation in species composition between control and treatments) but not in the other vegetation types studied. Harvesting led to a shift from a community dominated by tall herbs to a community where smaller herbs and grasses were more evenly distributed. For example, we observed a shift in Epilobium species from the highly productive and tall E. hirsutum toward the smaller E. tetragonum and E. palustre. This effect was not found in the more diverse rich fen/wet meadow, which comprised less productive species from the beginning and thus was more stable and more resilient to disturbance (Tilman and Downing, 1994).

We also observed that four harvests a year led to a decline in the abundance of tall herbs and an increase in the abundance of grasses in the tall herb fringe, which is consistent with the results of other studies testing the effect of disturbances on plant species with different morphologies (Belsky, 1992; Socher et al., 2013). More space due to disturbance allows for more light to filter through the canopy and diminishes competitive exclusion of less productive species by highly productive species (Huston and DeAngelis, 1994). Even though we did not find a significant decline in the abundance of competitive species in response to harvesting, we observed that some tall species were replaced with less tall species. We found that the highly productive and tallest species (like E. hirsutum and U. dioica) were negatively affected and that species with smaller growth forms (e.g., rosettes, like Taraxacum sp.) were positively affected by harvesting. Similarly, harvesting reduced competition since the abundance of tall species was more strongly reduced compared to that of smaller species (Norman, 1960), indicating that shorter species benefitted from improved light conditions (Belsky, 1992). By reducing the abundance of tall species, harvesting yielded more space for species to coexist in a small area (Parr and Way, 1988). This has been shown before for grasses in relation to the removal of litter in connection with harvesting (Fynn et al., 2004).

Grasses are better adapted to disturbances such as cutting than herbs, especially the rhizomatous grass species H. lanatus L. and P. pratensis L, since grazing has been a major driver in their evolution (Mack and Thompson, 1982), which makes them effective in spreading vegetatively and persisting under stress. This might also explain why we did not find an effect of harvesting on species composition or diversity in the less productive tall grass and ryegrass-dominated lower herb/grass communities, which contained proportionally more grasses and smaller species and thus were less likely to be affected by harvesting.

Significant effects on species composition were found after 2 years but not after 3 years of the experiment in the tall herb fringe. We have no explanation for this, but this might reflect that the variation in compositional patterns in the control plots increased. Thus, we observed that species composition in the controls diverged after 3 years similar to what was observed for the harvest treatments (as inferred from DCA scores, Figure 3). Longer studies than ours are required to analyze the natural variation in species composition in buffer strips.

Effect of Harvesting on Trait Expression

In accordance with the third hypothesis, the effect of harvesting was clearly related to the productivity level of the plant communities. The preferences for soil fertility and soil reaction, as well as mean community canopy height, were significantly reduced following four annual harvests after the third year. This reduction in productivity-related traits clearly followed the change in species composition. Canopy height was also affected in the tall grass community by two and four harvests in the third year; however, there was no significant change in species composition in this community, probably due to high variability in the data.

The species we found to benefit from low frequency harvesting were smaller herbs (e.g., Galeopsis sp., Taraxacum sp.) and grasses (e.g., P. nemoralis, P. pratensis) that can form a dense and rapidly repairing leave canopy close to the ground (Grime, 2002). We propose that the change in species community over time can lead to communities that are less competitive, a trend that—albeit not significant—is clearly visible in the tall herb fringe and to a lesser extent in the tall grass community after the third year (Appendix Image 6 in Supplementary Material); thus, the shift from tall species toward less tall species. This has also been described by Grime (1977) who identified ruderals and not competitors as being the best adapted to high stress in productive habitats. We acknowledge that our experiment might have been too short to capture the whole extent of the effect that harvest can have on buffer plant communities, since the communities' response to disturbance is determined by both the length of time that individual species require to react to disturbances, the interaction of species in response to disturbances and, finally, to temporally varying environmental conditions during the time of the disturbance (Belsky, 1992). Thus, a continued harvesting over several years at our study sites may lead to a significant increase in diversity and a decrease in traits related to community productivity also in the tall grass community. This also implies that the potential of removing nutrients by harvesting buffer vegetation may diminish over time (shown for at least N; Tanner, 1996).

Consequences for Floristic Quality of Buffer Strips

Overall, the increase in grasses and the decrease in tall herbs made the studied vegetation types more similar following 3 years of applying the most intensive harvesting treatment; a homogenization of the vegetation that has been noted before for land-use intensification in the form of enhanced mowing frequency (Zechmeister et al., 2003). In this study, we used plant species diversity and richness to assess the plant community in buffer strips, but we acknowledge that these features give little indication about the floristic quality of the vegetation (Bowers and Boutin, 2008), and even though we found an increase in diversity due to the treatments in the tall herb fringe, we found no rare species entering the community.

Once species become rare in an area, the soil seed bank and the seed rain become insufficient to create a viable community. Additionally, seedlings of rare species have a high mortality (Poschlod et al., 1998), which is most likely linked to unfavorable abiotic conditions such as, for instance, elevated nutrient status of the soils (Bakker and Berendse, 1999). Other studies have found that for conservation purposes and establishment of species-rich communities, a reduction in soil nutrient levels (mainly phosphorus and nitrogen) is compulsory (Gough and Marrs, 1990; Pallett et al., 2016). Besides having a high nutrient status, soils in buffer strips are frequently drier than natural riparian areas (Hille et al., 2018) due to the high degree of drainage and channelization of streams in agricultural areas, which have probably turned them into unsuitable habitats for rare wetland species. Harvesting, which leads to removal of nutrients from the buffer soil, could in the long term create more favorable conditions for rare species, maybe in combination with sowing, to help establish viable populations. However, for the re-establishment of riparian or wetland species and to improve the floristic quality of buffer strips, an additional reconnection of the stream with the riparian zone through, for instance, widening of stream channels and buffers (Dybkjær et al., 2012) might also be necessary.

Nevertheless, the improved plant diversity due to low frequency harvesting with a concomitant increase of not only grasses but also of smaller herbs can be viewed as a desirable development—with the reduction of the most competitive species in the tall herb fringe studied, this vegetation community type could over time develop into a hydrophilous tall herb fringe (Natura 2000 code: 6430; Fredshavn et al., 2014), which is a protected habitat according to the EU Habitats Directive.

CONCLUSIONS

Since the buffer vegetation is highly productive, we strongly recommend harvesting (cutting and removal) of the vegetation on a regular basis as a management practice to remove nutrients and to improve diversity. In our study, we found that one or two harvests per year had a positive effect on plant diversity in communities with initially low to intermediate diversity and a high productivity dominated by tall species. A higher harvest frequency did not affect diversity but might have an undesirable homogenizing effect on the vegetation.

In conclusion, we suggest that a twofold benefit can be obtained by introducing low frequency harvesting in buffer strips. Firstly, a diversity increase with a concomitant reduction in the frequency of highly productive species and, secondly, a steady removal of nutrients from the buffer strip soil, which over time may induce even higher plant diversity. Harvesting over time, however, can mediate a change in the vegetation toward dominance of less productive species. Since species productivity can influence nutrient removal, harvesting could lead to less removal if the vegetation changes, a possibility that requires further research.
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