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Abstract

:

Elevating soil organic matter (SOM) levels through changes in grassland management may contribute to lower greenhouse gas concentrations in the atmosphere and mitigate climate change. SOM dynamics of grassland soils may be affected by grazing systems and plant species composition. We analyzed the effects of simulated grazing systems (continuous (CG), rotational (RG), and lenient strip grazing (LG)) and species composition (monocultures of perennial ryegrass fertilized (LP+) and unfertilized (LP−)), tall fescue (fertilized, FA+), and a mixture of these two species with white clover (fertilized, LFT+)) on root biomass and SOM dynamics in field experiments on loamy and sandy soils in the Netherlands. Dried cattle manure was added to all fertilized treatments. We hypothesized that SOM accumulation would be highest under CG and LG, and FA+ and LFT+ as a consequence of greater belowground biomass production. SOM was monitored after conversion from arable land for a period of two years (loamy and sandy soil) and five years (sandy soil). We found that management practices to increase SOM storage were strongly influenced by sampling depth and length of the grassland period. SOM increased significantly in nearly all fertilized treatments in the 0–60 cm layer. No differences between species compositions were found. However, when only the 30–60 cm soil layer was considered, significantly higher SOM increases were found under FA+, which is consistent with its greater root biomass than the other species. SOM increases tended to be higher under LG than RG. The results of this study suggest that it seems possible to comply with the 4-thousandth initiative during a period of five years with fertilized perennial ryegrass or tall fescue in monoculture after conversion from arable land. It remains to be investigated to which extent this sequestration of carbon can be maintained after converting grassland back to arable land.






Keywords:


grassland species; sampling depth; carbon sequestration; land-use change












1. Introduction


Accumulation of soil organic matter (SOM) may improve soil quality by enhancing aggregate stability, soil life, crop nutrition, water infiltration, and water holding capacity. A sufficiently high SOM content is therefore crucial to enhance grassland productivity. Great concern exists about the effects of climate change on SOM stocks in Western Europe [1,2,3], as a warmer and wetter climate will enhance SOM decomposition. Over the last century, a temperature rise of 1.6 °C has been observed and precipitation has increased by 21 percent in the Netherlands [4]. At the same time, greater risks for prolonged drought periods are foreseen [5]. To be able to cope with either sudden water shortages or large surpluses, it is of key importance for grassland-based dairy farmers to explore management options that maintain or increase SOM. Moreover, grasslands could function as potential carbon sinks when managed properly [6] and can, therefore, play an important role in the recently proposed 4-thousandth initiative [7].



SOM changes depend on the amount and chemical composition of the applied materials, as well as the rates of decomposition of both the existing and added OM. The latter is predominantly influenced by climatic and edaphic factors like soil texture, soil structure, and microbial activity [8]. Several studies have focused on the effects of climatic factors such as temperature and precipitation and of soil texture on SOM dynamics in temperate grasslands (e.g., [3,9,10]). Furthermore, the positive effects of increased organic matter inputs through, for instance, animal manure on SOM stocks of grasslands have received due attention [11,12,13]. However, data regarding the effects on SOM dynamics of other management factors such as grazing systems and plant species composition are still scarce.



Decaying plant roots and aboveground plant tissues are the main input sources of organic matter in soils of ungrazed natural grasslands [14,15]. Several authors have reported that the fraction of carbon (C) retained in the soil from decaying roots is greater than that from decaying shoots due to the greater lignin content of root tissues and physicochemical C protection mechanisms in the soil [16,17,18]. In managed grasslands, farmers are able to influence root mass and therefore SOM dynamics through grazing management [19,20]. In this respect, both Deinum [21] and Lantinga [22] have reported that throughout the grazing season, the root biomass of grazed swards was larger under continuous grazing as compared to rotational grazing. This was associated with a higher tiller density under continuous grazing, where the grass sward is defoliated very frequently. Moreover, Crider [23] and Ennik et al. [19] observed that infrequent grass cuttings, like under rotational grazing, led to a standstill in root production during the first few weeks of the regrowth period. In this case, carbohydrate reserves and assimilates will be used in the first instance predominantly for the re-establishment of the shoot/root ratio. Next to continuous grazing, other systems that theoretically have the potential to increase SOM through enhanced root production also include the so-called “Pure Graze” system. The “Pure Graze” system is a Dutch lenient strip grazing system that uses movable fences, and cattle are put to graze in long-standing biomass for a few hours (see the Materials and Methods section for further details). In both continuous and lenient strip grazing systems, shorter periods or absence of root growth stoppage occur due to smaller fluctuations in leaf area index than under rotational grazing [21,22,23].



Steinbeiss et al. [24] investigated the effects of plant species diversity on short-term changes in SOM stocks and found that a larger diversity of grassland species mitigated carbon losses in the 20–30 cm soil layer. They suggested (but not measured) that increases in carbon stocks were greater in more diverse swards due to differences in root distribution and root biomass between plant species. Currently, production grasslands in Western Europe are dominated by monocultures of perennial ryegrass (Lolium perenne L.) [25,26] because of its suitability for grazing, high palatability for cattle, and high yield potential.



Based on their agronomic characteristics, tall fescue and white clover are the most suitable companion species for grazing purposes in a highly productive mixture with perennial ryegrass in north-western Europe. Tall fescue (Festuca arundinacea Schreb.) is a species that produces a large amount of belowground biomass, performs well under both grazing and mowing, and is drought resistant [27]. Due to its ability to fix atmospheric nitrogen, white clover (Trifolium repens L.) is considered a complementary species to perennial ryegrass and tall fescue. Its stoloniferous growth habit enables coexistence with both grass species leading to highly productive swards that are less dependent on external nitrogen (N) inputs [28]. Despite its relatively low root biomass compared to grasses—leading to reduced carbon inputs from root material—the inclusion of white clover in this three-species mixture has three benefits: (i) the organic matter digestibility of both perennial ryegrass and white clover is higher compared to that of tall fescue, (ii) the risk of bloat is lower than in the case white clover mixed only with perennial ryegrass due to the higher content of less-digestible cell walls in tall fescue [29,30], and (iii) white clover and tall fescue are more drought-resistant than perennial ryegrass [31,32].



The objective of this study is to assess the effects of species composition and simulated cattle grazing systems, by applying different cutting frequencies and heights, on root biomass and SOM dynamics in loamy and sandy soils. We hypothesize that SOM accumulation rates would be highest under continuous and lenient strip grazing due to a more constant aboveground biomass production over time, no stand-still in root growth, and therefore, an expected higher root biomass. Furthermore, we hypothesize that the tall fescue monoculture, as well as the species mixture with perennial ryegrass, tall fescue and white clover, would lead to higher belowground biomass production and thus increased SOM accumulation rates compared to perennial ryegrass in monoculture. Treatments were investigated in grassland 2 to 5 years after conversion from arable land.




2. Materials and Methods


2.1. Experimental Site, Treatments and Design


The study was conducted on two sites, a sandy podzol and a silt loam fluvisol (FAO World Soil Classification) in Wageningen, the Netherlands. The sites were located on “De Bornse Weilanden” (clay content: 5%; 51°59′34.0″ N 5°39′19.1″ E) and “De Hoeveslagen” (clay content: 26%; 51°57′10.4″ N 5°38′13.2″ E). The loamy site was characterized by underground water flow to the nearby river Rhine. Before the experiment started, the sandy soil had been under arable cropping for more than 40 years and the loamy soil for about 20 years. Before that time, the loamy soil was used as a fruit orchard. The preceding crops (2005–2010) on the sandy soil were spring barley, maize, spring barley, potato, and winter wheat, and on the loamy soil, these were winter wheat, potato, winter wheat, sugar beet, and spring wheat. The sandy soil had received regular applications of cattle slurry (about 25 Mg/ha/yr) and the loamy soil had received no animal manure during the whole arable cropping period. The main soil characteristics are presented in Table 1.



The experimental fields were sown by hand in April 2011 and measurements were conducted for a period of five (sand) and two (loam) years: one year during the establishment year (April 2011–April 2012) of the sown swards and the subsequent complete growing seasons. A mixture of the diploid perennial ryegrass (Lolium perenne L.) cultivars Barflip, Barforma, and Arsenal was sown for the treatments LP− (unfertilized) and LP+ (fertilized). The tall fescue (Festuca arundinacea Schreb; F) cultivars Barolex and Bariane were used for the fertilized monoculture FA+. The same cultivars of both perennial ryegrass and tall fescue were used for the mixture (LFT+) with white clover (Trifolium repens L.; T) cultivars, Alice and Riesling. The unfertilized LP− treatment was included in the experiment to compare the differences in SOM changes over time with the fertilized LP+ treatment. All seeding rates are listed in the supplementary materials (Table S1).



In the year of establishment, the LP+ and FA+ treatments were fertilized with cattle manure granules (200 kg N/ha). To promote tillering, calcium ammonium nitrate (CAN; 52.5 kg N/ha) was applied once in late summer of 2011 to all fields, including the LP- treatment. In the subsequent years, the monocultures LP+ and FA+ were fertilized with a combination of mineral fertilizer nitrogen (200 kg N/ha applied as CAN) and cattle manure granules (50 kg N/ha). The species mixture containing white clover was fertilized only with the manure granules (50 kg N/ha). This amount of manure granules corresponds to an organic matter (OM) input from cattle manure at a rate of ca. 2.2 Mg OM/ha/year. All fertilizers (manure, CAN and trace elements) were applied to the experimental plots by hand through aboveground spreading.



The N content of the manure was analyzed and averaged 16.6 g N/kg air–dry matter. The OM content of the granules was 74%. Swards under the continuous grazing system received five split applications of CAN, whereas those under rotational and lenient strip grazing systems received three split applications of CAN. The dates and amounts of fertilizer application are shown in the supplementary materials, Tables S2 and S3.



Three cutting regimes reflecting three different grazing systems were superimposed: rotational (RG), continuous (CG), and lenient strip (LG) grazing. Normally in practice, cattle in rotational grazing systems are put to graze when the standing biomass above 4 cm stubble height is about 1.5 to 2 Mg dry matter/ha and are shifted to a new paddock every three to five days [33]. In our experiment, rotational grazing was simulated by mowing five times per year at a height of 4 cm. Cutting took place when the sward height of the fertilized treatments was about 18 cm on the day of cutting. In the case of commercial cattle farms, continuous grazing is generally characterized by grazing management that aims to maintain a sward height of about 8 cm throughout the growing season. In our experiment, the continuous grazing system was simulated through frequent cutting (eight to nine times per year) when the sward height of the fertilized plots was about 11 cm. The cutting height was 4 cm resulting in the desired average sward height of 8 cm. In practice, the “Pure Graze” system is characterized by cows that are put to graze in swards with a relatively large amount of standing biomass (2.5–3.0 Mg DM/ha above 4 cm stubble height). Movable fences are used to enclose the grazing area of the cows and, every three to six hours, the grazing area is enlarged by moving the front fence when about half of the available biomass has been defoliated down to a sward height of about 10 cm [33]. Generally, the rear fence is moved only once per day. Hereafter we will refer to this system as lenient strip (LG) grazing. In our experiment, lenient strip grazing was simulated by mowing at a cutting height of 10 cm. Herbage was harvested about seven times per year. Averages of the harvested herbage per treatment are given in the supplementary materials (Figure S2). The sward height of the fertilized plots was around 17 cm on the day of cutting. An overview of the cutting heights, cutting interval, and herbage heights at defoliation of the simulated grazing systems is presented in Table 2.



The experiment was laid out on both soil types in a split-plot design with four replications (blocks) with three plots each, to which the grazing systems were randomly assigned. Species composition (LP−, LP+, FA+, LFT+) was randomly assigned to the four subplots within the main plots. Hence, each of the two experiments consisted of 12 plots (4 blocks × 3 grazing systems) and 48 subplots (4 species composition treatments per plot). The gross subplot size was 2.75 × 10 m. The net subplot size was 1.5 × 10 m.



Precipitation data were obtained from a weather station nearby Wageningen and temperature data were obtained from the weather station at Deelen [34]. During the experimental period (2011–2016), the mean annual temperature was 11.0 °C and the average annual precipitation sum amounted 907 mm. When dry spells occurred during the summer, fields were occasionally irrigated. This was only done when perennial ryegrass started yellowing and browning as a consequence of drought stress. Each time, 20–25 mm of water was applied.




2.2. Harvesting and Processing of Samples


2.2.1. Biomass Samples


The plots were cut with a Haldrup grass harvester (Haldrup, Løgstør, Denmark). In the year of establishment (2011), three cuts were taken at a cutting height of 4 cm. In the following years, harvesting took place between May and November. A biomass subsample was taken after each cutting event and brought to the laboratory. The fresh weight was measured and samples were dried overnight at 70 °C to determine the dry matter content.



Root samples were collected down to a depth of 60 cm for each subplot in July 2013 and March 2014 by using a hydraulic auger. Each field was sampled twice and the 0–10, 10–30 and 30–60 cm soil layers were collected separately. The 0–10 cm layer was sampled because this is the depth used in the standard procedure for sampling grassland soils in the Netherlands. The 10–30 cm layer was sampled because of differences in root distribution patterns between perennial ryegrass and tall fescue: about 80% of the root biomass of perennial ryegrass occurs in the 0–8 cm soil layer, while only about 65% of the roots of tall fescue can be found here [35]. According to a literature review by Lorentz and Lal [36], about 95% of the total grass root biomass occurs in the 0–60 cm soil layer. Therefore, we also sampled the 30–60 cm soil layer. Samples were put in 10 L buckets with lukewarm water (1 bucket for each sampled experiment plot) and soaked for a few hours. Next, the soil cores were washed under running water. After extensive rinsing, the above-ground biomass was cut off and the roots were dried at 70 °C overnight. The dry weight was recorded.




2.2.2. Soil Samples


Soil sampling followed the sampling depths of 0–10, 10–30, and 30–60 cm for root biomass and SOM. An overview of the root and SOM sampling dates is provided in Table 3. Because the root biomass sampling took a number of days, the month is indicated in this table. The time indication for SOM is also given in the table: in the remainder of the paper, “two years” refers to the monitoring period 19 September 2011 to 27 January 2014 and “five years” refers to the period 19 September 2011 to 20 May 2016. The initial SOM content was determined in September 2011 and the second sampling took place when the cutting regimes started (May 2012). In February 2014, the soil bulk density was determined for the 0–60 cm profile using cylindrical cores with a diameter of 5 cm. On both locations, a small pit was dug in six subplots (two fields per grazing regime). Cores were pressed horizontally in the soil profile, the cylinders were removed, and the moist samples were put in paper bags. Samples were dried overnight at 105 °C and their dry weight was recorded. Details on the conversion from SOM contents to stocks are given in the supplementary materials, Box S1.



Soil and manure granule samples were analyzed for organic matter content by the loss-on-ignition (LOI) method. The LOI method was chosen above other SOM or SOC analysis procedures because of its relatively large sample weights. To be able to monitor SOM changes within a short experimental period, the analytical error had to be minimized. See Hoogsteen et al. [37] for details on the method. The ignition conditions were 550 °C for a period of three hours. Sample weights of 20 g (soil) and 5 g (manure granules) were used. The SOM content in the 0–10 cm layer in September 2011 averaged 30.2 g kg−1 (SD = 2.2, sand) and 28.1 g kg−1 (SD = 2.3, loam). For the 10–30 cm soil layer, the average SOM values were 28.0 g kg−1 (SD = 2.0, sand) and 25.5 g kg−1 (SD = 2.0, loam). For the 30–60 cm soil layer, the averages were 16.0 g kg−1 (SD = 4.6, sand) and 15.7 g kg−1 (SD = 4.4, loam).





2.3. Statistical Analysis


Data were processed with Microsoft Excel 2010 and analyzed with IBM SPSS Statistics 20.0. Differences in bulk density values between the sandy and loamy soil were analyzed with a t-test. Average SOM contents at the beginning of the experiment in September 2011 are presented per species composition, by a combination of soil type and soil layer. The averages are based on a mixed model with species composition as fixed factor and block and plot (nested within block) as random factors (supplementary materials, Figure S1 and Table S4).



Root biomass observations were analyzed per soil type and per soil layer using analysis of variance. In each of the six analyses, species composition, grazing system and their interaction were included as fixed factors, while block and “block × grazing system” (equivalent to plot) were used as random factors. When significant interaction effects were observed, the means for the treatments (grazing system—species composition combinations) were compared pairwise using LSD.



The SOM trends over time were estimated in 15 analyses, per soil layer (0–10, 10–30, 30–60, 0–30, 0–60 cm) and per combination of soil type-monitoring period (SM levels: loam 2 years, sand 2 years, and sand 5 years). All samples were included in the analyses.



In each analysis, we used a random coefficient model that also does justice to the split-plot design. The model was as follows: SOM is a dependent variable; species composition (sps) and grazing system (ss) are fixed factors; time is a (fixed) continuous variate, with included interactions for sps–ss, time–ss and time–sps; random factors are block, plot within block, field within plot and field–time interactions. This leads to fixed slope estimates that vary with species composition and grazing system and 48 random slopes. We discuss the differences in fixed slopes between species compositions and grazing systems.





3. Results


3.1. Root Biomass


For both soil types, root biomass decreased for consecutive soil layers for all species compositions (Figure 1). The root biomass of the 0–60 cm layer of LP− was, on average, 1500 kg ha−1 higher on the sandy soil than on the loamy soil. For FA+, the root biomass was 1800 kg ha−1 higher on the loamy soil than on the sandy soil. In the 0–10 cm soil layer, the effect of species composition was significant for both soil types, with the highest root biomass values for FA+, followed by LP+ (see Table 4 and supplementary materials, Table S5). Root biomass of the mixture with tall fescue (LFT+) was similar to unfertilized perennial ryegrass plots.



In the 10–30 cm soil layer, root mass of FA+ was also greater than the other species compositions and no differences in root biomass were observed between LP−, LP+, and LFT+. This was also found in the 30–60 cm soil layer of the loamy soil. Root biomass of LP−, LP+ and LFT+ was twice as large in the 30–60 cm soil layer of the loamy soil as compared to the sandy soil, whereas no effect of soil type was observed on the root biomass of FA+ (supplementary materials, Table S5). We found no significant effects of the three simulated grazing systems on root biomass in any of the soil layers (Table 4).




3.2. Soil Organic Matter Dynamics


During the first two years of the experiment, SOM increased significantly over time in the 0–10 cm soil layer in all fertilized treatments (Figure 2a,b), and the differences between the LP+, FA+, and LFT+ treatments were not significant (supplementary materials, Table S6). After two years, the average increase in SOM was 1.9 Mg ha−1 yr−1 in the sandy soil and 2.2 Mg ha−1 yr−1 in the loamy soil, while for unfertilized treatments, these accumulation rates were 0.6 (sand) and 0.9 Mg ha−1 yr−1 (loam).



In the 10–30 cm soil layer, SOM tended to decrease (five times significantly; Figure 2d,e). In the 30–60 cm soil layer, increases were observed, as well as decreases; in both cases, a significant slope was found only once (Figure 2g,h). At both experimental sites, large differences in initial SOM content of the 30–60 cm soil layer were observed between subplots: in the sandy soil, the SOM stocks ranged from 34 to 112 Mg ha−1 and, in the loamy soil SOM, stocks ranged from 31 to 104 Mg ha−1. No significant correlation was observed between initial SOM stocks and SOM rates of change (Figure S3).



In the 0–30 cm layer, SOM tended to increase for both soil types (once significantly, Figure 2j,k). In the 0–60 cm layer, all estimated trends were not significant except for FA+ under continuous grazing on the sandy soil (Figure 2m,n).



The experimental period of five years on the sandy soil showed significant increases in SOM in all treatments in the 0–10 cm soil layer (Figure 2c). In the 10–30 cm soil layer, SOM did not significantly change except for two treatments where a significant decrease was found (Figure 2f). In the 30–60 cm soil layer, SOM increased in most of the fertilized treatments (three times significantly; Figure 2i). In the 0–30 cm soil layer, SOM increased significantly in all fertilized treatments except one (Figure 2l). In the 0–60 cm soil layer, all estimated trends were positive and significant for six of the nine fertilized treatments (Figure 2o).



After two years, no significant effect of the grazing system was observed for any soil type–layer combination, except for the 0–30 cm layer of the loamy soil. SOM increases were significantly higher under lenient strip grazing as compared to rotational grazing (ΔSOMLG − ΔSOMRG = 1.61 Mg ha−1 yr−1, P = 0.03, Figure 2j; supplementary materials, Table S8). This was also observed on the sandy soil in the 0–30 cm layer after five years (ΔSOMLG − ΔSOMRG = 0.38 Mg ha−1 yr−1, P = 0.01, Figure 2l; supplementary materials, Table S8). For all soil type–layer combinations, SOM increases tended to be higher under LG than under RG. As root biomass was not significantly different for grazing systems, this increase in SOM might be attributed to greater organic matter inputs from decaying aboveground plant material. Visual observations showed that the amount of above-ground stubble was much larger under LG as compared to the other treatments (10 vs. 4 cm), resulting in a larger OM supply to the soil (data not shown).



No consistent effect of species composition was found on SOM changes over time. In the 0–10 cm soil layers of the loamy and sandy soil, SOM rates of change were significantly lower for LP− than for all other species compositions after a two-year period. After a five-year period, SOM increases under LP+ were significantly larger than all other species compositions in the 0–10 cm layer of the sandy soil. After a two and five-year period, SOM increases for FA+ tended to be higher (in some cases significantly) compared to all other species compositions in the 30–60 cm soil layer of the sandy soil (supplementary materials, Tables S6 and S9).



In the 0–30 cm soil layer, no significant differences in SOM dynamics between species compositions were found after two and five years. However, in the 0–60 cm soil layer, SOM increases tended to be higher under FA+ than under the other species compositions on sand. After a period of five years, on sand, both LP+ and FA+ showed significantly higher SOM increases than LP− in the 0–60 cm soil layer. The estimated differences were 1.96 and 2.77 Mg ha−1 yr−1, respectively. The difference in estimated SOM trends between sand and loam, both averaged over the 12 treatments, was not significant for any of the layers (0–10, 10–30, 30–60, 0–30, 0–60 cm).



No correlation was detected between SOM rates of change and root biomass values, as shown in Figure S4 (supplementary materials), in which only the results of the 0–30 cm soil layer are presented due to the large variation of the initial SOM content in the 30–60 cm layer (cf. supplementary materials, Figure S3).





4. Discussion


4.1. Effects of Grazing Systems on Root Biomass and SOM Dynamics


During the first two years of this field experiment on sandy and loamy soils, we found no significant effects of the three simulated grazing systems on root biomass for any of the soil layers (Table 4). In the light of these findings, we would have to reject our hypothesis that SOM accumulation rates would be highest under lenient strip grazing due to an increased root biomass production. Yet, after five years, SOM increases tended to be higher under lenient grazing than under rotational grazing (Table S10; LG: 3.7 Mg SOM ha−1 yr−1 vs. RG: 2.6 Mg ha−1 yr−1) which could be ascribed to greater OM inputs from aboveground plant residues due to the higher stubble height.




4.2. Effects of Species Composition and Fertilization on Root Biomass and SOM Dynamics


We expected that the monoculture of and the mixtures with tall fescue (FA+, LFT+) would have a higher belowground biomass production and hence higher SOM accumulation rates as compared to perennial ryegrass in monoculture. However, the effect of species composition on root biomass was only significant in the FA+ treatments, which had the greatest root biomass in all soil layers (Figure 1, Table 4). This corroborates with Van Eekeren et al. [38] and Cougnon et al. [32], who also found greater root biomass for monocultures of tall fescue as compared to perennial ryegrass in sandy and loamy soils. The greater root biomass observed under tall fescue than for other species compositions was reflected in higher SOM accumulation rates in the sandy soil in the 30–60 cm soil layer (Figure 2h,i). This is in agreement with Carter and Gregorich [39], who also found significant increases in SOM under tall fescue after a period of seven years in the 40–60 cm soil layer of sandy loam soil. In that particular experiment, SOM stocks increased by about 5 Mg ha−1 yr−1 in the 40–60 cm soil layer during the first five experimental years, which is similar to our results (4.3 Mg SOM ha−1 yr−1, Figure 2i).



In the loamy soil, we did not observe significantly larger SOM increases under FA+ as compared to the other species compositions (Figure 2g,m). The difference in SOM accumulation rates under FA+ between sand and loam for the 30–60 cm soil layer might have been caused by the significantly lower bulk density of the loamy soil in the 30–60 cm soil layer compared to the sandy soil (Table 1, P = 0.000). For this reason and the higher soil pH, root dry matter decomposition could have been faster in the loamy soil, leading to less SOM accumulation as compared to the more compacted and less alkaline sandy soil [40]. Due to the relatively short duration of the experiment on the loamy soil, we cannot predict how SOM dynamics would evolve over time. A ley period of 3 years, which is common in the Netherlands, where often a 3-year grassland phase is followed by one or two year(s) of maize, does not seem to be long enough to detect significant increases in SOM on loamy soils.



During the entire experimental period, 2.2 Mg OM ha−1 was applied each year with manure granules to the fertilized treatments.



In the 10–30 cm layer, we found a decline of SOM in all treatments during the first two years. This is most likely a consequence of a reduction in OM input in this layer after the conversion from arable land to grassland. During the arable period, relatively large amounts of OM were added each year as crop residues. In the 10–30 cm layer of the grassland soils in our experiment, roots were the main source of OM and this input source was apparently not able to compensate the previous input of crop residues which were incorporated annually through ploughing. This phenomenon was also observed by Don et al. [41], who investigated the effect of the conversion from cropland to grassland on SOC stocks. They also found that SOC increased in the 0–10 cm soil layer and decreased in the 10–30 cm soil layer.



Over a period of five years, SOM had not changed in the 10–30 cm soil layer (Figure 2f). Hence, after the initial decline, SOM started increasing again two years after the conversion from arable land to grassland. This implies that both sampling depth and the length of the monitoring period are of great influence on conclusions regarding the carbon storage potential of grassland soils, especially for fields under temperate grasslands.




4.3. Temporary Grasslands as Potential Carbon Sinks?


Our results suggest that the conversion from arable land to temporary grassland without the application of animal manure need not necessarily lead to increased carbon stock in the soil (c.f. [6,42,43]). After a period of five years, SOM increased by 1.3 Mg ha−1 yr−1 under the LP-treatment (0–60 cm soil layer, Figure 2o), but this difference was not significantly different from zero. Under the LP+ treatment, SOM increased by 3.2 Mg ha−1 yr−1 (0–60 cm soil layer). The difference of 1.9 Mg ha−1 yr−1 can be attributed to the greater root biomass (0.8 Mg ha−1, root mass LP− − root mass LP+ = 8.3 − 7.5 = 0.8) and the input of manure granules (2.2 Mg ha−1 yr−1). In fields under FA+, the joint effect of manure application and increased root biomass could also be observed (ΔSOMFA+ = 4 Mg ha−1 yr−1; Figure 2o) when considering the whole sampled profile. This indicates that there was an extra amount of around 0.8 Mg OM ha−1 (ΔSOMFA+ − ΔSOMLP+ = 4 − 3.2 = 0.8 Mg ha−1 yr−1) coming from tall fescue roots compared to the LP+ treatment. This is equal to about one-third of the additional root biomass of tall fescue (root masses of LP+ and FA+ were, respectively, 8.3 and 10.6 Mg ha−1 for the 0–60 cm soil layer; 0.8/(10.6 − 8.3), (supplementary materials, Table S5).



After a period of five years, large differences in SOM accumulation rates were found between the 0–30 and 0–60 cm soil layers (Figure 2l,o). Largest rates of increase were observed in the 30–60 cm soil layer (up to 70% of the total accumulation of SOM was found in this layer; for instance, for FA+, ΔSOM0–30cm = 1.2 and ΔSOM0–60cm = 4.0 Mg ha−1 yr−1). The divergence between the distribution of root mass and SOM was also observed by Gill et al. [40], who attributed this to differences in water availability (increased decomposition in the topsoil) and root senescence, i.e., roots in deeper soil layers persisted much longer than roots in the surface. Moreover, it seems that also a process of vertical translocation of OM had occurred from the 0–30 cm to the 30–60 cm soil layer. The mechanisms behind this cannot, however, be derived from the data gathered in this experiment; pulse labeling of plants could possibly reveal the magnitude of these processes.



Generally, the conversion from arable land to grassland is thought to lead to soil C accumulation [44,45]. However, this experiment has shown that conclusions on the SOM storage capacity are strongly determined by sampling depth, length of the grassland period, species composition, and management. After five years, significant increases in SOM were found for both fertilized and unfertilized treatments in the 0–10 cm soil layer. However, when the whole sampled profile is considered, only the fertilized treatments showed significant increases in SOM (Figure 2o). The current sampling depth in the Netherlands is 10 cm for grassland soils. Thus, in light of these findings, we plead to increase the sampling depth of Dutch grassland soils from 10 to 30 cm or, even better, to 60 cm [46].




4.4. Comparison of the Experiment with on-Farm Grasslands


The 0–30 cm layer of both soils in this experiment had an SOM content of about 2.8% at the start of the experiment, which is in the range of the average SOM contents of Dutch arable land on sandy and clayey soils. Reijneveld et al. [3] reported values of 2.6% and 3.4% for sand and clay, respectively. A limitation of the study is that we did not account for differences between grazing systems in grazing residues, trampling and compaction, and spatial distribution of urine and feces occurring in grazed grasslands. We can therefore only conclude as to the effects of differences between grazing systems in terms of cutting height and frequency on root biomass and SOM. Furthermore, excreta deposition of grazing animals was simulated by applying pelleted cattle manure. The manure application rate in this experiment was lower than on Dutch dairy farms, which are registered for the derogation, equivalent to 3.9 Mg OM ha−1 yr−1 on temporary grasslands, (average N animal manure application rates on Dutch dairy farms registered for derogation in 2014 were 248 and 186 kg N ha−1 for grassland and arable land, respectively. Temporary grasslands are considered as arable land and are under grassland for a period of less than 5 years. National fixed rate values for cattle slurry were used to convert N animal manure application rates into organic matter. The median of the N and OM contents of cattle slurry were 4.1 g N and 64 g OM per ton of fresh product. Thus, OM–slurry application rate on temporary grassland was, in 2014, on average 248/4.1*64/103 = 3.9 Mg ha−1 yr−1), [47,48]. For this reason, higher changes in OM can be expected in newly sown temporary grasslands (with predominantly perennial ryegrass) on dairy farms in clayey and sandy regions of the Netherlands, especially since on dairy farms, more grazing and harvesting losses occur compared to a simulated grazing experiment.



To comply with the recently proposed 4-thousandth initiative [7], Dutch temporary grasslands on mineral soils would have to sequester on average 0.7 Mg SOM ha−1 yr−1 (after Conijn and Lesschen [49]; the average SOC content of mineral soils in the Netherlands is 94 Mg SOC ha−1 in the 0–30 cm soil layer; using a conversion factor of 2 × SOC = SOM, this results in 187 Mg SOM ha−1 and 187 × 0.004 = 0.7 Mg SOM ha−1 yr−1). Especially, the subsoil should be considered as a potential carbon sink because this layer is usually not ploughed during the arable phase of soils that are under lay-arable rotations and C stocks are relatively stable. The results of this study suggest that it seems possible to comply with the 4-thousandth initiative in a period of five years after conversion from arable land to grassland, with fertilized perennial ryegrass or tall fescue in monoculture as average SOM sequestration rates were 1.5 and 2.8 Mg ha−1 yr−1 in the 30–60 cm soil layer (cf. Figure 2i). For this reason, we highly recommend monitoring the subsoil for future carbon inventories [46,50].





5. Conclusions


The analysis of root biomass and SOM dynamics down to 60 cm depth in a two-year and five-year field experiment on arable land converted to grassland, testing different sward species compositions and simulated grazing systems leads to the following conclusions:




	
No effects of different simulated grazing systems in terms of cutting height and frequency on root biomass were observed in both the sandy and loamy soils during the first two years of the experiment.



	
Root biomass was greatest under monocultures of tall fescue, which was also reflected in the largest SOM accumulation rates in the 30–60 cm soil layer of the sandy soil.



	
SOM increases tended to be higher (in some cases significantly) under lenient strip grazing than under rotational grazing, most likely due to a larger input of aboveground plant residues.



	
No consistent effects of species composition were found across different soil layers, except for tall fescue in dry sandy subsoils.



	
No causal relationships could be established between root biomass and SOM rates of change in both soils (0–30 cm soil layer) during the first two years, probably as a consequence of declining SOM stocks in the 10–30 cm soil layer and large variation in both root biomass and initial SOM stocks.



	
Fertilization appeared to be crucial to increase SOM stocks. In this particular experiment with simulated grazing systems, the conversion from arable land to grassland did only lead to an increase in SOM after five years (sandy soil) in the treatments with fertilization and considering the 0–60 cm soil profile.








With fertilized perennial ryegrass or tall fescue in monoculture, it seems possible to comply with the 4-thousandth initiative in a period of five years after conversion from arable land, but this requires that the commonly-used sampling depth of 10 cm for grassland soils in the Netherlands should be increased to a depth of preferably 60 cm to monitor soil organic matter changes. It remains to be investigated to what extent this sequestration of carbon can be maintained after converting grassland back to arable land.
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Figure 1. Average root biomass in July 2013 and March 2014 per soil layer per treatment. LP− = unfertilized perennial ryegrass. LP+ = fertilized perennial ryegrass. FA+ = fertilized tall fescue. LFT+ = fertilized perennial ryegrass, tall fescue, and white clover. Simulated grazing systems: CG = continuous grazing, LG = lenient strip grazing, and RG = rotational grazing. Standard errors of the mean are given for each soil type–soil layer combination. 
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Figure 2. Average rates of change of soil organic matter (ΔSOM) in Mg ha−1 yr−1 per soil layer per treatment for the period September 2011 to January 2014 (sand and loam, 2 years) and the period September 2011 to May 2016 (sand, 5 years). LP− = unfertilized perennial ryegrass. LP+ = fertilized perennial ryegrass. FA+ = fertilized tall fescue. LFT+ = fertilized perennial ryegrass, tall fescue, and white clover. Simulated grazing systems: CG = continuous grazing, LG = lenient strip grazing, and RG = rotational grazing. All results of the analysis of variances on SOM dynamics underlying the results of Figure 2 are given in the supplementary materials, Table S7. Standard errors of means are provided in the first treatment and apply to all grazing–species combinations. 
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Table 1. Main soil characteristics of the study sites. Average values of the 0–60 cm layer are presented for the granular composition. The pH of the 0–25 cm soil layer is given. Standard errors of the mean are given between brackets for the soil bulk density and initial soil organic matter content (SOMi, September 2011).
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Sandy Soil

	
Loamy Soil






	
Sand (%)

	
89

	
15

	




	
Silt (%)

	
6

	
59

	




	
Clay (%)

	
5

	
26

	




	
pH-CaCl2

	
5.1

	
7.3

	




	
Soil layer

	
Bulk density

	
SOMi

	
Bulk density

	
SOMi




	

	
(g cm−3)

	
(Mg ha−1)

	
(g cm−3)

	
(Mg ha−1)




	
0–10 cm

	
1.31 (0.05)

	
42.6 (0.4)

	
1.30 (0.04)

	
40.0 (0.4)




	
10–30 cm

	
1.50 (0.01)

	
79.7 (0.7)

	
1.46 (0.01)

	
72.5 (1.5)




	
30–60 cm

	
1.60 (0.01)

	
71.7 (2.8)

	
1.43 (0.01)

	
70.4 (2.7)
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Table 2. Overview of the simulated grazing systems. CS = continuous grazing, LS = lenient strip grazing, and RS = rotational grazing.






Table 2. Overview of the simulated grazing systems. CS = continuous grazing, LS = lenient strip grazing, and RS = rotational grazing.





	Grazing System
	Cutting Height (cm)
	Average Cutting Interval in 2012–2013 (Days)
	Average Grass Height at Defoliation in 2013 (cm)





	Continuous (CG)
	4
	23
	11



	Lenient strip (LG)
	10
	32
	17



	Rotational (RG)
	4
	48
	18
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Table 3. Soil organic matter (SOM) and root biomass sampling dates per soil type. L = loam and S = sand. The time indication refers to the period in which SOM dynamics were monitored.
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	Date
	SOM Measurement
	Root Biomass Measurement
	Time Indication





	19-9-2011
	L + S
	
	



	22-5-2012
	L + S
	
	



	25-9-2012
	L + S
	
	2 years



	28-1-2013
	L + S
	
	(19 September 2011 until 27 January 2014)



	27-5-2013
	L + S
	
	



	23-9-2013
	L + S
	
	



	27-1-2014
	L + S
	
	



	21-3-2016
	S
	
	5 years



	20-5-2016
	S
	
	(19 September 2011 until 20 May 2016)



	July 2013
	
	L + S
	



	March 2014
	
	L + S
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Table 4. Results of the analysis of variance on 288 root biomass observations. Averages of November 2013 and March 2014 were used for the analysis. Data were analysed per soil layer and per soil type. Letters in subscript “s” and “l” resemble sand and loam, respectively. Species composition and grazing system were taken as fixed factors and plot (grazing system × block) as a random factor. F- and P-values are given.






Table 4. Results of the analysis of variance on 288 root biomass observations. Averages of November 2013 and March 2014 were used for the analysis. Data were analysed per soil layer and per soil type. Letters in subscript “s” and “l” resemble sand and loam, respectively. Species composition and grazing system were taken as fixed factors and plot (grazing system × block) as a random factor. F- and P-values are given.





	
Soil Layer (cm)

	
0–10

	
10–30

	
30–60






	
Sand

	
df1

	
df2

	
F

	
P

	
F

	
P

	
F

	
P




	
Intercept

	
1

	
6

	
1751

	
0.00

	
792

	
0.00

	
206

	
0.00




	
Grazing system

	
2

	
6

	
1.8

	
0.25

	
0.6

	
0.59

	
0.6

	
0.59




	
Block

	
3

	
6

	
0.3

	
0.82

	
0.5

	
0.71

	
0.3

	
0.82




	
Grazing system × Block

	
6

	
27

	
0.8

	
0.61

	
1.7

	
0.16

	
2.6

	
0.04




	
Species composition

	
3

	
27

	
6.6

	
0.00

	
9.1

	
0.01

	
38

	
0.00




	
Species composition × Grazing system

	
6

	
27

	
0.8

	
0.56

	
1.9

	
0.11

	
2.5

	
0.05




	
Loam

	
df1

	
df2

	
F

	
P

	
F

	
P

	
F

	
P




	
Intercept

	
1

	
6

	
1249

	
0.00

	
3199

	
0.00

	
373

	
0.00




	
Grazing system

	
2

	
6

	
4.8

	
0.06

	
1.1

	
0.40

	
2.1

	
0.21




	
Block

	
3

	
6

	
5.2

	
0.04

	
0.1

	
0.96

	
1.5

	
0.30




	
Grazing system × Block

	
6

	
27

	
0.1

	
1.00

	
2.7

	
0.03

	
0.4

	
0.86




	
Species composition

	
3

	
27

	
24

	
0.00

	
32

	
0.00

	
14

	
0.00




	
Species composition × Grazing system

	
6

	
27

	
0.7

	
0.73

	
2.0

	
0.11

	
0.3

	
0.91
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