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Introduction: Drainage for agricultural purposes is one of the main drivers of peatland degradation, leading to significant greenhouse gas (GHG) emissions, biodiversity loss, and soil eutrophication. Rewetting is a potential solution to restore peatlands, but it generally requires a land-use shift to paludiculture or nature areas.Methods: This study explored whether three different water level management techniques (subsoil irrigation, furrow irrigation, and dynamic ditch water level regulation) could be implemented on dairy grasslands to yield increases in essential ecosystem services (vegetation diversity and soil biogeochemistry) without the need to change the current land use or intensity. We investigated vegetation diversity, soil biogeochemistry, and CO2 emission reduction in fourteen agricultural livestock pastures on drained peat soils in Friesland (Netherlands).Results: Across all pastures, Shannon-Wiener diversity was below 1, and the species richness was below 5. The plant-available phosphorus (P) was consistently higher than 3 mmol L−1. None of the water level management (WLM) techniques enhanced vegetation diversity or changed soil biogeochemistry despite a notable increase in water table levels. The potential for CO2 emission reduction remained small or even absent. Indicators of land-use intensity (i.e., grass harvest and fertilization intensity), however, showed a strong negative correlation with vegetation diversity. Furthermore, all sites’ total and plant-available P and nitrate exceeded the upper threshold for species-rich grassland communities.Discussion: In conclusion, our research suggests that incomplete rewetting (i.e., higher water tables while maintaining drainage) while continuing the current land use does neither effectively mitigate GHG emissions nor benefit vegetation diversity. Therefore, we conclude that combining WLM and reducing land-use intensity is essential to limit the degradation of peat soils and restore more biodiverse vegetation.Keywords: peatland water management, nutrient mobilization, grassland biodiversity, vegetation diversity, dairy farming, climate mitigation, trade-offs, rewetting
INTRODUCTION
Peatlands are facing severe, ongoing degradation globally through the combined effects of agriculture and forestry, leading to a carbon (C) loss of seven gigatons since 1750 (Loisel et al., 2021). These highly degraded drained peatlands lose their wetland-specific vegetation diversity (Hammerich et al., 2022) and the ability to store C and nutrients (Richardson and Marshall, 1986). Degraded peatlands are responsible for around 5% of global anthropogenic carbon dioxide (CO2) emissions (Chaudhary et al., 2020; IPCC, 2022). Therefore, global peatland degradation contributes to multiple environmental problems, and restoration is essential and urgent.
Peatland restoration after drainage is generally achieved through rewetting, which requires re-establishing former groundwater levels to reduce peat oxidation. Rewetting is the process of restoring hydrological conditions in drained wetlands. In complete rewetting, the resulting ecosystem is a wetland (either nature or paludiculture–cultivation on inundated soils). On the other hand, partial rewetting refers to areas where ground water levels are increased and stabilized, but drainage remains present (Joosten et al., 2012). The rewetting process can bring trade-offs that must be considered (Günther et al., 2020; Hambäck et al., 2023). The oxygen depletion resulting from rewetting is known to reduce greenhouse gas (GHG) emissions of CO2 and nitrous oxide (N2O). Günther et al. (2015) shows reductions from 22 t CO2 ha-1 yr-1 and 12 kg N2O ha-1 yr-1 in drained peatlands to −0.4 t CO2 ha-1 yr-1 and 0 kg N2O ha-1 yr-1 in rewetted peatlands. However, the anoxic conditions created after rewetting can lead to initial spikes in methane (CH4) emissions (Evans et al., 2021): 74 kg CH4 ha-1 yr-1 in drained peatlands and 206 kg CH4 ha-1 yr-1 in rewetted peatlands (Günther et al., 2020). The trade-off between increasing CH4 and decreasing CO2 and N2O can be minimized through careful water level management (WLM). For instance, a water table 10 cm below surface level was even associated with a slight C sink (Drösler et al., 2013; Evans et al., 2021). The global warming potential drops, measured in CO2 equivalents (CO2-eq, Supplementary Table S1), from 30 t CO2-eq ha-1 yr-1 to 13 t CO2-eq ha-1 yr-1 after drained peatlands are rewetted, even accounting for increased CH4 emissions (Günther et al., 2015). Other studies showed stabilization of GHG emissions at a water table of 50 cm or deeper below surface level (Nijman et al., 2024; Tiemeyer et al., 2020), thus achieving substantial GHG emission reduction. Especially in deeply drained peatlands, partial rewetting to above 50 cm below surface level is likely required for any emission reduction.
Another trade-off caused by rewetting deep-drained, highly degraded agricultural peatlands involves nutrient availability and mobilization, particularly those drained for intensive agricultural use, which have usually been heavily fertilized for decades. Besides peaks of CH4 emissions, rewetting of these areas can release stored organic phosphorus (P) and nitrogen (N) (Zak et al., 2010; Zak and Gelbrecht, 2007), contributing to a continuous and severe decline in the ecological quality of surface water (Grizzetti et al., 2019). P mobilization can be as much as three orders of magnitude higher in highly degraded, completely rewetted peat than in natural peatlands (Zak et al., 2010). In partially rewetted peatlands, the bulk of accumulated inorganic P in the top layer is not expected to be mobilized, as the top layer is not deprived of oxygen (Emsens et al., 2015).
For decades, the species richness of vegetation in Dutch agricultural landscapes has been marginal, with field edges and ditch banks forming the most diverse areas (Kleijn et al., 2001; Van Dobben et al., 2019). Intensively managed (cattle) pastures on drained peatlands are characterized by a vegetation community with hyper-dominant, highly productive species, mainly Lolium perenne (Bakker and Ter Heerdt, 2005). As rewetting alters grassland habitat characteristics, it also affects which species can thrive there. Previous research showed that complete rewetting, as the only measure on a European scale, did not increase species richness and evenness of vegetation even after 30 years (Kreyling et al., 2021). However, shallower water table and high soil moisture content combined with organic instead of conventional farming positively affected the vegetation community, even after accounting for fertilization (Van Dobben et al., 2019).
Immediate and complete rewetting is incompatible with most livestock farming due to increased vulnerability to machinery damage and cattle trampling (Buschmann et al., 2020). Paludiculture, water buffalo farming, and nature restoration, therefore, provide alternative land uses (LUs) to dryland livestock but require a shift in the current farm operation (Drösler et al., 2013; Liu et al., 2023; Sweers et al., 2014). Three proposed WLM methods to partially rewet by increasing and stabilizing the water table are 1) sub-soil irrigation, which stabilizes the water table level through irrigation and drainage using tubes dug into the ground; 2) dynamic regulation of ditch water level, where the water level of ditches is raised and only lowered when farming requires; and 3) furrow irrigation, which uses furrows (small ditches or trenches) to irrigate 20 cm below surface level. Including these methods under the umbrella term ‘rewetting’ suggests climate benefits (Wilson et al., 2016) and the development of vegetation that thrives in wet environments (Närmann et al., 2021), but the validity and applicability of these effects to partial rewetting have yet to be tested. This research aims to evaluate the potential effects of sub-soil irrigation, dynamic regulation of ditch water levels and furrow irrigation on biodiversity and biogeochemistry, also considering effects on GHG emissions. This research aimed to clarify which expectations can be set for water level management in combination with intensive agricultural land use.
To understand the effects of the three different WLM methods on vegetation biodiversity, wetland-adapted species presence, and soil biogeochemistry, we evaluated 14 sites in the Netherlands over 2 years.
METHODS
Study sites
All 14 sites were located on agricultural peatland pastures in the province of Friesland, the Netherlands (exact coordinates for each site can be found in Supplementary Table S2), where agricultural pastures are characterized by deep groundwater drainage, with a peat layer of 80–200 cm and a 0–40 cm clay cover. Friesland has a mean annual precipitation of 840 mm (KNMI, averaging period 1998 and 2018) and a mean annual temperature of 10°C. The sites differed in land use (LU), land-use intensity (LUI), and WLM strategies (Supplementary Table S2). Of the three WLM techniques, subsoil irrigation (SSI) was implemented on three sites, dynamic regulation of ditch water level (d-DWL) on one site, and furrow irrigation (FI) on three sites (Figure 1). However, all seven sites were grouped in the further analysis (as WLM sites) because of the low number of replicates and because the intended effect (shallower water table without LU displacement) was similar amongst sites (Supplementary Figure S1B). The remaining seven sites were identified as control sites. Nijman et al. (2024) investigated the same sites and provided site-specific information for each.
[image: Figure 1]FIGURE 1 | Schematic view of the implemented water level management (WLM) measures. On the left, dynamic ditch water level management (d-DWL) is shown, with the regular situation (high ditch water level) if the pasture is not used and temporary drainage if cattle or machinery are present. The middle figure shows furrow irrigation (FI), which adds small furrows throughout the pasture. The right Figure shows subsoil irrigation, which irrigates when the water table is lower than the drains and drains when the water level is higher.
The LU was primarily agricultural, with seven sites currently used for cattle farming and two for sheep grazing. Four sites were not subject to livestock grazing but managed for grass harvest. One site was a buffer zone next to a protected nature area and was only mowed for maintenance. The LUI was estimated based on grass harvest (above-ground biomass was harvested during the growing season in exclosures) and applied fertilization (based on fertilizer use by the farmer). Methods and data of emission measurements at each site were published in Nijman et al. (2024).
Data collection
Groundwater monitoring
The site’s water table levels and water levels from surrounding ditches were monitored continuously throughout 2021 and 2022 using dip wells and Ellitrack-D water pressure loggers (Leiderdorp Instruments). The water level was measured at the experiment’s start relative to the pastures’ surface level. We installed the dip wells to a depth of 120–200 cm. Here, the water table level values are expressed relative to the surface level, with water levels below the surface level as negative values.
Vegetation diversity
The species and their relative cover were monitored at each site in November 2022 and March and July 2023. All results in the main text concern the measurements in July 2023 (being the growing season); data from other campaigns are shown in Supplementary Figures S2–4. Three vegetation plots of 1 m2 were measured at every site: one plot next to the ditch closest to the GHG measurement plot (Nijman et al., 2024), one plot 5 m from the ditch, and one plot at 15 m from the ditch (close to or in the GHG measurement plot); resulting in 42 vegetation plots. The plots at 5 and 15 m from the nearest ditch were grouped as field plots, yielding 28 field plots. The plots next to the ditch were indicated as a separate habitat and treated as such during analysis because water availability and resulting vegetation were visibly different from the other vegetation plots. The vegetation data consisted of presence-absence data per species and a visually estimated abundance percentage. The cover per species was estimated between 1 and 100, but the sum of all cover estimations could exceed 100% through overlapping layers of vegetation. Species richness and the Shannon-Wiener diversity index were calculated for each site. The Shannon-Wiener diversity index is calculated as the sum of relative abundances for each species multiplied by the natural logarithm of the relative abundance.
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We classified plant species as wetland-adapted using Schaminée and Boll (2010), which we defined as species that could persist under wet conditions, including cosmopolitan species. Species richness and Shannon-Wiener diversity index were then determined for the wetland-adapted species. All recorded species had an Ellenberg value for the environment’s N requirements, which was used to calculate the community-weighted mean per site.
Soil sampling
In July 2023, soil was sampled at each site for nutrient content quantification. The cores were divided into 0–10 cm, 10–20 cm, and 20–40 cm subsections, collected in triplicates but pooled by depth. Aboveground vegetation and big roots were removed prior to analysis, but small roots were left in the sample. Fresh soils were weighed for each sample, and subsamples were taken for drying (48 h at 70°C) and loss on ignition (4 h at 550°C). The moisture content, organic matter content, and bulk density were determined using fresh, dry, and incinerated weights. Using a NaCl extraction, nitrate (NO3− NaCl) and phosphorus (PNaCl) concentrations were determined by colorimetric methods following NEN protocols (NEN-EN-ISO 13395:1997; NEN-EN-ISO 11732:2005) adapted to the Seal Auto Analyzer System (SEAL Analytical Ltd., Norderstedt, Germany) and using inductively coupled plasma mass spectrometry (ICP-OES-ARCOS Spectro Analytical; Kleve, Germany). Plant-available P (POlsen) was determined using an Olsen extraction (Olsen et al., 1954). To perform this extraction, 60 mL of 0.5M sodium bicarbonate (NaHCO3) was added to 3 g of dried soil. The samples were subsequently shaken (105 rpm) for 30 min, after which the samples were collected under vacuum using Teflon pore water samplers. P concentrations were determined using inductively coupled plasma optical emission spectrometry (ICP-OES-ARCOS Spectro Analytical; Kleve, Germany).
These nutrient measures were compared to thresholds indicating upper limits for species-rich grasslands. Species-rich grasslands can develop if POlsen < 1.2 mmol L-1; If this threshold is not met, species-rich grasslands can still develop if NO3− NaCl < 0.2 mmol L-1 and PNaCl <0.002 mmol L-1 (Visscher and van Mullekom, 2022).
Data analysis
In the data analysis, we aimed to test our hypotheses using various bivariate statistical methods. The chosen methods depend on the type of explanatory data (categorical or continuous) and whether the assumptions are satisfied. All assumptions were tested visually. We used alternative methods, such as a generalized linear model with a quasipoisson distribution and log transformation where appropriate. The effects of WLM on per 30-min water table levels were tested using a nested ANOVA, with the location nested in the treatment (control or WLM), while also taking the year of sampling (2021 or 2022) and averaging period (summer mean or annual mean) as explanatory variables. The effect of WLM and sampling depth on soil nutrient status was analyzed using a two-way ANOVA. A simple linear regression was used to analyze the relationship between the water table and Shannon-Wiener diversity. We used a generalized linear model with a Quasi-Poisson distribution to test the effect of LUI on vegetation diversity (Shannon-Wiener diversity index and species richness) because our data often did not satisfy the dispersion assumption of a regular Poisson distribution. All data analyses were performed in R 4.2.2 (R Core Team, 2022; RStudio Team, 2016). Datasets were cleaned, structured, and summarized using ‘tidyverse’ (Wickham et al., 2019) and visualized using the ‘ggplot2’ (Wickham, 2016) and ‘ggpubr’ packages (Kassambara, 2023).
RESULTS
The aim of this study was to determine whether partial rewetting through water level management (WLM) can be implemented while maintaining conventional agricultural land use (LU) and land use intensity (LUI). The 14 sites were evaluated regarding whether WLM measures had the intended direct effect (elevating water table), whether indirect effects on ecosystem services (i.e., vegetation diversity and nutrient availability) were present, and whether potential trade-offs or win-win scenarios occurred between these services. Results on GHG emissions were published in a separate paper (Nijman et al., 2024).
Did water level management influence the water table level?
A nested ANOVA showed that the water table significantly increased in WLM sites (R2 = 0.41, F51,11,805 = 161.4, p < 0.001) compared to the control. In 2021, the increase was 5.5 cm; in 2022, it was 14.6 cm (Table 1). The year 2022 was drier than 2021, with a difference in the mean annual water table of 32 cm in the controls and 22.9 cm in the WLM sites (Figure 2A). The water table had a non-linear relationship with CO2 emissions, with the strongest response to water table occurring above a water table of −50 cm (Nijman et al., 2024). We also did not find a significant relationship between net CO2 emissions and Shannon-Wiener diversity (Supplementary Figure S5).
TABLE 1 | Estimates of water table from a nested ANOVA model, where treatment is compared to the control, with year of measurement and averaging period.
[image: Table 1][image: Figure 2]FIGURE 2 | Groundwater dynamics in grasslands on drained peat pastures managed for livestock agriculture. (A) Boxplot showing the distribution of measurements for the summer and annual water table levels in 2021 and 2022. Each cross within the green area indicates the mean water table per control site, and each estimate indicated by a line within the orange area indicates the mean of a treatment site. Vertical lines indicate the standard deviation for each site. The underlying horizontal line indicates the average for the group. 2021 was much wetter than 2022; the effect of water level management on the water table was only significant in 2022. (B) The mean annual water table (measured on the pasture) did not significantly affect the Shannon-Weiner diversity of either ditch banks vegetation or vegetation on the pasture.
Did water level management influence vegetation diversity?
WLM did not significantly affect vegetation species diversity. A model with Shannon diversity as the explanatory variable, water table, and plot location shows a significant result (F2, 23 = 4.9, R2 = 0.24, p = 0.02), mainly due to the plot location (estimate = −0.48, t = −3.065, p = 0.005). However, the water table did not significantly affect Shannon diversity (Figure 2B).
In contrast, species diversity showed a significant negative relationship with productivity and LU intensity; a ton C ha-1 yr-1 increase in grass yield correlates with a 52.9% decrease in Shannon-Weiner diversity index (Figure 3A, GLM, explained deviance = 45%, DF = 13 and 12, p = 0.004). Moreover, a 10 kg N ha-1 yr-1 increase in fertilization correlates to a 15.6% decrease in the Shannon-Weiner diversity index (Figure 3B, GLM, explained deviance = 40%, DF = 13 and 12, p = 0.013).
[image: Figure 3]FIGURE 3 | Land-use effects of productivity (Grass yield) and fertilization on Shannon-Weiner diversity index. (A, B) Shannon-Weiner diversity index decreased significantly as land-use intensity increased, with both grass yield and fertilization.
All sites together had a low number of species. We found 13 species across 14 sites, with L. perenne being the only species present in all 28 field plots (Figure 4A). Moreover, L. perenne was dominant, with a mean abundance of 73.6%. Only five other species (Holcus mollis, Trifolium repens, Holcus lanatus, Ranunculus acris, and Taraxacum sect. ruderalia) revealed an average abundance above 1% and are also shown (Figure 4B).
[image: Figure 4]FIGURE 4 | The overall number of occurrences for the most common species regionally and locally. (A) is a regional indication of occurrence, showing the number of plots where each species was found, with a maximum of 28 (indicated by the dashed black line). (B) shows the mean abundance of each species across all locations, with the error bars indicating the SEM. This Figure shows data for the measurement campaign in July. Data for all three measurement campaigns is depicted in Supplementary Figure S2.
Wetland-adapted species (i.e., species that can persist under partially and completely rewetted conditions, including cosmopolitan species) also had a negative relationship with productivity, with a 24.5% decrease on average in species richness per t C ha-1 yr-1 increase in grass yield (Figure 5A, GLM, explained deviance = 10%, CI = −35.9%, −13.2%, p < 0.001). The cosmopolitan wetland-adapted species T. repens was present in 17 sites. Rumex acetosa was present in two plots, while Ranunculus repens and H. lanatus were present in one plot. Although these species can survive in wet conditions, they do not indicate wetland conditions. More wetland-adapted species were found in the ditch plots, especially during the July monitoring campaign (Supplementary Figure S3). We counted nineteen wetland-adapted species, with Phragmites australis, Juncus effuses, Urtica dioica, and T. repens being the most common. Other notable species are Mentha aquatica, Sparganium erectum, and Lycopus europaeus. Although not rare, these species are more indicative of and reliant on wet conditions. Fertilization showed a similar relationship to species richness of wetland-adapted species with a significant decrease of 8.3% per 10 kg N ha-1 yr-1 (GLM, explained deviance = 9%, 95% CI = −4.3%, −12.2%, p <0.001).
[image: Figure 5]FIGURE 5 | Responses of species richness of wetland species to land use intensity. (A) shows the response of wetland-adapted species richness on the pastures to harvest as expressed in exported carbon (t C ha-1 yr-1). (B) shows the response of wetland-adapted species richness on the pastures to applied fertilizer (kg N ha-1 yr-1).
Did water level management influence nutrient soil content?
Nutrient availability was also not significantly affected by WLM but exceeded the threshold for a species-rich grassland vegetation community of 1.2 mmol POlsen L-1, 0.2 mmol NO3− NaCl L-1, and 0.002 mmol PNaCl L-1 (Figure 6) (Visscher and van Mullekom, 2022). NO3, POlsen, and total P were significantly higher than the threshold in soils 10–20 cm deep, and PNaCl also exceeded the threshold at 40 cm depth (Supplementary Table S3).
[image: Figure 6]FIGURE 6 | Nutrient availability for vegetation in treatment and control sites, with thresholds for species-rich vegetation (red line). The asterisks indicate a significant difference compared to the threshold. (A) shows the POlsen concentration. Species-rich vegetation communities can develop if POlsen < 1.2 mmol L-1. If the threshold for POlsen is not met, species-rich communities can still develop if PNaCl and NO3 NaCl remain below their respective thresholds. (B) shows PNaCl. The red line shows a threshold of 0.002 mmol L-1. (C) shows NO3 NaCl. The red line shows a threshold of 0.2 mmol L-1.
DISCUSSION
This study aimed to show the effects of water level management (WLM) on plant species richness, the occurrence of wetland-adapted species, and soil’s nutrient status (plant available nutrients) when land use (LU) remains intensive agriculture. As hypothesized, WLM increased both mean annual and summer water table depth. In contrast, we did not find a significant relationship between either the water level management measures and CO2 emission (Nijman et al., 2024) or biodiversity. So, although the water table was higher in sites where irrigation management was implemented, substantial improvement of ecosystem services likely requires a water table change more prominent than 5.5 cm in the mean annual water table or 8.8 cm in the mean summer water table.
Water table level and vegetation diversity
WLM did cause a significant increase in the water table. Our results show, however, that the mean effect size of WLM is relatively small (5.6 cm in 2021, 8.8 cm in 2022). The increase in water table depth remained limited to levels around 40 cm below the surface level (Supplementary Figure S6). Subsoil rewetting remains ineffective for ecosystem processes, which primarily center around the top 20 cm of grassland soils (Crush et al., 2005; Emsens et al., 2020). Furthermore, the mean annual and mean summer water table in 2022 remained below 40 cm, resulting in no significant emission reduction (Nijman et al., 2024), which is in line with earlier studies (Lafleur et al., 2005; Tiemeyer et al., 2020), especially with the bulk of emissions expected during the summer (Weideveld et al., 2021).
We did not find a significant relationship between the Shannon-Wiener diversity index and water table either. The lack of a significant relationship is likely due to the limited effect size of the treatment; the water table was increased by 5–9 cm annually. In an environment with intensive agriculture and associated fertilization, such minor changes in water levels are expected to be part of the background noise. Furthermore, increased groundwater levels may result in less water stress in summer time, which may lead to increased growth in highly productive grassland species. However, previous research found an increased Shannon-Wiener diversity index due to rewetting when the water table was changed from 40 to 45 to 20–30 cm below surface level (Van Dijk et al., 2007). All agricultural practices in that study were abandoned 4 years prior, alluding to a land-use effect. Renou-Wilson et al. (2016) did find a relationship between the water table and species richness in grazed grasslands, but the water table range was between 0 and 30 cm. Furthermore, they found that rewetting did not significantly affect the species richness when grazing was seized because species richness was high in all sites (13 on average per site, compared to less than three in our study).
Neither the annual nor summer water table showed a relationship with wetland-adapted diversity, indicating that the effect size of rewetting measures was within the site-to-site variation. Furthermore, the number of wetland-adapted species was often 0, even in areas where WLM was implemented, and the land use intensity was reduced. The lack of relationship (and the lack of wetland-adapted species) is in line with previous studies. Dwyer et al. (2021) showed that the mean Ellenberg value for soil moisture has a significant linear relationship with groundwater level, but this relationship disappears with high soil P availability. A relationship between wetland species and water table level is therefore not expected in a highly fertilized agricultural environment like our measurement sites.
Soil biogeochemistry
WLM did not significantly affect the soil’s plant-available phosphorus (POlsen), likely because the summer water table level was often lower than 40 cm below surface level (when sampling took place). The soil samples were collected from the top 40 cm, the layer where the roots of the hyper-dominant L. perenne are mostly found (Wedderburn et al., 2010). The concentrations of plant-available P enormously exceeded the threshold of 1.2 mmol L-1 (Visscher and van Mullekom, 2022) for species-rich grassland communities in the top 20 cm of the soil on all sites (Supplementary Table S2; Figure 6). In P-rich soils, limitations by other factors (e.g., drought and nitrogen shortage) could still increase plant species diversity. Visscher and van Mullekom (2022) suggested that more species-rich grasslands could still develop under these conditions if both PNaCl and NO3 NaCl remain below their respective thresholds (0.002 mmol P L-1 soil and 0.2 mmol NO3 L-1) (Visscher and van Mullekom, 2022). However, these thresholds were also exceeded in the top 20 or even 40 cm of soil, independent of WLM implementation. In other words, we did not find indications of P-mobilization, which is only expected after complete rewetting (Kieckbusch and Schrautzer, 2006; Zak et al., 2010), but the total amount of plant-available P is too high for species-rich vegetation communities to develop. The NO3 concentrations even exceed the limits where nutrient depletion through biomass removal is feasible (400 μmol NO3 L-1 in the top 25 cm layer), which would take more than 80 years to achieve (Visscher and van Mullekom, 2022). Restoration of the biogeochemical characteristics for species-rich grasslands thus requires more drastic measures, such as topsoil removal (Käärmelahti et al., 2023).
Land-use intensity, legacy, and biodiversity
The effects of land use (LU) and land-use intensity (LUI) on vegetation diversity and species richness are much more pronounced in our results than the effect of WLM. LUI is one of the main drivers of biodiversity decline globally (Sala et al., 2000), and the negative relationship of productivity and grazing with diversity in grasslands has been well-documented (Buzhdygan et al., 2020; Gossner et al., 2016; Plantureux et al., 2005; Risser, 1988). Fertilization intensity and grass yield negatively affect vegetation diversity, with a decrease of 16% per 10 kg N ha-1 yr-1 fertilization and a decrease of 53% per t C ha-1 yr-1 grass yield. The low number of species we found during the summer monitoring campaign (13 across 28 plots; <3 on average per plot) on the pastures (excluding ditch banks) further shows the effects of highly intensive land use. Other studies in drained peatlands have found 9.4 species per 0.36 m2 in Ireland (Renou-Wilson et al., 2016), 12 species per 9 m2 at conventional farms in the northeast of the Netherlands (Van Dobben et al., 2019), and 6.7 species per m2 and an average Shannon-Wiener diversity index of 0.78 in (former) agricultural farms in the west of the Netherlands (Van Dijk et al., 2007). The species richness of wetland-adapted vegetation decreased with both grass harvest and fertilization to the point where higher productivity sites did not house any species indicative of wet conditions. The initial state of the pastures (with a history of intensive agriculture for decades) is likely degraded to an extent where minor improvements, such as stabilization of the water level, do not lead to noticeable environmental changes when taking a snapshot approach.
Our results on biodiversity are limited to vegetation data, but previous studies have shown that the same processes also impact the biodiversity of other taxa. Due to drainage, peatland bird populations have declined massively (Fraixedas et al., 2017) due to the reduced penetrability of the soil for probing birds and the availability of nesting spots for ground-breeding birds (Ausden et al., 2001). WLM can benefit meadow and wetland birds when drained peatlands are converted to nature or paludiculture (Tanneberger et al., 2022). However, this effect was not observed with WLM in agriculture (Kleijn et al., 2004). Land use intensification similarly decimated arthropod populations (Habel et al., 2019). Increased water levels can benefit spiders, carabids, aphids, flies, and other taxa when the system is converted to paludiculture (Martens et al., 2023; Tanneberger et al., 2022). In agricultural systems, vegetation diversity and management schemes are the strongest predictors of arthropod diversity (Habel et al., 2019; Kleijn et al., 2004).
In 2023, new regulations were implemented to reduce agricultural pastures’ nutrient availability and vegetation biodiversity, ensuring more sustainable farming practices in the future (Elliott et al., 2024). The abolishment of derogation (RVO, 2023a) and the implementation of buffer zones at the edges of pastures (RVO, 2023b) could help improve biodiversity through the reduction of fertilization, especially because the pasture edges already harbor more plant species (Kleijn et al., 2004).
CONCLUSION
In conclusion, we did not find the effects of water level management on eutrophication, vegetation diversity, nor wetland-adapted species. The impact of the measures was insignificant during a wet year, while during a dry year, the effect size was not large enough to significantly affect emissions, nutrient availability, or plant biodiversity. In the context of intensively used grasslands on peat, more than the relatively minor improvements in water level management are needed to make a difference. The effect size of water level management was also largely influenced by the land-use. Water levels were increased more in areas with more extensively used meadows assigned as meadow bird habitat, compared to meadows where intensive agricultural practices persist. Water levels and land-use are thus not entirely independent. In future research, incorporating these findings into broader ranges of the investigated ecosystem services, as well as geographical range could result in a more comprehensive view, showing the required effect size for ecological recovery of drained peatlands with a history of intensive drainage. More research sites can unveil subtle differences between SSI, FI and d-DWL as well, where we expect SSI to stabilize water levels most, FI requires the highest ditch water levels and provides new habitat, and d-DWL provides the highest flexibility for land-users. Other factors, such as intensive fertilization and mowing, are likely to obscure any differences between WLM measures however.
In summary, wetter does not necessarily mean wet, and water level management options like subsoil irrigation, furrow irrigation, and dynamic ditch water management should not be considered alternatives to complete rewetting. More substantial interventions, including both water level management and land-use intensity reduction, are required to achieve positive biodiversity effects and reduce GHG soil emissions in concert.
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