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1 Site selection 
We evaluated 26 sites in East Flanders, close to the city of Ghent (Fig. 1). Evaluation criteria included: 

- soil phosphorus: concentration of bioavailable soil phosphorus (Olsen phosphorus) 
preferably 25-40 mg kg-1 and acceptably 40-60 mg kg-1 

- soil texture and hydrology: preferably loamy sand, moderately well drained (i.e., soil textural 
class ‘S’ and soil drainage class ‘c’ of the Belgian Soil Map; Dondeyne et al. 2014) 

- vegetation: grass-herb mix with no or few characteristic herbaceous meadow species (see 
3.2), no invasive plant species, tall herbs such as Cirsium, Rumex or Urtica absent or with low 
abundance 

- accessibility: small travel distance, ease of access (with students) 
- contact with local manager: prompt and open communication, enthusiasm to join in (long-

term) experiment 

 

Fig. 1 The sites evaluated in the search for three experimental sites for the HerBioGras experiment (final selection in 
dark brown) 

We finally chose three sites (Fig. 2): Makegem (good scores for soil en vegetation, low score for 
accessibility), Gentbrugge (intermediate scores), and Melle (low score for soil, good education 
opportunities). 

 

Fig. 2 The three study sites in 2019  (source: www.geopunt.be) 
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2 Site description  
The three sites lie in northern Belgium on formerly arable land with a sand to loamy sand texture and 
along a gradient in soil phosphorus content (Table 1). 

Table 1 Overview of the site characteristics of the three study sites 

 Makegem Gentbrugge Melle 

geography    

latitude 50° 56’ 57’’ N 51° 02’ 58’’ N 51° 01’ 07’’ N 

longitude 3° 43’ 15’’ E 3° 46’ 34’’ E 3° 47’ 22’’ E 

altitude (m) a 26.2 5.8 5.2 

land-use history    

arable land < 1950 < 1970 1830-1910, 1990-2000 

grassland > 1970 > 2000 < 1775, 1950-1970 

nature 2009 2014 2002 

soil b    

texture loamy sand sand loamy sand 

bulk density (g cm-³) 1.3 [1.1-1.5] 1.4 [1.1-1.6] 1.4 [1.2-1.5] 

pH (H2O) 5.6 [5.5-5.8] 6.5 [5.3-8.1] 6.9 [6.3-7.5] 

calcium (g kg-1) 1.38 [1.18- 1.71] 2.38 [1.31-6.47] 5.00 [2.64-11.03] 

carbon (%) 1.33 [1.16-1.64] 1.16 [0.96-1.53] 2.17 [1.38-3.35] 

nitrogen (%) 0.16 [0.14-0.18] 0.12 [0.10-0.14] 0.20 [0.15-0.28] 

iron (g kg-1) 8.85 [8.11- 9.54] 11.07 [9.82-14.47] 19.96 [15.35-27.95] 

phosphorus (mg kg-1)    

Olsen 50.6 [38.7-61.9] 58.5 [46.0-80.0] 104.8 [67.3-159.5] 

oxalate 281.8 [231.9-362.4] 342.1 [228.0-460.3] 698.6 [489.6-1077.8] 

total 507.1 [366.5-626.4] 460.9 [261.5-634.5] 920.8 [622.5-1440.8] 

groundwater level    

highest: repr | mean c -40 | -21 -8 | 3 -11 | 15 

lowest: repr | mean d ? | ? -160 | -177 -175 | ? 

a Digital Elevation Model Flanders II (2013), www.geopunt.be 
b mean [min-max] 
c representative highest and lowest level = 90 and 10 percentile of the measurement series; mean highest (lowest) 
groundwater level = mean of the three highest (lowest) levels of a measurements series of at least eight years – 
calculated using the five years of manual measurements in HerBioGras 
d ? = the groundwater sinks deeper than the piezometer range in summer 

 

2.1 Climate & weather 
The climate is temperate maritime (Fig. 3) with a mean annual precipitation of 826.2 mm and mean 
annual temperature of 10.5°C (Lemberge - Royal Meteorological Institute, www.meteo.be). Five of 
the six HerBioGras summers have been dry; one summer was wet (Fig. 4, Table 2). In addition, in 
three years, also spring was dry. 
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Fig. 3 Climograph with monthly temperature (mean, minimum, maximum) and precipitation as mean values for 
1980-2010 (Merelbeke - Royal Meteorological Institute, www.meteo.be) 

 

 

Fig. 4 Monthly temperature (mean, minimum, maximum) and precipitation for 2017-2022 (Lemberge - Royal 
Meteorological Institute, www.meteo.be) 

 

Table 2 Annual temperature (minimum, mean, maximum) and precipitation for 2017-2021 at the weather station in 
Lemberge (data Royal Meteorological Institute, www.meteo.be) and climatological characteristics of spring (March-
May) and summer (June-August) for Ukkel compared to the norm for 1991-2020 (www.meteo.be) 

year Tmin 
(°C) 

Tmax 
(°C) 

Tmean 
(°C) 

precipitation 
(mm) 

spring summer 

2017 -6.7 33.1 11.3 821.9 dry dry 

     hot  

2018 -7.3 36.8 11.8 609.9  very dry 

     hot hottest ‘ever’ 

2019 -7.5 40.4 11.5 676.6  dry (June wet) 

      3 heath waves, 3rd hottest ‘ever’ 

2020 -2.4 37.0 12.6 778.4 dry dry 

     sunny hot 

2021 -8.8 30.0 10.8 934.7  wettest ‘ever’ 

     cold  

2022     dry extremely dry 

     hot, sunny hot, sunny 
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2.2 Land-use history 
All three sites have a history of agricultural use (Fig. 5). The Makegem and Gentbrugge site had been 
an arable field from the 18th century till around the 1970s (with a homestead located at or close to 
the Makegem site in the 19th century). The Melle site switched from wet meadow (ca. 1750) to 
arable field (1800s) to grassland (with racetrack, ca. 1950-1970) to arable field (ca. 1990-2000) and 
then back to grassland. 

 

Fig. 5 The land-use history of the three study sites based on historical maps and photographs. If the land use was 
similar on 2 consecutive maps or photographs, the period between those two points in time was colored according 
to the land use. (sources: www.atlas.ugent.be, www.belgica.kbr.be, www.cartesius.be, www.geopunt.be, 
www.mapire.eu, www.ncap.org.uk, www.search.arch.be)   

 

2.3 Soil 
In March 2017, before the start of the experiment, we collected a sample of the topsoil (0-25 cm 
depth) for each plot (30 plots * 3 sites). Each plot’s soil sample was a pooled sample consisting of 
four samples taken with a 3 cm diameter auger randomly across the plot. The samples were dried to 
constant weight at 40°C for 48h, ground, and sieved over a 2 mm mesh to prepare them for chemical 
analysis of soil pH; total content of calcium, carbon, iron and nitrogen; and concentration of soil 
phosphorus in different fractions: bioavailable, active and total phosphorus (Fig. 6). For three 
samples per site, soil texture was determined by laser diffraction at the Research Institute for Nature 
and Forest (INBO): % clay (0.4-2 μm), % silt (2-50 μm), and % sand (50 μm - 2 mm) (Fig. 7, Table 3). 

In March 20221, when the experiment had been running for five years, we again collected a sample 
of the topsoil (0-10 cm and 10-25 cm depth) for each plot (30 plots * 3 sites). Each sample was a 
pooled sample consisting of four samples taken with a 3 cm diameter auger in the four quadrats of 
the plot. The samples were dried to constant weight at 40°C for 48h, ground, and sieved over a 2 mm 
mesh to prepare them for chemical analysis of soil pH, total carbon content, bioavailable, active and 
total phosphorus. 

Soil pH-H2O was measured with a pH meter (Orion 920A in 2017 and Orion Star A211 in 2022, pH 
electrode model Ross sure-flow 8172 BNWP, Thermo Scientific Orion, USA) after shaking a 1:5 ratio 
soil:water mixture for 5 min at 300 rpm. The total carbon and nitrogen content were determined by 
combusting the samples at 1150°C and measuring the gases with a thermal conductivity detector in a 
CNS elemental analyzer (vario Macro Cube, Elementar, Germany). Total calcium and iron were 
measured by atomic absorption spectrophotometry (AA240FS, Fast Sequential AAS), after complete 

 
1 The same samples (0-10 cm, 10-25 cm) were taken in April 2020. The samples have been dried and ground, 
but no chemical analysis has been done.  
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destruction of the soil samples with HClO4 (65%), HNO3 (70%) and H2SO4 (98%) in teflon bombs at 
150°C for 4h. The bioavailable phosphorus was extracted in NaHCO3 (ISO 11263:1994(E)); the active 
phosphorus in ammoniumoxalate-oxalic acid (NEN 5776:2006); and total phosphorus was measured 
after complete destruction. The phosphorus concentrations were measured colorimetrically 
according to the malachite green procedure (Lajtha et al. 1999). 

 

Fig. 6 The 30 plots of each of the three study sites arranged according to the principal component analysis of the 
scaled chemical soil variables. The first two axis together explain 94.1% of the variation in the soil chemistry. 

 

 

Fig. 7 The three plots per study site for which soil texture was analyzed in the USDA soil texture triangle  
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Table 3 Percentage clay, silt and sand in the topsoil (0-25 cm depth) of three plots from each of the three study sites 

site Makegem  Gentbrugge  Melle 

plot 1 18 30  10 15 21  10 15 21 

% clay (0.4-2 µm) 4 4 4  3 3 3  4 5 5 

% silt (2-50 µm) 15 14 13  12 11 12  15 15 19 

% sand (50 µm – 2 mm) 82 83 83  85 86 85  82 81 76 

 

In August 2017, we collected soil samples of the top mineral soil layer (after removing the sod and 
any organic material) to determine soil bulk density, using a hammering head and a 53 mm diameter 
stainless steel soil sample ring (100 ml content). The samples were dried to constant weight at 105°C 
for 24h, and weighed. We sampled right outside the plots, at the plot corners (Fig. 8), and used the 
four samples surrounding a plot to calculate a mean soil bulk density for the plot. 

 

Fig. 8 We took soil bulk density samples in between the plots (dots), and determined a plot’s soil bulk density as the 
mean of the density of the four surrounding samples (arrows). 

In early spring 2020, right before the start of the growing season, the Belgian Soil Service sampled 
the top soil of the phosphorus mining plots, on March 30 (Makegem, Gentbrugge) and April 6 
(Melle). A mixed soil sample representing the three mining plots, consisting of three samples per 
plot, was collected at each of the three sites, for three soil depths: 0-6 cm, 0-30 cm, 30-60 cm (ISO 
10381/2; ISO10381/4). The top soil was analyzed for pH (ISO 10390; CMA/2/II/A.20), total organic 
carbon (CMA/2/II/A.7; EN 15936), and sulphur (ISO 15178) content. Plant-available phosphorus, 
potassium, magnesium, calcium, and sodium were measured after extraction with ammonium 
lactate (ICP-AES ISO 11885; CMA/2/I/B.1). In the 0-30 cm and 30-60 cm soil samples, nitrate and 
ammonium nitrogen were measured (ISO 14256-2; ISO 13395; ISO 11732) to calculate the nitrogen 
index (Table 4) and determine a site-specific fertilization scheme (see 3.1). 
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Table 4 Soil characteristics of the phosphorus mining plots at the three study sites (based on a mixed sample of the 
three plots per site) in spring 2020, measured by the Belgian Soil Service (study ‘BEMEX S’ and ‘N-index 2’). The 
nitrogen index is a measure of plant-available nitrogen in the soil calculated for agricultural meadow management 
based on the concentrations of nitrate and ammonium nitrogen, the soil texture, pH, and carbon content. The 
evaluation of the level of the soil characteristics and nitrogen index takes into account the soil texture and the 
intended agricultural use (meadow). 

depth (cm) variable Makegem Gentbrugge Melle 
  

0-6 soil texture loamy sand loamy sand sandy loam 
  

 
pH KCl 4,5 5,1 5,6 

 
very low 

 
total organic carbon a 2,8 1,9 3,2 

 
low 

 
phosphorus b 11 16 32 

 
rather low 

 
potassium b 16 28 29 

 
normal 

 
magnesium b 24 26 27 

 
rather high 

 
calcium b 68 89 207 

 
high 

 
sodium b 1,4 1,3 1,8 

 
very high 

  sulphur b 57 37 44 
  

0-30 nitrogen - nitrate c 3 3 11 
  

  nitrogen - ammonium c <4 6 6 
  

30-60 nitrogen - nitrate c <3 <3 8 
  

  nitrogen - ammonium c <4 5 <4 
  

0-60 nitrogen index 137 117 160 
  

a % 
b mg per 100 g dry soil 
c kg ha-1 

 

  



8 
 

2.4 Groundwater level 
At each site, two piezometers (Fig. 9) were installed in April 2017. We measured the level of the 
water table with a measuring tape with sounding device every two weeks. In February-March 2020, 
we installed data loggers in all piezometers (TD-Diver, van Essen Instruments); the water levels are 
logged every 4 hours. In summer, the water table at the study sites dropped below 1.5 m (or even 
more than 2 m); in winter and spring, the water briefly surfaced in Gentbrugge en Melle (Fig. 10). 

 

Fig. 9 Piezometer 1 and 2 at the three sites (see paragraph 3 for the different re-introduction measures) 

 

 

Fig. 10 The level of the groundwater below the soil surface in the two piezometers installed at each of the three 
study sites  
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3 Experiment setup 
At each of the three sites, 30 plots were marked out in March 2017. The plots are 4 m x 5 m large and 
separated by 1.5 m wide lawn strips. The experiment consists of ten treatments: two mowing 
techniques and sod removal combined with two types of re-introduction and a control, plus an 
additional management measure aimed at accelerated abiotic restoration (i.e. (2+1) x (2+1) + 1 = 10). 
Each of the ten treatments is applied three times per site (Fig. 11), in three blocks based on the 
gradient in bioavailable soil phosphorus. 

 

Fig. 11 Plot and block layout at the three study sites 

 

3.1 Management measures 
Four management measures are used: standard and frequent mowing, sod removal, and phosphorus 
mining. 

Standard mowing: The sward is cut twice (June, September) to remove nutrients with the hay. 

Frequent mowing: The sward is cut a first time earlier in spring (May) to suppress the grasses, and 
then cut two times more (July, September). 

Sod removal: First the sod is removed to create germination and establishment opportunities; 
afterwards the sward is cut twice (June, September), following standard mowing practice. 
In the experimental plots, the sod was cut two times. A first time before the first re-introduction, on 
September 13 2017 (followed by rolling on Sep 29). A second time before the second re-introduction, 
on June 11 2018. 

Phosphorus mining: The sward is fertilized with nitrogen and potassium to maximize biomass 
production, and cut three or four times. 
From 2017-2019, we cut the sward three times (May, July, September) and followed the fertilization 
recommendations of the Belgian Soil Service for perennial grassland on sandy loam soil, i.e., 204 kg N 
ha-1 yr-1 and 285 kg K2O ha-1 yr-1 (Tits et al. 2016), and adjusted the doses between years based on the 
recorded biomass production and nutrient removal with hay in the year before. In 2018, for instance, 
we increased the amount of nitrogen (Table 5). In 2019, we applied the first dose earlier in April and 
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divided the annual amount more evenly between the fertilization moments (Table 5). 
In 2020, we adapted the mowing and fertilization regime to better suit the grass growing cycl and the 
site-specific soil conditions (measured by the Belgian Soil Service in early spring 2020, see 2.3 and 
Table 4). In addition, following the recommendations of the Belgian Soil Service, we limed the 
phosphorus mining plots at the Makegem and Gentbrugge site after the last harvest of the year in 
November 2020, at a rate of 2.4 ton ha-1 for Makegem and 1.5 ton ha-1 for Gentbrugge (OSMO 
coccolith chalk, neutralizing value 50).  Clues for mowing were vegetation height of ca. 25 cm (~ 3.5 
ton dry biomass ha-1), not taller than 30 cm, grass not yet entered the generative growth phase.  

 

Table 5 Fertilizer application scheme for 2017-2019, with the annually added amount of nitrogen and potassium in 
bold 

year date CAN a 
(g plot-1) 

patentkali  b 
(g plot-1) 

nitrogen 
(kg ha-1)  

potassium oxide 
(kg ha-1) 

2017 Apr 14 740 1000 100 204 150 285 

 May 18, 19 444 533  60  80  

 Aug 1 325 367 44  55  

2018 Apr 24, 25 777 1000 105 240 150 285 

 May 24, 25 555 533 75  80  

 Jul 30, 31 + Aug 1 444 367 60  55  

2019 Apr 4, 5, 6 704 767 95 240 115 285 

 May 13, 17 630 633 85  95  

 Aug 7 444 500 60  75  

a calcium ammonium nitrate, inorganic fertilizer containing nitrogen (27%) 
b inorganic fertilizer containing potassium sulphate and magnesium sulphate (30% K2O + 10% MgO + 42% SO3) 
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Table 6 Fertilizer application scheme for 2020-2022, with the annually added amount of nitrogen and potassium in 
bold 

year site date a CAN b 
(g plot-1) 

kali c,d 
(g plot-1) 

nitrogen 
(kg ha-1) 

potassium oxide d 

(kg ha-1) 
2020 Makegem Apr 3 870 533 100 256 80 460 

  May 2 557 1200 64  180  

  Jun 3 400 667 46  100  

  Jul 29 400 667 46  100  

 Gentbrugge Apr 2 870 533 100 210 80 240 

  May 1 557 533 64  80  

  Jun 29 400 533 46  80  

 Melle Apr 7 870 533 100 256 80 320 

  May 4 557 533 64  80  

  Jun 3 400 533 46  80  

  Jul 29 400 533 46  80  

2021 Makegem Mar 31 870 667 100 256 100 400 

  May 3 557 667 64  100  

  Jun 3 400 667 46  100  

  Aug 4 400 667 46  100  

 Gentbrugge Mar 30 870 533 100 256 80 320 

  May 7 557 533 64  80  

  Jun 3 400 533 46  80  

  Aug 3 400 533 46  80  

 Melle Mar 29 870 533 100 256 80 320 

  May 5 557 533 64  80  

  Jun 3 400 533 46  80  

  Aug 3 400 533 46  80  

2022 Makegem Mar 30 870 277 100 272 100 400 

  Apr 26 557 277 64  100  

  May 31 470 277 54  100  

  Aug 5 470 277 54  100  

 Gentbrugge Mar 30 870 221 100 272 80 320 

  Apr 26 557 221 64  80  

  May 31 470 221 54  80  

  Aug 5 470 221 54  80  

 Melle Mar 14 609 - 70 302 - 320 

  Mar 30 522 221 60  80  

  Apr 26 557 221 64  80  

  May 31 470 221 54  80  

  Aug 5 470 221 54  80  

a Gentbrugge fertilized three times, Makegem and Melle four times in 2020; extra, early fertilization in Melle in 
2022 
b calcium ammonium nitrate, inorganic fertilizer containing nitrogen (23%) 
c inorganic fertilizer containing potassium sulphate and magnesium sulphate (30% K2O + 10% MgO + 42,5% SO3) in 
2020-2021, potassium chloride (60% K) in 2022 
d higher application of potassium in Makegem than in Gentbrugge and Melle (cf. soil characteristics in Table 4) 
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   N23 Patentkali     

2023 Makegem April 4 870 701 100 272 100 400 

  Juni 557 277 64  100  

  May  470 277 54  100  

  Aug  470 277 54  100  

 Gentbrugge April 5  870 570 100 272 80 320 

  Juni 557 570 64  80  

  May  470 570 54  80  

  Aug  470 570 54  80  

 Melle April 5 870 570 70 302 - 320 

  Juni 557 221 64  80  

  May  470 221 54  80  

  Aug  470 221 54  80  

         
 

3.2 Re-introduction 
In 2017, re-introduction aimed at bringing in plant species of Arrhenaterion grasslands (NATURA 
2000 Code 6510). In 2018, after noting the high level of the groundwater during winter and early 
spring (Fig. 10), we also introduced species of Alopecurion grasslands (NATURA 2000 Code 6510) and 
Calthion grasslands (no European conservation status). 

We aimed for the re-introduction of characteristic plant species through introducing the plant 
species by themselves (through sowing seed or green hay transfer) or in combination with soil biota. 
A re-introduction plot was split into two subplots of 2.5 m x 4 m: the top half of a plot received seeds, 
the bottom half received green hay (Fig. 11). Of the re-introduction plots, half also received soil (Fig. 
11). Green hay and soil were harvested in extensively managed, species-rich, humid to wet 
Arrhenaterion or Calthion meadows, Fig. 13). We chose the six donor meadows based on location 
(i.e., geographical proximity or connectivity, accessibility), species composition of the vegetation (i.e., 
presence of characteristic herbaceous species), soil conditions (i.e., texture and hydrology similar to 
the experimental sites, concentration of bioavailable soil phosphorus lower than 25 mg kg-1), and 
timing of the local management (i.e., not mown shortly before the re-introduction). At the 
experimental sites, the different green hay and soil provenances were applied to different blocks in a 
way that across the three sites, each provenance was paired once with the low, mid and high soil 
phosphorus block (Fig. 11). 

Sowing seed: We chose species characteristic of Arrhenaterion, Alopecurion and Calthion grasslands 
(based on Zwaenepoel et al. (2002a, 2002b), De Saeger & Wouters (2018), www.ecopedia.be) that 
occurred in more than five of the reference meadows (inventory MSc thesis Elise Van Broeckhoven)2 
and were not yet common at the three HerBioGras sites. We bought seeds of ten (in 2017) or 
nineteen (in 2018) species from nurseries (Rieger-Hofmann GmbH in 2017; Cruydt-Hoeck in 2018). 
We weighed equal amounts of seeds of each species to prepare a seed mixture per plot (Table 7). To 
sow, we mixed the seeds with sand and scattered them by hand evenly across the top 2.5 m x 4 m 
half of each re-introduction plot in October 2017 (Oct 26+27) and 2018 (Oct 15). The seeding rate 
was 2 g m-2 (20 kg ha-1) in 2017, 1.9 g m-2 (19 kg ha-1) in 2018, which corresponds to an estimated 
seeding density of ca. 2200 and 2400 seeds m-2 (excluding Campanula rapunculus and Hypericum 
tetrapterum, whose seeding density was ca. 10000 seeds m-2 in 2018). Seeding rates in the reviews of 

 
2 Hence the re-introduction of Bromus hordeaceus through seeds. 
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Kiehl et al. (2010) and Török et al. (2011) ranged from 1 to 10.5 g m-2 and seeding densities from 260 
to 10000 seeds m-2. 

Transfer of green hay: In the three Arrhenaterion donor meadows (2017 and 2018) and three 
Calthion donor meadows (2018), we mowed an area equal to the area of the green hay re-
introduction subplots, collected the green hay and applied it to the green hay re-introduction plots 
within two days after the harvest (Table 8). We used a ratio of 1:1, i.e., green hay from 1 m² donor 
meadow was spread on 1 m² of experimental plot (cf. Edwards et al. 2007, Loeb et al. 2018). The 
green hay transfer was done in October 2017 and June 2018 (Table 8). 

Topsoil inoculation: We collected soil of the top 10 cm in the donor meadows, crumbled the 
collected soil and strewed the soil crumbs at a density of 0.3 l m-2 (i.e., 3 m3 ha-1)3 across the soil 
addition plots (Fig. 11) within two days after the collection in October 2017 and 2018 (Table 8). In 
Loeb et al. (2018), strewing soil crumbs had a larger effect than transplanting small sod plugs 
(diameter 8 cm, depth 5 cm) or spreading slurry (the collected sods were soaked and all vegetation 
parts sieved out). 

Table 7 The amount of seeds sown in October 2017 and 2018 of the nineteen herbaceous and graminoid species 
characteristic of Alopecurion (Al), Arrhenaterion (Ar) or Calthion (C) grasslands (according to De Saeger & Wouters 
2018).  

 
Latin name common name type 2017 (g) 2018 (g) 

he
rb

s Caltha palustris L. marsh-marigold C - 1 

Campanula rapunculus L. rampion bellflower Ar - 1 

Cardamine pratensis L. cuckooflower Al - 1 

Centaurea jacea L. brown knapweed Ar 2 1 

Crepis biennis L. rough hawksbeard Ar 2 1 

Daucus carota L. wild carrot Ar 2 1 

Galium mollugo L. hedge bedstraw Ar 2 1 

Geranium pratense L. meadow crane’s-bill Ar - 1 

Hypericum tetrapterum Fries square-stemmed St. John's wort C - 1 

Knautia arvensis (L.) Coult. field scabious Ar 2 1 

Leucanthemum vulgare Lam. ox-eye daisy Ar 2 1 

Lotus pedunculatus Cav. marsh bird's-foot trefoil Al, C - 1 

Lychnis flos-cuculi L. Greuter & Burdet ragged-robin Al, C - 1 

Pimpinella major (L.) Huds. greater burnet-saxifrage Ar 2 1 

Stellaria graminea L. grass-like starwort Ar 2 1 

gr
am

in
oi

ds
  Anthoxanthum odoratum L. sweet vernal grass Ar - 1 

Bromus hordeaceus L. soft brome * 2 1 

Scirpus sylvaticus L. wood club-rush C - 1 

Trisetum flavescens (L.) P.Beauv. golden oat grass Ar 2 1 

* Bromus hordeaceus is not classified as characteristic for any of the three meadow types, but commonly occurs in 
both Alopecurion and Arrhenaterion meadows (www.ecopedia.be). 

 

 
3 In comparison: 1.6 l m-2  (ratio 1:30) in Loeb et al. (2018), 3.3 l m-2 (ratio 1:15) in Van der Bij et al. (2018), 
2.5 l m-2 and 1.0 l m-2 in Wubs et al. (2016), 10% inoculum per pot (ratio 1:10) in the mesocosm experiment 
(DeCock et al. 2021, Schelfhout et al. 2021) 
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Fig. 12 The nineteen species introduced by seed (Table 7) 
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Table 8 The Arrhenaterion and Calthion meadows from which green hay and soil were harvested for re-introduction 

type source latitude date of harvest + addition  

  longitude hay soil 

Arrhenaterion Langemeersen 50° 49' 39'' N 
3° 34' 57'' E 

2017: Oct 19 + 20 
2018: Jun 20 + 22 

2017: Oct 19 + 20 
2018: Oct 16 + 18  

Vossenhol 50° 49' 15'' N 
3° 47' 35'' E 

2017: Oct 17 + 18 
2018: Jun 21 + 22 

2017: Oct 17 + 18 
2018: Oct 16 + 18  

Sterre 51° 01' 30'' N 
3° 42' 49'' E 

2017: Oct 20 
2018: Jun 25 

2017: Oct 20 
2018: Oct 17 + 18 

Calthion Langemeersen 50° 49' 59'' N 
3° 34' 38'' E 

 
2018: Jun 20 + 22 

 
2018: Oct 16 + 18  

Damvallei 51° 03' 10'' N 
3° 49' 46'' E 

 
2018: Jun 25 

 
2018: Oct 17 + 18 

  Bourgoyen 51° 03' 48'' N 
3° 39' 42'' E 

 
2018: Jun 21 + 22 

 
2018: Oct 17 + 18 

 

 

Fig. 13 The six Arrhenaterion and Calthion meadows from which green hay and soil were harvested for re-
introduction 

3.2.1 Donor meadows: soil and vegetation 
We collected three mixed samples of the topsoil (0-10 cm depth) at each donor meadow in October 
2017. The samples were dried to constant weight at 40°C for 48h, ground, and sieved over a 2 mm 
mesh to prepare them for chemical analysis of soil pH; total content of carbon, iron and nitrogen; 
and concentration of soil phosphorus in different fractions: bioavailable, active and total phosphorus 
(Table 9). Soil pH-H2O was measured with a pH meter (Orion 920A, pH electrode model Ross sure-
flow 8172 BNWP, Thermo Scientific Orion, USA) after shaking a 1:5 ratio soil:water mixture for 5 min 
at 300 rpm. The total carbon and nitrogen content were determined by combusting the samples at 
1200°C and measuring the gases with a thermal conductivity detector in a CNS elemental analyzer 
(vario Macro Cube, Elementar, Germany). Total iron was measured by atomic absorption 
spectrophotometry (AA240FS, Fast Sequential AAS) after complete destruction of the soil samples 
with HClO4 (65%), HNO3 (70%) and H2SO4 (98%) in teflon bombs at 150°C for 4h. The bioavailable 
phosphorus was extracted in NaHCO3 (ISO 11263:1994(E)); the active phosphorus in 
ammoniumoxalate-oxalic acid (NEN 5776:2006); and total phosphorus was measured after complete 
destruction. The phosphorus concentrations were then measured colorimetrically according to the 
malachite green procedure (Lajtha et al. 1999). 
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Table 9 Chemical soil characteristics of the three Arrhenaterion and three Calthion donor meadows 

type source pH nitrogen carbon iron phosphorus (mg kg-1) 

  (H2O) (%) (%) (g kg-1) Olsen oxalate total 

Arrhenaterion Langemeersen 6.79 0.46 4.94 27.07 12.83 180.89 936.89  
Vossenhol 5.73 0.34 3.85 32.44  7.06  55.09 441.12  
Sterre 7.01 0.27 3.66 21.95  9.13  54.63 342.06 

Calthion Langemeersen 6.68 1.52 17.35 59.97 30.30 421.96 1909.10  
Damvallei 5.79 0.72  8.03 51.66 10.47  77.67  937.46 

  Bourgoyen 5.27 0.89 10.73 37.88 14.75 165.87 1383.08 
 

We inventoried the vegetation in a 2 m by 2 m square in each donor meadow in late spring. We 
noted the cover of all species present (Table 10).  
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Table 10 Herbaceaous and graminoid species in the Arrhenaterion and Calthion donor meadows: LA – Langemeersen 
(Jun 20 2018), VO – Vossenhol (May 20 2017), ST – Sterre (May 24 2019), DA – Damvallei (Jun 16 2019), BO – 
Bourgoyen (Jun 3 2019). Species characteristic of Arrhenaterion (Ar), Alopecurion (Al) or Calthion (C) according to De 
Saeger & Wouters (2018) are marked in grey. 

      Arrhenaterion   Calthion 
  type species LA VO ST   LA DA BO 

he
rb

s Ar Agrimonia eupatoria L.   1           

 Angelica sylvestris L.      <1  
C Caltha palustris L.     25     
Al Cardamine pratensis L.         <1 
Ar Centaurea jacea L. 7 7      60 

 Cerastium fontanum subsp. vulgare (Hartm.) Greuter & Burdet     <1 <1  
C Cirsium palustre (L.) Scop.       4 <1 

 Convolvulus arvensis L.  1      
Ar Crepis biennis L. 20         

 Dactylorhiza fuchsii (Druce) Soó  <1      
Ar Daucus carota L. <1   <1     

 Equisetum arvense L.      <1  
 Equisetum fluviatile L.     1   

Al, C Equisetum palustre L.         <1 
Al Filipendula ulmaria (L.) Maxim.       5 1 

 Galium palustre L.     <1   
 Geranium dissectum L.   5     
 Glechoma hederacea L.      1  
 Hypochaeris radicata L.  7      
 Iris pseudacorus L.      1  
 Jacobaea paludosa (L.) G.Gaertn., B.Mey. & Scherb.     1   

Ar Lathyrus pratensis L.     2     
Ar Leucanthemum vulgare Lam.   12     5  
Al, C Lotus pedunculatus Cav.   25    8 1 
Al, C Lychnis flos-cuculi L.       <1 1 

 Lythrum salicaria L.      1  
 Mentha aquatica L.      1  

C Myosotis scorpioides L.       3 1 
Ar Pimpinella saxifraga L.   4       
Ar Plantago lanceolata L. 20      5  20 

 Potentilla reptans L.   50     
 Prunella vulgaris L.      2  

Ar Ranunculus acris L. 10 5 20  5  15 

 Ranunculus flammula L.      <1  
 Ranunculus repens L.   <1  20  1 

Al, C Rhinanthus angustifolius C.C.Gmel.     1 65 1 
Ar Rumex acetosa L. <1 2     1 1 

 Rumex crispus L. <1       
Ar Stellaria graminea L.   1       
Al Symphytum officinale L.       5   

 Taraxacum officinale F.H.Wigg. 1  <1  1  2 
Ar Trifolium dubium Sibth. <1        1 
Ar Trifolium pratense L. 1 7 1  20  1 

 Trifolium repens L.  10 <1  <1   
 Vicia sativa L.   25     

  Vicia sp.   2           

gr
am

in
oi

ds
    Agrostis canina L.           3   

 Agrostis capillaris L.  8      
Al, Ar Alopecurus pratensis L.          <1   
Ar Anthoxanthum odoratum L.   15 1  5  <1 
Ar Arrhenatherum elatius (L.) J. & C.Presl 60 8 5    <1 

 Bromus hordeaceus L.  3 3    <1 
Al Bromus racemosus L.     1     

 Carex hirta L.   1   2  
 Carex sp.     10  2 

 Dactylis glomerata L. 15 3 2   <1  
Al, C Deschampsia cespitosa (L.) P.Beauv.       3   
Al, Ar Festuca pratensis Huds.        30     

 Holcus lanatus L. 10 4 1  10 5 1 

 Holcus mollis L.  2      
 Juncus conglomeratus L.      <1  
 Juncus effusus L.      <1  
 Lolium multiflorum Lam. 15    5   
 Lolium perenne L. 5 3 <1     
 Phalaris arundinacea L.       <1 

Ar Phleum pratense L. subsp. pratense        70   
Ar Poa pratensis L.     10     

 Poa trivialis L. 3  2  3   
Ar Trisetum flavescens (L.) P.Beauv. <1             
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3.2.2 Germination trial 
We installed a small germination trial to get tuned in to (1) the germination capacity of the seeds we 
bought and (2) the species we could expect from the addition of green hay and soil. We filled trays 
with thermally sterilized potting soil and added seeds or the harvested green hay or soil. We used a 
separate tray for each seed species, separate trays for each of the green hay provenances, and 
separate trays for each of the soil provenances. We periodically made pictures of the trays (Fig. 14) 
and noted the established species (Table 11, Table 12). 

In 2017, we started the germination trial on October 21. On January 1 2018, we stopped the trial for 
the seven sown species with good germination; the remaining two species were put in a growing 
chamber at 20°C until germination occurred. On March 9, we identified all species that had emerged 
in the hay or soil trays, and transplanted five plants for further monitoring and identification. 

In 2018, we started the germination trial for the green hay trays on July 4, the seed trays on August 
15, and the soil trays on October 17. During winter 2018-2019, we put the trays in an unheated 
greenhouse outdoors (Fig. 14). In January 2020, we performed a final survey of all trays and 
transplanted seventeen plants for further monitoring and identification. 

Table 11 The sown species showed no (0) or little (+) to a lot of (+++) germination in the 2017 and 2018 trials. 
 

species 2017 a 2018 

he
rb

s Caltha palustris L. - 0 

Campanula rapunculus L. - ++ 

Cardamine pratensis L. - + 

Centaurea jacea L. + + 

Crepis biennis L. +++ + 

Daucus carota L. +++ ++ 

Galium mollugo L. +++ +++ 

Geranium pratense L. - + 

Hypericum tetrapterum Fries - + 

Knautia arvensis (L.) Coult. +++ + 

Leucanthemum vulgare Lam. +++ +++ 

Lotus pedunculatus Cav. - ++ 

Lychnis flos-cuculi L. - +++ 

Pimpinella major (L.) Huds. 0 0 

Stellaria graminea L. +++ + 

gr
am

in
oi

ds
 Anthoxanthum odoratum L. - ++ 

Bromus hordeaceus L. +++ ++ 

Scirpus sylvaticus L. - 0 

Trisetum flavescens (L.) P.Beauv. +++ + 

a - species not sown in 2017  
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Fig. 14 A green hay and soil tray during the 2018 germination trial. The trays experienced ambient temperatures 
(including frost) during winter.  
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Table 12 The species that established in the trays of the germination trial with green hay (H) or soil (S) from the six 
Arrhenaterion and Calthion donor meadows harvested in 2017 or 2018: LA – Langemeersen, VO – Vossenhol, ST – 
Sterre, DA – Damvallei, BO – Bourgoyen. Species characteristic of Arrhenaterion (Ar), Alopecurion (Al) or Calthion (C) 
according to De Saeger & Wouters (2018) are marked in grey.  

      ARRHENATERION CALTHION 

  donor meadow LA VO ST LA DA BO 

  year 2017 2018 2017 2018 2017 2018 2018 2018 2018 
  type species H S H S H S H S H S H S H S H S H S 

he
rb

s    Atriplex prostrata Boucher ex DC. 
             

x 
    

 Cardamine hirsuta L. 
   

x 
              

Ar Centaurea jacea L. 
 

x 
              

x x 

 Cichorium intybus L. 
    

x 
             

 Cirsium arvense (L.) Scop. 
       

x 
          

Ar Crepis biennis L. 
  

x 
   

x 
           

Ar Daucus carota L. 
    

x 
             

 Geranium sp. 
           

x 
      

 Glechoma hederacea L. 
               

x 
  

 Hypericum sp. 
           

x 
      

Ar Leucanthemum vulgare Lam. 
    

x x x x x x 
        

 Lotus corniculatus L. 
           

x 
      

Al, C Lychnis flos-cuculi (L.) Greuter & Burdet              x  x x x 
C Myosotis scorpioides L. 

              
x x x 

 

Ar Plantago lanceolata L. 
            

x 
   

x x 

 Plantago major L. 
           

x 
      

 Potentilla reptans L. 
        

x 
  

x 
      

 Ranunculus acris L.   x          x    x  

 Ranunculus sp. 
  

 x 
      

x 
       

 Ranunculus repens L. 
         

x 
 

x 
 

x 
    

Al, C Rhinanthus angustifolius C.C.Gmel. 
            

x 
 

x 
 

x 
 

Ar Rumex acetosa L. 
              

x 
   

 Rumex sp. 
 

x 
                

 Taraxacum officinale F.H.Wigg. 
          

x 
       

 Trifolium dubium Sibth.                 x  
Ar Trifolium pratense L. 

      
x x 

    
x 

     

 Trifolium repens L. 
    

x x 
 

x 
          

  Trifolium sp. 
  

x 
               

gr
am

in
oi

ds
    Agrostis stolonifera L. x 

   
x 

   
x x 

        

Ar Anthoxanthum odoratum L. 
     

x x 
   

x 
 

x 
     

 Bromus hordeaceus L. x x 
          

x 
 

x 
 

x 
 

 Carex sp. 
           

x 
      

 Dactylis glomerata L. 
  

x x 
  

x 
   

x 
 

x 
     

Ar Festuca arundinacea Schreb. 
       

x 
          

 Holcus lanatus L. 
  

x 
   

x 
     

x 
 

x 
 

x 
 

 Juncus bufonius L. 
           

x 
      

 Juncus effusus L. 
               

x 
 

? 

 Lolium perenne L. x 
 

x 
   

x 
   

x 
       

Ar Poa pratensis L. 
  

x 
   

x x 
  

x x 
   

x 
  

  Poa trivialis L. x x x x 
  

x x x 
 

x x x 
 

x x x 
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3.2.3 Introduced species: characteristics (Table 13) 
 

Table 13 The species characteristic of Arrhenaterion (Ar), Alopecurion (Al) or Calthion (C) in the HerBioGras 
experiment, with their hydrological requirements according to Londo (indicating obligate phreatophytes - O), the 
moisture indicator value of Ellenberg, ranging from 3 (dry-site indicator) over 5 (moist-site indicator) and 7 
(dampness indicator) to 9 (wet-site indicator), and the soil fertility indicator value of Ellenberg, ranging from 2 
(infertile sites) over 5 (sites of intermediate fertility) to 7 and 8 (richly fertile places). The species’ lifespan is based on 
Lambinon et al. (1998): 1 (annual), 2 biennial), 2+ (perennial). The flowering period, indicated by the month 
numbers, is from Ecopedia (www.ecopedia.be); nectar value and pollinator dependence are from Tyler et al. (2021). 

 
Latin name grassland  hydrology Ellenberg lifespan flowering nectar pollinator 

  type a Londo b Ellenberg c N c  period value d dependence e 

he
rb

s Anthriscus sylvestris (L.) Hoffm. Ar - 5 7 (8) 2+ 5-6 5 1 
Caltha palustris L. C O (w) 9 4 (6) 2+ 4-5 2 1 
Campanula rapunculus L. Ar - - - 2 5-8 4 2a 
Cardamine pratensis L. Al O (v) 8 (6) 4 (x) 2+ 4-6 4 1 
Centaurea jacea L. Ar - - - 2+ 6-8 6 2ab 
Cirsium palustre (L.) Scop. C O (v) 8 4 (3) 2 6-9 7 1 
Crepis biennis L. Ar - 5 (6) 6 (5) 2 5-8 5 1 
Daucus carota L. Ar - 4 3 (4) 2 (2+) 6-10 5 1 
Galium mollugo L. Ar - 4 4 (x) 2+ 5-9 2 1 
Geranium pratense L. Ar O (p) 6 (5) 7 2+ 6-7 3 2 
Heracleum sphondylium L. Ar - 5 7 (8) 2 6-10 6 1 
Hypericum perforatum L. Ar - 4 5 (4) 2+ 6-9 2 1 
Hypericum tetrapterum Fries C O (w) 8 4 (5) 2+ - 2 1 
Knautia arvensis (L.) Coult. Ar - 3 (4) 4 2+ 6-9 6 1 
Lathyrus pratensis L. Ar - 6 5 (6) 2+ 6-8 5 2a 
Leucanthemum vulgare Lam. Ar - 4 4 (3) 2+ 5-8 6 1 
Lotus corniculatus L. Ar - 4 2 (3) 2+ 5-10 3 2a 
Lotus pedunculatus Cav. Al, C O (v) 8 4 2+ 6-8 3 2a 
Lychnis flos-cuculi L. Al, C O (f) 9 (7) 4 (x) 2+ 5-7 4 1ab 
Myosotis scorpioides L. C O (w) 9 (8) 6 (5) 2+ 5-8 5 1 
Pimpinella major (L.) Huds. Ar - 5 6 2+ 6-9 5 2 
Plantago lanceolata L. Ar - 5 (x) 4 (x) 2+ 5-10 2 0b 
Ranunculus acris L. Ar - (d) 6 4 (x) 2+ 4-10 4 2 
Rhinanthus angustifolius C.C.Gmel. Al, C O (p) 6 (6) 2 1 5-10 4 1a 
Rumex acetosa L. Ar - 5 (x) 4 (6) 2+ 5-6 1 0b 
Stellaria graminea L. Ar - 6 (5) 4 (3) 2+ 5-7 3 1 
Symphytum officinale L. Al O (v) 7 8 2+ 5-8 5 1a 
Trifolium dubium Sibth. Ar - 4 5 (4) 1 5-9 1 1a 
Trifolium pratense L. Ar - 5 5 (x) 2+ 5-10 6 2a 
Vicia cracca L. Al - 6 5 (x) 2+ 6-9 4 2a 

gr
am

in
oi

ds
  Alopecurus pratensis L. Al, Ar O (p) 5 (6) 7 2+ 4-6 1 0b 

Anthoxanthum odoratum L. Ar - 6 (x) 3 (x) 2+ 4-6 1 0b 
Arrhenatherum elatius (L.) J. & C.Presl Ar - 5 (x) 7 2+ 5-9 1 0b 
Bromus hordeaceus L. - - 4 (x) 4 (3) 1 or 2+ 5-6 1 0c 
Bromus racemosus L. Al O (v) 6 (8) 8 (5) 1 or 2+ 5-6 1 0b 
Festuca arundinacea Schreb. Ar O (v) 6 (7) 6 (5) 2+ 6-7 1 0b 
Festuca pratensis Huds. Al, Ar - 6 6 2+ 6-9 1 0b 
Festuca rubra L. Ar - 5 (6) 5 (x) 2+ 5-7 1 0b 
Phleum pratense L. subsp. pratense Ar - 5 6 (7) 2+ 6-8 1 0b 
Poa pratensis L. Ar - 5 5 (6) 2+ 5-6 1 0b 
Scirpus sylvaticus L. C O (f) 8 6 (4) 2+ 5-8 1 0b 
Trisetum flavescens (L.) P.Beauv. Ar - 4 (x) 4 (5) 2+ 6 1 0b 

a according to De Saeger & Wouters (2018) 
b according to Londo (1988), with ‘-‘ the groundwater-independent species (original code ‘a’), including species that are phreatophyte in 
dunes (d), and ‘O’ the obligate phreatophytes, including wet phreatophytes requiring groundwater around soil surface level for all or most 
of the year (w), obligate phreatophytes (f), mostly phreatophytic species of moist soils (v) and species that are phreatophyte in most of 
their distribution range (p) 
c the Britisch values from Hill et al. (1999), with the original Ellenberg value between brackets if differing from the calculated British value 
or when the British value was taken directly from Ellenberg without modification (‘x’ for unknown or broad amplitudes) 
d seven-degree logarithmic scale: 1 = no nectar production (0 g sugar/m2/year), no collectable pollen; 2 = nectar production insignificant (< 
0.2 g) or absent, low but significant amounts of collectable pollen; 3 = nectar production small (0.2–5 g) or lower, copious collectable 
pollen; 4 = nectar production modest (5–20 g); 5 = rather large (20–50 g); 6 = large (50–200 g); 7 = very large (> 200 g) 
e three-degree scale of dependence on pollinating animals, with subscript letters indicating the pollinating agents: 0b = independent of 
pollinators, mostly or only pollinated by abiotic agents (wind or water); 0c = independent of pollinators, mostly or only selfing; 1 = 
pollination facilitated by insects, in addition to selfing (i.e., selfcompatible) or pollination by abiotic agents; 2 = exclusively pollinated by 
insects (i.e., self-incompatible): 1/2a = exclusively pollinated by Hymenoptera (bees and bumblebees), 1/2ab = exclusively pollinated by 
Hymenoptera and Lepidoptera, 1/2b = exclusively pollinated by Lepidoptera (butterflies and moths), 1/2=mostly pollinated by insects other 
than Lepidoptera or Hymenoptera (e.g. Diptera or beetles) 
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