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kg K ha 1 for the first four growth periods of 2020, respectively, and 
152, 108, 104, and 95 kg K ha 1 for the first four growth periods of 
2021, respectively. In both years, all plots received an S application for 
the first and second growth period of 15 and 15 kg S ha 1, respectively. 
Sulphur fertilization can increase N utilization and uptake by the grass 

thus reduce the general level of nitrate leaching (  
). 

Mineral N fertilizer was applied as CAN (13.5% NH4–N, 13.5% 
NO3–N), mineral P fertilizer as triple superphosphate (20% P), mineral K 
fertilizer as KCl (50% K), and mineral S fertilizer as kieserite (20% S). All 
(granular) mineral fertilizers were top-dressed with a pneumatic fertil
izer row spreader (Swincosem, Mierlo, The Netherlands). Mineral fer
tilizers were applied in 2020 on March 26, May 18, June 23, July 28, and 
September 2; and in 2021 on March 26, May 18, June 18, July 22, and 
September 3. Mineral fertilizers were applied two to ten days (on 
average six days) after the previous harvest. 

Slurry was applied with a Vervaet Hydrotrike (Vervaet, Biervliet, The 
Netherlands), fitted with a Vredo sod-injector with 45 double cutting 
discs at a row distance of 17.6 cm, for a working width of 7.9 m (Vredo, 
Dodewaard, The Netherlands). The slots were 2 cm wide at the top and 
maximally 6 cm deep. During slurry application, the Hydrotrike passed 
over the middle of each 9-m wide plot, leaving an unfertilized strip of on 
average 55 cm on either side. Driving speed during application was 4 
km h 1, and tire pressure was usually between 2.5 and 2.8 psi, some
times 3.2 psi during application later in the growing season, on dry soil. 
Slurry was applied in 2020 on March 23, May 15, June 26, and July 29; 
and in 2021 on March 24, May 19, June 18, and July 26. Slurry was 
applied five to seven days (on average seven days) after the previous 
harvest. 

2.4. Manure measurements 

Prior to each slurry application, a sample was taken from the tank of 

the Hydrotrike, after mixing its contents. Samples were stored at 18 ◦C 
and analyzed later by the Chemical Biological Laboratory in Wagenin
gen (The Netherlands). Slurry density was determined volumetrically; 
pH and EC directly in slurry with standard electrodes, at a temperature 
of 20 ◦C; total N and total P with segmented flow analysis (SFA) 
(SAN++, Skalar, Breda, The Netherlands) (after destruction of fresh 
slurry with sulphuric acid and salicylic acid, and the addition of sele
nium and hydrogen peroxide, at a temperature of 100 ◦C); total K with 
ICP-AES (Thermo iCAP 6500 DUO, Thermo Fisher Scientific, Waltham 
MA, USA) (after the destruction method described before); NH4–N with 
SFA (after extraction with 1 M KCl); dissolved organic N (DON: total 
dissolved N – NH4–N – NO3–N) with SFA after extraction with 0.01 M 
CaCl2; and dissolved organic C (DOC: total dissolved C – inorganic C) 
also with SFA after extraction with 0.01 M CaCl2. Dry matter (DM) was 
determined by drying at 105 ◦C for 24 h, and organic matter (OM) by 
incineration of dried slurry (70 ◦C) at 550 ◦C for 3 h. Total C was 
determined using a CN analyzer (FlashSmart, Thermo Fisher Scientific) 
after grinding of dried slurry (70 ◦C) to 50 μm. Slurry characteristics for 
each application are given in Table 2. 

2.5. Weather measurements and irrigation 

Weather measurements were of rainfall and evapotranspiration. 
Rainfall data (daily recorded) were obtained from weather station 
Lichtevoorde (KNMI, De Bilt, The Netherlands), located at 6 km distance 
from the experimental site, and evapotranspiration data (calculated per 
day) from station Hupsel, located at 5 km distance from the experi
mental site. Long-term averages (1991–2020) of monthly rainfall and 
evapotranspiration were from stations Lichtevoorde and De Bilt, 
respectively. 

The experimental site was irrigated in 2020 during periods of pro
longed drought, with 30 mm water on May 25, 30 mm on June 1, 20 mm 
on June 29, 25 mm on August 1, 22 mm on August 8, and 22 mm on 

Table 1 
Applied amounts of total N and estimated plant-available N (kg N ha− 1) with CAN or CS for treatments CAN only and CS + CAN, for each growth period in 2020 and 
2021.  

Year Growth period Total N Estimated plant-available N 

CAN only CS + CAN CAN only CS + CAN  

From CS From CAN Total  From CS From CAN Total 

2020 1 120 112 75 187 120 43 75 118  
2 80 79 38 116 80 43 38 81  
3 60 80 15 96 60 42 15 58  
4 40 72 0 72 40 40 0 40  
5 55a 35a 0 35a 55a 48a 0 48a  

Total 355 378 128 506 355 217 128 345 
2021 1 120 119 66 185 120 33 66 100  

2 80 79 32 111 80 34 32 66  
3 60 75 18 93 60 36 18 55  
4 40 70 0 70 40 37 0 37  
5 20 0 7 7 20 13 7 20  
Total 320 343 123 466 320 154 123 277  

a Including 35 kg NH4–N erroneously applied with air scrubber solution. 

Table 2 
Dairy cattle slurry characteristics for each application in the field experiment, expressed in g kg− 1 fresh product except for pH (− ) and EC (mS cm− 1).  

Year Application nr. Characteristics   

pH EC DM OM Total N Total P Total K NH4–N DON Total C DOC 
2020 1 7.5 23 75 55 3.79 0.55 5.09 2.30 1.06 26.1 12.1  

2 7.3 24 80 59 3.94 0.56 5.37 2.44 1.20 30.9 14.2  
3 7.5 23 76 55 3.94 0.53 5.18 2.19 1.19 31.2 13.1  
4 7.3 21 76 58 3.55 0.53 4.34 1.92 0.61 30.6 10.0 

2021 1 7.5 21 82 62 3.98 0.67 4.22 1.71 0.47 33.8 8.2  
2 7.4 24 81 65 3.93 0.62 4.51 1.84 0.59 32.5 7.9  
3 7.2 22 73 56 3.69 0.62 4.19 1.76 0.52 29.2 8.3  
4 7.2 23 72 54 3.45 0.56 4.29 1.65 0.52 29.2 7.3  
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August 9, for an annual total of 149 mm. 

2.6. Sward measurements 

Sward measurements were of herbage fresh yield, herbage DM 
concentration, and herbage N concentration. Herbage fresh yield was 
determined by cutting the grass with a Haldrup GR grass plot harvester 
(Haldrup GmbH, Ilshofen, Germany) to a height of 6 cm, from two 1.5 m 
wide and 10 m long strips at a 2-m distance from each plot border, for a 
total harvested area of 30 m2. Harvested material was weighed, and 
samples were oven-dried for 48 h at 70 ◦C to determine dry weight and 
DM concentration. Total N concentration in the dried samples was 
determined using a CNHS analyzer (vario MICRO cube; Elementar 
Analysesysteme GmbH, Langenselbold, Germany) after grinding the 
material to 0.5 mm. Plots were in 2020 harvested on May 8, June 19, 
July 23, August 31, and October 16; and in 2021 on May 14, June 11, 
July 19, August 24, and October 1. 

2.7. Pore water nitrate measurement 

Water measurements were of nitrate concentration in pore water and 
of groundwater level. Before the experiment started, two permanent 
ceramic suction cups were installed in each plot, on January 29, 2020, at 
a depth of 1.0 m below field level. The ceramic cups (655X01-B1M3, ø 
22 mm, 70 mm length; Soil Moisture Corp., Santa Barbara, CA, USA) 
were fitted to a PVC pipe (ø ¾") and connected with a tube (22 NSR Nylo- 
seal) running through the PVC pipe up to the surface. The two cups were 
installed in the middle of the 9-m plot width, each cup in the 10-m length 
direction at 1 m distance of either side of the plot center. The top of the 
PVC-pipe was covered with a plastic cover (20 x 20 × 15 cm) which 
recessed a few cm into the grass sward. 

Pore water from the cups was frequently sampled, every two to three 
weeks in the main leaching period (winter period) of 2020 and 2021, 
every two to three weeks in the growing season of 2020, and a few times 
in the growing season of 2021. At sampling, the plastic cover was 
removed, a syringe (60 ml) was connected to the Nylo-seal tube and its 
plunger was pulled back, resulting in suction to the cup and a slow filling 
of the syringe with pore water. A day later, syringes were disconnected 
and the samples from the two cups were mixed, subsampled, stored 
( 20 ◦C), and analyzed within two weeks for nitrate concentration, 
colorimetrically determined with SFA (SEAL AutoAnalyser 3; SEAL 
Analytical, Norderstedt, Germany) after the addition of a color reagent 
in an imidazole buffer. 

Fluctuations in groundwater level were measured in two ground
water measuring tubes (2 m length; 0.45 μm filter), installed at the 
border between plotnr. five and six, and plotnr. 15 and 16, in the middle 
of the plot length. When pore water was sampled, groundwater level was 
also measured, using a plumb line and a tapeline. Between July 26, 2021 
and January 28, 2022, all measurements of groundwater level, except 
one, were skipped. 

2.8. Calculations and statistical analysis 

Monthly rainfall deficit or surplus was calculated by subtracting 
evapotranspiration from rainfall. Herbage DM yield was calculated per 
plot per harvest by multiplying fresh herbage yield by DM concentra
tion, and herbage N uptake was calculated by multiplying DM yield by N 
concentration in DM. Herbage DM yield and N uptake of the five har
vests were for each individual year analyzed with the REML-procedure 
for repeated measurements in statistical package Genstat (19th edi
tion; VSNI, Hemel Hempstead, UK), using ‘Plotnr.’ as Subjects and 
‘Harvest nr.’ as Timepoints. Fixed model was ‘Fertilizer type * Zeolite * 
Harvest nr.‘, random model was ‘Block’, option Equally spaced time points 
was disabled, and the used correlation model was Unstructured. Factor 
‘Fertilizer type’ had levels CAN only and CS + CAN, and levels of factor 
‘Zeolite’ were the presence or absence of zeolite application. Results 

from the zeolite treatments were included in the statistical analysis for a 
better estimation of the random variance of measurements and thus 
increase the power of the statistical tests. Results of the unfertilized 
control treatment were excluded from statistical analysis because of lack 
of orthogonality and level differences when compared to fertilized 
treatments. Prior to statistical analysis, amounts of N uptake of the five 
harvests in 2021 were logtransformed (LN) because residuals were level- 
dependent. Annual DM yield and N uptake were analyzed for each in
dividual year using the ANOVA-procedure in Genstat. For all statistical 
analyses, the significant F-value was determined at the 95% level (p ≤
0.05), and in the event of F-significance, means of treatments were 
compared using the F-protected least significant difference (LSD) test (p 
≤ 0.05). 

The pore water measurement period can be split into a ‘growing 
season leaching period’ and a ‘winter leaching period’. In the growing 
season, the leached volume of water is relatively small, whereas over 
winter the leached volume is very large and has the largest contribution 
to the annually leached amounts of nitrate to groundwater. The winter 
period was set to start half November, when the rainfall surplus starts to 
build up, and to end when nitrate concentration in pore water started to 
decrease, in February/early March. At that moment, nitrate leaching is 
largely finished and nitrate concentrations can decrease due to dilution 
with additional rainfall. Nitrate concentrations in pore water at 1.0 m 
depth were analyzed for each winter leaching period individually, using 
the above REML-procedure and replacing ‘Harvest nr.’ by ‘Measurement 
nr.’. Prior to analysis, nitrate concentrations of the winter leaching 
period of 2020/2021 were logtransformed. 

3. Results 

3.1. Rainfall, rainfall surplus, and groundwater level fluctuation 

Annual rainfall in 2020 was 666 mm, 152 mm lower than the 30-year 
average (Fig. 1). Monthly rainfall in the growing season (April until and 
including September) was in all months, except June, lower than the 30- 
year average, with the largest differences in April, May, and August. In 
2021, annual rainfall was 816 mm, 2 mm lower than the 30-year 
average. Monthly rainfall in the growing season was in August and 
September lower, but in May, June, and July considerable higher than 
the 30-year average. 

Annual rainfall surplus in 2020 was 19 mm, 218 mm lower than the 
30-year average. Monthly rainfall deficit was in April, May, and August 
considerably higher than the 30-year average. The 2020 growing season 
was considerably drier compared to the 30-year average, with a rainfall 
deficit of 316 mm compared to 79 mm for the average. In 2021, annual 
rainfall surplus was 217 mm, 21 mm lower than the 30-year average. In 
May and July there was a rainfall surplus instead of a deficit, and in 
August and September there was a deficit instead of a surplus. The 2021 
growing season was slightly wetter than the 30-year average, with a 
rainfall deficit of 57 mm compared to 79 mm for the average. 

In the winter leaching period of 2020/2021 (November 16, 2020 
until and including March 3, 2021), rainfall was 282 mm and evapo
transpiration 44 mm, resulting in a rainfall surplus in this period of 238 
mm. In the winter leaching period of 2021/2022 (November 22, 2021 
until and including February 7, 2022), rainfall was 191 mm and 
evapotranspiration 19 mm, resulting in a rainfall surplus of 172 mm. 

Groundwater level decreased rapidly after February 2020, and the 
lowest level measured was 156 cm on August 31 (Fig. 2). After this 
measurement, groundwater level started to increase again, until a level 
of 10 cm on February 3, 2021. Groundwater level decreased less rapid 
and was in general higher in the 2021/2022 season compared to the 
2020/2021 season, with a lowest level measured in the 2021/2022 
season of 73 cm on July 26, 2021. 

                                                                                                                                                                                                                              














