Denitrification in agricultural soils in the Netherlands

Kor B. Zwart ", Gerard L. Velthof ”, Jan-Willem van Groenigen ', Marius Heinen ", Bas
van der Grift ?, Leo Boumans

1. Alterra, Wageningen-UR, P.O. Box 47, 6700 AA, the Netherlands

2. Netherlands Institute of Applied Geoscience TNO, P.O. Box 80015, 3508 TA, Utrecht,
The Netherlands

3. RIVM, P.O. Box 1 3720 BA, Bilthoven, Te Netherlands

* Corresponding author

Introduction

Dutch agriculture is characterized by high production levels, which are at least partly the
result of high input rates of fertilizer nitrogen. The average annual input of nitrogen per ha
agricultural land (70% of the Dutch land area) is approximately 200 kg higher than the
amount that is removed by agricultural harvest products (OECD, 2001). One may
reasonably well assume that ultimately, all this nitrogen will be transformed into molecular
nitrogen gas as a result of denitrification and other processes (Wrage et al., 2001). However,
in annual field balance sheets, the amount of nitrogen that is accounted for by denitrification
is much lower than 200 kg per ha. Consequently, on the short term part of the excess
nitrogen will be lost by other pathways than denitrification, of which leaching to ground -
and surface water, ammonia volatilization and sequestration into the soil organic matter
(SOM) pool probably are the most predominant(e.g. Van Beek et al., 2003a&b). The high
surplus of agricultural nitrogen indeed leads to increased nitrate concentrations in both the
upper ' (Fraters et al (2002), Figure 1) and deeper ground water as a result of leaching. The
lowest nitrate concentrations are found in those areas of the Netherlands with deep layers of
clay or peat in the soil and high ground water levels, i.e. the Western and central parts of the
country, whereas the highest concentrations are found in the Eastern and South-Eastern
areas (Fig. 1), with sandy soils with generally deeper ground water levels and very intensive
agricultural activities (pig and poultry breeding and dairy cattle farming). In these areas the
nitrate concentrations exceed the EU nitrate directive maximum concentration level of 50
mg nitrate per L. Apparently the sequestration and volatilization capacity of the soils in the
Western and central areas are sufficient to prevent nitrate leaching to concentrations above
the 50 mg per L, whereas in the Eastern and South Eastern parts this is not the case.

The impact of denitrification on field nitrogen balances

The impact of denitrification on the total nitrogen balance can be obtained using several
methods, including measurements of ground water nitrate concentrations, potential and

! Groundwater levels in the Netherlands are very shallow in comparison to other countries. During the winter
groundwater level in most soils are within 1 meter below the soil surface and often within the upper 50 cm



actual denitrification rates and computer modeling. This paper describes the results of recent
studies in the Netherlands of such measurements in agricultural fields. The results described
in this paper have been reported at a workshop on denitrification held at Alterra,
Wageningen on April 217, 2004 (see www.mestenmineralen.nl)

Ground water nitrate concentration

The concentration of nitrate in the upper ground water (0-1 m below the ambient ground
water level) of sandy soils varies with the ground water level (Figure 2).

Figure 2. Nitrate concentrations in shallow groundwater of agricultural soils in relation to the groundwater
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On sandy soils where the highest ground water level (HGL) is higher than 40 cm below the
surface (HGL < -40 cm), the average nitrate concentrations are far below the value of 50 mg
per L. In soils with HGL > 80 cm, the average nitrate concentrations are on average far
above this value. In the intermediate ground water levels, the nitrate concentrations vary
annually. On average the nitrogen surplus in these three situations are comparable. One may
therefore conclude that high ground water levels stimulated denitrification as a result of the
presence of (degradable) organic matter in the upper soil layers and anoxic conditions due to
high ground water levels (Burgers et al, 2004]. On a somewhat more detailed scale, the
presence of peat layers (> 15% SOM) deeper in these sandy soils had a marked effect on the
ground water nitrate concentration (Figure 3). In the presence of a peat layer in the sub soil
the ground water nitrate concentrations were always lower than in its absence, except for the

HGL > 80 cm soils in 2001 (Velthof et al., 2004b).

The effects of excess nitrogen from agriculture are also evident at greater groundwater
depth. Figure 4 shows the nitrate concentration at 5-15 and 15-35 m depth respectively in
two areas in the Netherlands. Drenthe in the North Eastern part has relatively extensive
agriculture, whereas agriculture in Brabant in the Southern part is very intensive. Yet nitrate
concentrations in Drenthe in the deep subsoil are higher than in Noord-Brabant as a result
of lower contents of the mineral FeS,, pyrite and/or of reactive organic matter. Pyrite acts as
an electron donor for denitrifying bacteria and due to pyrite oxidation a large part of the
nitrate that leaches into deep soil layers is denitrified in Noord-Brabant but not in Drenthe.



Figure 2. The effect of the presence of peat layers in the sub soil on nitrate concentrations in shallow ground
water in agricultural soils
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The different nitrate concentrations in shallow ground water indicate different denitrification
rates. Further by comparing nitrate concentrations in both upper and deeper groundwater
under sandy soils, one may conclude that part of the excess of nitrogen originating from
agricultural activities disappears as a result of pyrite driven denitrification. However, it
remains difficult to quantify this amount exactly, reaction products of pyrite are possibly
more harmful to ground water quality than nitrate and, more important, the quantities of
nitrate that appear in the ground water exceed critical concentrations in large areas.

Denitrification rates in agricultural soils

Denitrification rates can be expressed as potential or actual rates. Potential denitrification is
measured under anaerobic conditions, at a fixed reference temperature and in the presence
of excess nitrate. Acetylene is often used to inhibit the last step of the denitrification reaction
(Yoshinara et al 1977). As such, potential denitrification rate is an indication of the
maximum denitrification capacity of a soil at the reference temperature. The actual
denitrification is generally much lower than the potential denitrification due to lower
temperatures, incomplete anoxic situations and (much) lower nitrate concentrations.

Potential denitrification rates

In a recent study Zwart (2003, 2004) measured the potential denitrification rates of grass
land and arable fields in soil profiles up to 2 m depth. The results showed that denitrification
rates declined rapidly with depth, even if organic carbon was available. Velthof & Oenema
(1995) also found a strong decrease in potential denitrification rates in grassland soils. The
potential denitrification in the upper 5 cm of grassland was a factor 2 to 5 higher than in the
5-10 cm layer, indicating that grass roots and the addition of manure have a strong effect on
the potential denitrification rate.The amount of nitrate that can be denitrified per kg organic
carbon decreased rapidly with depth (Figure 5, Zwart, unpublished results). The results
suggested that the probability of denitrification in many sub soils is low due to the quality of
the organic carbon source in these deeper layers.



Figure 5 Relative denitrification rate (kg N per kg total soil carbon per day) in relation to soil depth of
grassland and arable land
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There was a good correlation between potential denitrification rates and soil respiration rates
(Figure 6), which is not really surprising, since denitrification is in fact soil respiration using
nitrate instead of oxygen as an electron acceptor. Actual denitrification rates were between
0.5 and 5% of the potential denitrification rates if measured in comparable samples.

Figure 6. Relation between respiration and potential denitrification
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For a number of the sandy soils with a peat layer in the sub soil (see Figure 3), the potential
denitrification rate was measured above, inside and below the peat layer and was compared
to the rates in soils without peat. Soils with peat layers had much higher potential
denitrification rates (Figure 7), especially inside the peat layers than soils without peat at
similar depths. However the variation within the peat was considerable, indicating that the
presence of peat will not invariably leads to low nitrate concentrations in the ground water.



Addition of pig slurry strongly increases the potential denitrification of the top soil (Velthof
et al., 2004a). Regression analyses with the 10 slurries of different composition showed that

Figure 7. Effect of the presence op peat layers in the sub soil on potential denitrification
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the potential denitrification was statistically significantly related to the amounts of added
Volatile Fatty Acids and total C, but it was not significantly related to the amount of
dissolved organic C. The potential denitrification rate in this study was also significantly
related to the respiration rates.

Actual denitrification rates

Actual denitrification on a field scale basis is mostly established using the acetylene inhibition
method (AIM). Measurements with AIM show that both spatial and temporal variability of
denitrification are very high (e.g. Velthof et al., 1996 en 1997) and this hampers an accurate
estimation of denitrification. The results of 23 different studies in the Netherlands are
summarized in Table 1 for grass land on three different soil types and for arable crops on
loamy soil. Most of the measurements carried out in the Netherlands were restricted to the
upper soil layers. Most fields had a measured denitrification rate below 20 kg N per ha per
year with a maximum of 52 kg N per ha per year (note that the thickness of the sampled soil
layer differs from study to study). These values represented less than 10% of the nitrogen
applied and they are in good agreement with the amounts reported in the international
literature (Barton et al, 1999). Although measured values using both techniques often differ,
there is no systematic difference. It can therefore be assumed that measured values using
AIM are unbiased, though not precise. In a recent study on sandy soils Van Groenigen et al (
2004) showed that less than 5% of the applied nitrogen was denitrified. The fraction not
accounted for in this study was 41%, resulting in a large gap in the N-balance sheet (Figure
8). So, the reported amounts of nitrogen that can be denitrified annually are considerably
lower than the excess amounts of 200 kg nitrogen that are applied. Since the annual amounts
of nitrogen that can be accounted for by leaching and ammonia emission are also much
lower than 200 kg per ha, most studies on the nitrogen balance of agricultural fields show a



Table 1. Denitrification on a field scale using acetylene inhibition on pasture on sandy soils (A); clay soils
(B) and peat soils (B) and in arable crops on loamy soils (D), n.a. not available..

Measurement period Layer, Fertilization, denitrification, denitrification, Reference
cm kg N - ha-1 kg N -ha-1 % of applied N
Full year 0-20 298 14 5 Corré (1996)
Full year 0-20 327 31 9
April - September 0-11 250 5 2 De Klein et al
April - September 0-11 400 7 2 (1994)
March - June 0-11 160 18 11
A | March - June 0-10 260 <1 0 Velthof et al
March - June 0-10 260 <3 1 (1997)
March - June 0-10 30 t slurry <1 <1
January - May 0-30 67 t slurry 14 5 )
January - May 0-30 67 t slurry 4 1 De I(<1196 ;I;)et al
January - May 0-30 0 1 n.a.
March - October 0-15 250 30 12
March - October 0-15 600 52 9 Corré et al (1990)
B | August (17 days) 0-15 25 t slurry 6 5
Aprtil - October 0-11 250 25 10
April - October 0-11 400 20 5 De Klein et al
April - October 0-11 93 11 12 (1994)
April - October 0-11 193 6 3
Avg. over 2 full years 0-40 0 27 n.a
Avg. over 2 full years 0-40 365 41 11
C | Avg. over 2 full years 0-40 365 75 21 Koops et al
(1996)
Avg. over 2 full years 0-40 0 24 n.a
Avg. over 2 full years 0-40 242 44 18
14 days 0-10 50 2 4 Jarvis et al (1994)
April - June 0-20 0 7 n.a. Postma & van
D | April - June 0-20 300 7 2 Loon (1996)
May - January 0-120 220 35 16 Corré (1995)




Figure 8. Effect of denitrification on the nitrogen balance of potatoes using "N nitrogen

O Leaves

@ Tubers

OSOM

Mineral N

m N20-N

B Unaccounted for

gap in the balance sheet. The quantity represented by this gap may vary between agricultural
systems; for managed grass land it depends e.g. on the soil type (Velthof & Oenema,
1995,Figure 9).

Figure 9 Nitrogen balance sheet of grassiand on three different soil types indicating the impact of
denitrification and the gap in the nitrogen balance (arrows)
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Modelling denitrification rates

Denitrification is a complex process that is influenced by temperature, the availability of an
electron donor, the redox status and the nitrate concentration in soil. These conditions
fluctuate largely both spatially and temporarily. Several computer models with a wide range
of complexity have been developed to deal with such fluctuating conditions in order to
calculate annual soil denitrification rates. These have been reviewed by Heinen (2003).
Simple process models are most widely used. These generally convert potential



denitrification rates into actual rates by using reduction functions for nitrate content (),
anoxic conditions (as water filled pore space, f;) and temperature (f;). Such a model was
applied to experimental datasets from which both potential and actual denitrification rates
could be derived and for which soil nitrate contents, soil water contents and soil
temperatures were available (eight from the Netherlands and one from the UK). For each
individual data set the parameters in the model were optimized. Except for peat soils, there
appears to be a good correlation between measured and calculated average actual
denitrification rates (Figure 10). However, the model is not able to predict the individual
observations (Figure 11). For each data set different sets of parameters were obtained,
indicating that these parameters are site specific. Even when grouped into main soil types
(sand, clay, peat) the reduction functions differed within such a group.

Figure 10. Comparison between measured and computed (after parameter optimization) average actual
denitrification rates for eight Dutch data sets and one UK data set.
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Figure 12. Comparison between measured and computed (after parameter optimization) actual denitrification
rates for eight Dutch data sets and one UK data set
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Summary and Conclusions

The nitrate concentrations in shallow and deeper ground water in agricultural soils in the
Netherlands depend on the ground water depth and on the presence of organic matter or
pyrite. Measured actual denitrification rates are always (far) too low to compensate for the
excess of nitrogen that is applied. The potential denitrification rate decreases with soil depth,
as a result of lower SOM contents at greater depths. Moreover, the quality of the organic
matter, expressed as the amount of nitrate which can be denitrified per kg SOM, decreases
with soil depth. The complex nature of soil denitrification requires computer simulation
models in order to estimate annual denitrification rates. A widely used simple process model
for denitrification, predicts average denitrification rather well, after optimization. This means
that such a model can be used to predict cumulative denitrification. However, site specific
properties should always be kept in mind.

References

Barton L, McLay CDA, Schipper LA & Smith CT (1999) Annual denitrification rates in
agricultural and forest soils: a review. Australian Journal of Soil Research 37: 1073-1093.).
Actual denitrification can also be measured using the Hauck isotope pairing technique,
which uses "“N-labeled nitrate to measure total denitrification rates (Mosier AR &
Klemedtsson L. 1994. Measuring denitrification in the field. In: Weaver RW et al (eds.)
Methods of Soil Analysis part 2 — Microbiological and biochemical properties. pp. 1047-
1066.

Corré, WJ, W Dijkman & WM Kieskamp (1990) Denitrification in the top soil of production
grassland. Mitteilungen der Deutschen Bodenkundlichen Gesellschaft 60, 183-188.

Corré, WJ (1995) Denitrificatie in poldergronden. Verslag van een onderzoek naar het belang
van denitrificatie in de stikstofhuishouding van poldergronden en het mogelijke effect
van peilverhoging op de denitrificatie, uitgevoerd in opdracht van de Provincie Zeeland.
AB rapport 41, 28 pp (In Dutch).

Corré, WJ (1996) Stikstofverlies door denitrificatie in blijvend grasland op De Marke. In:
MJD Hack-ten Broeke & HFM Aarts (red.) Integrale monitoring van stikstofstromen in
bodem en gewas; Resultaten van proefbedrijf De Marke. De Marke Rapport 14, pp. 65-
75 (In Dutch).

Burgers, SLGE, Berge, HFM. ten, Gruijter, JJ, Hack-ten Broeke, MJD, Hoving, IE,
Radersma, S, Smit, A & Velthof, GL 2004. Development of an indicator to focus on
nitrate. Data and regression analysis from two years (2001-2002 & 2002-2003). Alterra
report 866 (in Dutch)

Van Beek CL, Brouwer L & Oenema O (2003a) The use of farmgate balances and soil
surface balances as estimator for nitrogen leaching to surface water. Nutr. Cycl.
Agtroecosyst. 67: 233-244.

Van Beek CL, Hummelink EW]J, Velthof GI. & Oenema O (2003b) Nitrogen losses through
denitrification from an intensively managed grassland on peat soil. Biology and Fertility
of Soils 39(4), in press.

Fraters, D, Boumans, L, Reijnders, H, van Leeuwen, T & de Hoop W 2002, 'Monitoring the
effectiveness of the Dutch mineral policy on nitrate in groundwatet', In: Steenvoorden J,
Claessen F, Willems J(eds),Agricultural Effects on Ground and Surface Waters: Research
at the Edge of Science and Society, IAHS publishers. 273; 391-394



Van Groenigen, JW, PJ Georgius, C van Kessel, EW] Hummelink, GL Velthof, & KB
Zwart. 2004. Subsoil 15N20 production in a sandy soil after application of 15N-
fertilizer. Submitted to Nut. Cycl. Agroecosyst.

Heinen M, 2003. A simple denitrification model? Literature review, sensitivity analysis and
application. Alterra report 690, Alterra, Wageningen, The Netherlands, 131 p.

Jarvis, SC, DJ Hatch, BF Pain & JV Klarenbeek (1994) Denitrification and the evolution of
nitrous oxide after the application of cattle slurry to a peat soil. Plant and Soil 166, 231-
241.

De Klein, CA.M. & RSP van Logtestijn (1994) Denitrification in the top soil of managed
grasslands in The Netherlands in relation to soil type and fertiliser level. Plant and Soil
163, 33-44.

Klein de, CAM, RSP van Logtestijn, HG van der Meer, JH Geurink (1996) Nitrogen losses
due to denitrification from cattle slurry injected into grassland soil with and without a
nitrification inhibitor.Plant-and-Soil 183: 161-170.

Koops, ]G, O Oenema & ML van Beusichem (1996) Denitrification in the top and sub soil
of grassland on peat soils. Plant and Soil 184, 1-10.

OECD, 2001.Environmental Indicators for Agriculture, Executive summary, Paris, France

Velthof, GL, JA Nelemans, O Oenema & PJ Kuikman (2004a) Effect of dietary composition
on gaseous nitrogen and carbon losses from pig slurry during storage and after
application to soil. To be submitted to Journal of Environmental Quality.

Velthof, GL, CL van Beek, SLGE Burgers, B Fraters, P Groenendijk, MJD Hack-tenBroeke,
HP Oosterom, OF Schoumans, F de Vries & KB Zwart (2004b) Denitrification in the
zone between plough layer and shallow groundwater in sandy soils. Alterra rapport 730
(in Dutch)

Velthof GL, Koops ]G, Duyzer JH, Oenema O (1996) Prediction of nitrous oxide fluxes
from managed grassland on peat soil using a simple empirical model. Netherlands
Journal of Agricultural Science 44: 339-356.

Velthof GL, Oenema O, Postma R, Beusichem ML van (1997) Effects of type and amount
of applied nitrogen fertilizer on nitrous oxide fluxes from intensively managed grassland.
Nutrient Cycling in Agroecosystems 46: 257-267.

Velthof GL & Oenema O (1995) Nitrous oxide fluxes from grassland in the Netherlands: II.
Effects of soil type, nitrogen fertilizer application and grazing. European Journal of Soil
Science 46, 541-549.

Wrage N, Velthof GL, Beusichem ML van, Oenema O (2001) Role of nitrifier
denitrification in the production of nitrous oxide. Soil Biology and Biochemistry 33:
1723-1732.

Yoshinara T, Hynes R, & Knowles R 1977. Acetylene inhibition of nitrous oxide reduction
and measurement of denitrification and nitrification in soil. Soil Biology and
Biochemistry 9, 177-183

Zwart, KB 2003a. Denitrification in top soils and sub soils. Alterra report 724 (in Dutch)

Zwart, KB (2004) Denitrification in top soil and sub soil, data and model results.
Proceedings of the 12" N Workshop, Exeter September 22-24, 2003. In press

10



11



nitraatcor ies (I zand-put, klei-drain en veen-sloot water)

bij natuur en landbouw

Figure 1 Nitrate concentrations in shallow ground water in the Netherlands (sonrce RIV"M)
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Figure 4 Nitrate concentrations in deeper groundwater in two areas in the Netherlands
(Source TNO)
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