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a b s t r a c t

The effects of repeated synthetic fertilizer or cattle slurry applications at annual rates of 50, 100 or

200 m3 ha�1 yr�1 over a 38 year period were investigated with respect to herbage yield, N uptake and

gross soil N dynamics at a permanent grassland site. While synthetic fertilizer had a sustained and

constant effect on herbage yield and N uptake, increasing cattle slurry application rates increased the

herbage yield and N uptake linearly over the entire observation period. Cattle slurry applications, two

and four times the recommended rate (50 m3 ha�1 yr�1, 170 kg N ha�1), increased N uptake by 46 and

78%, respectively after 38 years. To explain the long-term effect, a 15N tracing study was carried out to

identify the potential change in N dynamics under the various treatments. The analysis model evaluated

process-specific rates, such as mineralization, from two organic-N pools, as well as nitrification from

NH4
þ and organic-N oxidation. Total mineralization was similar in all treatments. However, while in an

unfertilized control treatment more than 90% of NH4
þ production was related to mineralization of

recalcitrant organic-N, a shift occurred toward a predominance of mineralization from labile organic-N in

the cattle slurry treatments and this proportion increased with the increase in slurry application rate.

Furthermore, the oxidation of recalcitrant organic-N shifted from a predominant NH4
þ production in the

control treatment, toward a predominant NO3
� production (heterotrophic nitrification) in the cattle

slurry treatments. The concomitant increase in heterotrophic nitrification and NH4
þ oxidation with

increasing cattle slurry application rate was mainly responsible for the increase in net NO3
� production

rate. Thus the increase in N uptake and herbage yield on the cattle slurry treatments could be related to

NO3
� rather than NH4

þ production. The 15N tracing study was successful in revealing process-specific

changes in the N cycle in relationship to long-term repeated amendments.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Repeated application of cattle slurry to grassland is a common

farming practice in many areas of the world. Grasslands cover

approximately 40% of the Earth’s landmass (White et al., 2000). In

Europe, approximately half of the agricultural area is grassland and

slurry is regularly applied to a large proportion of it. Application of

mineral N and/or organic-N in the form of manure has a positive

effect onplant growthandNuptake (Shimizu et al., 2009). Organic-N

has the advantage that it will increase the residual organic-N,

thereby increasing the long-term fertilizerNvalue (Reijs et al., 2005).

Organic manures contain both a range of easily degradable

organic C and N and mineral N compounds (Beauchamp et al.,

1989). Studies have shown that repeated long-term applications

of organic manures will enhance soil organic C and N contents,

particularly the more labile soil organic matter, as well as soil

microbial biomass and enzyme activity (Hao et al., 2003;

Kirchmann et al., 2004; Mallory and Griffin, 2007; Zaman et al.,

2004). At low rates of organic amendments it has been reported

that the bacterial (and not the fungal) biomass is stimulated

(Bittman et al., 2005; Marschner et al., 2003). The concentrations of

soil organic C and N are often linearly related to the amount of

manure applied, thus both the number of repeated amendments

and the rate of application can affect the potentially available N in

soil after slurry applications (Hao et al., 2003; Mallory and Griffin,

2007; Zaman et al., 2004). Furthermore, repeated slurry applica-

tions will have a long-term effect on soil characteristics such as the

pore size distribution, water status or pH, which can indirectly
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influence soil C and N dynamics (Curtin and Wen, 1999; Thomsen

et al., 1999). Since changes in organic C and N occur slowly (e.g.

results from the Rothamsted Broadbalk study show that it may take

a 100 years to reach a new equilibrium) (Kirchmann et al., 2004),

observations from long-term amendment studies are extremely

valuable.

Readily available C and N in organic manure increase the micro-

bial biomass and its subsequent activity which in turn affects the

mineralization rates (net release of NH4
þ and NO3

�) (Mallory and

Griffin, 2007). A typical observation made after repeated long-term

applications is that net NO3
� production (net nitrification) is stim-

ulated but not net NH4
þ production (net ammonification)

(Habteselassie et al., 2006). This leads to enhanced NO3
� concen-

trations in the soil which can enhance NO3
� leaching, potential

denitrification activity and gaseous N emissions (Dambreville et al.,

2006; Hao et al., 2003; Rochette et al., 2000; Zaman et al., 2004).

One laboratory study showed that the rate of gross NO3
� production

after slurry application in a temperate grassland soil was enhanced

more than 20-fold, possibly as a result of heterotrophic activity being

stimulated (Müller et al., 2003). Another study showed that the

availability of recently added N to soil was strongly affected by the N

amendment history and whether organic or mineral N fertilizer had

been applied (Mallory and Griffin, 2007). Organic manures tend to

increase the more labile soil organic matter (SOM) which is charac-

terized by an enhanced decomposability (Kirchmann et al., 2004;

Sleutel et al., 2006). Thus, SOM mineralization is related to at least

two conceptual SOM pools, decomposition of a passive/slow SOM

pool and an active/labile SOM pool. Mallory and Griffin (2007)

showed that such an approach was successful when predicting

SOM mineralization (NO3
� production) in soil after slurry applica-

tion. They also showed that historic amendments reduced the

availability of recently applied N, due to immobilization of N into the

active SOM pool. High N immobilization is likely related to an

increase in microbial biomass and may also explain the reduced

leaching observed after slurry amendment in another grassland

study (Bittman et al., 2005). Thus, there is evidence to suggest that N

transformations after slurry application are affected by N amend-

ment history.

Mallory and Griffin (2007) concluded that net rates are difficult

to interpret because of the various production and consumption

processes that occur simultaneously. While net N transformation

studieswill showhow the availability ofmineral N (NH4
þ andNO3

�)

is affected, these studies fail to provide amechanistic explanation of

how the N amendment history affects specific N transformation

pathways in soil. For instance, amendment with organic-N may

enhance the gross NH4
þ production in soil, but at the same time

increasing organic C may also stimulate N immobilization into

microbial biomass. Thus net NH4
þ production rates may remain

unaffectedwhile the overall turnover of NH4
þmay increase, leading

to a more active and dynamic system.

We evaluated the dry-matter production and N uptake pattern

from various field plots at a grassland site in Northern Ireland over

the last 38 years. To explain changing biomass production and N

uptake rates over this period, in particular under slurry application,

it was hypothesized that slurry must have had an effect on the

internal nitrogen Mineralization-Immobilization-Turnover (MIT) in

the soil. Thus, a 15N tracing study was carried out to identify

potential impacts of antecedent slurry application on gross soil N

transformations in the different treatments to help explain the

observed long-term N uptake trends. To obtain a process-based

understanding of the N dynamics under repeated slurry amend-

ments, it is important to evaluate the individual gross N trans-

formation rates (Mallory and Griffin, 2007). Therefore, in this study

we used a 15N tracing technique with a grassland soil to which one

rate of synthetic fertilizer or slurry at three different rates had been

applied each year since 1970 (Christie, 1987). The 15N tracingmodel

considered pool size specific N transformation rates. Furthermore,

in line with previous studies we used a model that considered two

soil organic matter pools, an active (labile) and a slow (recalcitrant)

soil organic matter pool (Mallory and Griffin, 2007; Thomsen and

Olesen, 2000). The division into two conceptual SOM pools is

supported by studies showing that the soil C:N ratio in long-term

studies shifts toward labile SOM and higher enzyme activity with

slurry applications (Kirchmann et al., 2004). Thus, the main aim of

the current study was to show how repeated long-term applica-

tions of synthetic fertilizer and various rates of slurry applications

influence the internal N dynamics, and in particular the individual

gross N transformation rates, in a grassland soil. The potential N

release (particularly in the form of NO3
�) under various long-term

slurry application rates has implications for N fertilizer recom-

mendations and fertilizer and slurry management strategies.

2. Materials and methods

2.1. Site description and experimental setup

The field experiment from which the soil samples were taken

was described in detail by Christie (1987). Briefly, the soil (a clay

loamwith 42% sand, 24% silt and 34% clay) has developed on glacial

till overlying Silurian shales and greywackes, has an organic matter

content of 4.25%, and its hydrogeological class number within HOST

(Hydrology of Soil Types) is 18 sensu Boorman et al. (1995). The site

is considered typical of a substantial area of grassland in Northern

Ireland. Forty-eight rectangular plots, each 29.75 m2 in area, were

established in 1970 on a re-seeded perennial ryegrass sward at

Hillsborough, Co. Down (O.S. Grid Reference J 244577) at an

elevation of about 120 m above sea level. There are eight treat-

ments: (1) unamended control (received fertilizer as in (2) for 3

years (1970e1972) and then no further nutrient applications); (2)

fertilizer control receiving 200 kg N (as ammonium nitrate until

June 1974 and subsequently as urea), 32 kg P and 160 kg K ha�1 yr�1

to maintain a balance of NPK inputs and outputs; (3)e(5) cow

slurry applied at 50, 100 or 200 m3 ha�1 yr�1; (6)e(8) pig slurry

applied at the same three rates. There were six replicates giving

a total of 48 plots in a randomized block design with two replicates

of each treatment fully randomizedwithin each of three blocks. The

sward was cut three times each year at the silage stage, approxi-

mately at the end of May, July and September. The fertilizer and

slurries were applied by hand and by watering can respectively in

three equal dressings, first in spring after annual soil sampling and

again immediately after the first two herbage cuts.

2.2. Determination of herbage dry-matter and % N in herbage

Herbage was dried at 60 �C and subsequently ground with a ball

mill (Retsch, Germany). Total N in the herbage was determined by

Kjeldahl digestion in the years from 1970 to 1988 and thereafter by

using a Carlo Erba NA1500 elemental analyzer (Carlo Erba, Milan,

Italy).

2.3. Experimental treatments used in laboratory study

For determination of gross N dynamics (see Section 2.4), soil

samples were collected from treatments (1)e(5) in February 2007

to compare three application rates of cow slurry with both types of

control. The treatments are referred to as control (CT), fertilizer

control (CF), slurry-low, 50 m3 ha�1 yr�1 (SL), slurry-medium,

100 m3 ha�1 yr�1 (SM) and slurry-high, 200 m3 ha�1 yr�1 (SH). Ten

soil cores were randomly taken per plot to a depth of 10 cm, sieved

(<6 mm) and stored at 4 �C for one week before use. Within each

C. Müller et al. / Soil Biology & Biochemistry 43 (2011) 1362e1371 1363



treatment, soil sampled from the two replicates in each block was

combined to give triplicate composite samples. Immediately before

the start of the experiment the soil was air-dried at 30 �C and

passed through a 2 mm sieve. Soil subsamples were dried at 105 �C

for 24 h to determine the oven-dry soil weight.

The equivalent of 100 g of oven-dry soil was placed in acid

washed 500 ml preserving jars (Kilner jars). An aliquot of differ-

entially 15N labelled ammonium nitrate (NH4NO3) was uniformly

applied over the soil surface in each jar using a pipette, in which

either the ammonium (15NH4NO3), nitrate (NH4
15
NO3), or both

moieties (15NH4
15
NO3) were labelled with 15N at 60 atom % excess.

The NH4NO3 was applied at a rate of 100 mg N g�1 (50 mg g�1 as

NH4
þ-N and 50 mg g�1 as NO3

�-N) in sufficient volume of liquid to

attain a target soil water-filled pore space of 65%. The jars (225 in

total) were incubated at 20 �C, prior to soil extractions at 24, 48, 72,

96 and 120 h after NH4NO3 application.

2.4. Determination of mineral N concentration and 15N enrichment

The soil in each jar was extracted with 2 M KCl (1:1 w/v

proportion of soil to KCl). Portions of each suspension were centri-

fuged immediately at 2000�g for 5 min and the supernatantfiltered

sequentially through GF/D and GF/F glass-fibre papers (Whatman

International Ltd, Kent, UK). Filtrates were stored at 4 �C prior to

analysis within 2 days for concentration and 15N enrichment of

NH4
þ and NO3

�.

Concentrations of NO3
� and NH4

þ in the KCl extracts were

determined by segmented-flow analysis (Technicon Random Access

Automated Chemistry System 800þ, Bran and Luebbe, Norderstedt,

Germany). Nitrate was determined by the sulphanilami-

deenaphthylethylenediamine method after Cd reduction to NO2
�.

Ammonium was determined by the indophenol blue method

(Keeney and Nelson, 1982).

The 15N contents of the NO3
� and NH4

þ were determined by

methods based on the generation of N2O for Ion Ratio Mass Spec-

trometetry (IRMS). The production of N2O fromNO2
� and NO3

�was

based on the reaction between NO2
� and NH2OH in acid conditions,

the NO3
� having been reduced to NO2

� with Cd (Stevens and

Laughlin, 1994). The production of N2O from NH4
þ consisted of

a diffusion stage where NH3 was absorbed into H2SO4 and an

oxidation step where recovered (NH4)2SO4 was oxidized to N2 by

alkaline NaOBr, during which N2O was produced as a by-product

(Laughlin et al., 1997).

2.5. Quantification of gross N transformation rates

Gross soil N dynamics were determined with a 15N tracing

approach according to Müller et al. (2007). The principle of the

method relies on the simulation of the experimental data with a N

cycle model (Fig. 1) in combination with a model parameter opti-

mization procedure. The aim of the optimization procedure is to

determine a set of model parameters that produce a model output

similar to the experimental data. The key of the procedure lies in the

optimization algorithm which needs to unambiguously determine

the model parameters. Here we use a Markov Chain Monte Carlo

(MCMC) method which has been shown to produce reliable results

for a largenumberofparameters (Knorr andKattge, 2005;Metropolis

et al., 1953; Müller et al., 2007). The model (Fig. 1) considered ten

gross N transformations: MNrec, mineralization of recalcitrant

organic-N to NH4
þ; MNlab, mineralizatic1-N to NH4

þ; INH4 Nrec,

immobilization of NH4
þ into recalcitrant organic-N; INH4 Nlab,

immobilization of NH4
þ into labile organic-N; ONH4

, oxidation of

NH4
þ to NO3

� (autotrophic and heterotrophic nitrification); ONrec,

oxidation of recalcitrant organic-N to NO3
� (heterotrophic nitrifica-

tion); INO3
, immobilization of NO3

� to recalcitrant organic-N and

DNO3
, dissimilatory NO3

� reduction to NH4
þ; ANH4

, adsorption of

NH4
þ on cation exchange sites; RNH4 ads, release of adsorbed NH4

þ.

The transformation rates were calculated either by zero- or first-

order kinetics. The model calculated gross N transformation rates by

simultaneously optimizing the kinetic parameters for the various N

transformations by minimizing the misfit between modelled and

observed (mean� standard deviations) NH4
þ and NO3

� concentra-

tions and their respective 15N enrichments (Müller et al., 2004). A

unique parameter set was optimized for the entire duration of the

study. Analyses using this parameter optimization concept in

previous studies have shown that the mineralization of two

conceptual organic-N pools produced realistic NH4
þ dynamics (e.g.

Cookson et al., 2006; Huygens et al., 2007; Müller et al., 2004). The

advantage of 15N tracing studies over the commonly used pool

dilution technique (Kirkham and Bartholomew, 1954) which deter-

mines gross N production and consumption rates is, that process

related N rates of the mineralization-immobilization-turnover (MIT)

dynamics can be evaluated (Rütting and Müller, 2007). For instance,

gross N mineralization rates from various SOM pools (labile, recal-

citrant SOMpools;MNlab andMNrec in Fig.1) can be quantified aswell

as process related nitrification rates (related to the oxidation of NH4
þ

and organic-N; ONH4
and ONrec in Fig. 1).

Parameter optimization was carried out with a Markov Chain

Monte Carlo Metropolis algorithm (MCMC-MA) which performs

a randomwalk in model parameter space and is very robust against

local minima (Müller et al., 2007). The misfit function between the

simulation output and observations, (see eq. (3) in Müller et al.,

2007) takes into account the variance of the individual observa-

tions. Thus, the uncertainties in the experimental data are taken into

account for parameter quantification and can have an impact on the

standard deviation of each parameter (Rütting and Müller, 2007).

The optimization procedure samples the probability density func-

tion (PDF) of parameters, from which parameter averages and

standard deviations are calculated. The MCMC-MA routine is pro-

grammed in the software MatLab (Version 7, The MathWorks Inc.),

which calls models that are set up in Simulink (Version 6, The

MathWorks Inc.). A description of the model and the optimization

procedure can be found in Müller et al. (2007).

2.6. Calculation procedures, statistics and presentation of results

The total annual dry-matter production was calculated as the

sum of the three harvests per year. The values for cut 3 in 1982 and

cut 2 in 1998 were missing. They were estimated based on 5 year

averages before and after the respective cut. Nitrogen uptake by

plants was determined by multiplying the individual dry-matter

production of each plot with the associated % N content. The total N

uptake was calculated as the yearly sum. Both the dry-matter yield

N
rec

N
lab

NH
4

+
ads

NH
4

+ NO
3
-

MNrec
MNlab

ONrec

ONH4

DNO3

INO3

INH4_Nlab

RNH4a

INH4_Nrec

ANH4

Fig. 1. 15N tracing model for analysis of gross soil N transformation rates. Abbreviations

are explained in the text (Section 2.5).
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and N uptake are presented as averages� standard deviations.

Linear regressions of N uptake vs. time (years) were calculated for

each treatment. The slope of this relationship showed how plant N

uptake changed over time as a result of long-term applications of

repeated amendments.

Statistical analysis was carried out with MatLab (Version 7., The

MathWorks Inc.). Test of normality and equal variance tests were

carried out with the MatLab procedures lillietest and vartestn

respectively. The analysis of variance and pair-wise comparison

were calculated via theMatLab procedures anovan andmultcompare

at a significance level of 0.05, using a Tukey’s least significant

difference procedure. The statistical analysis considered the factors

Year, Cut (harvest), Block (repetitions) and Treatment (N treatment).

To obtain the most suitable parameter set for the 15N tracing

analysis that was able to simulate the observed data, variations of

the model depicted in Fig. 1 were evaluated. These modifications

included/excludedNpools (such asNH4ads), N transformations (e.g.

DNO3
;ONrec) and variations of kinetic settings (e.g. trying out various

combinations of zero- and first-order kinetics) for the different N

transformations. The most suitable model was identified based on

Akaikes Information Criterion (AIC) for eachmodel version. Such an

approach is in line with general parameter estimation procedures

(Cox et al., 2006) and has been successfully used for parameter

estimation with this 15N tracing model (e.g. Müller et al., 2009;

Rütting et al., 2011; Zhang et al., 2011). For N transformations

following first-order kinetics, average gross N rates were calculated

by integrating the gross N rates over the experimental period,

divided by the total time (Rütting and Müller, 2007). A one-way

ANOVA was calculated based on the averages and standard devia-

tions of the individual N transformation rates to identify if the five

treatments were significantly different. Pair-wise comparisons of

the N transformation rates for all treatment combinations were

calculated with the HolmeSidak test. Based on the actual experi-

mental repetitions, the least significant differences (LSD) were

calculated for each N transformation rate (presented as an error bar

in Figs. 4 and 5). This presents the most conservative way to

calculate LSDs because the number of iterations for the determi-

nation of averages� standard deviations for each N transformation

was much higher. However, the observed error in the observations

is linked to the number of actual repetitions, and is reflected in the

probability density function (PDF) of each parameter (Rütting and

Müller, 2007). The ANOVA and pair-wise comparisons for each N

transformationwere calculatedwith SigmaPlot (Version 11.0, Systat

Inc.) and the LSDs were calculated in Excel 2003 (Microsoft Corp.).

The presentation of results focused on the main gross N trans-

formation rates, mainly mineralization (from labile and recalcitrant

organic-N) and nitrification (NH4
þ and organic-N oxidation) which

represented 68e92% of the observed N dynamics in all treatments.

For the calculation of net NH4
þ and net NO3

� production (Fig. 5) the

rates related to the consumption of NH4
þ and NO3

� (Table 1) were

taken into account, i.e.

net NHþ
4 production ¼ MNrec þMNlab þ RNH4a þ DNO3

� INH4 Nrec � INH4 Nlab � ANH4
� ONH4

(1a)

net NO�
3 production ¼ ONH4

þ ONrec � INO3
� DNO3

(1b)

3. Results

3.1. Dry-matter production and N uptake between 1970 and 2009

Annual dry-matter production and N uptake between 1970

and 2009 are presented in Fig. 2 for five treatments (control, CT;

controlþ fertilizer, CF; slurry-low, SL; slurry-medium, SM; slurry-

high, SH). In general, dry-matter yield and N uptake showed

a similar trend: decreasing in the CT treatment, stayingmore or less

constant in the CF and SL treatments and increasing over time in

the SM and SH treatments. The statistical analysis revealed that

there was only a statistically significant treatment effect but no

effect with respect to time or cutting regime. The initial mean yields

were similar in all treatments, ranging from 670 (SL) gm�2 to 770

(SH) gm�2. In the years 1970e1972 the CT plots received fertilizer

at the same rate as the CF plots (Fig. 2). In 1973, the first year

without N application, the mean yield decreased in CT from

730 gm�2 to approx. 450 gm�2 and then further to 230 gm�2 in

the last 3 years (2007e2009) of the observation period. In the CF

and SL treatments the mean yields stayed more or less constant

over the observation period at 770 gm�2 and 620 gm�2 respec-

tively. The average yields of the SM and SH treatments were

930 gm�2 and 1050 gm�2, respectively. Thesewere not only higher

than the yields in the other treatments (p< 0.05) but also showed

an increase over time from 710 and 750 gm�2, respectively in the

first 3 years to 1090 and 1290 gm�2, respectively in the last 3 years

(2007e2009) of the observation period (p< 0.05).

The annual N uptake differed with treatment (p< 0.05). In the

CT plots the mean annual N uptake decreased slightly from

6.8 g Nm�2 (1973e1975) to 4.0 g Nm�2 (2007e2009) (as indicated

by the regression slope of �0.065). The fertilizer effect was similar

in all treatments in the first 3 years of the study (ranging from

10.3 g Nm�2 (SL) to 13.1 g Nm�2 (SH)). In the CF and SL treatments

the mean annual N uptake stayed more or less constant at 12.6

and 9.3 g Nm�2, respectively while it increased over time in the

SM and SH treatments from 11.4 and 13.1 g Nm�2, respectively

(1970e1972) to 16.6 and 23.3 g Nm�2, respectively (2007e2009).

The slope of the relationship between N uptake and time was

dependent on the slurry application rate and was highest in the SH

treatment (i.e. slopes of the SL, SM and SH treatment were 0.018,

0.150 and 0.244 respectively, Fig. 2). Based on average N uptake

rates in the years 1970e1972 and 2007e2009, the additional N

uptake stimulated by slurry application over time corresponded

to 2.4, 51.8 and 102.3 kgN ha�1 in the SL, SM and SH treatments,

respectively.

3.2. 15N tracing analysis

The observed and simulated concentrations and 15N enrich-

ments of NH4
þ and NO3

� agreed well for all treatments (Fig. 3).

The changes in NH4
þ and NO3

� concentrations and the dilution of

the 15NO3
� excess when NO3

� was labelled indicated that NO3
�

production increased gradually from the CT treatment to the

treatment with the highest slurry application (SH) (Fig. 3).

Table 1

N transformation rates (averages� stdev in brackets) after 38 years of repeated

synthetic fertilizer and increasing slurry applications in permanent grassland. Rates

are in mg N g�1 d�1 (for explanation of the N rates see section 2.5) (kinetics: 0¼ zero-

order, 1¼ first-order).

N rates Kinetics Control Fert-Cont Slurry-low Slurry med Slurry-high

MNrec 0 4.74(0.16) 4.45(0.51) 3.50(1.47) 2.42(0.47) 1.04(0.71)

INH4 Nrec 0 0.34(0.24) 1.01(0.47) 0.05(0.03) 3.84(0.44) 1.87(0.44)

MNlab 1 0.29(0.13) 0.66(0.45) 4.00(1.55) 3.82(0.40) 4.63(0.97)

INH4 Nlab 1 0.54(0.22) 0.33(0.19) 0.33(0.31) 0.65(0.49) 0.91(0.50)

ONrec 0 0.02(0.02) 0.05(0.02) 0.36(0.13) 1.87(0.27) 2.58(0.22)

INO3
0 0.08(0.07) 0.04(0.03) 0.06(0.03) 0.14(0.12) 0.07(0.05)

ONH4
0 0.07(0.04) 1.43(0.07) 2.16(0.15) 5.73(0.15) 10.21(0.21)

DNO3
0 0.01(0.00) 0.05(0.00) 0.06(0.04) 0.10(0.01) 0.12(0.01)

ANH4
1 0.40(0.25) 0.30(0.22) 0.21(0.14) 0.22(0.04) 0.18(0.11)

RNH4a 1 0.04(0.03) 0.06(0.06) 0.15(0.08) 1.41(0.34) 0.39(0.18)
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3.3. NH4
þ dynamics under long-term fertilizer and increasing slurry

application rates

Ammonium production via mineralization ðMtot ¼MNrecþMNlabÞ

of organic-N was not significantly different between treatments and

ranged from 5 mg g�1 d�1 to 7.5 mg g�1 d�1 (Fig. 4a). The model esti-

mated ratesofmineralization fromrecalcitrantorganic-N ðMNrecÞand

from labile organic-N (MNlab). Values of MNrec decreased from

4.7 mg N g�1 d�1 in the CT treatment to 1.0 mgN g�1 d�1 in the SH

treatment with significantly different rates between CT and the two

highest slurry application rates (SM, SH) and between CF/SL and SH

(P< 0.05) (Fig. 4a). TheMNlab rates increased from0.3 mgN g�1 d�1 in

the CT treatment to 4.6 mgN g�1 d�1 in the SH treatment with

significant differences between CT/CF and all slurry treatments

(Fig. 4a).MNlabwas not statistically different among the slurry treat-

ments (for thedynamics of theNrecpools see Section3.6). Themodel

calculated total NH4
þ consumption as the sum of NH4

þ immobiliza-

tion into microbial biomass associated with the recalcitrant ðMNrecÞ

and labile (MNlab) organic-Npool, adsorptiononexchange sites ðANH4
Þ

and oxidation of NH4
þ to NO3

� ðONH4
Þ (Fig.1). On average adsorption

ðANH4
Þ accounted for <5% of total mineralized NH4

þ (Mtot) in all

treatments. Immobilization into organic-N pools accounted for on

average 34% ofMtot. Oxidation of NH4
þ to NO3

� ðONH4
Þwas 1, 28, 29,

92 and 180% ofMtot for treatments CT, CF, SL, SM and SH, respectively.

Moreover, ONH4
accounted for 5 (CT)e78% (SH) of the total NH4

þ

consumption. The highest relative NH4
þ consumption rates via ONH4

(55e78%) were associated with the slurry treatments (Table 1).

3.4. NO3
� dynamics under long-term fertilizer and increasing

slurry application rates

Themodel analysis showed that NO3
� production occurred in all

treatments via NH4
þ oxidation ðONH4

Þ and organic-N oxidation

ðONrecÞ. BothONH4
and ONrec responded non-linearly to fertilizer and

increasing slurry application rates (Fig. 4b). The total rate of NO3
�

production ðONH4
þ ONrecÞ ranged from 0.09 mg N g�1 d�1 (CT) to

12.8 mg N g�1 d�1 (SH) and rates were significantly different from

each other (p< 0.05) (Fig. 4b). NH4
þ oxidation ðONH4

Þ in the control

and slurry treatments accounted on average for 81% of total NO3
�

production ðONH4
=ðONH4

þ ONrecÞÞ, while in the fertilizer treatment

it accounted for 97% of total NO3
� production (Fig. 4b).

The consumption of NO3
� was calculated in the model as the

sum of NO3
� immobilization ðINO3

Þ and dissimilatory NO3
� reduc-

tion to NH4
þ ðDNO3

Þ (range: 0.09e0.23 mg N g�1 d�1) and was found

to be an order of magnitude smaller than NH4
þ consumption

(range: 1.4e13.2 mg N g�1 d�1). While in the CT treatment more

than 91% of NO3
� consumption was related to immobilization, in

the CF and slurry treatments this value ranged from 35% to 58%,

indicating that DNRA became relatively more pronounced with N

application. However, DNRA rates were relatively small compared

to the other N transformation rates (Table 1).

3.5. Net mineral N production

Net NH4
þ and NO3

� production rates in the treatments were

calculated with eqs. (1a) and (1b), respectively. Net NH4
þ production

rates ranged from �7 (SH) to 5 (SL) mgNg�1d�1 showing that in the

two highest slurry treatments a net NH4
þ consumptionwas observed

(Fig. 5a). The net NH4
þ productionwas significantly different between

the SH treatment and treatments CT, CF and SL and between the SM

and SL treatment. All other combinations were not significantly

different. Calculation of net NH4
þ production without the consider-

ation of NH4
þ oxidation ðONH4

Þ resulted in net NH4
þ production rates

between 3 and 7.1 mgNg�1 d�1 which were not significantly different

among all treatments (data not shown). Thus, differences in NH4
þ
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oxidation ðONH4
Þ rate aremainly responsible for the observed effect on

netNH4
þ production in the various treatments. Total NO3

� production

in the CT treatment matched the total NO3
� consumption (NO3

�

production/NO3
� consumption¼ 1). However, NO3

� production was

16,20,32and68timeshigher thanNO3
� consumption in theCF, SL, SM

and SH treatments, respectively. The imbalance between production

and consumptionofNO3
� is reflected in thenetNO3

�production rates

which increased significantly between all treatments ranging from

0 mgNg�1d�1 (CT) to 12.6 mgNg�1d�1 (SH) (Fig. 5a).

3.6. Dynamics of the recalcitrant organic-N (Nrec) for the

production of mineral N

The model calculated rates of NH4
þ ðMNrecÞ and NO3

� produc-

tion ðONrecÞ originating from the recalcitrant organic-N (Nrec) pool

in the soil. The production of mineral N via these two pathways

relative to total mineral N production accounted for 94, 86, 48, 45

and 42% in the CT, CF, SL, SM and SH treatments, respectively. The

total production of mineral N (NH4
þþNO3

�) from Nrec, ranged
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from 3.6 mg N g�1 d�1 to 4.7 mg N g�1 d�1 (Fig. 5b) and was not

statistically different among treatments. However, the proportion

of NO3
� production ðONrecÞ from total Nrec oxidation increased

significantly from 0% (CT) to 71% (SH) (Fig. 5b).

4. Discussion

4.1. Permanent grassland and slurry applications

Organic manures such as cattle slurry have a high fertilizer value

and can therefore potentially replace or supplement synthetic

fertilizers. Taking into account the energy-demanding process for

the production of synthetic fertilizer it may be possible to consid-

erably reduce the CO2 emissions via a shift toward slurry based or

organic systems (Scialabba and Müller-Lindenlauf, 2010). However,

repeated slurry applications may alter the soil nutrient dynamics

and N availability in the long term (Kirchmann et al., 2004) and

thus affect grassland productivity as well as the production of

greenhouse gas emissions. This current study of repeated applica-

tions of fertilizer and slurry applications over a 38 year period is

particularly valuable because it provides important information on

the long-term effect these amendments have on herbage produc-

tion and soil N dynamics. Grasslands comprise approximately 93%

of the total area farmed in Northern Ireland of which 85% is

regarded as permanent grassland (>5 years old) (Census, 2009).

The total volume of slurry produced by housed animals in Northern

Ireland is approx. 14 millionm3 yr�1 at 6% dry-matter (Frost et al.,

2005), which if evenly spread over the total grassland area would

be equivalent to approx. 15 m3 ha�1 yr�1. The Nitrates Directive

Action Programme has a farm limit of 170 kgN ha�1 yr�1 from

livestock manures. Using an average N content of 3 kg Nm�3 for

dairy slurry at 6% DM (MAFF, 2000), this organic-N loading would

be reached with 57 m3 ha�1 yr�1 (close to the SL treatment). In the

current study, the 50 m3 ha�1 yr�1 treatment (SL) would be repre-

sentative of the application rate onmany farms in Northern Ireland,

but some fields may receive up to 100 m3 ha�1 yr�1. The highest

rate of slurry application in this study (200 m3 ha�1 yr�1) is higher

than allowed under the Nitrates Directive. The experiment was

setup in 1970 before the Nitrates Directive was in place and is still

continuing. Results from this study are therefore an ideal resource

to evaluate not only the effect of different slurry application rates

but also the effect that repeated applications have on N dynamics.

4.2. Effect of fertilizer and slurry application on dry-matter

production and N uptake

Dry-matter production was positively affected in response to N

supplied via fertilizer and slurry applications. While in the CT

treatment a small continuous decline inNuptakeoccurred, the other

treatments showed either a constant response over the 38 years (CF

and SL treatments) or an increasing response over time (SM and SH)

(Fig. 2). The average dry-matter production of 7748 kg N ha�1 yr�1

from the CF treatment where 200 kgN ha�1 yr�1 was applied is

within the range of dry-matter yield reported for lowland UK

grasslands (between 7000 and 8000 kgN ha�1 yr�1, Whitehead,
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Fig. 4. (a) Gross N mineralization rates from recalcitrant ðMNrecÞ and labile (MNlab)

organic matter and the relative proportion of MNlab to total mineralization

ðMNrec þMNlabÞ and (b) gross NH4
þ oxidation rates ðONH4

Þ and organic-N oxidation

rates ðONrecÞ and the relative proportion of ONH4
to total nitrification ðONH4

þ ONrecÞ in

a permanent grassland soil that had previously received repeated applications of

synthetic fertilizer or different rates of cattle slurry. LSD, least significant difference

when comparing any two means for P¼ 0.05.
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2000). Themain difference between fertilizer and slurry treatments

is the additional supply of organic material contained in the slurry

which is known to affect the size and the turnover of soil organic

matter (SOM) (Sleutel et al., 2006). Both, fertilizer and slurry had an

immediate effect on herbage yield and N uptake as indicated by

the fertilizer response in the first 3 years of the study. Based on the

observed N uptake in the CF treatment (200 kgN ha�1 yr�1) in the

first 3 years (1970e1972) and assuming a direct relationship

between N uptake and mineral N supply, the apparent N fertilizer

effect of the slurry would be 170, 183 and 216 kg N ha�1 yr�1 for the

SL, SM and SH treatments, respectively. However, the N supply

(based on a N content in the slurry of 3 kgNm�3) would be 150, 300

and 600 kgN ha�1 respectively. This highlights the inefficiency of N

use at high slurry application rates (Fig. 6). In contrast to the fertilizer

treatment, slurry stimulated additional N supply to the plants over

the years which resulted in a linear increase in N uptake over

time. The increase was dependent on the slurry application rate

(Fig. 2). The effect on N supply to plants is also reflected by the dose-

response curves betweenN supply andNuptake. This relationship is

clearly non-linear indicating a reduced efficiency of N uptake with

increasing slurry application rates. Furthermore the dose-response

curves are clearlydifferent between thebeginningand theendof the

observation period (Fig. 6). The dose-response curves (assuming

3 kg Nm�3 in the slurry) show three important aspects: (1) not all N

supplied via slurry is available for plant uptake (2) N is used very

inefficiently, especially in the high slurry treatments and (3) after

decades of slurry application the N supply can increase substantially

(almost 80% in theSH treatment) thus internalN supplymechanisms

are stimulated by slurry or rather the organic fraction contained

therein. However the increasing inefficiency with application rates

shows the increased risk ofN losses at higher application rateswhich

is of environmental concern due the threat of NO3
� leaching and/or

gaseous N emissions.

Thus changes in the dose-response curve are most likely

a reflection of the adaptation of the internal N cycle (Mallory and

Griffin, 2007). The additional annual increase in N supply to the

sward over the 38 years amounted to 0.18,1.5 and 2.4 kg N ha�1 yr�1

(slope in Fig. 2multiplied by 10 to convert gm�2 to kg N ha�1) in the

SL, SM and SH treatments, respectively. Thus, any tangible benefit in

yield and N uptake is only seen after decades of slurry applications.

TheNuptake of the sward in the SL, SMand SH treatments increased

between the first 3 years (1970e1972) and last 3 years (2007e2009)

of the observation period by 2, 52 and 102 kg N ha�1, respectively

corresponding to a relative increase, based on the initial fertilizer

response (1970e1972), of 2, 46 and 78% in the SL, SM and SH

treatment, respectively. While it is known that repeated long-term

slurry applications have an effect on SOM content and turnover,

particularly on the labile SOM pool, the detailed mechanisms

affecting soil N dynamics are still largely unknown (Kirchmann

et al., 2004; Mallory and Griffin, 2007).

4.3. Application of a 15N tracing analysis

The effect of slurry on gross N mineralization and nitrification

rates has been studied before (Habteselassie et al., 2006; Zaman

et al., 1999, 2004) but not after such a long-term amendment

period as in the current study.Moreover in previous studies the pool

dilution technique has been applied and this only quantifies the

gross NH4
þ and NO3

� production and consumption rates and does

not further differentiate specific gross N rates. To identify, for

instance, gross N mineralization rates from labile and recalcitrant

SOM, as suggested by Mallory and Griffin (2007), a 15N tracing

approach is required (Müller et al., 2007). Since the aim of this study

was to identify potential N dynamics and obtain a mechanistic

understanding of the simultaneously operating gross N trans-

formations after repeated long-term fertilizer and slurry applica-

tions, a laboratory study was carried out. As shown previously, the

rates obtained in such a studymay not necessarily reflect field rates,

which will vary in response to environmental conditions, but rather

reflect the potential gross N dynamics after long-termNapplications

under conditions of the experiment (Arnold et al., 2008). However,

the rates of mineralization and nitrification obtained in the current

studyarewithin the range reported inother grassland studies (Booth

et al., 2005).

4.4. Long-term effect of fertilizer and slurry applications on N

mineralization in grassland soils

Previous studies have shown that repeated slurry applications

affect the size of the labile organic-Npool (Habteselassie et al., 2006).

Christie and Beattie (1989) showed an increase in the soil microbial

biomass with increasing slurry application rates after 17 years at the

current study site. Here we showed that a shift in mineralization

toward labile organic-N occurred which was stimulated by

increasing slurry additions (Fig. 4a). Interestingly the overall gross

NH4
þ production (Fig. 4a) was not statistically different among

treatments which is in line with other long-term studies

(Habteselassie et al., 2006; Hao et al., 2003). Furthermore, instead of

a net NH4
þ production, as observed in the treatments CT, CF and SL,

a net NH4
þ consumption was observed in the two highest slurry

treatments (Fig. 5a). Calculationswith andwithout consideringONH4

showed that the NH4
þ turnover under the slurry treatments was

governed by the rate of NH4
þ oxidation which was affected by the

different slurry application rates. The total gross N mineralization

rates (5e7.5 mg g�1 d�1) were comparable with those of other long-

term studies where sewage sludge was applied (Zaman et al., 2004)

but were only half the gross rates determined in treatments where

liquid dairywaste hadbeen applied over 6 years (Habteselassie et al.,

2006). In the present studywe have shown that total mineralization

was only marginally affected by N application (Fig. 4a) and that the

declining mineralization toward NH4
þ ðMNrecÞ was compensated by

oxidation toward NO3
� ðONrecÞ (heterotrophic nitrification) (Fig. 5b),

which may be a mechanism driven by a shift in the microbial

community structure feeding on recalcitrant organic-N (Nrec)

(Laughlin et al., 2009; Marschner et al., 2003). The NH4
þ
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consumptionwasmainly drivenbyoxidation ofNH4
þ toNO3

� ðONH4
Þ

(Fig. 4b). Fast NH4
þ consumption and rapid NO3

� production have

also been observed in other long-term studies (Mallory and Griffin,

2007). Here we showed that a shift toward labile organic-N and

the increase in heterotrophic nitrification are most likely crucial

mechanisms leading to NO3
� build-up and are related to the supply

of organic constituents in slurry providing substrates for microbial

growth (Laughlin et al., 2008; Müller et al., 2003).

4.5. Long-term effect of fertilizer and slurry applications on

nitrification in grassland soils

Slurry application increased the oxidation of both NH4
þ and

organic-N so that the ratio of the two processes stayed more or less

the same for all slurry treatments. In the CF treatment NO3
� was

almost exclusively produced by NH4
þ oxidation (Fig. 4b). The

increase in nitrification due to mineral and organic amendments is

a general phenomenon (Schimel and Bennett, 2004). In addition to

autotrophic nitrification, which was the only NO3
� production

process considered by Schimel and Bennett (2004), it is the activity

and related NO3
� production of heterotrophic nitrifiers, as stimu-

lated by the organic amendments, that can explain the N dynamics

under long-term slurry amendments. In the current study, the

supply of organic material with the slurry stimulated heterotrophic

processes that produced NO3
� as well as NH4

þ.

5. Conclusions

The gradual increase in herbage yield and N uptake during long-

term repeated slurry applications showed that N dynamics

changed gradually in response to organic-N amendments, stimu-

lating additional N uptake and plant growth. Results also show that

an application of 200 kgN ha�1 yr�1 (e.g. supplied via mineral

fertilizer)was suboptimal (Fig. 6). Highest plant growthwas achieved

at the highest slurry application rate but at this rate N was used very

inefficiently, promotingpotentially highN losses. Processes related to

the turnover of organic-N are essential for the understanding of long-

term changes and productivity of grassland ecosystems. There was

a large impact on soil NH4
þ and NO3

� dynamics in soil that had

received repeated slurry applications over 38 years. Increasing slurry

application rates promoted a number of changes in the soil, including

a shift from N mineralization of recalcitrant organic-N to labile

organic-N, a shift from NH4
þ production toward NO3

� production of

the Nrec pool and a stimulation of autotrophic and heterotrophic

nitrification. The NO3
� increase is of concern due to its ecological

significance, increasing the potential for NO3
� losses via leaching

and/or gaseous N emissions. This is supported by a 9 year study

adjacent to the current site which showed that the loss of NO3
� to

drainage water was linearly related to N input (Watson et al., 2000).

At recommended levels of slurry application (50 m3 ha�1) no addi-

tionalNwasproducedduring long-term repeated slurryapplications.

This study provides a process-based explanation of how repeated

slurry applications affect the internal mineralization-immobiliza-

tion-turnover in permanent grassland soils. To link the observed

results with biological function in the various treatments, future

work should focus to identify themicrobial community patterns and

the related activity that have developed under long-term repeated N

amendments.
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