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Abstract Increasing the digestibility of cattle

rations by feeding grains and whole plant silages

from maize have been identified as effective options

to mitigate greenhouse gas emissions. The effect of

ploughing grassland for maize crops have not been

taken into account yet. A intensive dairy farm is used

as an example to demonstrate the trade offs by this

type of land use change when more maize silage is

fed to dairy cows. The model DAIRY WISE has been

used to calculate the mitigation by the changed

ration, the Introductory Carbon Balance Model to

calculate the changes in soil organic carbon and

nitrogen caused by ploughing grassland for maize

crops. The losses of soil carbon and the loss of

sequestration potential are much larger than the

annual mitigation by feeding more maize. The

ecosystem carbon payback time defines the years of

mitigation that are needed before the emissions due to

land use change are compensated. For ploughing

grassland on sandy soils, the carbon payback time is

60 years. A higher global warming potential for

methane can reduce the carbon payback time with

30%. Ploughing clay soils with a higher equilibrium

level of soil organic matter increases the payback

time by maximally 70%. The payback times occur

only in the case of permanent maize cropping, grass

maize rotations cause annual losses of nitrous oxide

that are larger than the mitigation by feeding more

maize.

Keywords Mitigation � Land use change �
Carbon sequestration � Modelling

Introduction

Livestock contributes significantly to the total green-

house gas (GHG) emissions (Steinfeld et al. 2006),

with land use change, enteric fermentation from

ruminants and manure management as the largest

contributors.

Mitigation is necessary to reduce these emissions.

Several mitigation options for intensive dairy farming

have been mentioned focusing on reduction of nitrous

oxide emissions by reducing fertilizer use and

reduction of methane emissions by changing the

animals diet to reduce enteric fermentation (Schils

et al. 2005; Lovett et al. 2006; Olesen et al. 2006).

Manure management including anaerobic digestion

of manure is an interesting options for other sectors,

such as beef cattle, pigs and poultry as well (Carrere

et al. 2009).

Mitigation can be counteracted by trade offs (van

Groenigen et al. 2008). They illustrated this for

reducing N-losses and found possible trade offs in

methane emission from manure storage. Increased

nitrous oxide emissions are discussed as a potential
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trade off of carbon sequestration and no tillage

systems (Desjardins et al. 2005; Johnson et al. 2007).

The loss of soil carbon as a consequence of land use

change has been recognized as an important trade off

for production of biofuels (Fargione et al. 2008) and

for deforestation due to the use of soy as a

concentrate component in intensive livestock pro-

duction systems (Wassenaar et al. 2007; Garnett

2009). At the same moment the importance of soil

carbon stocks in reducing greenhouse gas emissions

has been emphasized (IPCC 2007; Smith 2008).

Because methane from enteric fermentation is an

important contributor to the GHG emissions on dairy

farms, much effort is put on changing the animals

ration to reduce these emissions. Increase of the feed

digestibility by using more feed crops as grains and

whole plant silages from e.g. maize have been

identified as effective mitigation options (Schils

et al. 2007b; Beauchemin et al. 2008). Silage maize

also played an important role in the last decades in

reducing the N content of the cattle’s ration and

increasing the overall digestibility of the ration (Aarts

et al. 1999; Luo et al. 2008). The increase in maize

area in The Netherlands in the last part of the

twentieth century caused a large increase in GHG

emissions by ploughing vast areas of grassland for

maize cropping (Vellinga et al. 2004). It is to be

expected that a further increase of the area of energy

rich feed crops such as maize will at least partly occur

at the expense of the grassland area. Ploughing up

grassland leads to large losses of soil organic C and N

(Vellinga et al. 2004; Pineiro et al. 2009) and the

aimed reduction of enteric fermentation will have its

trade off by the increased emissions by land use

change. This effect is similar to what is found in the

case of land use change for the production of biofuel

crops as soy bean and sugar cane in Brazil, oil palm

in South East Asia and corn in the United States of

America. The magnitude of the losses of soil organic

C and N depends on the region, the previous land use

and the used crop (Fargione et al. 2008; Pineiro et al.

2009). The use of no-tillage systems is also known to

have significant effects on the levels and sequestra-

tion rates of soil organic C and N (Grant et al. 2004;

Six et al. 2004; Chatskikh et al. 2008). The use of no

tillage systems is increasing in North and South

America and in Europe as well.

Time plays an important role; land use change

occurs once, initiating large emissions for a limited

number of years, whereas the mitigation is realized at

a constant level every year. (Gibbs et al. 2008)

defined the Ecosystem Carbon Payback Time to

calculate how many years it takes before the emis-

sions caused by land use change are compensated by

the mitigation.

So far, the trade off of land use change and the

time it takes to compensate this trade off has not been

calculated for mitigation options on intensive dairy

farms in North Western Europe, Canada and New

Zealand (Schils et al. 2007b; Beauchemin et al. 2008;

Luo et al. 2008). It is the goal of this paper to get

insight in the cumulative effects over time of

changing animal diets as a mitigation option and

the nitrous oxide and carbon dioxide emissions from

ploughing grassland for feed crops by using conven-

tional tillage and no tillage systems. This insight will

be provided by using an example of mitigation and

land use change on an intensive dairy farm in The

Netherlands.

Materials and methods

A farm model for calculating mitigation options

In the industrialized countries, models have been

developed to simulate farm processes and calculate

the related emissions to the environment (Schils et al.

2005, 2007b). The model DAIRYWISE (Schils et al.

2007a) includes an extensive GHG-module (Schils

et al. 2007b). It is a full accounting model, taking

interactions between fertilization, grazing, and feed-

ing strategy into consideration. An economic module

calculates the financial results. The GHG module

calculates methane emissions and direct and indirect

emissions of nitrous oxide. Also calculated are

emissions of carbon dioxide from on farm energy

use and from the off farm energy use related to the

production and transport of concentrates and fertiliz-

ers. Emissions and energy use related to crop

production of external feed, by products and concen-

trate components are not incorporated in the model.

The model has been validated for Dutch dairy farms

on sand, clay and peat soils (Schils et al. 2007a).

Calculations with DAIRYWISE are a good example

of calculating the cost effectiveness of mitigating

greenhouse gas emissions on intensive dairy farms in

Northwestern Europe.

414 Nutr Cycl Agroecosyst (2011) 89:413–426

123



Energy use of machinery was calculated from the

calculated number of silage cuts, manure spreading,

the use of contractors, milking equipment and from

indirect sources as energy for fertilizer production

and energy for transport of external inputs to the

farm.

All data on grassland use, feed production, feed

intake, inputs of external feed, by products and

concentrates, manure production and energy use were

used to calculate nitrogen losses via nitrate leaching,

ammonia volatilization and N2O emissions. All

technical results and the nitrogen fluxes are used to

calculate the emissions of CH4, N2O and carbon

dioxide (Schils et al. 2007b).

The direct N2O emissions from manure are the

same as are used in Miterra (Velthof et al. 2009).

The nitrogen (N) excretion by animals is based on

the N concentration in feed, the feed intake and the

digestibility. The ammonia emission is based on the

N excretion, the amount of manure and the type of

storage. The N2O emission of applied manure and

chemical fertilizer are based on the applied N,

corrected for ammonia volatilization, the soil type

(sand/clay or peat) and the drainage (ranging from

wet to dry in spring). Soil type and drainage are also

the determining factors for N2O losses from crop

residues. Histosols have N2O emissions, based on the

oxidation loss of organic matter (Van Der Hoek et al.

2005). N2O losses by grassland renovation are

related to soil type, drainage, period (spring, autumn)

and type (ploughing or sodseeding) of grassland

renovation. Related N2O losses from N imports via

fertilizers are calculated. CH4 emission from enteric

fermentation is based on the total feed intake, the

emission from manure storage is based on storage

type and coverage. Both CH4 emissions are calcu-

lated in the same way as in the National Inventory

Reports (Smink et al. 2004). Based on this, the

model is sensitive to soil type and drainage, grazing

systems, fertilizer use, manure storage, feed quality

and grassland renovation. Changes in carbon stocks

by grassland renovation and carbon sequestration in

permanent grassland are not incorporated in the

model yet. Energy use for transport and processing

concentrates is incorporated, but the emissions

related to cultivation of the externally produced

feed are not in the model. This means that the

model cannot be considered as a full Life Cycle

Assessment.

Effects of land use change on C, N and GHG

emissions

Soil carbon content is affected by the type of land

use. There are large differences in soil organic carbon

(and nitrogen) contents between grassland and arable

soils (Conant et al. 2005). Grassland management

affects the addition of carbon to the soil and hence the

level of soil organic carbon (Soussana et al. 2007).

Most of the grassland on intensive dairy farms is used

in the same way, i.e. a combination of grazing and

cutting with limited differences in the level of

fertilization. We assume that this limited difference

will not affect soil organic carbon significantly.

The Introductory Carbon Balance Model (ICBM)

(Andren and Katterer 1997; Katterer and Andren

1999) is used to quantify the amounts of C and N

which are accumulated or released under grassland

and arable land, by simulating soil organic N turnover

and assuming a constant C to N ratio in soil organic

matter. They defined two organic C pools: young and

old, with a high and low decomposition rate param-

eter, respectively, for C mineralisation and a humi-

fication parameter for throughput of mineralised C

from the young to the old pool. The pools have been

redefined for the ICBM as follows: a relatively

unstable organic N-pool (young) and a stable organic

N-pool (old), with their own decomposition rates and

humification factor were defined as in Fig. 1. The

decomposition rate of the young pool is affected by

conventional tillage, a factor 3 is used between

grassland and cropland. The model is still in use for

calculating carbon stocks (Katterer et al. 2004;

Bolinder et al. 2008).

The ICBM has been applied and validated by

Vellinga et al. (2004) for calculating soil organic

carbon pools with the focus on the contrast between

grassland and arable land. In this study, a standard C

to N ratio of 1–15 will be used for sandy soils

(Hassink 1994). The C to N ratio remains almost

constant during changes in carbon stocks (Conant

et al. 2005).

The process of decrease of soil organic C and N

plays a role on two levels when grass/arable rotations

are practiced (Vellinga et al. 2004). The first one is

the long term process of decades; land use change

implies another equilibrium level of Soil Organic

Carbon (SOC) (Conant et al. 2007), with large

changes in the amounts of SOC and Soil Organic
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Nitrogen (SON) (Fig. 2). The second process plays

on the short term of a few years, it is the loss of soil

organic carbon and nitrogen due to the land use type:

the release of soil organic matter during the short

arable phase and the sequestration of C and N during

the subsequent short grassland phase, leading to a

deviation around the long term equilibrium. The long

term equilibrium level and the deviation around it

depend both on the number of grassland and arable

years in the rotation.

In the long term process, the loss of soil organic

carbon and nitrogen both should be seen as a loss,

because the land use change causes a new equilibrium.

In the short term process, the loss of carbon can be

seen as belonging to the short carbon cycle. It is lost in

the arable years and sequestered in the grassland

years. Nitrogen however, will be lost to the environ-

ment, in part as nitrous oxide. The addition in the

subsequent grassland phase via manure or fertilizer is

subject to emissions of nitrous oxide. So nitrogen

emissions in ley arable rotations should be considered

as a loss (Vellinga et al. 2004).

The effect of no tillage systems

The use of no tillage affects carbon sequestration,

nitrous oxide and methane emissions. So, a good

evaluation of no tillage needs a full GHG accounting

approach (Six et al. 2004; Batlle-Bayer et al.

2010)Extra carbon sequestration ranging from 97 to

1,000 kg C per hectare per year have been reported

(Six et al. 2004; Chatskikh et al. 2008; Batlle-Bayer

et al. 2010). The effect of no tillage on nitrous oxide

depends on the region and the related climatic

conditions. Smith et al. (2010) introduced a tillage

factor, ranging from 0.8 to 1.1 in the calculation of

the emission factor for nitrous oxide.

To simulate the difference in carbon sequestration

between conventional and no tillage, the decomposi-

tion rate of no tillage is calibrated on the basis of

Danish data (Chatskikh et al. 2008). The rate is

1.5 times higher compared to grassland, whereas the

decomposition rate of conventional tillage is 3 times

higher. The emission factor for nitrous oxide is kept

constant, due to the variation found in literature

(Johnson et al. 2005; Smith et al. 2010). The nitrous

oxide emission is only affected by the change in

released nitrogen of no tillage compared to conven-

tional tillage.

The experiences with direct drilling of maize are

limited. In the case of preparing grassland for feed

crops, we assume that small strips of grass are

cultivated to sow maize. The fraction of these strips is

16% of the total grassland area. The remaining 84%

of the grassland is kept intact. This crop/grassland

Y(oung)
(YSS = I / ky* rp) 
Yt = Yt-1 + I –(Outy,t + Throught) 

I(nput) 

O(ld)
(OSS = h*I / ko ) 
Ot = Ot-1– Outo,t-1  + Throught

Outy,t = (1-h) * ky * r * Yt-1

Outo,t = ko * Ot-1 

Throught = h * ky * rp * Yt-1 

Fig. 1 Structure of the Introductory Carbon Balance Model

(ICBM) by Andren and Kätterer (1997). State variables are Yt

and Ot, representing a young, unstable and an old, stable

organic N pool respectively (kg ha-1) and their steady state

condition (Yss and Oss, respectively, kg ha-1), ky and ko are

decomposition rates for the young and old pool respectively

(kg ha-1 year-1), h is the humification factor (-), rp is the

‘‘ploughing’’ coefficient (-). Throught is an internal flux,

the throughput of N from the young to the old pool

(kg ha-1 year-1). External fluxes are Outy,t, Outo,t, the N

release by the young and old N pools respectively (kg ha-1

year-1). t represents time (year)

0
0

time (years)

soil organic C and N (kg ha-1)

Permanent grassland  
with renovation

ley/arable 6/1

ley/arable 3/3

Permanent
arable 

Short term  
Process,  
caused by  
land use type

Potential 
sequestration 

Long term process,  
caused by  
land use change

Loss of SOC  
and SON  
caused by  
land use  
change,  
level defined by  
land use type

Fig. 2 Patterns of soil organic C and N accumulation and

losses on permanent grassland over time for situations with

regular renovation by ploughing and patterns of soil organic C

and N decrease when 50 year old grassland is ploughed and

converted to arable or ley arable systems with different

rotational length. ‘‘Actual’’ losses from conversion, rotation

and renovation and a so-called ‘‘potential’’ loss are distin-

guished. The latter represents the continued N accumulation

until equilibrium conditions on grassland are reached
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ratio of 16/84 is used to calculate the emissions of a

reduced tillage system. After 1 or 2 years of maize

crops in this partly cultivated grassland, the whole

grass sward has to be renovated in autumn, after

removal of the maize crop. We assumed a reduced

tillage method for grassland renovation as suggested

by Roberts et al. (1989). The extra emissions of CO2

and N2O are assumed to be equal to grassland

renovation in spring as defined by Vellinga et al.

(2004). Many assumptions have to be made for this

section. The calculation results can therefore only be

considered as an indication.

Example: intensive dairy farm

To illustrate the effects of an increasing proportion of

maize in the animals’ ration on the changes GHG

emissions from farm activities and from land use

change, we selected data from a commercial farm in

The Netherlands. The farm had been part of a pilot

project to get insight in GHG emissions on commer-

cial intensive dairy farms, in the farmers preferences

for mitigation options and in the cost-effectiveness of

these options on commercial farms. The increase of

maize in the animals ration was the second preferred

option by the farmers, the increase of the milk

production per cow was the first.

The farm in the example is located in the centre of

The Netherlands on a well drained sandy soil with a

low susceptibility for drought. Data about livestock,

land use, milk production, inputs of fertilizers,

concentrates and bought roughages were collected. A

condensed version of the questionnaire is in Table 1.

The information from the questionnaire was used as

input in the model. Production and quality of fresh

grass and grass silage were calculated in a grassland

utilization simulation with stocking rate, animal feed

intake, grazing system, fertilization level, soil type and

drainage as key parameters. Intake of fresh grass, grass

and maize silage were calculated from the input values

milk production per cow, grazing system, supplemen-

tation, and concentrate use and from the calculated

energy content of fresh grass and from the calculated

amounts and qualities of grass and maize silage. The

amount and quality of manure was calculated from

total intake of feed and the nutrients in the feed. The

technical results of this farm are shown in Table 2.

The selected farmer wanted to increase the maize

area by 4 ha (Table 2). This increase in the maize

area is enough to realize a reduction in GHG

emissions per kg milk. The farm size and the

remaining grassland area are large enough to explore

different scenarios for land use change as e.g.

different grass maize rotations. The size of the farm

of 70 ha in total and the related change of 4 ha will

only slightly reduce the average number of silage cuts

per hectare from 3.0 to 2.8 per year (Table 2). It

allows to use the ICBM model and not to take

changes in grassland management into consideration.

Increasing the maize area by 4 ha led to a

calculated reduction of emissions per kg milk of

11 g CO2-equivalents. For the farm level, a total

annual reduction of 11,055 kg of CO2-equivalents

was calculated.

Land use change scenarios

The increase in maize area on the farm can be

realized in different ways. The first and most simple

Table 1 A condensed list of parameters in the questionnaire

for the farmers

Parameter Unit

Name farmer –

Milk produced kg

Quota fat content %

Number of cows, calves, heifers –

Milk/cow kg/cow

Milk: fat, protein, urea %, %, mg/kg

Area grass, maize, other feed crops ha

Area ownership, rented land,

paid rent

ha, ha (€)

Soil type and drainage –

Winter feed, share of grass

and maize silage

%

Dairy cows: grazing

system ? supplementation

–, kg/cow

Young stock: grazing system –

Input of roughage

(bought maize and grass silage)

kg DM/farm

Input of by-products kg DM/farm

Input concentrates per

cow incl. young stock

kg/cow

Input/output manure m3

Input N, P from chemical fertilizer Kg/farm

Work done by contractor,

costs per ha

Activities for

each ha, €/ha
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option is to plough 4 ha of grassland and permanently

grow maize (scenario M0).

The second option is the rotation grass and maize

on the same area. Every year 4 ha of maize are grown

on ploughed grasslands. The maize is grown for 1 or

2 years on the same land, after that it returns back to

grassland and other grassland is ploughed to grow

maize. Grassland is ploughed after a number of years

and followed by 1 or 2 years of maize. After that the

land is converted into grassland again. The total land

area for such a rotation depends on the number of

grassland and maize years. When we take for

example a cycle of 10 years, in which grassland is

ploughed after 9 years and followed by 1 year of

maize and returns to grassland again, a total area of

40 ha is involved. This is scenario M1 (Table 3).

When we have 2 years of maize, in combination with

8 years of grassland, an area of 20 ha is involved.

This scenario M2 (Table 3). The remaining perma-

nent grassland in the scenarios M0, M1 and M2 is 52,

16 and 36 ha, respectively and will be renovated

every 10 years. Regular grassland renovation by

reseeding is a common practice in The Netherlands

(Vellinga et al. 2004).

The changes in carbon stocks will be evaluated

after a period of 70 years. The IPCC uses a time

horizon of 20 years (IPCC 2006), after that period the

changes in soil organic carbon and nitrogen are

Table 2 The parameters of

the farm on sandy soil, used

as an example

p.m. pro memori will be

calculated in this paper

Baseline Extra maize

Farm size (ha) 70 70

Grassland (ha) 56 52

Maize (ha) 14 18

Soil type Sand Sand

Dairy cows (-) 120 120

Calves, 0–1 year (-) 4 4

Heifers, 1–2 year (-) 5 5

Milk production (kg cow-1 year-1) 8,491 8,491

Milk production per hectare (kg ha-1 year-1) 14,571 14,571

Milk farm (kg year-1) 1,018,948 1,018,920

Milk fat content (g kg-1) 42.6 42.6

Milk protein content (g kg-1) 34.1 34.1

Feed intake (kg DM cow-1)

Fresh grass 481 570

Silage (grass, maize) 4,044 4,106

Concentrates and by products 2,926 2,798

N input from fertilizer (kg ha-1) 50 54

Average number of silage cuts (ha-1 year-1) 3.01 2.82

Production of grass silage (91,000 kg) 345 302

Production of maize silage (91,000 kg) 173 220

GHG emission farm (kg CO2-equivalents) 928,995 917,940

GHG emission per kg milk (g CO2-equivalents kg-1) 0.912 0.901

CO2 (kg CO2-equivalents kg-1 milk) 0.348 0.340

N2O (kg CO2-equivalents kg-1 milk) 0.108 0.108

CH4 (kg CO2-equivalents kg-1 milk) 0.456 0.453

Emissions from land use and land use change p.m. p.m

Emission change (kg CO2-equivalents kg-1 milk) -0.011

Emission change farm (kg CO2-equivalents) -11,055

Change in farm income (€) 664
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expected to be limited. Calculations with the ICBM

model show that after 70 years the equilibrium

situation is almost reached and that in the subsequent

100 years the soil organic nitrogen and carbon

contents will change by about 3%.

Calculating changes in soil organic carbon

and nitrogen

Because the land use history of the farm that is used

for illustration is not exactly known, the age of all

grassland on the farm is set at 50 years. This is a

common situation of specialized dairy farms on the

sandy soils, where mixed farms since about 1950

started to change to specialized dairy farms. The use

of maize as a feed crop increased strongly in the

period from 1975 to 1985 (Vellinga et al. 2004). We

assume that this maize has been grown on the same

land for a long time. The amounts of SON and SOC

have been calculated for the starting point of the

mitigation. From that point the development of the

SON and SOC are calculated based on the different

scenarios of land use changes. The differences

between the starting value and the final values are

considered after a period of 70 years to be caused by

the land use change scenarios.

In the case of grassland renovation, the N released

from the grass sward is assumed to be taken up by the

new grass sward immediately. Only the reduction in

SON during the short phase of grassland renovation is

assumed to be lost. In the case of the grass/maize

rotations, the loss consists of decreased SON and N

from the grass sward. Part of the released N can be

taken up by the newly sown crop and fertilizer inputs

can be reduced by 100 and 25 kg N ha-1 in the first

and second year after ploughing, respectively (Van

Dijk 1997). In the case of no tillage systems, fertilizer

input is not reduced.

Results

Long term losses of soil organic C and N

with conventional tillage

At the start of all scenarios 4 ha are ploughed and

maize is grown. In the scenario M0, these hectares

will be used permanently to grow maize and the

decrease in soil organic nitrogen and carbon is large

(Table 4). The total losses of SON and SOC per

hectare are lower in the situations of grass/maize

rotations (Table 4). In the case of 9 years grassland

and 1 year maize, the loss of SON and SOC are

limited, 217 and 3,251 kg per hectare, respectively.

The changes in SON and SOC per hectare from

Table 4 are combined with the hectares from Table 3

to total changes at the farm level (Table 5). In the

baseline, the SON and SOC increase with 10,200 and

153,000 kg at farm level respectively. The amounts

of soil organic N and C decrease to a limited extent in

the situation where 4 ha of grassland is used for

maize on a permanent basis (the M0 scenario), 1,100

and 17,000 kg respectively. In the situation where

maize is grown in rotation with grass (the M1 and M2

scenarios), the changes in SON and SOC are more

negative at farm level compared to field level. This is

caused by the larger number of hectares that is

involved in the rotations (Table 3).

The differences in stocks of SON and SOC

between the baseline and the M-scenarios are the

consequence of the growth of 4 ha maize extra on the

farm. In case of soil organic carbon this difference is

in part an actual loss compared to the starting point

and partly a missed sequestration after the start of the

mitigation. The missed sequestration is not a real

loss, but it would have withdrawn CO2 from the

atmosphere. But in the case of the N changes we have

to choose another approach. The actual loss of SON

Table 3 The land use in

the case of the baseline and

in the case of the scenarios

M0, M1 and M2, when 4 ha

maize extra is grown at the

farm at the expense of the

grassland area

Scenario Permanent

grassland

Permanent

maize

Grass in

rotation

Maize in

rotation

Rotation frequency

years grass/

years maize

Baseline 56 14 0 0 –

M0 52 18 0 0 –

M1 (CT and NT) 16 14 36 4 9/1

M2 (CT and NT) 36 14 16 4 8/2
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leads to nitrous oxide emissions. The potentially

sequestered N would not have been withdrawn from

N2O from the atmosphere, but added to the SON

complex via fertilization with manure or industrial

fertilizers. So in the case of N only the decrease of

SON compared to the starting point of the mitigation

must be taken into account.

The total GHG emissions at the farm level are the

lowest in the M0 scenario with 640,000 kg CO2

equivalents and are the highest in the M1 scenario

with 1,169,000 kg CO2 equivalents (Table 5).

When these total losses are expressed per kg milk

we used two options. We divided the total loss

through the whole period in which the losses were

Table 4 Changes in amounts of soil organic nitrogen and carbon in kg per hectare over a period of 70 years, when a new equilibrium

has been realized on a sandy soil

Land use SON at start

(kg ha-1)

SON after 70 years

(new equilibrium)

(kg ha-1)

Change

in SON

(kg ha-1)

Change

in SOC

(kg ha-1)

Permanent grassland, all scenarios 5,340 5,544 204 3,067

Permanent maize old, all scenarios 2,483 2,393 -90 -1,344

Conventional tillage

Permanent maize new, scenario M0, CT 5,340 2,711 -2,628 -39,426

Grass/maize, scenario M1, CT 5,340 5,123 -217 -3,251

Grass/maize, scenario M2, CT 5,340 4,601 -738 -11,072

No tillage

Permanent maize new, scenario M0, NT 5,340 2,920 -2,420 -36,293

Grass/maize, scenario M1, NT 5,340 5,461 121 1,822

Grass/maize, scenario M2, NT 5,340 5,185 -155 -2,318

Values in the equilibrium situation are the averages over the rotation periods of 10 years. C/N ratio is 15 (Hassink 1994)

Table 5 The total losses of soil organic carbon and nitrogen and the related emissions of CO2 and N2O at farm level after a period of

70 year

Baseline Conventional tillage No tillage

M0 M1 M2 M0 M1 M2

SOC (1,000 kg C)

Start 5,007 5,007 5,007 5,007 5,007 5,007 5,007

End 5,160 4,990 4,907 4,877 5,002 5,110 5,052

Change of SOC 153 -17 -100 -130 -5 103 45

Rel. to baseline -170 -253 -283 -157 -50 -108

SON (1,000 kg N)

Start 333.8 333.8 333.8 333.8 333.8 333.8 333.8

End 344.0 332.6 327.1 325.1 333.5 340.6 336.8

Change of SON 10.2 -1.1 -6.7 -8.7 -0.3 6.9 3.0

GHG emission (1,000 kg CO2 equivalents)

N2O 17 101 132 5 -105 -46

CO2 623 927 1,037 577 183 395

Total 640 1,028 1,169 582 78 349

Gram CO2-equivalents/kg milk

Period = 70 year (equilibrium) 9 14 16 8 1 5

Period = 20 year (IPCC guidelines) 31 50 57 29 4 17

Emissions expressed per kg of milk and for time frames of 20 years (IPCC) and 70 years (equilibrium)
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formed, which is 70 years. The other option is to use

the IPCC standard of 20 years for land use change

(IPCC 2006). In the situation with a timeframe of

70 years, GHG emissions range between 9 and 16 g

CO2-equivalents per kg milk. In the IPCC timeframe,

the GHG emissions range between 31 and 57 g per kg

milk.

Annual GHG emissions related to the land use

type

In the case of the grass/maize rotations also losses

occur when the grassland is ploughed for a 1 or

2 year period with maize. The annual losses consist

of N2O emissions only, as is explained in material

and methods.

The GHG emissions in the case of grassland

renovation are 1,507 CO2 equivalents per hectare

(Table 6). The losses during the grass/maize rotations

are considerably higher, from almost 5,500 to about

9,000 kg per hectare per year.

These annual emissions are totalized to the farm

level, taking into account the areas from Table 3, the

results are shown in Table 7. The losses at M0 are

lower than those in the baseline due to the fact that

the grassland area for grassland renovation is smaller.

In the case of permanent growth of maize, no rotation

losses occur. The annual losses of the M1 and M2

scenarios are about almost 26,000 and 18,000 kg CO2

equivalents at farm level, respectively. The higher

loss in the M1 scenario is caused by the fact that only

1 year of maize is grown, with high losses in the first

year after ploughing. In the second year after

ploughing (in the M2 scenario), the losses are always

lower than in the first year. As a consequence, the

average loss is lower in the scenarios with two

consecutive maize crops at the same field. When

the total losses at farm level are divided by the

1,019,000 kg milk, the annual losses per kg milk are

-1 g for the M0 scenario, 25 g for the M1 and 17 g

for the M2 scenarios (Table 7).

When the emissions due to land use change do not

play a role anymore, the annual extra GHG emis-

sions, caused by grassland renovation and rotation of

grass and maize are the same as presented in the

lowest line of Table 7. In that situation the annual

emissions from grassland renovation in the scenario

without mitigation are 12 g CO2-equivalents per kg

milk. The M0 scenario has less grassland and thus a

1 g CO2-equivalents per kg milk lower emission from

grassland renovation than the scenario without mit-

igation. So the reduction of 11 g per kg from Table 2,

caused by feeding more maize, is increased by 1 g to

12 g CO2-equivalents per kg milk, compared to the

scenario without mitigation. In the case of the grass/

maize rotations, the reduced GHG emission of the

extra maize feeding is still completely counteracted

by the extra emission of the grass/maize rotations.

Loss of sequestration potential

The losses of carbon and nitrogen have been calcu-

lated related to the baseline situation and to a 70 year

period after the start of the mitigation. The large

difference between the baseline at the end of the

period and the M0 scenario is caused by the

continuing carbon sequestration (Fig. 3). At the start

of the mitigation period, the grassland renovation

causes a slight decrease in soil organic carbon, but

after a 10 year period it starts to increase again. The

ploughing of 4 ha of grassland for maize in the M0

scenario causes a strong decrease in the soil organic

carbon on the farm, leading to a fast decrease of soil

carbon in the first years after ploughing. After about

15 years, when this process has slowed down, the

carbon sequestration on the other 52 ha is stronger.

As a result the total amount of soil organic carbon

starts to increase again. The increase rate is slightly

lower than in the baseline, due to the difference of

4 ha in grassland area. From this it is clear that a

Table 6 Average annual losses of soil organic nitrogen and

nitrogen from the sward (kg N per hectare) and the related

GHG emissions (kg CO2-equivalents per hectare)

Land use N loss GHG

emissions

Renov10 141 1,507

Maize old 0 0

Maize new M0, CT 0 0

Grass/maize M1, CT 569 8,573

Grass/maize M2, CT 365 5,492

Maize new, M0, NT 0 0

Grass/maize M1, NT 160 2,863

Grass/maize M2, NT 236 2,004

Extra release of soil and sward N is partly compensated by

reduced fertilizer inputs in the cases of grass/maize rotations

and conventional tillage
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large mitigation potential is lost by ploughing grass-

land to grow maize.

The mitigation effect of feeding maize is enhanced

by the reduced emissions from grassland renovation

in the M0 scenario. So on the long term, when the

losses of SON and SOC do not play a role anymore,

this mitigation option is attractive. But first the

emissions caused by the loss of SON and SOC must

be paid back.

After the 70 year period in the calculations, the

initially high release of soil organic carbon and

nitrogen has slowed down as was shown in Fig. 3.

The cumulative difference in greenhouse gas emis-

sions between the baseline and the M0 scenario from

Fig. 3 has been calculated and compared with the

cumulative mitigation (Fig. 4). The mitigation by

feeding maize is supposed to be linear all the time.

The bold line shows the cumulative effect of the

greenhouse gas emissions caused by the land use

change. Although there is 4 ha less grassland reno-

vation in the M0 scenario compared to the scenario

without mitigation, the reduced emission is not strong

enough to counteract the ongoing small decrease in

soil organic matter and to bend the line down and

decrease the cumulative greenhouse gas emissions.

The cumulative mitigation due to feeding extra maize

and the resulting decrease in CH4 emissions from

enteric fermentation is increasing constantly and after

about 60 years it is larger than the losses due to land

use change. This means that there is a ‘‘pay back’’

time of 60 years. After that time, the extra emission

caused by land use change is compensated and the

mitigation scenario M0 is finally contributing to a

reduced concentration of greenhouse gases in the

atmosphere.

Table 7 The annual GHG emissions (kg CO2-equivalents) on farm level and per kg of milk, caused by the grassland renovation on

the permanent grassland and grass/maize rotations

Conventional tillage No tillage

Baseline M0 M1 M2 M0 M1 M2

Annual GHG emissions at farm level 11,894 11,045 37,690 29,614 11,045 14,850 15,662

Rel. to baseline -850 25,796 17,720 -850 2,956 3,768

Annual GHG emission per kg of milk 12 11 37 29 11 15 15

Rel. to baseline -1 25 17 -1 3 4
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Fig. 3 The change in soil organic carbon at farm level for the

baseline (56 ha grassland with grassland renovation and 14 ha

maize) and the M0 scenario (52 ha grassland with grassland

renovation, 14 ha maize old, 4 ha maize new). Calculations

based on the model of Katterer and Andren (1999), adapted by

Vellinga et al. (2004)

0

200000

400000

600000

800000

1000000

0 20 40 60 80

years of mitigation

em
is

si
o

n
/m

it
ig

at
io

n
 (

kg
 C

O
2-

eq
) mitigation

Loss

Fig. 4 The cumulative extra greenhouse gas emissions
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Discussion

No tillage systems

The calculations that are presented in the ‘‘Results’’

section are based on conventional tillage systems. No

tillage systems are very common in North and South

America and are increasing in Europe. In this study

two types of reduced tillage systems have to be

considered. The first is the use of no tillage for

permanent maize cropping in the M0 scenarios. The

effects of no tillage systems in arable crops are

studied extensively as discussed before and are

incorporated in the ICBM model. Although the

sequestration rate under no tillage is 100–1,000 kg

C per hectare per year higher than under conventional

tillage, the pool of SON and SOC decreases sharply

when grassland is converted to no tillage arable land.

The GHG emissions of no tillage due to loss of SOC

and SON are about 10% less than under conventional

tillage (Table 5), while the losses on the grassland

part remain the same, because we did not change the

technique of grassland renovation.

The second is the use of direct drilling in grass

swards. The chosen approach is speculative by

assuming that only the cultivated strips are affected

and will release SOC and SON at a high rate. But

with this assumption it is shown that the loss of SOC

and SON and the related GHG emissions are much

smaller (Table 5). The N2O emissions caused by the

rotation of grass and maize is also reduced by about

50% (Table 6), leading to a 50% lower emissions per

kg of milk (Table 7). Beside the large uncertainty

about the calculation technique, there are many

practical problems regarding direct drilling. The

grass acts as a competitor for water and nutrients

and should be killed by herbicides before maize

emergence. The heavy equipment for harvesting

maize bears the risk of soil compaction, especially

when maize is harvested in fall under suboptimal

conditions. The options for direct drilling on heavier

clay soils are more limited than on sandy soils.

Mitigation offset by emissions from rotation

of grass and maize

The mitigation of methane emissions as a result of

extra maize in the animal’s ration is partly offset in

the M0 scenario with a 70 year timeframe. In all

other scenarios it changes into an extra emission of

nitrous oxide and carbon dioxide compared to the

baseline, due to the greenhouse gas emissions caused

by grass/maize rotations. When the loss from land use

change has been ‘‘paid back’’, only the losses from

grassland renovation and grass/maize rotation

remain. In that situation there is a small improvement

in the M0 situation. The losses caused by grassland

renovation are 11 g per kg milk, compared to 12 g for

the baseline. All other scenarios lead to a complete

offset of the mitigation in enteric fermentation, even

when losses in carbon stocks are not taken into

account anymore.

This means that grass/maize rotations or any other

rotations of permanent grassland with some years of

arable crops should be avoided. Other grass maize

rotations like 3 years grass, 3 years maize are in use

as well (Aarts et al. 1999). The emissions related to

that rotation causes too high losses of nitrous oxide

(Vellinga et al. 2004).

Effects of grassland age, soil type and animal

category

The loss of SOC and SON by ploughing is affected

by the age and the organic matter content of the

grassland. Older grassland with higher organic matter

contents will lead to increased losses, larger debts and

need more time to pay back (Gibbs et al. 2008). On

the other hand, the carbon sequestration decreases at

higher levels of soil organic matter and there is a

maximum level of soil organic matter for every soil

type, land use type and related management (Stewart

et al. 2007). On the long term the equilibrium organic

matter levels of grassland and maize land do not

depend on the starting level of soil organic matter, so

the sum of actual and potential loss will be the same.

But in the case of high organic matter contents at the

start of the land use change, the fraction of the actual

loss will be larger and the fraction of potential

sequestration will be smaller.

The decomposition rates of soil organic matter of

grassland and arable land on clay soils are lower than

on sandy soils (Katterer and Andren 1999; Vellinga

et al. 2004). This leads to a larger difference in levels

of soil organic matter between grassland and arable

land. As a consequence the combination of actual and

potential losses will be 50–70% larger on clay soils
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than on sandy soils. This means that also the carbon

payback time will be 50–70% higher on clay soils,

compared to sandy soils. Reduction of the use of

concentrates is an important sparing effect by adding

maize to the animals ration (Keady et al. 2008). This

effect is also calculated in the model DAIRYWISE

and was an important contribution to the reduced

emission per kg of milk (Table 2). It means that the

most important effect of feeding maize is a reduction

of CO2 emissions and not of methane. When maize

feeding is used for animal categories that receive no

concentrates, like e.g. young stock, the emission

reduction should be realized via a reduced feed

intake. In that case the mitigation will come from

reduced methane emissions instead of reduced CO2

emissions. When the GWP of methane is 20–40%

larger than we used (Shindell et al. 2009), the

mitigation will also be 20–40% larger. Consequently,

the carbon payback time will be 20–40% less.

Direct drilling in grassland to cultivate 1 or 2 years

of maize will reduce losses of SOC and SON

compared to conventional tillage and will reduce

the payback time strongly. Due to the uncertainty

around the effects of direct drilling in grassland, this

reduction is not quantified.

As a whole, when conditions change, the losses of

SOC and SON and the mitigation might change as

well, and as a consequence, the carbon payback time

will change. But in all cases, a large emission from

land use change at the beginning of the mitigation

period is only compensated after decades of

mitigation.

Payback time

The ecosystem carbon payback time has been defined

as the change in soil carbon due to land use change

divided by the annual reduction in GHG emissions

(Fargione et al. 2008). They calculated in the case of

soybean biodiesel and corn ethanol payback times for

grasslands of 37–93 years. Similar studies reported

payback times of 0–100 years for grasslands (Gibbs

et al. 2008). They calculated the lowest values for

palm oil, intermediate values for sugarcane and high

values for soybean. Others reported minimum values

of 50 years for corn ethanol on previous grasslands

(Pineiro et al. 2009). They concluded that set aside

would be a better alternative.

A fast reduction of GHG emissions is essential in

preventing large changes in the world’s climate

(IPCC 2007). This means that mitigation options

should be effective immediately. From that point of

view, extra maize feeding, inducing land use change,

with a pay back time of 60 years is not an option.

The payback time is affected by the mitigation

level and by the losses of SOC and SON when

grassland is converted to cropland. On clay soils, the

payback time will increase by 50–70% compared to

the sandy soils, leading to pay back times of about

90–110 years.

Although the maturity of maize affects the

contents and digestibility of starch, no effect on

methane emissions were found when feeding this to

dairy cows (Cammell et al. 2000). When feeding

leads to a reduced feed intake instead of sparing

concentrates, most of the mitigation come from a

reduced methane emission. A 20–40% higher GWP

for methane has been estimated, based on the aerosol

indirect effects (Shindell et al. 2009). In the case of

the illustrated farm, this hardly affects the payback

time, because most of the mitigation comes from

reduced CO2-emissions. But when methane emission

would be the only contributor to the mitigation, the

payback time would be reduced by 17–29% to 50 and

43 years respectively. This payback is still too long to

contribute to a substantial reduction of greenhouse

gas concentrations on the short term.

Options for mitigation

There are a two different options for mitigating

methane emissions without the trade off of losing

carbon stocks. The first is to grow more maize on

existing arable land. This has the advantage that more

crops are available on arable farms, which can lead to

reduced inputs of pesticides and increased soil quality

((Nemecek et al. 2008). The possible disadvantage is

that the increase of maize has to be done at the

expense of food, feed or fuel crops. When growing

maize on arable land will be chosen as an option on a

larger scale, it is likely that the pressure on arable

land will increase.

The second option is to increase the maize yield

per hectare by using better varieties or by improved

management, without increasing the inputs of fertil-

izers, pesticides and energy.
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Conclusions

Feeding extra maize as a mitigation option on

intensive dairy farms is offset by ploughing grassland

for maize, caused by large losses of soil organic

carbon and nitrogen. Additionally, rotation of grass

and maize causes high annual emissions which are so

high, that even without the losses of carbon stocks,

the mitigation is more than counteracted. The only

option that will lead to reduction of GHG emissions

on the very long term is permanent maize cropping.

Ploughing grassland will lead to strong increases in

GHG emissions on the short term, which is in conflict

with the wish to reduce GHG emissions on the short

term. The ecosystem carbon payback time for the loss

of SOC and SON by ploughing grassland for maize is

60 years in the calculated situation. Changing condi-

tions will lead to changes in the payback time of -30

to ?70%. The options to avoid trade offs are maize

cropping on existing arable land or increasing the

maize yield per hectare.
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