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Preface

This thesis is the final product of a research project which I, as a Sustainable Development (Global
Change and Ecosystems track) student of Utrecht University (the Netherlands), was allowed to
perform at long term experimental site designed by the agronomy faculty of the Universidad de la
Republica (Uruguay). The research proposal was set up in the Netherlands in coordination with
both Universities. The field work, sample preparation and initial analysis of the data and statistics
were performed in Uruguay. The carbon and nitrogen values were determined by the lab
technicians of the Geolab in Utrecht. The discussion and conclusion were written the Netherlands. I
would like to thank all those who were involved in this process and the Universidad de la Republica
for providing me with this great opportunity.

Prior to this research there were no connections between Utrecht University and the Universidad de
la Republica. This research not only provided me with an interesting topic for sustainability science
and international experience, but also created a new academic link. This also provided an extra
challenge with setting up and planning the research. The time required to perform the research
was much more than anticipated. Finishing the research proposal within a strict time planning
before traveling abroad is one of the requirements of the master thesis research program of
Utrecht University. This is a very prudent requirement, but also increases the chance that the plans
have to be adjusted along the way. The practice might be very different from theory. In the case of
this research, this resulted in two months instead of two weeks of lab work due to the very labor
intensive sieving methods. Moreover, high variability of the data, difficulties with the theory behind
the laboratory methods and strange nitrogen values also required extra time for analysis. There is
probably much more knowledge to be gained from this data set but due to strict deadlines, I had to
focus only on the data which was essential to answer the research questions. Apart from these
difficulties the time I spend in Uruguay and the process of conducting the research and writing the
master thesis proved to be a lot of fun and very educational!

Special thanks to Aat and Jorge, who supervised and helped me during the sometimes difficult
master thesis process, and to all the people in and around the soil lab in Montevideo, who looked
after me and ensured I had a great time!

Tim Zierfuss
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1. Abstract

Sequestration of atmospheric carbon in agricultural soils in the form of soil organic carbon (SOC)
can help fight climate change and improve soil fertility. This can be achieved by changing current
agricultural management practices to new practices that store more carbon in the soil. Two
promising practices are no-tillage and crop pasture rotation. This thesis evaluated the combined
effect of these two practices by comparing no-tillage continuous cropping, no-tillage crop pasture
rotation with a short (two year) pasture phase and no-tillage crop pasture rotation with a long (four
year) pasture phase and their on the level of soil organic carbon in the unfractionated soil and the
soil fractions coarse particulate organic matter (coarse POM), fine particulate organic matter (fine
POM) and mineral associated organic matter (MAOM). Additionally it tried to measure the C:N
(carbon to nitrogen) ratios to confirm and explain possible enhanced humification under no-tillage
short and long crop pasture rotation (from here on all mentioned treatments were performed
without tillage unless stated otherwise). The samples were taken at 0-5 cm, 5-10 cm and 10-20 cm
depth at an eighteen year old experimental site at Paysandu (Uruguay) on a Typic Agriudoll. The
carbon and nitrogen measurements were performed with dry combustion and factorial mixed
ANOVA was used for the statistical analysis.

Significant differences between the three agricultural practices were only found in the 5-10 cm
layer in the coarse and total POM-C (*-C’ refers to the carbon in the fraction) fractions. This
confirms that total POM-C and especially coarse POM-C are sensitive to changes in agricultural
management. Crop pasture rotation with a four year pasture phase had the highest coarse POM-C
concentration (0.34 g/kg), followed by the short crop pasture rotation with a two year pasture
phase (0.26 g/kg) and continuous cropping with the lowest carbon level (0.20 g/kg). For total
POM-C the concentrations were 0.90 g/kg for long crop pasture rotation, 0.62 g/kg for short crop
pasture rotation and 0.58 g/kg for continuous cropping. So in the sensitive SOM fractions in the 5-
10 cm layer long crop pasture rotation had the highest SOC level, followed by short crop pasture
rotation and continuous cropping with the lowest SOC level.

There were differences between the total SOC concentrations of the three rotation systems, but
they were not significant. The experiment needs more time for the effects to accumulate. That total
SOC concentrations will keep accumulating in the coming years is indicated by the significant
changes in the sensitive coarse and total POM-C fractions. Based on comparable scientific
literature, it is estimated that sequestration at the experimental site will take place for about 22
more years and that the current changes will double.

The pasture phases of short and long crop pasture rotation had several significantly higher SOC
concentrations in the soil fractions than the cropping phases. This supports that under no-tillage
pastures have a positive effect on the carbon level. Furthermore long crop pasture rotation had
higher coarse and total POM-C concentrations than short crop pasture rotation and the fourth year
of pasture also had significantly higher concentrations than the second year of pasture of long crop
pasture rotation. So a long (four year) pasture phase included in a crop rotation system is thus
better regarding coarse and total POM-C concentrations than a short (two year) pasture phase.

It was not possible to confirm the occurrence of enhanced humification under short and long crop
pasture rotation because the nitrogen measurement failed.

The recommendations for future research are measuring nitrogen to confirm enhanced humification
under the crop pasture rotation systems, measuring the carbon saturation deficit to know more
about the future development of the SOC level, using the fractionation method again, because it
yielded significant results and using at least three replications to get significant result from the 0-5
cm layer and fine POM-C.






2. Introduction

An important sustainable challenge of this time is global warming caused by the greenhouse effect.
Greenhouse gasses such as carbon dioxide (CO,), methane (CH,;) and nitrous oxides (N,O) trap
heat on earth by reflecting long wave radiation emitted by earth. Anthropogenic emissions have led
to an increase of these gasses in the earth’s atmosphere. Carbon dioxide levels have risen from
around 280 ppm in pre-industrial times to 379 ppm in 2005, methane levels from 715 to 1732 ppb
and nitrous oxide levels from 270 to 319 ppb (IPCC, 2007). According to the IPCC climate change
will likely result in:

fewer and warmer cold days and nights and warmer more frequent hot days and nights on land
an increase of the frequency of heat waves and spells

an increase of the frequency of heavy precipitation

an increase of the areas affected by droughts

an increase of intense tropical cyclone activity

an increase of the incidence of extreme high sea level

This will especially affect ecosystems such as tundra, coral reefs and mangroves, agriculture at low
latitudes, water resources in dry regions at mid-latitudes and dry tropics, low lying coastal regions
and human health in populations with low adaptive capacity. It is thus very important to act and
counter climate change.

One of the tools that could help to fight climate change is capturing and sequestering atmospheric
carbon as organic carbon in agricultural soils. This could be done by land use change, because the
type of agricultural practice influences the level of soil organic carbon (SOC). Changing from one
practice to another can increase or decrease the SOC level. Research into recommended
management practices (RMPs) for agriculture is thus a crucial scientific field (Christopher and Lal,
2007; Johnson et al., 2007; Lal, 2008). Even more when considering that high soil organic carbon
levels are also related to high soil fertility: aggregate stability, the water retention capacity, the
buffering of soil pH and the cation exchange capacity (CEC) (Essington, 2004). And by improving
soil fertility carbon sequestration in soils is also beneficial for agriculture.

The improvement of agricultural soils is also related to another sustainability challenge. In 2050
the global food system will have to feed 9 billion people, many of which will be wealthier and
wanting a high value diet, requiring more recourses for food production (Foresight, 2011).
Moreover, our food system will face stresses from climate change, depleting fossil fuels (increasing
their price), land degradation and agriculture related pollution (Post Carbon Institute, 2009).

Research into carbon sequestration in agricultural soils is thus both related to sustainable
agriculture and climate change mitigation and would fit perfectly within the Global Change and
Ecosystems track of the Sustainable Development program (Website Sustainable Development
program, 2011).

For easy reading a short outlay of this chapter will be given. The chapter will start with an
introduction into soils as a carbon pool. Then some important definitions will be given and it will be
explained how certain carbon pools play a part in storing atmospheric carbon in the soil. After this
there will be a short paragraph about the soil residence time of soil organic carbon. Then the
chapter will continue on soil carbon saturation and the soil mechanisms that protect soil organic
carbon from decomposition. Ensuingly the chapter will elaborate on a promising combination of two
improved agricultural management practices: no tillage and crop pasture rotation. Thereafter this
chapter will review some recent research in Uruguay related to no tillage crop pasture rotation and
finally it will come to the problem definition, research aim, questions and hypothesis.



2.1. Scientific background
Soils as carbon pool

The world’s soils are a major carbon pool. Batjes (1996) and Eswaran et al. (1993) estimate that
just the upper meter of soils worldwide contain a total of around 1550 Pg (or 1.55 * 10!® Kg) of
organic carbon. That is around three times the amount of carbon stored in aboveground biomass
and twice the amount of carbon in the atmosphere (Eswaran et al., 1993; Lal, 2008). Release of
soil carbon into the atmosphere can have serious climatic consequences. A good example is the
release of organic carbon from permafrost soils. Due to global warming, previously frozen carbon
will thaw and be released for microbial decomposition (Schuur et al., 2008). The released carbon
enters the atmosphere and causes a positive feedback between temperature rise and an enhanced
soil carbon release. This is further enhanced by the fact that the temperature increase at high
northern latitudes is almost twice as high as the global average (IPCC, 2007). Permafrost could be
a large source of carbon in a warmer world (Schuur et al., 2009). However, soils can also act as
sinks and can thus help to mitigate climate change. For instance, Sauerbeck (2001) estimates that
around 20 to 30 Pg of carbon could be stored in degraded mineral soils.

What is soil organic carbon and how does it enter the soil?

What exactly is soil organic carbon? It’s the carbon in the soil that is derived from organic sources.
This is opposed to inorganic carbons which are derived from geologic or soil parent material
sources. Most soil inorganic carbons are carbonates. Soil organic and inorganic carbon together are
known as total carbon. For further reading it is good to note that from here on, all carbon
mentioned is organic, unless stated otherwise. According to Essington (2004), soil organic carbon
occurs in three soil pools: as the carbon incorporated in the living biomass, organic residues and
soil organic matter (see figure 2.1.1). So all of these pools contain soil organic carbon. Note that
carbon is not the only atom in these pools. Carbon is one of the constituent of these ‘tissues’. Soil
organic matter for instance also contains hydrogen and oxygen atoms in phenol or carboxyl groups
or nutrients such as nitrogen and phosphorous.

Soil Organic Carbon
(SOC):

The carbon in:

Biomass: Organic Residues: Soil Organic Matter (SOM):
Carbon in living Carbon in undecayed and Well decomposed, chemically
organisms, e.g. partially decayed plant and altered & more ‘stable’
roots and fungi animal tissues, e.g. dead material

leaves

Figure 2.1.1: Pools of organic carbon in soils according to Essington (2004).

As can be seen in figure 2.1.1. biomass contains all living organisms and their compounds in the
soil. Some examples are living roots, microbes and nematodes. Organic residues are the non-
decayed and partially decayed plant and animal remains. Examples are leaf litter, dead roots and
animal carcasses. Soil organic matter (SOM) is well decomposed, chemically altered and more
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stable over time compared to the original organic residues. SOM has very diverse and complex
characteristics and even very well decomposed SOM can still have small microbial or plant remains.
So the boundary between organic residues and SOM can be vague (Ashman and Puri, 2002).

There are also other possible definitions of SOM. According to Baldock and Skjemstad (1999) SOM
consists of all the organic materials found in soils regardless of their origin or state of
decomposition. This means SOM also contains the living biomass and organic residue pools from
Essington (2004). This is a more practical definition. Scientist often use the term soil organic
matter, but actually measure soil organic carbon. This is because in the reality of soil science a) the
theoretical boundaries are vague, b) while large roots and the surface litter layer can be kept out of
a sample, it is impractical to separate very tiny roots and micro-organisms from the soil sample
and c) the inseparable parts hardly contribute to the total level of soil organic carbon. Therefore,
when soil scientist want to measure SOM they are pragmatic and remove the litter layer (the layer
of plant litter on top of the soil) and large roots from the sample and consider the rest of the soil
organic carbon as being part of soil organic matter. The Essington (2004) definition is more
interesting analytical, because it helps to understand the theory behind how these pools play a role
in soil processes and thus carbon sequestration. Regardless of the definition, SOM is by far the
largest and most stable of the SOC pools. The goal of this research is not to know exactly where
the boundaries between the pools of SOC lay. When talking about the theory and the processes
behind carbon sequestration, the term SOM will be used as defined by Essington (2004), but in the
practice of sampling the Baldock and Skjemstad (1999) definition is more accurate.

Essington’s pools: biomass, organic residues and SOM, are all interconnected and play a part in the
pathway from atmospheric carbon to stored soil organic carbon. Plants are at the basis of carbon
input into the soil. During their lives, plants take up atmospheric carbon through photosynthesis.
Among other things, plants use this to form biomass above and below ground. Organic residues are
formed when these plants or parts of them die. The plant biomass is deposited in a litter layer on
top of the soil or in the case of roots is already in the soil. Additionally large herbivores can eat the
plants and deposit the organic residue in the form manure. The residues are broken down by soil
organisms, which are also part of the living biomass and upon death become organic residues. The
residues that are the most easy to decompose are broken down first (Ashman and Puri, 2002).
Eventually soil organic matter (SOM) is formed from microbial metabolites and resistant plant
residues. SOM can be divided into nonhumic and humic substances.

Nonhumic substances are organic substances that belong to recognizable classes in biochemistry.
Examples are simple carbohydrates, amino sugars and lignin. Generally the nonhumic substances
are easily utilized by microorganisms and decomposed into its base components carbon dioxide
(CO;) and water (H,0). In this process nutrients are released which can once again be used by
plants. On this ‘degradative journey’ some organic substances may become recalcitrant (more
resistant to composition). These are known as humic substances and do not belong to any discrete
biochemical category (Ashman and Puri, 2002; Essington, 2004).

The process in which nonhumic substances are transformed into humic substances is called
humification. The micro-organisms that take part in this humification use the carbon enclosed in
the SOM as energy source and the nitrogen, which is also a component of SOM, for e.g. enzymes
and amino acids. Nitrogen is often in short supply and thus limiting for humification. The amount of
nitrogen contained in litter influences its quality. The better the litter quality the faster the speed at
which SOM can be humified. This last property is often expressed as the carbon to nitrogen (C:N)
ratio (Ashman and Puri, 2002).

So in short soil organic carbon is a constituent of the living biomass, organic residues and soil
organic matter. A soil receives carbon input through the growth and death of plants and animals,
which form organic residues. These residues are broken down by soil organisms and stored in the
soil as soil organic matter in a process called humification. The C:N ratio influences the
humification speed.



Residence time

All soil organic carbon which is stored in the soil will be decomposed eventually. The time the soil
organic carbon storage lasts can differ greatly. Table 2.1.1 shows the mean soil residence time of
plant biomass and soil organic carbon in three soil fractions (Sauerbeck, 2001). Plant biomass and
litter (organic residues) are transitory and do not store organic carbon for a long time. The ‘active’
SOM fraction which is more associated with soil fertility is decomposed within ten years on
average. However the stable SOM fraction can stay in the soil for an average of a thousand years.
SOM is thus the most interesting fraction for soil organic carbon sequestration.

Table 2.1.1: Mean residence time of soil organic carbon in several pools (from Sauerbeck, 2001, p. 255).

Organic carbon in Examples Mean residence time
(years)
Plant biomass Non-woody <10°
Woody 10t-10?
Litter Surface litter and crop residues 5*1Q°
Active SOM Partially decomposed litter and SOM 10°-10?

protected in macro aggregates

Stable SOM Stabilized by clay, chemically recalcitrant 102%-103
SOM, charcoal

Soil organic carbon storage and carbon saturation

The storage of soil organic carbon is influenced by climate, biota (vegetation and soil organisms),
parent material, topography (Essington, 2004) and land use/management (West and Six, 2007).
For a given agricultural soil at a specific location the average soil organic carbon level is a balance
between carbon input through organic residues such as plant litter and manure, and output
through decomposition and erosion (West and Six, 2007). With a change in agricultural
management the SOC level can be increased by either enhancing the residue input or decreasing
the decomposition. Examples of such management changes are leaving more residue on the fields
after harvest and reducing tillage intensity. However, if the new management is not sustained the
sequestered carbon will be released again (Sauerbeck, 2001).

SOC
Level ———————---------q------------rmmmmmmmmmoob oo
Original
steady-state
SOC level
Input Input Input Input
< = > =
Decomposition Decomposition Decomposition Decomposition
— SOC decrease| — Steady-state SOC | — SOCincrease | — Steady-state SOC
t t Time
Start of Start of
cultivation improved
management

Figure 2.1.2: Soil organic carbon development caused by changes in carbon input or a decomposition (from
Govaerts et al., 2009, p. 101).

Figure 2.1.2. which shows what happens to a steady state SOC level when a previously untilled soil
is cultivated. The balance between input and decomposition is offset: the input becomes smaller
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than decomposition. This results in a 20 to 40 percent decrease of soil organic carbon, mostly in
the first few years after cultivation (Davidson and Ackerman, 1993). After this the rate of decrease
lessens and eventually a new steady state SOC level is reached when input meets output
(Sauerbeck, 2001). This is supported by West and Six (2007, p. 36) who state that ‘sequestration
rates are higher in the first half of the sequestration duration period and then decline as soil
reaches a new steady state’. Next to this, differences in decomposition result in a change in the
SOC level faster than changes in input (West and Six, 2007). Note that in practice this steady state
SOC level will still fluctuate (around an average level) with other factors such as seasonal changes,
land productivity and changes in mean annual temperature. So the steady state does necessarily
have to be an equilibrium (West and Six, 2007). The time it takes for the SOC level to reach a new
steady state can vary, but is no more than 50 to 100 years (Sauerbeck, 2001).

It used to be assumed that the relation
between increased carbon input (into
the soil) and the SOC level was linear.
Several experiments support this. Saturation level
However, at some soils which already
had a high SOC level, there was hardly
an increase in SOC after a large
increase in carbon input (Campbell et
al. 1991; Solberg et al, 1997).
Therefore some authors have suggested
that soils (with the exception of wetland
soils!) can become carbon saturated
(Sauerbeck, 2001; Six et al., 2002;
Stewart et al., 2008; West and Six,
2007). This means that a soil cannot
store extra carbon regardless of the
changes in inputs or management

SOC level

A

>

(West and Six, 2007). This is visualized ] -
in figure 1.1.3. These authors argue Carbon input
that the duration of individual

experiments is often too short or the C Figure 2.1.3: Soil organic carbon level as a function of carbon

input. Sd is the saturation deficit: the difference between the
input too low to show a saturation actual SOC level and the saturation level (adapted from West
trend. To overcome this, Six et al. and Six (2007)). This figure differs from 1.1.2., because

(2002) and West and Six (2007) carbon input is on the x-axis instead of time.

compiled data from several experiments

and found indications of an asymptotic (saturation) relation between increased C inputs and the
SOC level.

Figure 2.1.3. also shows that the further a soil is from its saturation level (saturation deficit) the
higher the C stabilization efficiency (or the sequestered C per unit of added C to the soil: ASOC/AC
input) will be. On the left side of the figure, the saturation deficit (Sd) and stabilization efficiency
are higher than on the right side where the SOC level approaches the saturation level. Stewart et
al. (2008) found evidence for this relation. They compared the carbon stabilization efficiency in the
A and C horizons? at seven research sites. SOC levels are much lower in the C horizon than the A
horizon. If the soil could be carbon saturated, than the saturation deficit would be larger in the C
horizon than in the A horizon, as can be seen in figure 2.1.3. If this is the case, a similar carbon
input should result in more carbon being stabilized in the C horizon than in the A horizon. And this
is exactly what Stewart et al. (2008) found. A higher saturation deficit also causes a higher

! In wetland soils peat formation takes place which results in a soil consisting fully of organic residues protected
from decomposition by water.

? Soil horizons are soil layers. The letters A and C refer to their classification. So ‘C’ in this case is not an
abbreviation of carbon. The A horizon is the top soil, which is often rich in organic carbon and C horizon a
(lower) layer which is largely unaffected by soil formation.



sequestration rate (ASOC/time) and a longer sequestration duration (the time sequestration takes
place) (West and Six, 2007).

But what causes this saturation? Six et al. (2002) suggest that the maximum amount of carbon
that can be sequestered in the soil is determined by the soils maximum protective capacity for SOM
(in which the organic carbon is incorporated). They distinguish between four pools based on their
specific protection/stabilization mechanism.

1. The chemical stabilization pool: SOM which is protected because it’s bound to soil minerals
such as clay and silt particles. Hassink (1997) found a direct relation between the silt and
clay content and the amount of SOM bounded to it. This indicates that stabilization is
limited to the silt and clay content.

2. The physical protection pool: SOM protected in macro and micro aggregates. This type of
protection is sensitive to disturbance by cultivation and tillage. The maximum protection
capacity is determined by the maximum aggregation, which in turn is determined by clay
content and clay type.

3. The biochemical stabilization pool: SOM protected through its complex chemical
composition. Six et al. (2002) do not present any actual mechanism which would explain
that there is a maximum amount of carbon that can be stored by biochemical stabilization.
They do however write that the size of this pool is probably limited because its age is much
younger than the age of the soil (pedogenic age).

4. The unprotected SOM pool. This pool is not protected and thus very labile. Six et al. do not
present any mechanism behind saturation for this pool either. They did however find
indications that this pool can also be saturated. Solberg et al. (1997) and Six et al (using
data from Campbell et al. (1991) and Janzen et al. (1992)) found no increase in (the light
fraction part of) the unprotected pool with enhanced C input.

Although data suggests that soils can be carbon saturated, not all mechanisms behind it are well
understood. Stewart et al. (2009) found evidence for the saturation of the chemical and
biochemical pools. The physical pool showed contradicting results and the unprotected pool showed
no saturation behavior. So some pools could become saturated even if the whole soil did not.
Furthermore, they found that once the chemical pool was filled added C seemed to accumulate in
physically protected and unprotected pool, which are less stable and more sensitive to cultivation
and land use change. This behavior might be explained by the fact that the different soil processes
that influence the protection of SOM have different stabilization speeds. Hence not all SOM
fractions will achieve steady state at the same time (Six et al., 2002).

Promising agricultural management

One promising type of sustainable agricultural management related to carbon sequestration is the
use of crop-pasture rotation (CPR) combined with no-tillage.

Pastures are associated with high levels of —m— Continuous Cropping —A— Crop-Pasture Rotation
soil organic matter and carbon. According 16
to Tisdall and Oades (1982) pastures
feature an increase of soil organic matter
(and thus SOC) because of the annual
accumulation of phytomass, the increase
of water stable aggregates and they refer
to Fuhr and Sauerback (1968) who state
that growing plants retard organic matter

SOC (g/kg)

. 1964 1968 1972 1976 1980 1984 1988
decomposition. The amount of root Year

biomass is the main cause of the change
in the quantity and distribution of carbon Figure 2.1.4: SOC concentration at 0-20 cm depth with CC
and CPR with tillage (from Garcia-Préchac et al. (2004, p.

input (in the form of organic residues) in ' g
3) who adapted it from Diaz-Rosellé (1992))

pasture systems (Haynes et al., 1991;



Kazyakov and Domanski, 2000; Bolinder et al., 2007). Because of fine roots and rhizodeposits
(input of C into the soil through the root system) the carbon input from perennial pasture are
greater than would be expected from the standing biomass (Trujillo et al., 2006). The incorporation
of pastures into a cropping system can thus help to restore or improve SOC during the cropping
period. This is shown in figure 2.1.4 on page eight, where the triangle line shows an increase in
SOC in the pasture phase and a decrease in the cropping phase. Although the pasture phase
restored the soil organic carbon levels after the cropping phase, 80 kg ha! was still lost annually.

Tillage can destroy soil aggregate structures. As was mentioned earlier, soil organic matter can be
physically protected by soil aggregates. These aggregates reduce the oxygen availability for
microbes, compartmentalize substrate and microbial biomass and compartmentalize microbial
biomass and microbial grazers (Six et al., 2002). The destruction of soil aggregates results in
carbon loss from the soil through oxidation and erosion of soil organic matter (Franzluebbers,
2005). Diaz-Rosellé (1992) found a 25 percent loss of soil organic carbon during 28 years of
continuous cropping with conventional tillage.

Together, no-tillage and the incorporation of pastures in a land use scheme could help inhibit and
recover the loss of soil organic carbon and hence offer a promising subject for research. While crop
pasture rotation (CPR) systems used to be more common, they have largely disappeared due to
the specialization and intensification of agricultural systems (Salvo et al., 2010). Uruguay and
some parts of Argentina form an exception. There CPRs are even more common than continuous
cropping (Garcia-Préchac et al., 2004). Additionally much research into the combined effect of ‘no
tillage’ and ‘crop pasture rotations’ is being conducted in Uruguay. Therefore this chapter will now
zoom in on this research.

'No tillage’ and ‘crop pasture rotation’ research in Uruguay

Garcia-Préchac et al. (2004) synthesized research studies into ‘no-tillage’ and ‘crop pasture
rotation’ from 1960 on. They described that crop pasture rotations were adopted in the 1960s in
Uruguay. From 1990 on no-tillage was increasingly applied in Uruguay. When comparing the
influence of no-tillage (NT) versus conventional tillage (CT) and continuous cropping (CC) versus
crop pasture rotation (CPR) Garcia-Préchac et al. (2004) found that the NT-CPR combination had
the lowest erosion rate, which was the same as natural pasture, and that the soil organic carbon
content was stable or increased compared with the original values after 6 years of treatment.
Additionally, they found NT-CPR to be more sustainable because it was a more economically and
climatically buffered system compared to NT-CC due to higher diversity and 50% less fuel and
agrochemicals use.

Ernst and Siri-Prieto (2009) investigated the influence of CPR-NT on, inter alia, soil organic carbon
(g kg™), soil organic carbon stock (Mg ha?) and total nitrogen (g kg™*). They compared four
practices: continuous cropping with conventional tillage and without tillage and crop pasture
rotation (with a 3.5 year cropping phase and a 2.5 year pasture phase) with conventional tillage
and without tillage. All plots at the experimental site had the same agricultural management until
1993. Sampling took place after twelve years of different agricultural practices. Ernst and Siri-
Prieto (2009) found that the no-tillage treatments had a seven percent higher SOC level than
tillage treatments. However, the inclusions of pastures did not result in enhanced SOC levels. All
treatment plots lost nitrogen since the start of the experiment, but crop pasture rotations still had
a higher N level than continuous cropping. So Ernst and Siri-Prieto did not find that the
combination of no-tillage and crop pasture rotations sequestered carbon. But because the effects of
land use change slowly accumulate in time they expected that the benefits would likely require
more time to be detectable.

Ten years after agricultural management change Salvo et al. (2010) compared the effects of
continuous cropping (CC) and crop pasture rotation (CPR) (with a three year cropping phase and a



three year pasture phase) both with conventional tillage (CT) and no-tillage (NT)3. They measured
SOC in three size fraction of SOM and the unfractionated soil. The size fractions were coarse
particulate organic matter (POM*), fine POM and mineral associated organic matter (MAOM?®). They
fractionated the soil samples because POM (especially coarse POM) is more sensitive to agricultural
management change and can serve as an early indication of a changing SOC level (see chapter
three: methodology). Salvo et al. (2010) found that in the 0-3 cm layer, no-tillage had a
significantly higher total SOC concentration (g kg™!) than conventional tillage and that under
conventional tillage, crop pasture rotation had a higher C stock (Mg ha™) than continuous cropping.
However they did not find significant differences between the total SOC level of no-tillage crop
pasture rotation and no-tillage continuous cropping. The differences in total SOC in the upper 18
cm, could mainly be attributed to changes in POM carbon (POM-C). Like Ernst & Siri-Prieto (2009),
Salvo et al. (2010) concluded that more time was probably needed to show the combined effect of
crop pasture rotations and no tillage. Furthermore, Salvo et al. (2010) found that in the upper 3
cm of the soil, no-tillage crop pasture rotation had a 12.5% higher MAOM-C level, while having
(insignificantly) a lower POM-C level and the same total SOC level. They speculated that this could
be explained by enhanced humification (transformation of POM-C into MAOM-C) under pastures,
which are associated with higher nitrogen levels. Not only might no-tillage crop pasture rotation
restore or increase SOM quantity it may also improve SOM ‘quality’. This is important for carbon
sequestration because MAOM is more stable over time. The carbon it contains is thus sequestered
for a longer period of time. That crop pasture rotation had a higher nitrogen level than continuous
cropping was corroborated by Ernst and Siri-Prieto (2009). However they did not measure nitrogen
and carbon in the SOM fractions. So it is not possible to say if the same transformation of POM to
MAOM took place.

2.2, Research overview
Problem definition

Improved knowledge about the combined effect of *no-tillage’ ‘crop pasture rotation’ on the level of
soil organic carbon can help sequester atmospheric carbon in agricultural soils and improve soil
fertility. This would help with fighting climate change and improving food production. Uruguay still
features crop pasture rotations on a large scale and recent research on no-tillage crop pasture
rotation has been done there. Most recently Ernst & Siri-Prieto (2009) and Salvo et al. (2010) tried
to quantify the combined effect of several forms of no-tillage crop-pasture rotation on the total
SOC level but found no significant differences. However, the change in agricultural management
practice was quite recent (only 10 and 12 years ago) so it could be that the changes in SOC did not
have enough time to accumulate. Moreover, it could be that important information was missed
because, Salvo et al. (2010) did not measure nitrogen and Ernst and Siri-Prieto (2009) did not
measure SOC in the SOM fractions. These fractions can provide early indications of future change
and the nitrogen measurements (expressed as the C:N ratio) can shed light on possibly enhanced
humification processes, which lead to changes within the fractions. That is why it was important to
conduct research which included the fractionation method and nitrogen sampling at a site with a
longer experimental running time. Additionally it could be that a longer pasture phase will result in
higher SOC levels, because the benefits of the pasture phase will have more time to accumulate.
Ernst and Siri-Prieto (2009) investigated a crop pasture rotation with a two and a half year pasture
phase and Salvo et al. (2010) with a three year pasture phase. Therefore a comparison between a
crop pasture rotation with a short (two year) and long (four year) pasture phase should be made.

3 They also compared C; and C4 summer crops, which is not relevant for this research.
* POM is SOM smaller than 2 mm and larger than 53 pm (Cambardella and Elliot, 1992).
> MAOM is the size fraction of SOM which is smaller than 53 pum.
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SQ1:

SQ2:

SQ3:

H1:

Aim

The aim of this research was to quantify the difference in soil organic carbon in the unfractionated
(or total) soil and its distribution in the fractions coarse particulate organic matter (POM), fine POM
and mineral associated matter (MAOM) between continuous cropping (CC) and crop pasture
rotations (CPR) with short and long pasture durations and no tillage (NT), 18 years after
agricultural management change. Additionally, this research aimed to explain changes within the
fractions by relating them to differences in the C:N ratios of the soil organic matter fractions.

Main research question

How do ‘no-tillage continuous cropping’ and ‘no-tillage crop pasture rotation’ with a pasture
duration of two and four years affect the level of soil organic carbon and the C:N ratio in the
unfractionated soil and in the SOM fractions coarse POM, fine POM and MAOM fractions in an
Uruguayan Agriudoll?

Sub questions

The main research question can be divided into three sub questions. The first question is about the
influence of the combination of no-tillage and crop pasture rotation on the total SOC level, which
Ernst & Siri-Prieto (2009) and Salvo et al. (2010) did not find because the effects probably did not
have enough time to accumulate. The second question is about the influence on the SOC level in
the soil fractions coarse POM, fine POM and MAOM. Changes in these fractions indicate future
change (see chapter 3: Methodology). The third question is about the influence of the added
pasture phase on the C:N ratio of the SOM fractions, which could cause enhanced humification. In
the top three centimeter of the soil Salvo et al. (2010) found that no-tillage crop pasture rotation
had a higher level of MAOM-C (*-C' refers to the SOC in the SOM fraction), while having
(insignificantly) a lower POM-C and the same total SOC level. As stated at the top paragraph of
page ten, they speculated that this could be explained by enhanced humification (transformation of
the SOC in POM to MAOM) under pastures which are associated with higher N levels.

How much do no-tillage continuous cropping and no-tillage crop-pasture rotation with long (four
year) and short (two year) pastures influence the level of soil organic carbon in the unfractionated
soil?

How much do no-tillage continuous cropping and no-tillage crop-pasture rotation with long (four
year) and short (two year) pastures influence the level of soil organic carbon in the soil fractions
coarse POM, fine POM and MAOM?

How does crop pasture rotation influence the C:N ratios of the soil organic matter fractions
compared to continuous cropping?

Hypotheses

Crop pasture rotation will have a higher SOC level than continuous cropping mainly because
pasture feature a higher organic residue input through rhizodeposition (Haynes et al., 1991;
Kazyakov and Domanski, 2000; Bolinder et al., 2007). The effect of adding a pasture phase to a
cropping phase will be largest for the long pasture phase because the pasture benefits will have
more time to accumulate.

Therefore the hypothesis for the first sub question (How much do no-tillage continuous cropping
and no-tillage crop-pasture rotation with long (four year) and short (two year) pastures influence
the level of soil organic carbon in the unfractionated soil?) is:

No tillage crop pasture rotation has a higher level of soil organic carbon compared with continuous
cropping and long crop pasture rotation will have a higher concentration than short crop pasture
rotation.
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H2:

H3:

The SOM fractions coarse POM, fine POM and MAOM are indicators of future change in the total
SOC level, even when the change is small. Coarse POM is most sensitive to change in agricultural
management followed by fine POM while MAOM hardly changes (Cambardella and Elliot, 1992;
Mordn and Sawchik, 2003). Therefore the general trends for the fractions will be the same as for
total SOC, but it will be most strong for the most sensitive fraction coarse POM-C, followed by fine
POM and much weaker for the stable fraction MAOM-C. Therefore the hypothesis for the second sub
question (How much do no-tillage continuous cropping and no-tillage crop-pasture rotation with
long (four year) and short (two year) pastures influence the level of soil organic carbon in the soil
fractions coarse POM, fine POM and MAOM?) is:

No tillage crop pasture rotation has a higher level of soil organic carbon in the three soil fractions
compared with continuous cropping and long crop pasture rotation will have a higher concentration
than short crop pasture rotation. The difference between the SOC levels in the fractions are the
largest for POM-C, which is most sensitive to land use change, followed fine POM-C while MAOM-C
hardly changes.

Ernst and Siri-Prieto (2009) found that crop pasture rotations had a higher N level than continuous
cropping. Salvo et al. (2010) found indications for enhanced humification from the POM fraction to
the MAOM fraction and speculated that this was caused by the higher nitrogen associated with
pastures. Therefore the hypothesis for the second sub question (How does crop pasture rotation
influence the C:N ratios of the soil organic matter fractions compared to continuous cropping?) is:

No tillage crop pasture rotation will have higher nitrogen levels (and thus lower C:N ratios) than no

tillage continuous cropping and this will lead to enhanced humification (a higher transformation of
POM-C into MAOM-C).
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3. Methodology

The sampling took place near Paysandu at one of several sites at the experimental station EEMAC
(Estacion Experimental ‘Dr. Mario A. Cassinoni’) of the Agronomy Faculty of the Universidad de la
Republica. The experimental site was established in 1994. It has a sub-humid climate with an
average temperature of 17 °C annually, 24 °C in summer and 12 °C in winter. The soil consists of a
fine, mixed, active, termic Typic Argiudoll on a less than 1% slope. The A horizon of 18 cm has a
pH of 5,7 and a clay, silt, sand content of respectively 289, 437 and 273 g kg™! (Salvo et al.,
2010).

The experimental site features four main land use types with 18 cyclic treatments and a control
pasture. So in total there are five land uses. Each treatment is situated on 50 by 10 meter plots
and all treatments have completed at least two cycles. The winter crops are wheat and barley and
the summer crops are soybeans and sorghum. Soybeans are planted twice: once as a second crop
after wheat and once as the first (and prime) crop after a fall period. The four year pastures consist
of tall fescue (Festuca arundinacea), birdsfoot trefoil (Lotus corniculatus) and white clover
(Trifolium repens) and the two year pastures of red clover (Trifolium pratense). Because sampling
took place in summer, the summer crops soybeans (as first and second crop) and sorghum were
be sampled; and because SOM (and thus SOC) changes slowly only the second and fourth years of
pasture were sampled.

Below follows an overview five land use types and the plots that were sampled in 2012. The
cropping and pasture phases are described in table 3.1.

Three year cropping phase followed by a 4-year pasture phase without tillage (long rotation no
tillage: LR-NT). The following plots have been sampled: soybean (second crop of the year),
sorghum, soybean (first crop of the year) and second and fourth year of pasture.

Three year cropping phase followed by a 2-year pasture phase without tillage (short rotation no
tillage: SR-NT). The following plots have been sampled: soybean (second crop of the year),
sorghum, soybean (first crop of the year) and second year of pasture.

Continuous cropping phase without tillage (continuous cropping no tillage: CC-NT). The following
plots have been sampled: soybean (second crop of the year), sorghum and soybean (first crop of
the year).

Three year cropping phase followed by a 4-year pasture phase with conventional tillage (long
rotation conventional tillage: LR-CT). The crops were seeded with conventional tillage. This
represents the traditional soil management system, which is included as a control check. The
following plots have been sampled: soybean (second crop of the year) and second year of pasture.
No treatment: pasture since 1994 (Control), this pasture has been sampled.

Table 3.1: Rotation cycle with cropping and pasture phases, with specific crops and pasture plants. When
second year of pasture is mentioned this refers to the fifth year in the whole rotation cycle.

Cropping phase

Year 1 Year 2 Year 3
Season: Winter Summer Winter Summer Winter Summer
Crop: Wheat Soybean Barley Sorghum Fall Soybean
(2™ crop) (1%t crop)
Pasture phase
Year 4 Year 5 Year 6 Year 7
Short rotation Wheat & red Red clover - -
clover
Long rotation Wheat, White clover, White clover, White clover,

White clover,
Birdfoot trefoil &
Fescue

Birdfoot trefoil &
Fescue

Birdfoot trefoil &
Fescue

Birdfoot trefoil &
Fescue
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By comparing the treatments with each other, their influence on SOC and N could be identified,
because in 1994 they all shared the same land use history and conditions where the same. All
differences are thus caused by the land use after 1994. The control pasture has been pasture since
1994. Before 1994 the entire site was used for cropping.

At the same experimental station but on a different site, Salvo et al. (2010) found that changes in
soil organic carbon levels were restricted to the arable layer (0-20 cm) and that the main changes
occurred in the layer at 0-3 cm depth. At the experimental site used for this research the layers at
0-5, 5-10 and 10-20 cm depth were sampled in 2010 and the layers at 0-10 and 10-20 cm depth
were sampled in 2011. By also sampling the layers at 0-5, 5-10 and 10-20 cm depth in 2012 it was
possible to use the samples from the previous years as replications in time. Replications in space
could not be taken. The samples from 2010 and 2011 could be used as replicates, because soil
organic carbon changes very slowly. The sample of the same treatment ‘moment’ was used as
replicate, e.g. the ‘short rotation with no tillage second year pasture’ plot samples from 2010 and
2011 were replications of the ‘short rotation with no tillage second year pasture’ plot sample of
2012. This means that the replicate will not come from the exactly the same treatment field (which
would be pseudo replication). That the samples were not taken from the same field enhanced the
validity as a substitution for a replication in space. Sampling at multiple depths also increased the
chance that significant changes were detected, because if only samples from the 0-20 cm layer
would have been taken, the changes occurring in the top 5 cm would have been diluted.

Sampling took place at the 14" and 15% of
February. To reduce spatial variability,
each layer sample was composed of 20 soil
cores taken randomly throughout the
treatment plot (USDA, 2004) with a soail
probe (see figure 3.1). These soil cores
were mixed into one sample. This mixed
sample represents the average situation
for a specific layer at a specific treatment.

The samples were stored refrigerated and
afterwards dried at 50 °C in an air forced
oven for 48 hours to stop microbial
decomposition (USDA, 2004). In the
laboratory they were crushed to 2 mm,
because this was also done for the
replicate samples of 2010 and 2011. The
crushing also mixed the sample, but to
assure homogeneous samples they were
also mixed with a spoon afterwards.

Figure 3.1: Sample extracted with an auger. The core was cut at 5,
10 and 20 cm and separated into 0-5, 5-10 and 10-20 c¢cm depth
buckets with pieces of the other 19 cores of the plot.

All samples taken in 2010, 2011 and 2012 were checked for the presence of inorganic carbonates
with 4.0 M HCI. Carbonates could offset the dry combustion measurements, none were found.

The samples taken from the layers at 0-5, 5-10 and 0-10 cm depth were physically fractionated in
accordance with Cambardella and Elliott (1992). The three separated size fractions were: coarse
particulate organic matter (POM) which is smaller than 2 mm and larger than 200 pm, fine POM
which has a size between 200 pm and 50 um and mineral associated organic matter (MAOM) which
is smaller than 50 ym. The fractionation took place with meshes.

This fractionation was done to distinguish between more and less stable (or labile) pools. According
to Haynes (2000) labile fractions are suitable to be used as indicators of changes in soil carbon,
because over time parts of these labile fractions be transformed through humification into more
stable fractions and will be sequestered in the soil for a longer period. So changes in labile pools
can be considered as indicators of future changes in stable pools. A useful labile fraction would be
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POM®, which represents the carbon in the dynamic part of SOM and is much more associated with
nutrient availability, while MAOM would be a good stable fraction because it is the more stable over
time, difficult to degrade and represents the passive part (Galantini et al., 2004; Six et al., 2002).
In 2003 Mordn and Sawchik further divided POM into a coarse and fine fraction because they found
that POM larger than 212 ym was more sensitive to changes in land use practices than POM that
was smaller. It would thus be expected that the level of coarse POM would be affected by land use
change earliest followed by the level of fine POM and that the level of MOAM would react latest.

The layer at 10-20 cm depth was not fractionated because the input from POM mainly occurs in the
upper layer at 0-10 cm depth. So if changes occurred in this layer, they should already become
apparent from the total SOC and N sample.

The carbon in the 2010 and 2011 samples was already measured with wet combustion with the
addition of external heat. For this research dry combustion at high temperature was used to
measure carbon in the samples. Therefore the 2010-2011 samples had to be analyzed again to
yield comparable data. A benefit of dry combustion was that the total nitrogen fraction could be
analyzed at the same time in a CN analyzer and this saved time. Furthermore a CN analyzer is very
accurate and easy to use. With the nitrogen fractions the C:N ratio could be calculated, which was
necessary to properly interpret the data. The added benefit of analyzing the samples from 2010
and 2011 again with dry combustion was that the accuracy of the results from wet combustion
could be checked. This was a request from the involved Uruguayan scientists.

The carbon and nitrogen values of the MAOM fraction were calculated by subtracting the values of
the coarse and fine POM fraction from the total values. This is a widely applied method because it
is difficult and time consuming to measure the carbon and nitrogen in MAOM itself. This is
explained in more detail in appendix B.

Three bulk density samples were taken with the ‘cylinder method’ from all sampling depths of each
plot to yield an average value per layer per plot for 2012. The cylinder method works as follows. A
ring with known dimensions was hammered into the soil. The ring samples were placed in a layer
of water so they would become saturated to make them comparable. Any soil that extended out of
the ring after saturation was removed. Next the samples were dried at 105 °C. and weighted with
the ring. Finally the ring was cleaned and weighted. The soil weight was calculated by subtracting
the ring weight from the ‘soil with ring’ weight. Because the dimensions of the ring were known
(5.4 by 3 cm’s or 68,71 cm?®) the weight of the soil could be expressed per volume. The bulk
density (g*cm™) could be calculated by dividing the soil weight (g) by the volume in the ring. The
results were compared with the average bulk density values of 2010 and 2011.

The bulk density data was used to calculate the soil carbon stock (Mg*ha™). For this the fixed
depth method was used with the average bulk density values for each layer, because there were no
significant differences between the plots. This is explained in more detail in appendix C.

Statistics

To check if the differences between the treatments were significant the PROC MIXED procedure
(factorial mixed ANOVA) of SAS was used. The experiment was considered a factorial design with
13 treatments (fixed effects) and three replications in time (random effects). The years were
considered as blocks and assumed to be independent. The 13 treatments excluded the control
pasture and the crop years and the fourth year of pasture with conventional tillage, because they
had only one replication. The control pasture was not sampled in previous years and long rotation
with conventional tillage had only three plots at the experimental site, while it has seven years in a
cycle. Thus not all cycle years could be present in each year. Of LR-CT, the second year of pasture
was the only cycle year present in more than one year: 2011 and 2012. For the statistical analysis
at least two measurements were needed.

® POM is SOM smaller than 2 mm and larger than 53 pm (Cambardella and Elliot, 1992).
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Orthogonal contrasts and contrast of least square means were performed using Tuckey’s test.
Because of the usually high variability of soil nitrogen and carbon measurements at agricultural
sites P-values equal or smaller than 0.10 were considered significant.

The following treatments were compared with orthogonal contrasts:

e No tillage 'S tillage

e Continuous cropping S long and short pasture rotation
e Short rotation pasture Vs short rotation crops

e Long rotation pasture Vs long rotation crops

And for all four land use types:

e Soybean S sorghum
e Soybean as second crop S soybean as first crop

As is normal in this type of agricultural soil experiment there was a high variability in the data.
Random events such as weather and pests might have had a different short term influence on the
crop and pasture yields. For instance, 2011 might have been a very good year for the sorghum
yield, a bad year for the soybean yield and a mediocre year for the pasture yield. This would lead
to short term variability in the amount of carbon and nitrogen input into the soil, because for
instance a higher crop yield also leaves more crop residues and roots on and in the soil for
decomposition. On the long term this variability is diminished since all types of vegetation will have
had good and bad years. But in the sampling period (2010-2012) this probably created noise. That
is why a covariable, which reflected the carbon input through the dry matter yield of 2010, 2011
and 2012, was incorporated into the statistical model. So if there is an exceptionally low or high
harvest the short term effect of the carbon input can be corrected. This resulted in a statistical
procedure were it was first checked if the dry matter yield was significant as a covariable. Then if
this was the case the model with the covariable was used and if it was not the model without the
covariable was used. The covariable model is discussed in more detail in appendix D.
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4. Results

This chapter will give an overview of the results of the 2010 to 2012 measurements. First it will
review the results of soil organic carbon (SOC) then of the bulk density, the carbon stock and
nitrogen (N) and finally the carbon to nitrogen (C:N) ratio. Although a lot of data for the individual
crop and pasture plots was gathered, this research will focus on the three main rotation systems:
Continuous Cropping with No Tillage (CC-NT), Short Rotation with No Tillage (SR-NT) and Long
Rotation with No Tillage (LR-NT). The individual crops will only be mentioned when they are
important to answer the research questions. To make the text, tables and figures more readable
the *-NT’'s from the treatments have been left out except when comparisons with conventional
tilage were made, e.g. in figure 4.1.1 and table 4.1.4. So all discussed treatments are ‘no-tillage’
unless mentioned otherwise. The treatments Long Rotation with Conventional Tillage (LR-CT) and
the control pasture will be used as reference values in the carbon stock section. Note that a
fraction followed by '-C’ refers to the organic carbon in the fraction and *-N’ to the nitrogen. So a
MAOM-C concentration reflects the concentration of carbon from the MAOM fraction in the soil. In
most tables POM is mentioned. This is the total particulate organic matter, so the sum of coarse
and fine POM. A list of abbreviations can be consulted in appendix A. The accuracy of the
measurements are shown in appendix F.

4.1. Carbon

In this section an overall description of the results will be presented first, followed by the specific
significant differences in the orthogonal contrasts.

Overall results

To explore and describe the relations between the land use treatments and the organic carbon
variables, a principle component analysis was performed. The result is shown in figure 4.1.1.
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Figure 4.1.1: Principle component analysis of the 13 treatments (blue dots) and the main variables of organic
carbon (red dots) in the 0-10 and 10-20 cm layers. The names of the variables are composed of two parts: the
first part reflects the fraction in which the carbon was measured. So total soil organic carbon (TSOC) for the
unfractionated soil and coarse particulate organic matter (CPOM), fine POM (FPOM) and mineral associated
organic matter (MAOM) for the fractions. The second part ‘010’ and ‘1020’ reflects two sampling depths. The
names of the treatments are composed of the main treatment, e.g. CCNT for continuous cropping no tillage and
the specific crop: soybean as first crop (Sb1), soybean as second crop after wheat (Sb2), sorghum (Sg) second
year of pasture (P2) and fourth year of pasture (P4).
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In table 4.1.1 the red dots (below) are the organic carbon variables: total soil organic carbon in the
unfractionated sample (TSOC), coarse particulate organic matter (CPOM), fine POM (FPOM) and
mineral associated organic matter (MAOM) in the 0-10 (010) and 10-20 cm (1020) layers. The blue
dots are the land use treatments with specific crops, CCNTSg which is the sorghum plot of
continuous cropping with no tillage. The 0-5 and 5-10 cm layers were left out to give the figure a
better overview. The associations between the variables from these layers and the treatments were
similar to the ones in figure 4.1.1.

All carbon variables in figure 4.1.1 are directed towards the right side under the influence of mainly
the second and fourth year of pasture of long rotation without tillage (LRNTP2 and LRNTP4). The
other treatments are more clustered around the center and have little influence. On the negative
side of principle component one (x-axis) are all but two of the crop plots and only one pasture plot
of short rotation. Probably principle component one described POM carbon and TSOC which was
higher under pasture than under crops. There is much less dispersion associated with principle
component two (y-axis). No clear relation between the carbon variables and the treatments are
visible. However, MAOM is situated at the top of the figure and the coarse and fine POM at the
bottom. So the second principle component is related to a factor which influences MAOM and POM.
This is probably a confounding factor. More details of the principle component analysis are
reviewed in appendix E.

Table 4.1.1 shows the average organic carbon concentration (g/kg) of the fractions and whole soil
per main treatment in the 0-10 and 10-20 cm layers. The sample standard deviation (S) was
relatively high compared to the averages, especially for the coarse and fine POM. Furthermore the
differences between treatments were about the same size as the S-values. The total SOC S-values
were similar in the two layers. None of the differences shown in table 4.1.1 were significant.
However the averages did give an indication of the expected changes.

Table 4.1.1: The average soil organic carbon concentration (SOC) in g/kg and their sample standard deviation
(S) for continuous cropping (CC), short rotation (SR) and long rotation (LR) treatments (all no-tillage) in the
0-10 and 10-20 cm layers. All measurements had three replications. POM-C is coarse and fine POM-C
combined.

Layer Fraction CC SR LR
g/kg S g/kg S g/kg S
0-10 TSOC 21.1 1.50 21.0 2.02 22.1 1.74
CPOM-C 0.61 0.27 0.71 0.48 0.92 0.31
FPOM-C 0.83 0.34 0.93 0.29 1.13 0.20
POM-C 1.44 0.51 1.65 0.39 2.04 0.56
MAOM-C 19.7 1.35 19.3 1.76 20.0 1.65
10-20 TSOC 17.5 2.02 17.6 1.70 17.9 1.82

For all treatments the total SOC concentration was 22.3 percent higher in the 0-10 cm layer than in
the 10-20 cm layer. Compared to the other treatments, long rotation had the highest organic
carbon concentrations in both layers and in all fractions. The total SOC concentration of long
rotation was 4.7 percent higher in the 0-10 cm layer and 2.3 percent in the 10-20 cm layer than
the total SOC concentration of continuous cropping. The coarse and fine POM-C concentrations of
long rotation were respectively 50.8 and 36.1 percent higher than that of continuous cropping.
Compared to continuous cropping, short rotation had higher coarse and fine POM-C concentrations
and lower MAOM-C concentrations. The total SOC concentrations in both layers showed little
difference between short rotation and continuous cropping.

In 2010 and 2012 the 0-5 and 5-10 cm layers were sampled. The results are shown in table 4.1.2.
The 0-5 and 5-10 cm layers showed the same SOC distribution as in the 0-10 and 10-20 cm
layers: higher levels closer to the surface and the highest concentration with long rotation followed
by short rotation and then continuous cropping. An exception was MAOM-C in the 0-5, where
continuous cropping had the highest values and long rotation the lowest. The S values were much
lower in the 5-10 cm layer than in the 0-5 cm layer.
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Table 4.1.2: The average SOC concentrations in g/kg and their sample standard deviation (S) for continuous
cropping (CC), short rotation (SR) and long rotation (LR) treatments (all no-tillage) in the 0-5 and 5-10 cm
layers. All measurements had two replications.

Layer Fraction CC SR LR
g/kg S g/kg S g/kg S

0-5 TSOC 24.2 2.90 24.5 2.62 25.3 2.86
CPOM-C 1.07 0.39 1.34 0.62 1.83 1.12
FPOM-C 1.16 0.57 1.49 0.42 1.86 0.54
POM-C 2.23 0.66 2.83 0.90 3.69 1.13
MAOM-C 22.0 2.91 21.7 2.48 21.6 2.37

5-10 TSOC 18.1 1.44 18.7 1.99 19.9 2.74
CPOM-C 0.20 0.09 0.26 0.07 0.34 0.16
FPOM-C 0.38 0.17 0.35 0.19 0.56 0.18
POM-C 0.58 0.18 0.62 0.16 0.90 0.29
MAOM-C 17.5 1.40 18.1 1.90 19.0 2.54

Significant differences

There were three fraction in which significant differences (p<0,10) between the main treatments
have been found: MAOM-C in the 0-5 cm layer and coarse POM-C and POM-C in the 5-10 cm layer.
POM-C (p=0.16) in the 0-10 layer and TSOC (p=0.12) in the 0-5 cm layer were close to the
p<0,10 significance condition (see table 4.1.3). In the case of coarse POM-C in the 5-10 cm layer
the significant differences occurred with and without the covariable model which used dry matter
yields to correct for noise in the SOC changes caused by changes in carbon input. It was decided to
use the covariable model for POM-C because it had a much lower p-value and more significant
contrasts.

Table 4.1.3: P-values of SOC in the fractions and whole soil samples in all sampled soil layers. A p-value equal
or lower than 0.10 indicates significance and is depicted in bold letters. The left p-value column shows the
significance of dry matter production as a covariable of soil organic carbon change. If dry matter production is a
valid covariable the ‘covariable model’ can be used. The second p-value column shows the p-value for the
covariable model. A significant value means that significant differences occur within the contrasts. The third p-
value column shows the p-values for the regular statistical model without the coviariable. The statistical models
are explained in more detail in appendix D.

Fraction Layer p value for p-value for model with p-value for model
Variable covariable covariable without covariable
TSOC 0-5 0.06 0.12 0.33
CPOM-C 0.51 0.73 0.70
FPOM-C 0.16 0.19 0.36
POM-C 0.87 0.61 0.52
MAOM-C 0.06 0.097 0.22

TSOC 5-10 0.87 0.51 0.45
CPOM-C 0.04 0.002 0.03
FPOM-C 0.49 0.96 0.41
POM-C 0.50 0.20 0.03
MAOM-C 0.79 0.54 0.50

TSOC 0-10 0.13 0.32 0.52
CPOM-C 0.48 0.54 0.34
FPOM-C 0.14 0.25 0.40
POM-C 0.12 0.17 0.16
MAOM-C 0.25 0.39 0.57

TSOC 10-20 0.37 0.22 0.39
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Four orthogonal contrasts showed significant differences in POM-C between treatments in the 5-10
cm layer (table 4.1.4 and figure 4.1.2). However, the difference between conventional tillage (CT)
and no-tillage (NT) was statistically unsound because there was only one sampled CT plot in the 5-
10 cm layer with no replications. Additionally, the sampled CT plot was the second year of pasture
(long rotation) in 2012. Since pasture plots scored higher than crop plots on average (see last
contrast) the comparison with average values from the other treatments including crop plots was
biased.

Table 4.1.4: Significant contrasts between the compared treatments for POM-C in the 5-10 cm layer without
the covariable model (DF: 11). The first column shows the two treatments that were compared, for instance no-
tillage versus conventional tillage (NT vs CT). The second column shows the p-value for the contrast. The
following two columns show the average concentration and sample standard deviation of the left treatment in
the comparison (e.g. NT) and the last two columns show the same for the right treatment in the comparison
(e.g. CT). CT refers to treatment with conventional tillage, NT to treatment without tillage, CC refers to
continuous cropping, LR to long rotation and SR to short rotation.

Compared treatments p Left treatment versus Right treatment
g/kg S g/kg S
NT vs. CT 0.0092 0.70 0.25 1.31 .
CC-NT vs. LR-NT & SR-NT 0.0658 0.58 0.18 0.74 0.26
LR-NT vs. SR-NT 0.0223 0.83 0.29 0.61 0.16
LR-NT: pasture vs. crops 0.0159 1.06 0.28 0.68 0.18

The other results from table 4.1.4 are displayed in figure 3.1.3. The no tillage systems with
pasture: long and short rotation together had a 27,6 percent higher POM-C concentration than no-
tillage continuous cropping (without pasture). When long and short rotation were compared the
long rotation POM-C concentration was 36,1 percent higher. Short rotation and continuous cropping
did not differ much (0.61 and 0.59 g/kg) so the difference in the CC vs LR & SR contrast was
probably caused by the long rotation system. Within long rotation the pasture phase had a 55,9
percent higher POM-C concentration compared to the cropping phase.
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Figure 4.1.2: Significant differences between the POM-C concentrations [g/kg] of treatments in the 5-10 cm
layer without the dry matter covariable model. The pairs of bars depict the two average concentrations of the
compared treatments with their sample standard deviation. In the case of LR versus SR the left bar belongs to
LR and the right bar to SR. All treatments in this figure were performed without tillage and CC refers to
continuous cropping, LR to long rotation and SR to short rotation. The asterisks (*) stand for the level of
significance (* stands for P<0.1 while P>0.05 and ** for P< 0.05 while P>0.01).
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Seven orthogonal contrasts showed significant differences for coarse POM in the 5-10 cm layer with
the covariable model (table 4.1.5). The first four compared treatments are displayed in figure
4.1.3a and the last three in figure 4.1.3b).

Long and short rotation had on average a 40 percent higher coarse POM-C concentration than
continuous cropping. As opposed to the POM-C values in the 5-10 cm layer, the differences
between the rotation systems and continuous cropping could not be attributed to the long rotation
system alone. Both rotation systems had higher concentrations: long rotation had a 50 percent and
short rotation a 30 percent higher concentration. With long rotation the pasture phase has a 120
percent higher concentration than the cropping phase. For short rotation, on the other hand, the
phases are almost equal.

Table 4.1.5: Significant differences between the coarse POM-C concentrations of treatments in the 5-10 cm
layer with the covariable model. The first column shows the two treatments that were compared. The second
column shows the p-value for the contrast. Then the average concentrations and sample standard deviations of
the left and right compared treatments are displayed. CC refers to continuous cropping, LR to long rotation and
SR to short rotation. All treatments were performed without tillage.

Compared treatments p Left treatment versus Right treatment
g/kg S g/kg S
CCvs. LR & SR 0.0018 0.20 0.09 0.28 0.13
LR vs. SR 0.0883 0.30 0.16 0.26 0.07
SR: pasture vs. crops 0.0407 0,27 0,02 0,26 0,08
SR: soybean 1% vs. soybean 2™ 0.0158 0,22 0,10 0,31 0,12
LR: pasture vs. crops 0.0001 0,44 0,15 0,20 0,07
LR: 2" vs, 4" year pasture 0.0021 0.31 0.01 0.57 0.08
LR: soybean 1%t vs. soybean 2" 0.0582 0.23 0.00 0.24 0.06
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Figure 4.1.3a: Significant differences between coarse POM-C concentrations [g/kg] of treatments in the 5-10
cm layer with the dry matter covariable model. The pairs of bars depict the two average concentrations of the
compared treatments with their sample standard deviation. In the case of LR versus SR the left bar belongs to
LR and the right bar to SR. All treatments in this figure were performed without tillage and CC refers to
continuous cropping, LR to long rotation and SR to short rotation. The asterisks (*) stand for the level of
significance (* stands for P<0.1 while P>0.05, ** for P< 0.05 while P>0.01 and *** for P<0.01).

For both long and short rotation the treatment with soybean as the second crop (after winter crop
wheat) had a higher carbon concentration than soybean as the first crop (see figure 3.1.3b). The
difference was more pronounced in short rotation where the difference was 40.9 percent than long
rotation where it was 4.3 percent. In the main treatment cycles, soybean as the second crop is
planted in the year after the pasture phase and soybean as the first (and only) crop occurs at the
end of the cropping phase.
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Figure 4.1.3b: Significant differences between coarse POM-C concentrations [g/kg] of treatments in the 5-10
cm layer (with the dry matter covariable model). The pairs of bars depict the two average concentrations of the
compared treatments with their sample standard deviation. In the case of LR:2" versus 4" year pasture the left
bar belongs to LR second year pasture and the right bar to LR fourth year pasture. All treatments in this figure
were performed without tillage and LR refers to long rotation and SR to short rotation. The asterisks (*) stand
for the level of significance (* stands for P<0.1 while P>0.05, ** for P< 0.05 while P>0.01 and *** for
P<0.01).

Next to this for long rotation the fourth year of pasture had 83.9 percent higher CPOM-C
concentration than the second year.

Table 4.1.6: Significant contrasts MAOM 0-5 with the covariable. The first column shows the two compared
treatments. The second column shows the p-value for the contrast. Then the average concentrations and
sample standard deviations of the left and right compared treatments are displayed. CC refers to continuous
cropping, LR to long rotation and SR to short rotation. All treatments were performed without tillage.

Compared treatments p Left treatment versus Right treatment
g/kg S g/kg S
SR: pasture vs. crops 0.0793 22.67 3.17 21.03 2.40
SR: soybean 1% vs. soybean 2™  0.0092 18.38 0.99 23.36 1.44
LR: pasture vs. crops 0.0480 22.36 2.18 20.65 2.43
LR: soybeans vs. sorghum 0.0194 20.87 3.05 21.35 0.84

The model with the covariable showed also some significant differences between the MAOM-C
concentrations of the compared treatments in the 0-5 cm layer. These are displayed in table 4.1.6
and figure 4.1.4. The MAOM-C concentration was 8.3 percent higher in the long rotation pasture
phase than in the long rotation cropping phase. For short rotation the pasture phase MAOM-C
concentration was 7.8 percent higher. This did not result in any significant differences between the
three main treatments. The continuous cropping even had a slightly higher MAOM-C concentration
in this layer but this was not significant. For short rotation soybean as the second crop had a 27,1
percent higher concentration than soybean as the first and prime crop. Also the combined soybean
concentrations had a slightly lower (2.3 percent) than the sorghum concentrations for long
rotation. However, the sample standard variation for the soybean concentration is relatively high.
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Figure 4.1.4: Significant differences between the MAOM-C concentrations [g/kg] in the 0-5 cm layer with the
dry matter covariable model. The pairs of bars depict the two average concentrations of the compared
treatments with their sample standard deviation. In the case of LR: pasture versus crops the left bar belongs to
the LR pasture phase and the right bar to the LR cropping phase. All treatments in this figure were performed
without tillage, LR refers to long rotation and SR to short rotation. The asterisks (*) stand for the level of
significance (* stands for P<0.1 while P>0.05, ** for P< 0.05 while P>0.01 and *** for P<0.01).

4.2, Soil bulk density

No significant differences between the soil bulk densities of the treatments were found. Not only
the regular orthogonal contrasts were used for the statistical analysis, but also new contrast which
compared the bulk density of each crop separately. The bulk density measurements were
necessary to calculate the carbon stock. For the fixed depth method it should be multiplied with the
carbon concentration and layer thickness. For all treatments (including the separate cycle years)
three bulk density samples were at each depth in 2010, 2011 and 2012. So nine samples per cycle
year of the treatments where taken in total. The values range from about 1,0 to 1,5 g/cm3. Using
these individual bulk density values to calculate the carbon stock would have incorporated this
variation because bulk density is a multiplier in the calculation, while the bulk density did not show
significant differences. The carbon stock could also be calculated with the average value for each
layer shown in the table 4.2.1. but the differences are small and smaller than the sample standard
deviation.

Table 4.2.1: Average bulk density values (g/cm3) and their sample standard deviation (S) for each sampled
layer. The 0-5 and 5-10 cm layers have two replicates (2010-2012) and the 0-10 and 10-20 cm layer three
(also 2011).

0-5cm 5-10 cm 0-10 cm 10-20 cm
Average (g/cm?) 1.180 1.231 1.193 1.246
S 0.142 0.105 0.117 0.102

Even the total average (0-20 cm layer) for no tillage treatments (1.213 g/cm?® with a sample
standard deviation of 0.118) did not differ much from the average for tillage treatments (1.238
g/cm?® with a sample standard deviation of 0.122). That is why the overall bulk density (1.214
g/cm?) was used to calculate the carbon stock.
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4.3. Carbon Stock

The average carbon stock was calculated using the 1.214 g/cm?® bulk density for all treatments.
Since only half the pasture years were measured they were ‘weighted’ twice as heavy in the
average as the cropping years.

Often the carbon stock differences between continuous cropping and short or long pasture rotation
will be explained as an increase for long rotation compared to continuous cropping. What is meant
with this is that there is a relative increase between treatments but not necessarily an absolute
increase in time for that treatment. For example, if a farmer with a continuous cropping field with a
current carbon stock of 57 Mg/ha would have switched that field to a long rotation system in 1994
the carbon stock would currently be 59 Mg/ha. So it would relatively increase with 2 Mg/ha.
However the initial carbon stock in 1994 was not measured and might have been higher that it
currently is, 60 Mg/ha for instance.

The results for the three main treatments and the reference pasture are displayed in table 4.3.1.

Table 4.3.1: Overview of the carbon stock results for the three main treatments continuous cropping (CC),
short rotation (SR) and long rotation (LR) and the control pasture (all no tillage).

Mg/ha CcC SR LR Pasture
0-5cm TSOC 8.93 9.05 9.35 10.04
CPOM-C 0.40 0.49 0.68 1.14
FPOM-C 0.43 0.55 0.69 0.93
POM-C 0.82 1.04 1.36 2.07
MAOM-C 8.10 8.00 7.98 7.97
5-10 cm TSOC 6.67 6.89 7.34 6.66
CPOM-C 0.07 0.10 0.12 0.29
FPOM-C 0.14 0.13 0.21 0.23
POM-C 0.21 0.23 0.33 0.51
MAOM-C 6.46 6.66 7.01 6.15
0-10 cm TSOC 31.15 30.93 32.56 33.40
CPOM-C 0.90 1.06 1.36 2.67
FPOM-C 1.23 1.37 1.66 2.28
POM-C 2.13 2.43 3.02 4.95
MAOM-C 29.02 28.50 29.54 28.45
10-20 cm TSOC 25.87 25.99 26.44 22.36
0-20 cm TSOC 57.02 56.92 59.00 55.76

In the 0-5 cm layer the TSOC increased a little with the inclusion of pasture. A longer pasture
phase led to a greater increase with the control pasture having the highest carbon stock. The TSOC
is the sum of its fractions. Considering this, the differences in TSOC were caused by a higher
coarse and fine POM-C stock, while the MAOM-C stock stayed almost the same.

Although the control pasture has the highest coarse and fine POM-C values in the 5-10 cm layer, it
had the lowest MAOM-C and TSOC values. Short rotation had values a little higher than continuous
cropping for TSOC and MAOM-C and coarse POM-C. Long rotation showed higher values. Where the
MAOM-C stock did not differ much between treatments in the 0-5 cm layer, in the 5-10 cm layer it
increased from continuous cropping to short rotation and then long rotation.

The combined values for the 0-10 cm layers (in which the 2011 samples were also included)
showed that compared to continuous cropping, short rotation had a higher coarse and fine POM-C
stock but a lower value for MAOM-C. This resulted in a slightly lower TSOC stock. Compared to
short rotation and continuous cropping, long rotation had the highest values. The control pasture
had the highest coarse and fine POM-values and the lowest MAOM-C value, similar to short
rotation.
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In the 10-20 cm layer the control pasture showed the lowest values. Because the control pasture
did have the highest values for the 0-10 cm layer this could possibly indicating shallow rooting of
the pasture grasses. Overall there was a small increase from continuous cropping to short rotation
to long rotation in the 10-20 cm layer.

Overall long rotation had the highest carbon stock in the 0-20 cm layer. Short rotation and
continuous cropping had a similar carbon stock and the control pasture had the lowest. There was
also an overall decrease of the carbon stock with depth.

The other reference treatment was long rotation with conventional tillage. Only the second year of
pasture was sampled twice. Table 4.3.2 shows the values for the second year of pasture for long
rotation with conventional tillage and without it.

Table 4.3.2: A comparison between the carbon stocks (Mg/ha) of second year of pasture of long rotation
without tillage and long rotation with conventional tillage.

Long rotation Long rotation
No tillage Conventional tillage
Second pasture year Second pasture year
0-5cm TSOC 9.86 8.23
CPOM-C 0.60 0.65
FPOM-C 0.95 0.60
POM-C 1.55 1.25
MAOM-C 8.31 6.98
5-10 cm TSOC 7.16 7.08
CPOM-C 0.12 0.11
FPOM-C 0.21 0.38
POM-C 0.32 0.48
MAOM-C 6.83 6.60
0-10 cm TSOC 32.82 30.90
CPOM-C 1.25 1.43
FPOM-C 1.89 1.42
POM-C 3.14 2.85
MAOM-C 29.68 28.05
10-20 cm TSOC 28.80 28.92
0-20 cm TSOC 61.61 59.82

The TOC stock was larger for the no-tillage treatment in the 0-5 cm layer. This was mainly caused
by a higher fine POM-C (and total POM-C) and MAOM-C stock. Coarse POM-C was slightly higher for
the conventional tillage treatment. In the 5-10 cm layer the TSOC stocks are almost similar. The
treatment with tillage had a higher fine POM-C stock and the treatment without tillage had a higher
MAOM-C stock. For the 0-10 cm layer the no-tillage treatment had the highest TSOC stock. The
tillage treatment had a higher coarse POM-C stock, but the no tillage treatment a higher fine and
total POM-C stock. The MAOM-C stock was also larger for the no tillage treatment. Both treatments
had about the same carbon stock in the 10-20 cm layer. In the total arable layer (0-20 cm) no-
tillage had 1.79 Mg more organic carbon per hectare. 1.33 Mg/ha could be explained by the MAOM-
C difference in the 0-5 cm layer.

Table 4.3.3 on the next page gives an overview of the carbon stock changes between short and
long rotation compared to continuous cropping in percentages. Although some of the differences in
table 4.3.1 and 4.3.2 were small in absolute numbers, especially for coarse and fine POM, the
percentual increase of these fractions was high. Overall coarse POM changed the most, followed by
fine POM and the total SOC. MAOM changed the least. Changes decreased with increasing depth
except for MAOM-C and TSOC stocks which increased more in the 5-10 cm layer than in the 0-5 cm
layer.
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Table 4.3.3: Carbon sequestration of short and long rotation compared to continuous cropping in percentages.

% SR LR
0-5cm TSOC 1.35 4.69
CPOM-C 24.48 71.07
FPOM-C 28.87 60.56
POM-C 26.76 65.62
MAOM-C -1.23 -1.50
5-10 cm TSOC 3.31 10.10
CPOM-C 31.91 68.85
FPOM-C -5.92 48.78
POM-C 7.18 55.73
MAOM-C 3.18 8.59
10-20 cm TSOC 0.48 2.23

Most changes between treatments were not significant when compared with mixed ANOVA. Table
4.3.4 shows the significantly increase in sequestered coarse and total POM-C with short and long
rotation compared to continuous cropping in the 0-20 cm layer. The increase is shown in kilogram
per hectare and as a percentage of the total continuous cropping stock. The MAOM differences are
not presented because they reflect differences within treatments and not between. Total POM-C
should be regarded as the net difference because coarse POM-C is a part of total POM-C.

Table 4.3.4: The total significantly sequestered C in the 0-20 cm layer in kilogram per hectare compared to
continuous cropping and as a percentage of total continuous cropping carbon stock.

Coarse POM-C POM-C Increase of POM-C compared to
continuous cropping TSOC stock in
the 0-20 cm layer

kg/ha kg/ha %
Short rotation 23.5 15.3 0.027
Long rotation 50.8 118.6 0.208

Short rotation significantly sequestered an extra 15.3 kg of organic carbon per hectare compared
to continuous cropping. This was a 7.18 percent increase in POM-C but only a 0.03 percent
increase when compared to the total SOC of continuous cropping. The coarse POM-C stock increase
was higher but this increase was reduced because the fine POM-C stock decreased.

The increase in sequestered carbon with long rotation was 118.6 kg/ha, almost eight times higher
than for short rotation. The increase was 55.7 percent compared to the POM-C stock but only 0.21
percent compared to the total SOC stock of continuous cropping.

The total (but not significant) increase in the 0-20 cm layer is shown in table 4.3.5. There was a
3.5 percent increase with long rotation but a -0.2 percent decrease for short rotation.

Table 4.3.5: Carbon sequestration of short and long rotation compared to continuous cropping in the 0-20 cm

layer.
Carbon stock Carbon sequestered Carbon sequestered
Mg/ha Mg/ha %
CcC 57.02 . .
SR 56.92 -0.10 -0.17
LR 59.00 1.98 3.48
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4.4, Nitrogen

The nitrogen values in all samples were also measured to yield C:N ratio data. Unfortunately the
nitrogen results showed some unexpected values especially in the coarse and fine POM fractions
and in the 5-10 cm layer.

The average concentration of POM nitrogen is shown in table 3.4.1 with its sample standard
deviation (S). There was a clear increase of nitrogen from 2010 to 2012. This was most
pronounced in the 5-10 cm layer were the 2012 concentration was twice as high as the 2010
concentration. The standard deviation was higher too in 2011 and 2012 than in 2010, especially in
the 5-10 cm layer.

Table 4.4.1: average POM nitrogen concentrations (g/kg) found in the sampling layers from 2010 to 2012 with
sample standard deviation (S).

Sampling year POM-N 0-5 cm POM-N 5-10 cm POM-N 0-10 cm
g/kg S g/kg S g/kg S
2010 0.21 0.10 0.07 0.02 0.14 0.05
2011 0.18 0.06
2012 0.36 0.12 0.14 0.05 0.24 0.06

The total nitrogen samples (see appendix H) were more consistent over the years but the statistical
analysis (only the model without the covariable was used) showed that only the replications were
significantly different in the 0-5 (p=0.089) and 5-10 cm (p=0.032) layers. The coefficients of
variance were 11,9 and 10,1 respectively.

If the years had significantly different nitrogen concentrations, it might still be possible to compare
the percentual differences of the main treatments, because the actual levels of the concentrations
are then left out. This comparison was performed and showed an overall increase in POM-N but
decrease in total and MAOM nitrogen for short and long rotation compared to continuous cropping.
However there was a very high variability within the data.

4.5. C:N ratio

The average C:N ratios for each year and layer are displayed in table 3.5.1 with their sample
standard deviation. The C:N ratios decrease from 2010 to 2012. This effect was caused by the
nitrogen concentrations. The C:N ratio is calculated by dividing the carbon by the nitrogen
concentration. The carbon concentration did not differ significantly between the replication years so
the higher nitrogen concentrations led to lower

C:N ratios. That the nitrogen concentration rose from 2010-2012 resulted in a decreasing C:N ratio
in these years.

4.5.1: Average POM CN ratio of all treatments and the sample standard deviation in the three fractionated
layers. Note that a there is a decrease in CN ratio from 2010 to 2012 (caused by a rise in N concentration).

Sampling 0-5cm 5-10 cm 0-10 cm
year Average S Average S Average S
2010 14.40 3.25 10.34 1.74 13.18 2.33
2011 . . . . 9.65 4.38
2012 9.38 3.00 6.62 3.78 8.22 2.50
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H1:

H2:

H3:

5. Discussion

This chapter will start discussing the differences in the concentrations soil organic carbon (SOC) in
the whole soil and in the soil fractions. Several significant differences for SOC in the soil fractions
were mentioned in chapter 4 (results), but only the differences which are directly related to the
research questions will be discussed in this chapter. After this the chapter will continue with carbon
stock and carbon sequestration and then the nitrogen and C:N ratio data. The chapter will conclude
with discussing the future development of the SOC levels at the experimental site and
recommendations future research.

No tillage crop pasture rotation has a higher level of soil organic carbon compared with continuous
cropping and long crop pasture rotation will have a higher concentration than short crop pasture
rotation.

No tillage crop pasture rotation has a higher level of soil organic carbon in the three soil fractions
compared with continuous cropping and long crop pasture rotation will have a higher concentration
than short crop pasture rotation. The difference between the SOC levels in the fractions are the
largest for POM-C, which is most sensitive to land use change, followed fine POM-C while MAOM-C
hardly changes.

No tillage crop pasture rotation will have higher nitrogen levels (and thus lower C:N ratios) than no
tillage continuous cropping and this will lead to enhanced humification (a higher transformation of
POM-C into MAOM-C).

To make this chapter more readable, short and long crop pasture rotation will be referred to as
short and long rotation and all mentioned treatments were performed without tillage unless stated
otherwise.

5.1. carbon

The total SOC concentrations for continuous cropping and short rotation were almost similar in the
0-10 and 10-20 cm layers. Only long rotation is lightly higher, but insignificantly. This is similar to
the findings of Ernst & Siri-Prieto (2009) and Salvo et al. (2010), but contrary to hypothesis one.
For the 10-20 cm layer the soil was not fractionated, so there was no data for the fractions.

The main differences in soil organic carbon concentration between the three main treatments for
the fractionated layers are summarized in figure 5.1.1 on the next page. Total soil organic carbon
is divided into particulate organic matter carbon (POM-C) and mineral associated organic matter
carbon (MAOM-C) in 5.1.1a-c. POM-C from 5.1.1a-c is further divided in its coarse and fine fraction
in figure 5.1.1d-f. Note that the y-axes have different ranges.

Significant results

The differences between the continuous cropping, short rotation and long rotation systems were
only significant for total POM-C and coarse POM-C in the 5-10 cm layer. Long rotation had a 54.7
percent higher total POM-C concentration and a 50.0 percent higher coarse POM-C concentration
compared to continuous cropping. Short rotation had an almost similar total POM-C concentration
and a 30.0 percent higher coarse POM-C concentration compared to continuous cropping. This
shows the positive effect of the inclusion of pastures in a cropping system and that total POM-C
and especially coarse POM-C are more sensitive to the land use change than MAOM-C and total
SOC.

What further indicates that pastures have a positive effect on the SOC concentration is that the
pasture phase often had a significant higher coarse and total POM-C concentration. In the 5-10 cm
layer the pasture phase of long rotation had a 55.9 percent higher total POM-C concentration and a
40.9 percent coarse POM-C concentration than the cropping phase. Next to this, short rotation had
a 4.3 percent higher coarse POM-C concentration than the cropping phase and no significantly
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higher total POM-C level. Note that the long (four year) pasture phase has much higher coarse and
total POM-C concentrations than the short (two year) pasture phase. So a longer pasture phase
positively influences the coarse and total POM-C level. This was already indicated by the principle
component analysis which showed that the pasture phase of long rotation and high soil organic
carbon levels were related. Moreover it is corroborated by the fact that the fourth year pasture plot
of long rotation significantly had a 120 percent higher coarse POM-C concentration than the second
year pasture plot of long rotation and that in the 0-5 cm layer the MAOM-C concentrations of the
pasture phase of long and short rotation was 8.3 and 7.8 percent higher than the cropping phase
respectively.

That a short and especially a long pasture phase have a positive effect on the concentrations of
coarse and total POM-C, which are the fractions most sensitive to changes in agricultural practice
(Cambardella and Elliot, 1992; Morén and Sawchik, 2003; Salvo et al., 2010), supports hypothesis
two. The changes in the sensitive fractions are indications of future change in the more stable
fractions and the total level of SOC (Haynes, 2000). At this moment the changes in total SOC are
not yet significant. Hence, hypothesis one will probably be validated in the future.
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Figure 5.1.1: (a-c) Total SOC concentration divided in POM-C and MAOM-C and (d-f) the POM-C of a-c divided
in its coarse and fine fractions (CPOM-C and FPOM-C) for the (a & d) the 0-10 layer, (b & e) the 0-5 cm layer (c
& g) the 5-10 cm layer for continuous cropping (CC), short rotation (SR) and long rotation (LR) (all no tillage).

Fine POM-C

The concentrations of coarse POM-C and total POM-C showed significant differences in the 5-10 cm
layer but fine POM-C concentrations did not. There were differences in the fine POM-C
concentrations which had about the same size and trends as the coarse POM-C concentrations (see
fig. 5.1.1d-f) but these were not significant. Coarse and fine POM-C together form total POM-C
which also showed significant differences, so it could be expected that if total POM-C shows
significant differences fine POM-C should too. That this is not the case might be explained by the
fact that the significant differences of coarse POM-C could have caused the total POM-C to be
significant. The differences were ‘diluted’ by the insignificant differences of the fine POM-C
concentrations. This is supported by the fact that all the contrasts that were significant for total
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POM-C were also significant for coarse POM-C but that coarse POM-C had more significant
contrasts. Moreover, the p-values of the ‘continuous cropping versus long and short rotation’ and
‘long rotation pasture versus crop phase’ contrasts were much lower for coarse POM-C than for
total POM-C.

The 0-5 cm layer

Significant differences between the three treatment systems did not occur in the 0-5 cm layer but
did in the in the 5-10 cm layer. This is contrary to the findings of Salvo et al. (2010): that the main
changes in SOC level occurred in the 0-3 cm layer. This could have two reasons.

First, the high standard deviation in the 0-5 cm layer could have caused the results to be
insignificant. The standard deviation of the coarse POM-C concentrations was higher in the 0-5 cm
layer than in the 5-10 cm layer (table 5.1.1). Especially compared with the actual difference in
concentration. In both depths the standard deviation was higher than the actual change in
concentration, but for the 5-10 cm depth the change and standard deviation differed much less.

Table 5.1.1: The difference in coarse POM-C concentration of short and long rotation compared to continuous
cropping in g/kg and percent and the sample standard deviation (SD).

Short rotation Long rotation
0-5 cm layer Difference g/kg 0.26 0.76
Sample SD 0.62 1.12
Percentual difference 24% 71%
5-10 cm layer Difference g/kg 0.06 0.14
Sample SD 0.07 0.16
Percentual differnce 32% 69%

Secondly, as mentioned above pastures have a higher below ground soil organic carbon input than
crops in the form of rhizodeposition which originates from the root biomass. The differences
pasture rhizodeposition could result in would be less pronounced in the 0-5 cm layer, because this
layer also gets relatively large quantities of SOC input from surface residues. In the 5-10 cm layer,
rhizodeposition is the main form of SOC input. So this could result in smaller percentual differences
and thus less significance. However table 5.1.1 shows comparable percentual differences between
the layers. Thus the lack of significance is probably caused by a higher variation in the 0-5 cm
layer.

Opposing MAOM-C trends

In the 0-10 cm layer the MAOM-C concentration was highest for long rotation followed by
continuous cropping and then short rotation (figure 5.1.1a and 5.1.1d). Figure 5.1.1b and c show
that the ‘low” MAOM-C concentration for short rotation in 5.1.1a was an average of two opposite
‘trends’ for MAOM-C in the 0-5 and 5-10 cm layers. In the 0-5 cm layer continuous cropping had
the highest MAOM-C concentration, followed by short rotation and long rotation had the lowest
concentration, but in the 5-10 cm layer it was the other way around. These trends were not
significant but could hint to underlying soil processes, which might be found in other comparable
research. Therefore these trends will be discussed in the following section.

It was hypothesized that the MAOM-C concentrations of long rotation would be highest followed by
short rotation and then continuous cropping and that MAOM-C would be the fraction which would
be least sensitive to land use change (H2). So it was unexpected that continuous cropping had the
highest MAOM-C concentration followed by short and then long rotation in the 0-5 cm layer.
Especially since in the 5-10 cm layer it was the other way around. It was also unexpected that in
the 5-10 cm layer, the MAOM-C was (insignificantly) the main contributor to the absolute increase
in the total SOC. There are two soil processes which could account for this: SOC transport from the
0-5 to the 5-10 cm layer and by enhanced humification under pasture rotation (H3) in the 5-10 cm
layer.
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The opposing MAOM-C trends could be caused by the transport of the very fine MAOM-C (<50 um)
particles deeper into the soil by infiltrating precipitation. However the soil of this site has a medium
to heavy texture and according to Six et al., (2002) this enhances the capacity of the soil to protect
MAOM-C. Moreover the inclusion of pastures into a crop rotation should improve soil structure and
wet aggregate stability which would inhibit transport of soil material. If MAOM-C is being
transported from the 0-5 to the 5-10 cm layer the same trend should be visible for the clay and silt
particles to which it is associated. However, while in the 5-10 cm layer MAOM-C increased with 3.4
percent for short rotation and 8.6 percent for long rotation compared to continuous cropping, the
total MAOM soil fraction weight decreased with 2.8 percent for short rotation and increased with
0.4 percent for long rotation compared to continuous cropping. So transport of the MAOM-C
particles is unlikely.

Enhanced input and humification in the root zone of the pasture grasses could also be an
explanation for the enhanced MAOM-C levels in the 5-10 cm layer of short and long rotation.
Compared to continuous cropping, pastures have a higher root biomass and associated
rhizodeposition’” (Rees et al., 2005). According to Franzluebbers and Stuedemann (2002) who
compared (inter alia) pastures with conservation cropland in Southern Piedmont (USA), POM-C in
the 0-5 cm layer originates from surface plant residues and animal manures while in lower layers it
originates from plant roots. Below the 0-5 cm layer the effect of higher root biomass under
pastures should thus be more pronounced. Ernst et al. (2009) found an indication of enhanced
input from below ground biomass at a crop pasture rotation site after twelve years of experimental
time. Measuring total SOC they found no significant differences between continuous cropping and
crop pasture rotation (both no tillage). However they did find a ‘consistent trend’ towards a higher
total SOC level under continuous cropping than under the crop pasture rotation in the 0-6 cm layer,
but a higher level for the crop pasture rotation than the continuous cropping in the 6-12 cm layer.
Ernst and Siri-Prieto (2009) did not fractionate the soil samples so it is not known if these changes
were caused by POM-C or MAOM-C. But since MAOM-C changed most in the 5-10 cm layer of this
research, the results from Ernst and Siri-Prieto (2009) could corroborate the MAOM-C results found
with this research. It should however be kept in mind that for both the values from Ernst and Siri-
Prieto (2009) and this research were insignificant and moreover that the layers were not exactly
similar. The reason that MAOM-C and not POM-C was the main contributor to the increase in SOC
might be that higher nitrogen levels under pastures enhance humification (POM-C conversion to
MAOM-C). Also Rees et al. (2005) describe exudation which is diffusion of mucilage and compounds
with a low weight (mainly sugars, amino acids and organic acids) from roots. According to them
the factors that affect the balance between soil inputs from rhizodeposition (through exudation and
root death) and the following decay, may also decide the subsequent fate of the organic matter
that is deposited. Exudates are readily decomposable while dying roots contain materials such as
lignin or cellulose which has a much lower decomposition rate. Also exudation influences the
microbial community and vice versa (Rees et al., 2005). This could influence the MAOM-C
concentration in the 5-10 cm layer which originates from roots but not the 0-5 cm layer which
originates from surface plant litter. Salvo et al. (2010) found indications of enhanced humification
under no tillage crop pasture rotations compared to no tillage continuous cropping in the 0-3 cm
layer. This was attributed to higher nitrogen levels. However with this research the indication of
enhanced humification occurred in the 5-10 cm layer and not in the 0-5 cm layer. Moreover the
C:N ratio’s (an often used measure of decomposability) did not differ between continuous cropping,
short rotation and long pasture rotation in the 5-10 cm layer but they did in the 0-5 cm layer (see
table 5.3.2 in the nitrogen and C:N ratio section). Unfortunately, the nitrogen data which was
supposed to shed light on these processes was inconclusive (see 5.3).

The variability within the data from the 0-5 cm layer probably causes the MAOM-C concentration of
continuous cropping to seem higher than the concentrations of short and long rotation. The
differences were very small (see table 4.1.2), the standard deviation was high and the differences
between continuous cropping, short rotation and long rotation were insignificant. Furthermore the

’ Rhizodeposition refers to deposition from roots.
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mixed ANOVA showed that in the 0-5 cm layer, the pasture phase of short and long rotation
significantly had a 1.64 and 1.71 g/kg higher MAOM-C concentration than the cropping phase. It is
not likely that including pastures into a cropping systems would result in lower average MAOM-C
concentrations while the pasture has a significantly positive influence on the MAOM-C
concentration. Moreover, table 5.1.2. shows that the average MAOM-C concentrations of the
pasture phases of short and long rotation were higher than the cropping phase of continuous
cropping. So it were the cropping phases of the short and long rotations that caused the average
short and long MAOM-C concentrations to be lower than the concentration for continuous cropping.
What is more likely is that the lower average MAOM-C concentrations for short and long rotation
were caused by experimental noise. For the MAOM-C concentrations in the 5-10 cm layer this is
less likely to be the case because the differences were larger, the standard deviations were
smaller, and the trend was in line with the general effect of pastures.

Table 5.1.2. overview MAOM-C concentrations (g/kg) of the cropping and pasture phases of continuous
cropping and short and long rotation in the 0-5 cm layer.

CcC SR LR
Pasture phase Cropping phase Pasture phase Cropping phase Pasture phase
22.00 21.03 22.67 20.65 22.36

So the two opposing MAOM-C trends which can be seen in 5.1.1 are probably noise, especially in
the 0-5 cm layer. However the MAOM-C differences in the 5-10 cm layer could also indicate
enhanced humification in the 5-10 cm layers.

5.2. Carbon sequestration and climate change

Since the start of the experiment in 1994, the soil has been adapting to a new dynamic equilibrium
for the organic carbon and nitrogen content. As mentioned earlier, soils can act as sinks (and
sources) of atmospheric carbon en thus help to reduce the increase in atmospheric carbon dioxide
(CO,) levels. In this way it can help to mitigate climate change.

Uruguay has an agricultural land area of 14.8 million hectares which can be divided into 13.2
million hectares of permanent pasture and 1.6 million hectares of arable land (FAOSTAT, 2012).
Table 5.2.1 shows the division of arable land into temporary pastures (less than five years),
temporary crop area (used for crops that have a growing cycle of less than one year) and fallow
land (at least one growing season but less than five years). This arable land category should
coincide with the long rotation, short rotation and continuous cropping areas combined. It is hard
to separate the data between the three treatments. The temporary crop area could for instance
belong to continuous cropping but also the cropping phases of both pasture rotations. No tillage
was performed at 655.1 *103 hectares in Uruguay in 2008, which was about 52,8 percent of the
temporary crop area (FAO AQUASTAT, 2012).

Table 5.2.1: overview of land use in Uruguay: the temporary crops area consists of all land used for crops with
a less than one-year growing cycle which are harvested each year. Arable land consists of temporary crops but
also temporary pastures (less than 5 years), fallow land. As a reference value the permanent meadow and
pasture area is also displayed. The data comes from FAOSTAT (2012).

Year Arable land area Temporary pastures Temporary crop Fallow land
(>5 years) area
(10° ha) (10° ha) (10° ha) (10° ha)
2008 1661 321 1240 100

If the results from this research would be used to determine the best cropping system to use in
Uruguay with respect to SOC levels, this would consider the whole arable land area. That is why
the differences in carbon stock were calculated for this area. The results are displayed in table
5.2.2. Note that the unit kiloton or gigagram equals 10° gram.
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Table 5.2.2: Theoretical significant carbon sequestration in kiloton or gigagram after 18 years if the whole
arable land area of Uruguay was converted from continuous cropping (no tillage) to short or long pasture
rotation.

Coarse POM-C POM-C sequestration
Sequestration

Short rotation 39.0 25.4

Long rotation 84.4 197.0

The change in carbon stock displayed in table 5.2.2 is not high compared to the values in Petagram
(10*> gram) mentioned in the introduction. Hence it will not matter much for climate change. POM-
C is however closely associated with soil fertility. The enhanced coarse POM-C and total POM-C
stock will thus increase soil fertility and be beneficial for agriculture. Furthermore the actual
amount of change in the experimental agricultural soils of this research was probably higher than
the significant change due to higher variation. So this might mean more sequestration.

5.3. Nitrogen and C:N ratio

The nitrogen results were not reliable. The replication in time was the only factor which significantly
influenced the nitrogen levels. This was either caused by something related to the field conditions
or to the laboratory analysis. It was not possible to find a valid explanation for these values. If
there would be extra time and money available, the best course of action would be to reanalyze
some of the most outlying samples with possibly a cheaper laboratory method to verify that at
least the measurements were correct. If this is the case a sample could be re-fractionated to check
if the results are similar. If this is the case than new samples should be taken for nitrogen, in 2013.
For now it was only possible to extract some indications from the current C:N ratios which could be
calculated from the data.

The articles of Ernst & Siri-Prieto (2009) and Salvo et al. (2010) can only partly assist in
ascertaining what the nitrogen data should have shown. Ernst et al. (2009) found 11% higher total
nitrogen content for crop pasture rotation than for continuous cropping. Unfortunately the samples
were not fractionated. For the Salvo et al. (2010) research fractionation took place but nitrogen
was not sampled.

Table 5.3.1: Overview of several C:N values found in comparable scientific articles. The Cambardella and Elliot
data was sampled after 20 years of no tillage wheat cultivation and the Fabrizzi et al. data on a 4 year no tillage
corn-wheat rotation.

Total soil Coarse Fine POM Total POM MAOM
POM

0-7.5cm Fabrizzi et al. 11.1 18.0 11.4 13.9 10.8
(2003)

7.5-15 cm Fabrizzi et al. 10.3 15.9 9.74 11.1 10.2
(2003)

0-10 cm Fabrizzi et al. 10.9 17.5 11.0 13.2 10.7
(2003)

0-20 cm Cambardella 11.4 20.1 10.0

and Elliott

(1992)

Table 5.3.1 shows an overview of C:N values found in comparable scientific articles. The C:N ratios
found in Uruguay for the unfractionated soil are about 10-11. Fabrizzi et al. (2003) measured C:N
ratios at 0-7.5 and 7.5-15 cm depth at a continuous cropping system without tillage on a Typic
Agriudoll® at Tandil, Argentina. Converted to a 0-10 cm layer this would be a C:N ratio of 10.9 for
the unfractionated soil, 17.8 for coarse POM, 11.1 for fine POM and 10.7 for MAOM. In Sidney

8 . . . .
which was the same soil as was used for this experiment
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(Nebraska) Cambardella and Elliott (1992) found a C:N ratio of 11.4 for the unfractionated soil,
20.1 for POM and 10.0 for MAOM for the 0-20 cm layer.

The C:N ratios found for this research have a high variability and are often very low when
compared to the ratios found in literature. This is the case for all years but especially 2012 and
2011, all fractions but especially coarse and fine POM and all depths but especially the 5-10 cm
layer. The C:N ratios found for 2010 are comparable to the ratios found in literature. It had 5
values below 7.5 cm while the 2011 and 2012 had much more of these low values. These four low
values were removed and this resulted in the C:N ratios in table 5.3.2 on the next page. The data
from Cambardella and Elliot (1992) and Fabrizzi et al. 2003 (table 5.3.1) were taken at treatments
comparable to the no tillage continuous cropping treatment of this research (table 5.3.2.). On
average coarse POM had the highest C:N ratio followed by fine POM, the total soil and finally
MAOM. This is roughly the same as the Fabrizzi et al. (2003) data. The 5-10 cm layer does not
show this trend. The total soil C:N values showed no clear trend but at all depths short rotation had
a slightly lower C:N ratio and the long rotation C:N ratio was almost the same as continuous
cropping. The same was the case for MAOM. The only real differences occurred in coarse and fine
POM. Except for the 5-10 layer, short and long rotation show a lower C:N ratio than continuous
cropping. When considering that POM is the most susceptible to changes in land use and showed
the highest organic carbon concentrations for short and long rotation, the lower C:N ratio could
indicate that the no tillage crop pasture treatments not only have more carbon stored in soil
organic matter but that this organic matter also has a higher quality.

Table 5.3.2: C:N ratios calculated with the 2010 data

Total soil Coarse POM Fine POM MAOM
0-5cm CC 10.78 17.77 16.32 10.34
SR 10.30 15.24 14.11 10.00
LR 10.87 15.59 12.79 10.68
5-10 cm CC 10.16 9.20 10.14 9.68
SR 9.88 11.13 11.54 8.49
LR 10.10 9.92 11.23 9.18
0-10 cm CcC 10.50 15.51 13.70 9.48
SR 10.11 14.15 13.32 9.24
LR 10.53 14.11 12.27 9.77
10-20 cm CC 10.64
SR 10.03
LR 11.12

5.4. Future SOC development and research recommendations?

Eighteen year after the experiment started, significant differences between no-tillage continuous
cropping, short rotation and long rotation were restricted to the 5-10 cm layer in the coarse POM-C
and total POM-C fractions that are most sensitive to land use change. Over time these changes in
the sensitive fraction will proliferate into the other more stable fractions through humification and
increase the total amount of SOC (Haynes, 2000). However, at this moment no significant
differences were found between the total SOC concentrations. As was the case for Ernst & Siri-
Prieto (2009) and Salvo et al. (2010), the effect of no-tillage crop-pasture rotation probably still
need more time to accumulate. The next section will try to say something about the future
development of SOC at the Paysandu experimental site.

Future SOC development
As was written in the introduction (chapter 2) a soil which is closer to its saturation level will have

a lower carbon stabilization efficiency (ASOC / AC input) and shorter sequestration duration (the
time from the start of sequestration to when the new steady state level is reached). The soils at
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the experimental site are rich in carbon and are thus likely to be close to their saturation level. So
it could be that a large increase in C input is needed to gain a small increase in SOC.

It is also possible to estimate how long sequestration will take place based on comparable
research. The combined effect of no-tillage crop pasture rotation has not yet been quantified, but
the effect of switching from conventional tillage to no-tillage and from cropping to pasture has been
investigated.

West and Post (2002) quantified potential C sequestration rates for the conversion of conventional
tillage (CT) to no-tillage (NT) and enhancing crop rotation complexity. They did this using a global
data set of 67 long term agricultural experiments consisting of 276 paired treatments. They found
that carbon sequestration after a conversion from CT to NT is likely to peak after 5 to 10 years with
SOC attaining a new steady state in 15 to 20 years. On average this conversion can sequester 0.57
+ 0.14 Mg C ha! y!. Because the experiment at Paysandu started 18 years ago, little further
increase caused by the conversion of conventional tillage to no-tillage can be expected. The data
for enhanced rotation complexity were more variable and showed no sequestration peak, but on
average a new steady state SOC level was reached in about 40 to 60 years and 0.20 £ 0.12 Mg C
ha! was sequestered annually. The enhanced rotation complexity concerned conversion of a for
instance monoculture to rotation cropping or increasing the number of crops in the cropping cycle.
No research West and Post (2002) used concerned the incorporation of a pasture phase.

Conant et al. (2001) reviewed 115 studies with over 300 data points on the effects on soil carbon
of grassland management and land conversion into grassland. According to them sequestration
rates for such conversions are highest in the first 40 years after treatment begins and can persist
to a lesser extend afterwards. Conversion of cultivation to pasture could sequester 1.01 Mg C ha™
yl. This was one the largest sequestration rates they found which was probably due to the
previous C depletion caused by cultivation. For this research the soil at the experimental site was
not depleted and the saturation deficit was most likely smaller. So the sequestration rate should
also be lower. Moreover, the incorporation of a pasture phase to a cropping cycle is not the same
as switching from a cropping cycle to a continuous pasture. The actual difference in total SOC
between no-tillage continuous cropping and crop pasture rotation measured after 18 years at
Paysandu was 1.98 Mg C ha, which equals 0.11 Mg C ha! year!. This value seems realistic
considering the Conant et al. (2001) research.

Both West and Post (2002) and Conant et al (2001) arrive at a sequestration duration of the same
magnitude: 40-60 years until a new steady state after enhancement of rotation complexity and 40
years for the main sequestration after conversion of cultivated land into pastures. This is also in
line with Sauerbeck (2001) who states that a new steady state is reached not more than 50 to 100
years after the improvement of agricultural management. Due to the carbon rich soil at Paysandu it
is reasonable to estimate that the sequestration duration will not take longer than 40 years. This is
2.22 times the current experimental time. Because the sequestration rate (Sauerbeck, 2001; West
and Six, 2007) is usually higher at the start of the sequestration period, no more than twice the
current increase in C stock should be expected: 3.96 Mg C ha™l. Note however that the difference
in total SOC on which this is based was not significant. However, this is best possible estimation
which could be made with the current data.

Future research recommendations

For future research it would is useful to measure the saturation level at the field site. As was
explained above this influences sequestration duration and the carbon stabilization efficiency. This
could help to project the future development of the SOC level. This could be done with the method
from Stewart et al. (2008).

It would be prudent to keep sampling the 0-5 and 5-10 layers as was done in 2010 and 2012,
because the significant changes were found in these upper layers of the soil. However, the results
for the 0-5 and 5-10 cm layers were only based on two sample replications, because no more were

36



available. As was discussed earlier in this chapter, more replications could probably have yielded
better results for (all) the POM-C concentrations in the 0-5 cm layer and fine POM-C concentrations
in the 5-10 cm layer. For future research three replications should be the minimum.

There is probably more to be gained from this data set. The discussion left out the differences
between individual crops, but some significant differences were found. The data could therefore be
used for other research too.

The failure of the nitrogen measurements made it impossible to make answer research sub
question three about the probably enhanced nitrogen levels under crop pasture rotation and its
influence on enhanced humification of POM-C into MAOM-C. However, similar to Salvo et al. (2010)
indications of enhanced humification under pastures were found. This offers a good subject for
future research.
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6. Conclusions

The aim of this research was to quantify the difference in soil organic carbon in the unfractionated
(or total) soil and its distribution in the fractions coarse particulate organic matter (POM), fine POM
and mineral associated matter (MAOM) between continuous cropping (CC) and crop pasture
rotations (CPR) with short (two year) and long (four year) pasture durations and no tillage (NT), 18
years after the experiment started (from here on all mentioned treatments were performed without
tillage). Additionally, this research aimed to explain changes within the fractions by relating them
to differences in the C:N ratios of the soil organic matter fractions. As will be explained below, this
aim could only partly be realized.

The differences between continuous cropping, short crop pasture rotation and long crop pasture
rotation were only significant for total POM-C (*-C’ refers to the carbon in the soil fraction) and
coarse POM-C in the 5-10 cm layer. Long crop pasture rotation had the highest coarse POM-C
concentration (0.34 g/kg), followed short crop pasture rotation (0.26 g/kg) and continuous
cropping (0.20 g/kg). For total POM-C the concentrations were 0.90 g/kg for long crop pasture
rotation, 0.62 g/kg for short crop pasture rotation and 0.58 g/kg for continuous cropping. That only
the sensitive POM-C fractions showed significant differences and had the highest concentrations
under long crop pasture rotation, followed by short crop pasture rotation supported hypothesis two.

Hypothesis one about changes in the SOC concentrations of the unfractionated soil could not be
validated. Differences were found but they were not significant. More time is required for these
changes to accumulate. The significant differences in the sensitive fractions coarse and total POM-C
indicate that changes in the more stable MAOM-C fraction and total SOC will keep accumulating in
the coming years. For future research it is important to measure the carbon saturation deficit of
the soils at the experimental site at Paysandu in order to know how much more SOC could be
sequestered and how much longer further sequestration will take place. Based on comparable
scientific literature, it is estimated that sequestration at the experimental site will take place for
about 22 more years and that the current changes will double.

The pasture phases of short and long crop pasture rotation had several significantly higher SOC
levels in the soil fractions than the cropping phases. In the 0-5 cm layer short crop pasture rotation
had a MAOM-C concentration of 22.67 g/kg under pasture and 21.03 g/kg under cropping and long
crop pasture rotation had a MAOM-C concentration of 22.36 g/kg under pasture and 21.35 g/kg
under cropping. In the 5-10 cm layer long crop pasture rotation had a total POM-C concentration of
1.06 g/kg under pasture and 0.68 g/kg under cropping, short crop pasture rotation had a coarse
POM-C concentration of 0.27 g/kg under pasture and 0.26 g/kg under cropping and long crop
pasture rotation had a coarse POM-C concentration of 0.44 g/kg under pasture and 0.20 g/kg
under cropping. This supports that pastures have a positive effect on the carbon level. This is
corroborated by the principle component analysis which showed that the pasture phase of long
crop pasture rotation and high soil organic carbon levels were related. Furthermore, in the 5-10 cm
layer long crop pasture rotation had a coarse POM-C concentration of 0.57 g/kg at the fourth year
pasture plot and a concentration of 0.20 g/kg at the second year pasture plot. So not only did long
crop pasture rotation have higher coarse and total POM-C concentrations than short crop pasture
rotation, the fourth year of pasture also had significantly higher concentrations than the second
year of pasture of long crop pasture rotation. So a long (four year) pasture phase included in a
crop rotation system is thus better regarding coarse and total POM-C concentrations than a short
(two year) pasture phase.

That significant differences between the three systems were only found in the 5-10 cm layer and
not the 0-5 cm layer was probably caused by a higher variability. This was also the case for the
fine POM-C concentrations, which had no significant differences, while coarse and total POM-C did.
For this research only two replications could be taken from the 0-5 and 5-10 cm layers. To get
more significant results at least three replications should be taken.
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There were indications that MAOM-C could play a more important role in the layers below 5 cm
where rhizodeposition is more important than surface residue deposition. The rhizodeposits could
have had a different composition which could have caused more humification. This would oppose
the notion that only coarse POM-C is sensitive to land use change. However, it was not possible to
give a conclusive answer with the gathered data, so this will have to be done with further research.

The nitrogen data was unfortunately not reliable and the only significant difference it showed was
caused by the replications in time. This also caused some of the C:N values to be unrealistically
low. However, the 2010 data only had a couple of clearly unreliable C:N ratios and seemed to be
relatively accurate compared to C:N ratios found in literature. This data ‘indicated’ that in the 0-5
and 0-10 cm layers that pasture rotations (especially with a four year pasture phase) not only had
higher levels of soil organic carbon (mainly as coarse POM), but that the quality of soil organic
matter was also higher because it had lower C:N ratios. Because the nitrogen data was unreliable,
it was not possible to validate the third hypothesis about possible enhanced humification from
POM-C to MAOM-C under crop pasture duration.

It was possible to extrapolate the significant differences between the total POM-C concentrations
from the experimental site to the whole of Uruguay. Hypothetically, if all arable land in Uruguay
(1.7*%10% ha)® would have been changed from no tillage continuous cropping to short or long
rotation in 1994, 25.4 Gg. would be significantly sequestered with short rotation and 197.0 Gg
would be sequestered with long rotation. This amount of carbon is not much at the climate change
scale but is important to sustain the fertility of Uruguayan agricultural soils.

® To make this calculation possible it is assumed that all arable land was used for continuous cropping in 1994,
which it was not.
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Appendices

A: List of abbreviations
B: MAOM calculation
C: Carbon stock calculation

D: Statistics

m

: Principle component analysis

-

: Accuracy of the CN measurement

G: Carbon data

T

: Nitrogen data

I: C:N ratios
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Appendix A: List of abbreviations

BD:

C:
CC-NT:
MAOM:
LR-CT:

LR-NT:

P2:
P4:
POM:
CPOM:
FPOM:

Sbil:

Sb2:

Sd:
Sg:
SOC:
SOM:

SR-NT:

Soil bulk density

Carbon

Continuous cropping no tillage

Mineral associated organic matter
Long rotation with conventional tillage
Long rotation no tillage

Nitrogen

Second year of pasture

Fourth year of pasture

Particulate organic matter, can be divided into coarse (CPOM) and fine POM (POM)

Coarse particulate organic matter

Fine particulate organic matter

Soybean as first and only crop after a fall period. In the cropping cycle this crop is grown

two years after soybean as a second crop.

Soybean as second crop (cultivated after wheat). In the cropping cycle this crop is grown

two years before soybean as a first crop.

Saturation deficit
Sorghum

Soil organic carbon
Soil organic matter

Short rotation no tillage

TSOC: Total soil organic carbon: used in relation with the fractions of soil organic carbon. The SOC

fractions coarse POM, fine POM and MAOM together form TSOC.
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Appendix B: MAOM calculations

The alternative for measuring the organic carbon and nitrogen in MAOM is to calculate their values
by subtracting the coarse and fine POM values from the total soil values, since coarse POM + fine
POM + MAOM = TSOC/N. To calculate and not measure MAOM is a widely applied procedure
because it is far easier than to prepare and analyze the MAOM fractions for all samples. That is why
for this research the unfractionated soil was analyzed with dry combustion to measure TSOC and
calculate MAOM.

However, Lucia Salvol® found that when comparing the total amount of soil organic carbon (SOC)
found in the soil with the summed amount in the fractions, an average of 10 percent of the total
SOC was missing (unpublished data). It was assumed that this missing 10 percent belonged to the
MAOM fraction. Ten percent is a lot especially compared to the amount of coarse and fine POM
which Salvo found to be around 4 and 6 percent of the total SOC respectively. It was not possible
to obtain data about the variability of this 10 percent.

Finding out exactly where the 10 percent of carbon belonged to is a whole separate research
project. To get an insight in the variability and possibly the source of the missing carbon it was
decided to analyze 20 MAOM samples and compare them with the calculated MAOM values.

The results of this analysis are shown in table B.1. The summed fractions contained 9.55% less
SOC than the unfractionated soil. The sample standard deviation was 15.02%. The missing 9.55%
was in line with Salvo’s findings, but the sample standard deviation was high. Also for some
samples more SOC was found in the summed fractions than in the total soil. There is less nitrogen
missing but the variability is still high.

Table B.1: Average percentage of missing soil, soil organic carbon and nitrogen between the unfractionated
soil and the summed fractions coarse POM, fine POM and MAOM. Positive values reflect missing amounts. Note
that in the process of fractionation half a gram of hexamethaphosphate (in a solution) was added to disperse
the sample.

MAOM soil weight MAOM carbon MAOM nitrogen
Average amount in whole 30g 0.6g 0.06 g
sample (30 grams soil)
Percentage missing -0.77 % 9.55 % 1.38 %
Sample std 3.28 % 15.02 % 15.49 %

What could explain the carbon and nitrogen loss?

Lost during the fractionation: There should not be any soil lost or gained during fractionation. The
‘system’ was closed and the fractionation was performed with great care to ensure that no residues
remained on the meshes. Some small sand and silt grains were always stuck in the mesh, because
it was very fine. However the amount stayed the same and was negligible. The initial 30 grams
were weighed on a balance with an accuracy of 0.01 gram accuracy. The summed fraction soil
weight did not attain this level of accuracy. On average its weight was 0.77% higher than the initial
30 grams (0.233 g.). So the samples gained weight. This can partly be explained by the fact that
during dispersion a solution of hexametaphosphate was used. The water was evaporated but the
100 ml added solution should add 0.5 gram. The sample standard deviation of 3.28% (0.99 gram)
was also higher than expected. However this does not explain the missing carbon and nitrogen.

Left in the evaporation beaker: The MAOM residue was very hard to remove from the 2 liter
beakers. Figure B.1. (on the next page) shows one of the beakers with residue (left and center)
and the same beaker after about one hour of scraping (right). The residue in the beakers could be
divided into three parts. At the bottom of the beaker was a hard and carbon and nitrogen rich!!
(black) layer topped with sedimented mineral material (whitish). These two layers were fairly easy

10 During her research which resulted in the published paper from Salvo et al .(2010).
" That this layer was carbon and nitrogen rich could be deduced from the fact that is was black and thus had a
high level of soil organic matter which contained the carbon and nitrogen.
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to remove. The third part consisted of carbon and nitrogen rich material bound to the sides of the
beaker. It was impossible to completely remove this part of the residue. On average 0.16 grams of
relatively carbon rich material remained in the beaker. So this was not in the measurement and
might explain the difference.

The MAOM sample not homogeneous: After the removal of the residue the recovered MAOM
fraction was put into two grinding flasks, because it did not fit into one. Care was taken to divide
the carbon rich fraction equally between the two flask. But this was difficult. So the concentration
in the two flasks after grinding might have differed. The contents of the two flasks were mixed
after grinding. But they had the same color so it was hard to see when sample was well mixed.
Also because the carbon layer at the bottom formed a hard crust, there might have been very
small carbon chips left after grinding. This was of course checked and none were found.
Biochemical processes during evaporation of the water in the MAOM sample: Drying the MAOM
samples after fractionation in an air forced oven took several days at best. During this time
biochemical processes concerning carbon and nitrogen could have taken place. However the soil
microbes were removed with the initial drying, so this also seems unlikely.

Figure B.1: Beakers used to dry the >50 pm (MAOM) fractions.

From which fraction does the missing carbon and nitrogen originate?

The missing carbon and nitrogen could have belonged to the POM fraction. It could have been lost
in the process of fractionation if either a) not all coarse and fine POM material was transferred from
the meshes to the petri dishes or b) if decomposition took place especially while the sample came
in contact with water. The first was checked by sight, any POM remaining on the mesh should have
been visible by its black color. This was checked and if any POM was found it was transferred to the
petri dish. The second is unlikely since the soil microbes were removed during the initial drying and
the drying of POM after fractionation took only half a day at 60° C. So contact with water was
limited. It is more probable that the missing substances were in the residue that was left in the
evaporation beaker and that they were part of the MAOM. What also could be possible is that the
summed fractions were measured correctly but that the total sample measurement was not.
However it is more likely that the error originated from the fractions since they were fractionated.
The more complex the processing the higher the chance of errors. Furthermore all samples were
treated the same except for the fractionation. It is also possible that both the summed fractions
and the total sample were measured correctly but that the sample bag (with the twenty crushed
soil cores) was not well mixed. Soil carbon is distributed heterogeneously in soils. The sample that
fractionated could have had an inherently different carbon and nitrogen level than the sample that
was not fractionated. However great care was taken to mix the soil in the sample bag. So it is
unlikely that this is the explanation.

After taking this all into account it can be concluded that it is the most likely that the carbon and
nitrogen were lost during the drying and processing of the MAOM sample and it is thus justifiable to
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calculate MAOM by subtracting coarse and fine POM from the total organic carbon and nitrogen
content of the soil sample. In the few cases where the value of summed fractions exceeded the
whole sample value, there might have been an inherent difference in the sample that was
fractionated and the one that was not.
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Appendix C: Carbon stock calculations

There are two main ways of calculating the carbon stock. The fixed depth method (FD) which uses
the bulk density and the concentration of a fixed depth layer to calculate the carbon stock in that
layer.

Ci,fixed = conc; * p; * T; * 104

Where C is the carbon stock (kg C ha™?), p is the bulk density (Mg m™), conc; is the carbon
concentration (kg C Mg™) and 10% is a unit conversion factor (m? ha™).

However bulk density has a high spatial and temporal variability. Using the fixed depth method can
lead to a comparison of unequal soil masses (Ellart & Bettany, 1995). A soil with a lower bulk
density has less soil mass in a layer of fixed thickness. So if one would calculate the carbon stock
right before and after tillage for the 0-20 cm layer. The resulting lower bulk density would show an
decrease in carbon stock, while the amount of carbon did not change at all. The equivalent soil
mass method (ESM) compares the carbon stock not between layers with a fixed size but with an
equivalent soil mass.

M; = p; * T; = 10*
Where M; is dry soil mass (Mg ha™)

M;qaa = Miequiv — M;

Ci,equiv = Ci,fixed — CONCypp * M;_1,qaa + €ONCpottom * Miaaa — Mi—1,aaa)

Where Cjcquiv is the equivalent soil carbon (Mg C ha™), Mi.1,ada IS the mass subtracted from this
layer to match the upper layer to its equivalent soil mass and M, ,qq is the mass of the layer added
to make it match the equivalent soil mass.

For the equivalent soil mass (Mcqiv) Mmethod a reference soil mass is selected for each soil layer.
This can be the highest soil mass, the lowest or the original soil mass which was sampled before
the treatment. Then the soil mass (M;) is calculated for the layers (n=i) of a soil. A lower bulk
density will result in a lower soil mass. The difference between M; ¢quiv @and M; is the mass that must
be added from the layer below.

Lee et al. (2009) used a simulation and field observations to compare the FD method and
equivalent soil mass method using the minimum, maximum and original soil mass as a reference.
They concluded that the fixed depth method resulted in biased carbon stocks and that for soils with
a relatively uniform distribution of carbon concentration, the maximum ESM method was
appropriate when bulk density decreased and the minimum ESM method was appropriate when
bulk density increased. For soils with a non-uniform carbon distribution the minimum ESM was
best. The original ESM method is best under all circumstances. When bulk density has a large
spatial and temporal variation or has a great uncertainty, carbon concentrations could describe the
changes more accurately than the fixed depth method.

In the case of this research, no original bulk density data was available, no change caused by the
land use was expected, no significant differences were found and the variability was high. Using the
bulk density for each plot would only incorporate its variability into the carbon stock and if the
average is used then all the data have the same multiplier so it would not change anything. That
was why it was decided to use the carbon concentrations to describe the changes in soil carbon and
to use an average bulk density only for the fixed depth method to reflect changes in carbon stock
for the purpose of calculation carbon sequestration.
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Appendix D: Statistics

A standard model for factorial mixed ANOVA was constructed.
Standard model: Yy, = u+y; +7; + &

Where y;j is the outcome value of dependent variable, y is the mean value, y is the random effect
of the years, T is the fixed effect of the treatments and ¢ is the experimental error.

Using SAS GLM it was checked that the years were independent. As explained in the methodology
chapter, a covariable model was also constructed to reduce the noise of related to different carbon
inputs. Aboveground dry matter yield was measured at the experimental site and could be used as
a covariable. In this way it was possible to get more significant results from the data.

Covariable model: Yy = t+y; +7; +ﬁ(xi - )_()+ Eiik

Where yj is the outcome value of dependent variable, p is the mean value, y is the random effect
of year, T is the fixed effect of the treatment, f(x; — X) is the covariable with regression coefficient
B and &: experimental error.

The covariable model assumes that:

1) Dry matter yield has a linear relation with soil organic carbon input (the amount of residues
and roots that stay behind at the plot to be incorporated into the soil). Duiker and Lal
(1999) showed a linear relation between residue application and SOC sequestration with
plow tillage and no tillage in Ohio.

2) Dry matter contains about the same amount of carbon for all types of crops and pasture.
This is true for the carbon content per grams of dry matter. However, in the case of
pasture, the same amount of dry matter yield from grass reflects more input of carbon
than crops. Grasses have a larger root-shoot ratio compared to crops (Trujillo et al; 2006).
So for the same amount of dry matter yield above ground there is a higher carbon input
below ground from the root zone. This would suggest that the covariate model is more
appropriate for the top layers and less for the lower layer where roots become a more
important input factor.

3) There is an average yield for all the plots. However, since carbon is a fertility indicator it
will influence the crop yield in the long run for instance 50 years when differences in carbon
concentrations become more pronounced. The different dry matter yields are then not only
caused by weather or pests but also by the carbon concentration. This would make the
covariable model counterproductive.

The covariate model is not a perfect tool and will have to be improved. Other factors such as the
weather or fertilizer input could be added. Also the way of calculating carbon input should be more
refined. The most important results are also significant without the covariable model, but the
covariable also points out to some other effects that might be significant.

Other statistical options were also considered but in the end not used for this report:

e 3 main treatments (LRNT SRNT and CCNT) with the indivual years as nested effects, but
this was not possible because the nested effects were unbalanced: LRNT has seven years,
SRNT has five and CCNT has three.

e If the principle component analysis would describe several factors a multivariate model
would have been run.

e A linear regression model between the years (ASOC=carbon stock + input crops). The
years were however not significantly different (over a longer period this might be possible).
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Appendix E: Principle component analysis

A principle component analysis was performed to describe the relations between the treatments
and the variables. Table E.1 shows the factors and their Eigenvalues and proportion of variance
which are explained by the factors. The variables from the 0-5 and 5-10 cm layers were omitted to
simplify the PCA. This omission resulted in a five percent increase in the accounted variance by the
second factor. Factor one (CP1) described 46,4 percent of the variance and factor two 30,7
percent. Together they accounted for 77,1 percent of the variance. The other factors all had an
eigenvalue value less than one and accounted for little variance. They were thus not meaningful
and could be dismissed.

Table E.1: Overview of the SOC principle component analysis.

Factor Eigenvalue Proportion Cumulative proportion
1 2.32 0.46 0.46

2 2.53 0.31 0.77%*

3 0.86 0.17 0.94

4 0.29 0.06 1.00

5 0.00 0.00 1.00

Table E.2. Shows that total soil organic carbon (TSOC) at 0-10 and 10-20 centimeter depth was
mainly influenced by principle component one while and POM and MAOM were influenced by both
components. Component one had a positive relation with all variables while principle component
two had a negative relation with coarse (C) and fine (F) particulate organic matter (POM) and a
positive relation with mineral associated organic matter (MAOM).

Table E.2: Amount of variance described by the first and second principle component. Note that the
cophenetic correlation coefficient = 0.935 which shows that the dimension reduction has a low distortion.

Variables Principle component 1 Principle component 2
TSOCO010 0.92 0.33
TSOC1020 0.48 0.16
CPOMO10 0.75 -0.55
FPOMO10 0.62 -0.68
MAOMO010 0.56 0.80
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Appendix F: Weighting procedure and accuracy of the CN measurement

The samples were weighted in cups in Montevideo (Uruguay) and analyzed in Utrecht (the
Netherlands). The cups were made of delicate tin foil. The weighting proceeded as follows. A cup
were placed on a microgram balance which was calibrated to zero pg with the cup on it. Then
about 10 mg of soil was put into the cup. It was closed by folding it into a ball and the exact weight
with a pg precision was noted. Just before the samples were sent to the Netherlands it was
discovered that some of the cups were damaged and some of the contents had spread through
three of the boxes that contained the samples. It was not possible to see which cups where
damaged only that soil material had spread throughout the boxes. The boxes had to be cleaned
and most samples had to be weighted again. Next to soil samples, standard samples containing
acetanilide and atropine of which the carbon and nitrogen content were known were weighted to
calibrate the CN-analyzer. Nicotinamide of which the carbon and nitrogen content was also known
was used as a control sample to check the accuracy of the measurements. The results are
presented in table F.1. Between 2.5 and 0.5 pg of acetanilide, atropine and nicotinamide was
weighted for the control and calibration samples.

Table F.1: Measurement accuracy: Nicotinamide was used to check the accuracy of the measurements. One
nicotinamide sample was analyzed after 12 soil samples. The average C and N content of the samples is
expressed as weight percentage of the sample.

N measured N real C measured C real CN CN real
measured
Average (%) 22,981 22,956 58,823 58,989 2,560 2,570
Sample std. 0,816 0,028 1,786 0,056 0,056
Coeff Var 3,550 0,122 3,037 0,095 2,180
Min % off -8,926 . -10,057 . -4,051
Max % off 6,093 . 2,274 . 3,871

In table F.1. the measured C and N content are expressed as weight percentages of the control
samples. The sample standard deviations were small but the minimum percentage of error for
nitrogen and carbon were relatively high: 9 and 10 percent, respectively. This might have been
caused by spillage from damaged cups. The substances used for the calibration and control
samples were very fine and white and a had very high carbon and nitrogen content. A very small
amount of particles, which would be difficult to detect could have caused a contamination and
offset the measurements. They could also have been damaged during the transport of the samples
to the Netherlands. If such a thing occurred it might have offset the samples but nothing was
detected, when the samples arrived in the Netherlands.
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Appendix G: Carbon data

Carbon concentration data in g/kg soil. The treatment code consist of ‘rotation type’ ‘tillage type’ and ‘crop’.

Plot  Treatment Year 0-5 cm layer 5-10 cm layer 0-10 cm layer 10-20 cm
code layer
Total Coarse Fine POM MAOM Total Coarse Fine POM  MAOM Total Coarse Fine POM MAOM Total

POM  POM POM  POM POM  POM

17 CCNTSb2 2010 |26.17 165 159 3.24 2294|1856 035 029 064 1793 | 2237 1.07 089 196 20.41 16.97
09 CCNTSb2 2011 . . . . . . . . . . 2257 099 143 242 20.15 17.43
02 CCNTSb2 2012|2255 1.04 037 141 2114|1640 0.15 037 052 1588 | 1947 056 037 0.93 18.55 16.75
02 CCNTSg 2010 |22.06 066 195 261 1945 |16.74 0.10 044 054 16.21 | 1940 038 1.19 156 17.84 17.80
17 CCNTSg 2011 . . . . . . . . . . 21.37 041 089 130 20.08 19.13
09 CCNTSg 2012|2156 139 1.05 244 19.12 |1967 023 067 090 1878 | 2062 0.78 0.86 1.64 18.98 14.03
09 CCNTShi 20102373 098 0.73 171 2201 |1966 0.17 016 033 1932 |21.69 053 044 0.98 20.72 19.79
02 CCNTSbl 2011 . . . . . . . . . . 19.22 034 062 096 18.26 15.50
17 CCNTSbl 2012 | 29.06 0.71 126 197 27.08 |17.39 0.19 034 054 16.85 |23.22 042 082 124 2198 20.31
01 LRNTSb2 2010 |23.74 332 127 459 19.15 1665 020 0.27 047 16.18 |20.19 177 080 257 17.63 16.62
16 LRNTSb2 2011 . . . . . . . . . . 2111 0,52 130 1.82 19.29 18.66
11  LRNTSb2 2012|2270 180 140 3.20 19.50 |18.19 0.28 0.72 1.00 17.19 | 2044 095 1.06 2.00 1844 18.35
04 LRNTSg 2010 | 23.78 042 154 197 21.81 |1944 0.07 050 058 1886 |21.61 0.23 1.01 124 2037 16.91
08 LRNT Sg 2011 . . . . . . . . . . 1945 030 056 0.87 18.59 15.20
01 LRNTSg 2012 |29.56 3.93 137 530 2425|1930 0.19 045 0.64 1865|2443 165 0.89 254 21.89 15.72
11  LRNTSbl1 2010 |23.54 080 1.00 179 21.75|16.62 023 052 075 1587 |20.08 051 076 1.27 18.81 17.79
03 LRNTSbl 2011 . . . . . . . . . . 2135 049 117 166 19.69 19.23
12 LRNTSbl 2012 | 20.68 1.00 224 3.24 1744|1750 023 042 065 16.84 | 19.09 0.57 1.25 1.82 17.27 15.78
12 LRNTP2 2010 |28.95 154 251 405 2489 |21.36 030 050 080 2056 2515 090 143 233 2282 20.39
04 LRNT P2 2011 . . . . . . . . . . 2058 0.65 0.80 145 19.13 19.70
08 LRNTP2 2012 | 2448 1.73 261 434 20.14 |1743 032 063 095 1648 [209 099 161 259 1836 18.43
03 LRNTP4 2010 | 27.65 2.58 1.68 4.26 23.39 |21.23 062 043 1.05 20.18 | 2444 156 1.03 260 21.84 18.01
12 LRNT P4 2011 . . . . . . . . . . 21.79 114 118 231 1948 15.12
04 LRNTP4 2012 | 24.17 136 180 3.16 21.01 | 2540 051 093 144 2396 (2479 092 136 228 2250 19.30
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Plot Treatment Year 0-5 cm layer 5-10 cm layer 0-10 cm layer 10-20 cm
code layer
Total Coarse Fine POM MAOM Total Coarse Fine POM MAOM Total Coarse Fine POM MAOM Total

POM POM POM POM POM POM
14 SRNTSb2 2010 | 23.77 0.72 0.71 143 2234 | 2091 0.22 0.71 0.93 19.99 | 22.34 0.46 0.72 118 21.16 17.67
13 SRNTSb2 2011 . . . . . . . . . . 20.94 0.54 1.07 1.61 19.33 20.15
10 SRNTSb2 2012 |27.49 1.42 1.69 3.12 2437 | 18.20 0.39 0.14 0.53 17.67 | 22.85 0.83 1.13 196  20.89 15.25
10 SRNTSg 2010 | 25.01 2.72 1.54 425 20.76 | 18.44 0.22 0.47 0.69 17.75 | 21.73  1.56 1.00 2.57 19.16 19.64
07 SRNTSg 2011 . . . . . . . . . . 2091 0.39 0.86 1.25 19.66 19.89
18 SRNTSg 2012 | 2449 1.29 1.26 2.54 21.95 | 19.07 0.28 0.14 0.43 18.64 | 21.78 0.82 0.66 1.48 20.29 17.59
18 SRNTSbl 2010 | 20.78 0.72 0.98 1.70 19.08 | 16.50 0.15 0.35 0.50 16.01 | 18.64 0.43 0.67 1.09 17.55 15.85
14 SRNTSbl 2011 . . . . . . . . . . 21.21  0.53 1.03 156 19.65 18.16
13  SRNTSbl 2012 | 20.79 1.26 1.85 3.11 17.68 | 20.53 0.30 0.29 0.58 19.95 | 20.66 0.80 1.03 1.84 18.83 16.06
07 SRNTP2 2010 | 27.78 1.31 1.56 2.87 2492 | 20.89 0.25 0.47 0.72 20.17 | 24.34 0.73 1.05 1.78 22.56 18.88
18 SRNT P2 2011 . . . . . . . . . . 17.65 0.66 0.72 138 16.27 15.24
14 SRNTP2 2012 | 23.62 1.31 1.88 3.19 20.43 | 1563 0.29 0.26 0.55 15.08 | 19.63 0.78 112 191 17.72 17.81
X LRCTP2 2010 . . . . . .
15 LRCTP2 2011 . . . . . . . . . . 21.11  1.03 0.62 1.65 19.47 20.11
05 LRCTP2 2012 | 22.30 1.77 1.62 339 18.90 | 19.20 0.29 1.02 1.31 17.89 | 20.75 0.90 131 221 18.53 19.08
C Control 2012 | 27.20 3.09 252 561 21.60 |18.05 0.77 0.61 1.39 16.66 | 22.63 1.81 1.55 336 19.27 15.15
Pasture
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Appendix H: Nitrogen data
Nitrogen concentration data in g/kg soil. The treatment code consist of ‘rotation type’ ‘tillage type’ and ‘crop’.

Plot  Treatment Year 0-5 cm layer 5-10 cm layer 0-10 cm layer 10-20 cm
2012 layer
Total Coarse Fine POM MAOM Total Coarse Fine POM  MAOM Total Coarse Fine POM MAOM Total
POM  POM POM  POM POM  POM

17 CCNTSb2 2010 | 242 008 009 0.17 225 | 1.9 0.04 0.05 0.09 187 | 219 006 0.07 0.13  2.06 1.81
09 CCNTSb2 2011 . . . . . . . . . . 1.78 0.06 0.10 0.15 1.63 1.25
02 CCNTSb2 2012 | 228 0.08 0.04 012 217 | 170 002 0.04 0.05 165 | 1.99 0.04 0.04 0.08 1.91 1.58
02 CCNTSg 2010 223 0.04 013 0.16 206 | 1.720 001 0.04 0.05 1.65 | 196 0.02 0.08 0.11 1.86 1.59
17 CCNTSg 2011 . . . . . . . . . . 211 007 014 021 1.90 1.71
09 CCNTSg 2012 | 208 0.13 021 034 174 | 18 005 0.14 0.19 165 | 1.96 0.09 0.17 0.27 1.70 1.59
09 CCNTSbl1 2010 | 2.04 0.06 005 011 193 | 176 0.02 002 0.04 173 | 1.90 0.04 0.03 0.07 1.83 1.75
02 CCNTSbl 2011 . . . . . . . . . . 190 0.08 0.14 0.22 1.68 1.56
17 CCNTSb1 2012 | 240 038 0.18 057 183 | 133 0.05 0.03 0.08 125 | 1.86 0.19 0.11 0.30 1.56 1.77
01 LRNTSb2 2010 | 242 0.15 009 024 218 | 1.80 002 0.03 0.05 175 | 211 0.09 0.06 0.15 1.96 1.59
16 LRNTSb2 2011 . . . . . . . . . . 212 0.09 0.19 0.28 1.84 1.52
11 LRNTSb2 2012 | 202 010 020 030 172 | 1.33 0.06 0.06 0.12 121 | 167 008 0.13 0.21 1.46 1.21
04 LRNTSg 2010 | 239 0.10 019 029 210 | 198 0.01 0.04 0.05 193 | 218 005 011 0.6  2.02 1.62
08 LRNT Sg 2011 . . . . . . . . . . 1.74  0.09 0.16 0.24 1.49 1.69
01 LRNTSg 2012 | 259 028 0.09 037 222 | 149 002 014 0.15 133 | 204 012 012 0.23 1.80 1.61
11 LRNTSb1 2010| 218 005 007 0.2 206 | 174 0.02 0.05 0.08 1.67 | 1.96 0.03 0.06 0.10 1.86 1.40
03 LRNTSbl 2011 . . . . . . . . . . 219 0.09 0.16 0.25 1.93 1.65
12 LRNTSh1 2012 | 187 010 027 037 150 | 1.66 0.06 0.04 0.10 156 | 1.77 0.08 0.14 0.22 1.54 1.51
12 LRNTP2 2010 | 246 0.12 0.18 030 216 | 200 0.05 0.05 0.10 190 | 223 008 0.11 0.19 2.04 1.73
04 LRNT P2 2011 . . . . . . . . . . 1.53 0.04 0.06 0.10 1.43 1.83
08 LRNTP2 2012 | 192 0.10 027 037 155 | 1.58 0.02 0.06 0.08 150 | 1.75 0.06 0.16 0.22 1.53 1.69
03 LRNTP4 2010 | 230 0.26 0.11 038 192 | 19 005 0.03 0.08 1.81 | 210 0.15 0.07 0.22 1.87 1.77
12 LRNT P4 2011 . . . . . . . . . . 1.75 0.07 0.09 0.16 1.59 1.57
04 LRNTP4 2012 | 137 027 029 056 080 | 216 0.07 0.08 0.15 202 | 1.77 017 0.18 0.35 1.42 1.64
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Plot Treatment Year 0-5 cm layer 5-10 cm layer 0-10 cm layer 10-20 cm
layer
Total Coarse Fine POM MAOM Total Coarse Fine POM MAOM Total Coarse Fine POM MAOM Total

POM POM POM POM POM POM
14 SRNTSb2 2010 | 2.28 0.04 0.06 0.10 2.18 1.91 0.02 0.06  0.08 1.83 2.09 0.03 0.06 0.09 2.00 1.68
13 SRNTSb2 2011 . . . . . . . . . . 1.91 0.04 0.17 0.21 1.71 1.36
10 SRNTSb2 2012 | 2.35 0.11 0.17 0.28 2.07 1.76 0.06 0.12  0.18 1.58 | 2.06 0.08 0.15 0.24 1.82 1.77
10 SRNTSg 2010 | 2.51 0.25 0.10 0.35 2.16 1.95 0.02 0.04 0.07 1.88 | 2.23 0.15 0.07 0.21 2.01 1.76
07 SRNTSg 2011 . . . . . . . . . . 1.77 0.02 0.07 0.09 1.68 1.52
18 SRNTSg 2012 | 2.43 0.14 0.20 0.34 2.09 1.88 0.07 0.11 0.18 1.71 2.16 0.11 0.15 0.26 1.90 1.41
18 SRNTSbl 2010 | 2.13 0.05 0.07 0.11 2.02 1.85 0.02 0.03 0.05 1.80 1.99 0.03 0.05 0.08 1.91 1.85
14 SRNTSbl 2011 . . . . . . . . . . 1.75 0.04 0.08 0.11 1.64 1.45
13 SRNTSbl 2012 | 2.25 0.14 0.25 0.38 1.86 1.93 0.07 0.15 0.22 1.72 | 2.09 0.10 0.20 0.30 1.79 1.67
07 SRNT P2 2010 | 2.52 0.07 0.12 0.19 2.33 2.05 0.02 0.04  0.06 199 | 2.29 0.04 0.08 0.12 2.16 1.91
18 SRNT P2 2011 . . . . . . . . . . 1.81 0.04 0.16 0.20 1.61 1.16
14 SRNTP2 2012 | 1.92 0.07 0.23 0.30 1.61 1.72 0.06 0.14 0.21 1.51 1.82 0.07 0.19 0.26 1.56 1.30
X LRCT P2 2010 . . . . . .
15 LRCTP2 2011 . . . . . . . . . . 1.95 0.09 0.05 0.14 1.81 1.56
05 LRCTP2 2012 | 1.85 0.11 0.23 0.33 1.51 1.99 0.02 0.08 0.10 1.51 1.92 0.06 0.15 0.20 1.71 1.73
C Control 2012 | 2.38 0.20 0.27 047 1.91 1.96 0.07 0.16 0.24 1.91 2.17 0.13 0.21 0.35 1.91 1.82
Pasture
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Appendix I: C:N ratios
Sample C:N ratios. The treatment code consist of ‘rotation type’ ‘tillage type” and ‘crop’. C:N ratios below 7.5 were considered to be unrealistically low and depicted in bold letters.

Plot  Treatment Year 0-5 cm layer 5-10 cm layer 0-10 cm layer 10-20 cm
code layer
Total Coarse Fine POM MAOM Total Coarse Fine POM  MAOM Total Coarse Fine POM  MAOM Total

POM POM POM POM POM POM

02 CCNTSb2 2010 | 10.80 19.72 1754 1859 10.19 | 949  9.85 5.48 7.25 10.39 | 10.21 17.13 12,65 1476 9.07 9.40
17 CCNTSb2 2011 . . . . . . . . . . 12.67 17.77 1490 1595 12.36 13.96
09 CCNTSb2 2012 | 9.87 1349 9.76 1227 9.74 | 9.65 10.01 1039 10.28 7.32 | 9.77 1280 10.06 11.55 8.55 10.61
09 CCNTSg 2010 | 9.91 17.56 1557 16.03 943 | 985 876 1150 1087 7.85 | 9.89 1545 1462 14.81 8.65 11.23
02 CCNTSg 2011 . . . . . . . . . . 10.11  5.77 6.22 6.07 10.57 11.19
17 CCNTSg 2012 | 1038 10.68 4.99 7.17 11.01 | 1066 4.21 4.79 4.62 10.81 | 10.51 8.63 491 6.18 10.92 8.81
17 CCNTSbl 2010 | 11.63  16.02 1584 1594 11.39 | 11.15 8.98 8.79 8.89 10.00 | 11.41 1395 13.83 13.89 10.72 11.29
09 CCNTShl 2011 . . . . . . . . . . 10.10 4.08 445 431 1087 9.94
02 CCNTSbl 2012 | 12.12 184 6.95 3.48 1479 | 13.07 4.24 9.97 6.73 9.20 | 1246 2.17 7.40 4.08 12.00 11.49
12 LRNTSb2 2010 | 9.82 22,12 13.80 1895 8.80 | 9.25 873 9.98 9.41 11.77 | 9.57 20.38 13.00 1731 8.10 10.46
04 LRNTSb2 2011 . . . . . . . . . . 997 6.04 6.87 6.61 1048 12.29
08 LRNTSb2 2012 | 11.24 17.88 7.04 10.67 11.34 | 13.69 4.41  12.03 8.10 10.00 | 12.21 11.67 8.21 9.55 10.72 15.13
03 LRNTSg 2010 | 9.94 4.39 809 6.85 1036 | 9.84 786 1279 1186 896 | 990 4.75 894 7.67 9.68 10.43
12 LRNTSg 2011 . . . . . . . . . . 11.20 3.52 3.58 3.56 1244 9.00
04 LRNTSg 2012 | 1142 1427 1529 1452 1091 | 1298 11.51 3.31 4.19 839 | 11.99 14.00 7.68 10.88 9.85 9.74
11  LRNTSbl1 2010 | 10.80 1742 13.32 14.88 10.56 | 9.54 10.52  9.75 9.97 7.71 | 10.24 15.13 11.87 1298 9.13 12.71
03 LRNTSbl 2011 . . . . . . . . . . 9.75 537 7.18 6.53 10.18 11.63
12 LRNTSbl1 2012 | 11.06 10.06 832 879 11.62 | 1053 3.54 11.03 6.32 11.22 | 10.81 6.97 873 8.9 11.51 10.44
01 LRNTP2 2010 | 11.76 13.05 13.81 13.51 11.52 | 10.68 5.79  10.33 7.96 9.51 | 11.28 10.68 1299 11.99 10.56 11.78
16 LRNT P2 2011 . . . . . . . . . . 1345 16.04 1256 13.92 1341 10.75
11 LRNTP2 2012 | 1276 1750 9.72 1181 1299 |11.01 13.60 11.21 1192 10.63 | 11.97 16.67 998 11.78 11.84 10.91
04 LRNT P4 2010 | 12.03 9.78 1493 11.32 12.17 | 11.20 12,57 1331 12.86 10.50 | 11.66 10.26 14.55 11.62 11.37 10.20
08 LRNT P4 2011 . . . . . . . . . . 1246 16.97 13.23 14.83 12.22 9.63
01 LRNTP4 2012 | 1766 497 6.18 5.60 26.14 |11.75 731 12.27 9.89 29.81 | 1404 549 7.45 6.51 28.00 11.77
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Plot Treatment Year 0-5 cm layer 5-10 cm layer 0-5 cm layer 10-20 cm
code layer
Total  Coarse  Fine POM MAOM Total Coarse  Fine POM MAOM Total Coarse  Fine POM MAOM Total

POM POM POM POM POM POM
18 SRNTSb2 2010 | 10.44 16.56 12,95 14.53 10.26 | 10.96 11.96 11.57 11.67 9.18 | 10.68 15.11 1230 13.26 9.72 10.49
14 SRNTSb2 2011 . . . . . . . . . . 1094 14.17 6.25 7.69 11.34 14.77
13 SRNTSb2 2012 | 11.71 13.32  10.06 11.33 11.76 | 10.32 6.21 1.23 2.96 8.52 | 11.11 9.74 7.30 8.16  10.08 8.60
07 SRNTSg 2010 9.96 1090 15.72 12.26 9.59 | 9.48 9.15 11.37 10.55 8.20 9.75 10.77 1444 1196 8.85 11.16
18 SRNTSg 2011 . . . . . . . . . . 11.82 16.11 12,56 13.49 11.73 13.06
14 SRNTSg 2012 | 10.07 8.96 6.35 7.45 1049 | 10.13 4.25 1.32 243 8.91 | 10.09 7.61 437 5.72 9.70 12.47
10 SRNTSbi 2010 9.76 15.39 1457 1491 9.47 | 8.92 7.87 12.06 10.40 7.94 9.37 13.15 13.82 13.55 8.71 8.58
07 SRNTSbl 2011 . . . . . . . . . . 12,11 13,92 13.62 13.72 12.00 12.57
18 SRNTSbl 2012 9.25 9.16 748 8.08 949 | 10.61 4.37 1.95 2.71 10.70 | 9.88 7.68 5.29 6.12 10.10 9.64
14 SRNTP2 2010 | 11.02 18.11  13.19 15.06 10.69 | 10.18 15.54 11.14 12.37 8.66 | 10.64 17,55 12.70 1433 9.68 9.89
13 SRNTP2 2011 . . . . . . . . . . 9.74 1696 4.41 6.83 10.11 13.11
10 SRNTP2 2012 | 12.32 17.91 8.21 10.55 12,66 | 9.11 4,51 1.80 2.63 9.34 | 1080 1149 591 7.39 10.98 13.73
X LRCTP2 2010 . . . . . .
15 LRCTP2 2011 . . . . . . . . . . 10.82 11.63 12.62 11.98 10.73 12.88
05 LRCTP2 2012 | 12.07 16.46 7.20 10.19 1249 | 9.65 12.33 13.63 13.33  11.82 | 10.82 15.38 8.99 10.83 12.24 11.02
C Control 2012 | 11.42 15.08 935 11.83 11.32 | 9.19 1037 3.78 5.86 8.73 | 10.41 1356 7.20 9.64 10.10 8.33
Pasture
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