





To allow the water table beneath the base of the lysimeter to be regulated, a
tension sheet was created. It consisted of (from top to bottom): polyester
cloth, 3 layers of fibreglass filter (Munktell MG 160), polyester cloth and 2
layers of plastic netting. The air bubbling pressure of the tension filter was
2 m water column. A more detailed description of the set-up is given in
Paper II. The soil cores collected were transferred to the new improved
lysimeters and placed in the lysimeter station at Ultuna (59°49'2"N,
17°39'41"E) (Figure 15).

Figure 15. Lysimeter station used in the experiment. Service pits in the middle. The overflow
device to control the water table is in a temporary elevated position in the second row. The
dark chamber and the pumping device for gas sampling can be seen to the right.

Treatments

Lysimeter studies

The effect of water management on GHG emissions was studied using a
factorial experimental design with twelve lysimeters of each peat type. The
following treatments were used:
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A. Static water table at 40 cm depth (WT@40 cm)
B. Static water table at 80 cm depth (WT@80 cm)

The lysimeters were saturated from below with water and sown with
ryegrass (Lolium perenne). The ryegrass was cut before every gas measurement
and dried at 105 °C. Air temperature and precipitation were monitored
throughout the season. During the growing season, water was supplied from
below with a 1-L flask connected to the air trap (no. 11 in Figure 14). This
flask was continuously filled so the water table could be kept constant.
Water content was measured each sampling day with a Profile Probe (Delta-
T devices, 128 Low Road, Burwell, Cambridge, CB5 OEJ, UK). The whole
system set-up is illustrated in Figure 16.

Climate (Weather station) +
[— Dry/wet deposition (general values for
the area)
Gas emissions

CO,, N,O, CH,

Crop Cut every other week
/ Ryegqrass (Lolium perenne)

Fertiliser

E———

Soil temp Continuous measurements
f— depth 5, 20, 35 cm

Moisture Once a week (Profile Probe)
depth 7, 17, 27, 37 cm

Soil sampling
e ——

Soil water
——— —

Before start of experiment
After end of experiment

.

Drainaﬁe water At drainage events

Figure 16. Lysimeter set-up and measurement schedule.

Root respiration experiment
To study the effect of crop and root respiration, CO, emissions from
vegetated and bare soil lysimeters were measured in the same way as

described above, with three replicates of each treatment and with the water
table at 40 cm depth (Paper III).
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Incubation study

The incubation experiment was carried out with a separate set of
undisturbed soil cores from Majnegirden and Orke. The soil cores were
collected in steel cylinders (10 cm high, ©7.2 ¢cm) with holes in the cylinder
wall to increase aeration (Robertson et al., 1993). All soil cores were
saturated with water for five days. Tension was applied to the soil cores until
equilibrium was reached. The tension steps applied were 5, 40, 80 and
600 cm water column. The soil cores were collected from two difterent
depths at Majnegirden (0-10 ¢cm and 30-40 cm) and from the topsoil (0-10
cm) at Orke. Four to six replicates were used. Soil cores were kept at 20 °C
throughout the incubation experiment (Paper IV). The effect of
temperature on CO, emissions was modelled from lysimeter measurements
and studied on another set of steel cylinders incubated at 2, 13 and 25 °C
(Paper II).

Weather conditions at the lysimeter site

The summer of 2004 was wetter than normal except for August, when
precipitation was lower than the 30-year average. The temperature was near
normal except for August, which was warmer Figure 17.

20 150

15 /A 125

10 / \\\ 100

Temperature (°C)
Precipitation (mm)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

FZF Precipitation 1961-1990 I Precipitation 2004
— =Temperature 1961-1990 e Temperature 2004

Figure 17. Air temperature (°C) and precipitation (mm) in 2004 compared with average

values for the period 1961-1990.

Gas measurements

Gas flux measurements were made using the closed dark chamber method
(Mosier, 1990), which measures the combined effect of soil respiration and
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plant respiration (Figure 18). When used on bare soil, only soil respiration is

measured. Advantages of closed chambers include:

e Very small fluxes can be measured.

e No electrical supply is needed.

e The chambers are simple to construct.

Disadvantages include:

e The design of the chamber can influence the absolute value of the

measured gas flux (Norman et al., 1997).

e A concentration of gas can build up inside the chambers to levels

where they inhibit the normal gas diftusion.

e The closed cover eliminates the turbulence normally affecting the

soil surface.

e The chamber disturbs the soil air boundary layer.

e Positioning the chamber can cause pressure changes in the soil.

e The chamber can cause temperature changes in the soil and

atmosphere under the chamber.

The chamber was 20 cm high, insulated and covered with a reflecting layer.

It was placed in a collar above the lysimeter, and sealed with an

impermeable plastic material.

The chambers were sampled at
10, 20, 30 and 40 minutes after
closure by circulating air (300-
500 mL min") from the chambers
through 22-mL headspace flasks
(sealed with butyl rubber septa)
for 30 seconds. In the experiment
with the bare soil treatment, the
same chambers were used, but
instead of collecting gas in
headspace flasks, the atmosphere
in the chamber was circulated
through a Vaisala Carbocap probe
(GMP 343, Vaisala, Helsinki,
Finland) for 3-5  minutes
depending on emission rates. In
the field we used collars with the
same diameter as the lysimeters,
pushed down 3-5 cm into the
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soil, and the atmosphere within the chamber was circulated through the
Vaisala Carbocap (Figure 19 A).

B Air tight
container

Figure 19. A) Field equipment for GHG measurements with a Vaisala GMP 323 connected to
the chamber for CO, measurements. B) Incubation equipment for GHG measurements from
soil in perforated steel cylinders.

The soil cores in the incubation experiment (in the small perforated steel
cylinders) were placed in air-tight PVC jars (Figure 19 B) before gas
emission measurements (Robertson ef al., 1993). Ten-mL samples of the
atmosphere were extracted 1, 2 and 3 h after closure of the jars and
transferred to 22-mL headspace flasks sealed with butyl rubber septa.

All gas samples captured in the headspace flasks (CO,, N,O and CH))
were analysed by gas chromatography (Klemedtsson et al., 1997). The
emission rate in all studies was calculated using linear regression and the
ideal gas law from Eq. 3, using measurements with R* > 0.85 (94% of all
CO, measurements) for CO,:

F=pXV/AXACAtX273/(T+273) Eq. 3

where F is the flux (mg m™ h), p is the density of gas (mg m”), V is the
volume of the chamber (m’), A is the base area of the chamber (m?), Ac/At
is the average rate of change of concentration with time (ppmv h™) and T is
the temperature in the chamber (°C).

In the lysimeter experiment all measurements of N,O and CH, were
used, regardless of R”. Cumulative fluxes were calculated by plotting daily
mean fluxes against time, interpolating linearly between them, and
integrating the area under the curve using Grapher 6.3.28 software (Golden
Software, Golden, Colorado, USA).

37



The sampling interval can affect the result quite strongly even if the
regression has a good linear fit. One problem with too long a sampling
interval is the build-up of CO, inside the chamber, decreasing the gradient
between the soil and the chamber (Nay ef al., 1994). Using the first 3
minutes (B in Figure 20) instead of the first 40 minutes (A in Figure 20)
resulted in an estimated emission rate that was twice as high.

8 -
v A. GC 10, 20, 30, 40 min
B e B. Vaisala every 15 s.
= C. HMR modelled
6 |
B. Emission = 1548 mg m2 h-'! «
~ | R=0.99 -
4
(o))
E4
ON
S} i
2 — A. Emission = 680 mg m= h-"'
R?=0.99
K
0
| | | |
0 0.2 0.4 0.6 0.8
Time (hour)

Figure 20. CO, emission rates calculated from the same data but with different sampling time
using a linear or non-linear regression. Triangles (A) represent measurements every 10
minutes up to 40 minutes. Circles (B) are measurements every 15 seconds for 3 minutes and
the squares (C) are HMR-modelled concentrations using the same data as the triangles. The
regression lines represent the emission rates for the different methods.

This problem can to some extent be handled by using a non-linear model
(Pedersen, 2000; Pedersen et al., 2001), for example the HMR package for
the software R, and calculating the emission rate at time=0 (C in Figure 20).
The short sampling time with the Vaisala probe and linear regression gave
almost the same emission rate as using the non-linear model. As long as the
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same method is used when comparing treatments, the choice of sampling
interval is of less importance, but trying to upscale the emission rates to field
or regional scale could result in large uncertainties.

Crop analysis

The cuttings taken during spring, summer and autumn were mixed in bulk
samples for each lysimeter and season. The N content was measured with a
LECO 2000 CNS analyser (Leco Corp, St. Joseph, Mich.), while for P
analysis the soil samples were treated with HNO, (7 M) and analysed using
inductively coupled plasma-optical emission spectroscopy (ICP, Optima
3000 DV, Perkin Elmer, Waltham, Mass.).

Statistics

Differences in mean water content and mean GHG emissions between
treatments and soils were tested with a mixed model for repeated
measurements (special ANOVA routine) using SAS 8.2 software (Littel, 1996;
SAS, 2006). No significant interaction between treatment and site was
found. Differences in mean yield between sites and treatments were tested
both within the same soil and between the soils with one-way ANOVA with
blocks and multiway ANOVA using SAS. PROC NLIN was used for
estimating the fitting parameters 0s, a and n for the water retention curve
constructed using the van Genuchten equation.

Modelling

Soil temperature, water content and snow depth were modelled with the
Soil, Water, Atmosphere and Plant (SWAP) model, which was adapted to
Nordic conditions (SWAP, 2005) and validated against measured data. SWAP
simulates transport of water, solutes and heat in unsaturated/saturated soils.
Long-term changes in ecosystem functions at the Orke site were modelled
using the PMDSS and PMDSS redrainage models developed by Knief3
(2007). The objective of the model runs was to determine the effect of
future land management scenarios in combination with two different
climate change scenarios.
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Results and discussion

Digital soil survey

Map data quality

Digital soil data were not available for 9% of the total agricultural area
(including mineral soils) and the “K radiation method was used instead.
Comparisons of the accuracy of the K method in identifying peat soil areas
compared with the country-scale map (1:1,000,000) were made using Kappa
analysis (Monserud & Leemans, 1992). The “K method had similar or better
accuracy (overall accuracy = 81%, KHAT= 0.45) than the country-scale
map (overall accuracy = 82%, KHAT=0.28) (Paper I). More accurate
assessment of the spatial distribution of agricultural peat and gyttja soils will
be possible when maps of the whole country have been digitised by the
SGU, but the accuracy in the present study is still a major improvement
compared with earlier estimates.

Area of agricultural peat and gyttja soils

According to the block database (IACS block), the total area of agricultural
soils (arable and grazing land) in Sweden in 2008 was 3,525,259 ha. Of this
total area, 7.6% or 267,990 ha were classified as peat and gyttja soils
(Berglund et al., 2009). This is less than half the corresponding percentage
and acreage estimated in 1946 (20% or 705,000 ha cultivated peat soils;
Hjertstedt, 1946). The assessment in 1946 was made by the engineers of the
Swedish Peat Society and can be considered quite accurate, as half the area
was inspected and more than 10,000 soil samples were analysed with respect
to soil type and cultivation value. Large areas of cultivated organic soils have
been abandoned since then, mainly due to insufficient drainage, and might
constitute 35-45% of what is now classified as drained organic forestland
(Von Arnold et al., 2005). The percentage of peat and gyttja soils varies
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greatly between Swedish counties (), from 1.3% in
Visternorrland to 12.8% in Orebro. Peat soils
dominate, comprising 5.6% (198,264 ha) of the

total area, while gyttja soils comprise 2.0%
(69,726 ha). The proportion of gyttja soils in
2008 (26% of the total area of peat + gyttja
soils) was greater than earlier estimates of
11% (Hjertstedt, 1946). This is due to
gyttja soils with organic matter content

lower than 20% (clay gytga / gytga

clay) being included in our analysis,
Cultivated organic soil (%)

NS
B &0
| EEH

but also to subsidence uncovering the
gyttja underlying the peat soil in many
places. These values are now used by
the Swedish Environmental Pro-
tection Agency to estimate GHG
emissions from cultivated organic
soils for the National Inventory
Report, submitted under the
UNFCCC and the Kyoto Protocol.

Cultivation intensity

The cultivation intensity is Figure 21. Distribution of cultivated organic

generally lower on peat soils soils (% of total agricultural area) per county in
than on mineral soils. Managed — Sweden.

grassland and low intensity land use (such as permanent pasture and set-
aside) dominate and only 23.3% of the area in 2008 was intensively
cultivated with annual crops including row crops, compared with 37% of
the total agricultural area (both mineral and organic soils) (SCB, 2009). The
areas most intensively cultivated are in general polder areas with very fertile
organic soils with the potential to regulate the water table by pumping.

Continuity analysis

To examine how the cultivation intensity and crop acreage on organic soils
have changed over the past 10 years, an analysis was made of the distribution
of crops grown on organic soils for the years 1999, 2005, 2006, 2007 and
2008 (Berglund et al., 2009) (Figure 22). Much of the variation in crop area
over the period 1999-2008 can be explained by the EU payment reform
implemented in 2005.
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Figure 22. Area of cultivated organic soils in different crop categories and total area of
cultivated organic soil, 1999-2008.

Total acreage increased until 2005 because the reported area in that year
formed the basis of support rights in the new system. The total cereal area in
the country, regardless of soil type, decreased sharply in the first years after
introduction of the single farm payment because of low grain prices, while
there was a slight increase in the area of oilseeds due to better profitability
(Jordbruksverket, 2007). With rising grain prices in 2007/2008 the area of
cereals increased again, as can be seen in Figure 22. With the payment
reform grassland became more profitable, with increasing area as a result
(SCB, 2009). The requirement for set-aside land (mandatory 5 or 10% of
area) disappeared in 2008, after which reported fallow acreage practically
halved (SCB, 2009). Our continuity analysis (Berglund & Berglund, 2008)
verified that the cultivation intensity on organic soils is relatively low, with
permanent grassland (ley in 10 out of 10 years) on about 16% of the area.
Intensive cultivation (row crop cultivation in at least five out of 10 years) is
practised on a small area, primarily in Skine and to some extent in Blekinge.
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Lysimeter and incubation studies

Crop yield and nutrient content

Yields were significantly greater
with the water table at 40 cm
(WT@40 cm) compared with 80
cm (WT@80 cm) on both soils.
For WT@40 cm the ryegrass dry
matter (DM) vyield in Majne-
girden lysimeters was signify-
cantly higher (p<<0.05) than the

yield in Orke lysimeters (+2232
kg ha_l, LSD=2144 kg ha_1>. Figure 23. Ryegra“ss yield (ton DM ha™) at
Majnegirden and Orke with the water table at
40 cm (left) and 80 cm (right).

ield (tha)

] Majnegarden  Orke

Majnegérde

The tendency was the same for
WT@80 cm, but the difference
was not significant (p=0.08)
(Figure 23). The N and P content
were somewhat higher in the
Majnegirden crop than in the
Orke crop, indicating that
Majnegirden soil was more fertile

(Table 4).

Table 4. N and P content in ryegrass in
spring, summer and autumn

Majnegirden  Orke
N P N P
(%)
Spring  4.23 0.28 3.32 0.23
Summer 3.15 0.40 2.95 0.26
Fall 345 0.43 3.30 0.23

Soil water properties Figure 24. Soil water from the Majnegirden
lysimeter (left) and the Orke lysimeter (right)

Besides being lost through the with the water table at 40 cm depth.

GHG emissions, carbon and
nitrogen are lost in drainage
water, so therefore we studied the nutrient content in the soil water. Water
samples were taken from 40 cm depth using a probe with a water-permeable
filter (no. 6 in Figure 14) after the growing season in November 2004 and
analysed with respect to dissolved organic carbon (DOC), dissolved organic
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nitrogen (DON), total phosphorus (tot-P), ammonium-N (NH,-N),
nitrate-N (NO,-N) and phosphate-P (PO,-P). The soil water at Orke had a
much darker colour than the water from Majnegirden soil (Figure 24) and
the DOC and DON values were higher than at Majnegirden (Table 5).
However, the DOC and DON values in both soils were in the range
reported in other studies (Chow et al., 2006).

Table 5. Chemical propetties of soil water from the Majnegdrden and Orke lysimeters

DOC DON NH-N NO-N Tot-P PO-P

Site/treatment mg L

Majnegirden WT@40 cm 36.4 3.0 0.3 0.5 0.1 0.0
Majnegirden WT@80 cm 257 22 0.4 0.3 0.1 0.0
Orke WT@40 cm 240.3 8.0 0.5 0.2 0.1 0.0
Orke WT@80 cm 163.1 6.2 0.5 0.4 0.1 0.0

CO, emissions

Effect of temperature

Temperature is often used to model the rate of CO, emission from peat soils
(Moore & Dalva, 1993; Lloyd & Taylor, 1994; Fang & Moncrieft, 2001;
Lafleur et al., 2005; Rutledge et al., 2008; Tuomi et al., 2008), but its use has
recently been questioned by Kuzyakov & Gavrichkova (2010), who argue
that soil temperature is an indirect factor driven by solar radiation. In Paper
I, to allow the results to be compared with those from other studies, data
on the lysimeter soils were fitted to a semi-empirical model describing CO,
emissions as a function of temperature (Eq. 4.) (Lloyd & Taylor, 1994):

308.56(?102—m)

Re = RlO e Eq 4

where R_ is total respiration of CO, (umol m” s'), R, is the sum of plant
and soil respiration at 10 °C and T_ is temperature (°K). R_and T, are
measured data and R is the result of the fitting procedure. There was a
considerable amount of scatter in the emissions data. To overcome this, the
CO, emissions data were averaged in 1 °C bins and plotted against
temperature (Figure 25). This gave a better correlation (R’=0.92, n=19)
between air temperature and CO, emissions from the lysimeters, with a R
value of 2.42 pmol m” 5. The equation had a better fit at high temperatures
than at low temperatures. The R, wvalue is in agreement with results
reported by Nieveen et al. (2005) for a drained rush and sedge peat in New
Zealand (R,, = 2.44 pmol m” s7) and in the same range as reported by
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Lohila et al. (2003) for a peat soil under pasture (R, = 3.1 pmol m” s).
Conditions in the New Zealand experiments were very similar to those in
the present experiment in that groundwater depth ranged between 0.2 and
0.8 m (in our experiment between 0.4 and 0.8 m) and the vegetation at
their site was a mixture of perennial ryegrass (Lolium perenne) and white
clover (Trifolium repens). Other studies with water-logged conditions
(Nieveen ef al., 1998) report a lower R, of 1.3 pmol m” s, indicating

anaerobic conditions.

A
8 —

CO, emissions (umol m2s1)
N
I

PP

0 NI L LI LN L
0 5 10 15 20

Air temperature (°C)

Figure 25. Results of CO, emissions. Pooled averaged transformed data from all lysimeters 1

April — 8 Dec 2004 and modelled effect of air temperature on emissions using an equation
from Lloyd & Taylor (1994).

Effect of water table depth

The CO, emission rate was low at both sites in the beginning of the
growing season when temperatures were low and rate-limiting. In the
middle of the summer, with temperatures between 15-20 °C, the emission
rates were higher from WT@40 cm than from WT@80 cm (Table 6).
Contrary to our results, many investigations have reported increasing CO,
emissions following lowering of the water table (Eggelsmann, 1976; Renger
et al., 2002; Wessolek et al., 2002). Findings supporting our results, with a
higher emission rate at intermediate water table depths compared with low
depths (dry soil), have been reported by Davidson et al. (1998), Chimner &
Cooper (2003), Kechavarzi ef al. (2007) and Mikiranta ef al. (2009).
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Table 6. Mean daytime emissions of CO,, N,O and CH, from lysimeters with soil from Majnegdrden
and Orke. Standard errors in brackets. Means within columns with different superscripts are significantly
different (p<0.05)

Depth to Co, N,O CH,
water ; B B o
table (mgm™ h') (ugm™h’)
Site (cm) Apr-Nov Dec-Apr Apr-Apr Apr-Apr
o 40 465(187) 205 (41.0)" -18.9 (1.32)"
Majnegirden b 66.1 (4.22) b a
g0 417 (20.7) 45 (51.9) 21.3 (1.83)
619 (18.7)° 150 41.0)" 781 (1.32)
. . b . -7. .
Orke 40 934 (422) N .
80 534 (20.7) 108 (51.9) 115 (1.83)

Nieveen et al. (2005) found that the distance to the water table did not
influence emissions of CO,, while Aerts & Ludwig (1997) and Maljanen et
al. (2001) reported similar results. Laiho (2006) described the complexity of
peatland behaviour following persistent lowering of the water table, with
multiple interactions between many factors such as time scale and soil type.
The results from the incubation experiment (Figure 26) were in agreement
with emissions results from the lysimeter experiments.

2,00
1,80
1,60 1
140
120
1,00 I
0,80
0,60
0,40
0,20
0,00
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\ |

)
e

CO, emission rate (mg dm=3h-1)

5 40 | 80 600‘ 5 |40‘80 600 | 5 40 | 80 | 600
Tension (cmwater column)

Depth
Site

0-10cm ‘ 30-40cm 0-10cm

Majnegéarden Orke

Figure 26. Incubation experiment with undisturbed soil samples from two difterent depths at
Majnegirden (0-10 cm and 30-40 cm; left) and from the topsoil at Orke (0-10 cm; right).
CO, emission rate with increasing tension (from 5 to 600 cm water column) applied to soil
cores. Error bars show standard deviation.
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CO, emissions in the incubation experiment were significantly higher
(p<0.05) from the Orke topsoil than from the Majnegirden topsoil.
Increasing the matric tension from 40 cm to 80 cm water column decreased
the CO, emissions from both soils. The highest emission rate occurred with
a matric tension of 40 cm water column, with lower emission rates at both
lower and higher values. The less decomposed soil samples from the deeper
layer (30-40 c¢m) at Majnegirden had significantly lower emission rates than
the well-decomposed topsoil.

The topsoil from Majnegirden is very compact and only a limited
amount of air can enter the soil matrix at low tensions (Figure 8). The Orke
profile allows air to enter the upper layers at normal drainage (Figure 9)
(McAfee, 1989). The incubation results indicate that in these soils a very
small proportion of air-filled pores is sufficient to stimulate soil respiration at
a high rate and that drier conditions (lower water table) hamper soil
respiration even at shallow drainage depths.

The findings in this investigation are similar to those reported by Lafleur
et al. (2005), and the explanation can be that the air-filled porosity in the
upper part of the soil profile, where most CO, is produced by respiration,
was sufficient for oxygen diffusion and that water was not rate-limiting at 40
cm drainage depth. At 80 cm drainage depth the topsoil was too dry and the
CO, production from the lower parts of the peat profile was low due to low
substrate quality, and did not contribute to the emissions, despite an
adequate oxygen supply.

The decreased plant growth in the lysimeter experiment when the water
table was lowered from 40 cm to 80 cm (Figure 23) (Berglund, 1996) could
also have aftected the CO, emission rate. Even though the grass was cut
prior to gas measurements, plant respiration contributed to some extent to
the measured gas flux, producing a higher flux than soil respiration alone.
Root respiration has been reported to contribute 27-63% of the emissions
produced (Laiho, 2006; Paper III), which might explain some of the
differences in emission rates observed between the two water table depths
investigated.

When climate conditions were the same, differences in emission rates
between the sites were related to soil type and C availability to
microorganisms, since CO, emissions mainly reflect the abundance of easily
available carbon. Emission rates were approximately eight times higher
during the growing season compared with the winter period (Figure 27),
due to the low temperature and the absence of plants in winter. CO,
emission rates were significantly greater for WT@40 c¢cm than for WT@80

cm in both soils. Maximum emission rate in Majnegirden lysimeters was
recorded on 1 June and was higher for WT@40 cm (919 mg CO, m” h’)
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than for WT@80 cm (754 mg CO, m~ h). Outside the growing season,
there was no difference between the treatments. Similar results were found
in Orke lysimeters, with maximum CO, emissions recorded on 27 July
(1064 mg CO, m” h" for WT@40 cm and 1003 mg CO, m” h" for
WT@80 cm). Outside the growing season, there was no difference between
the treatments but the average CO, emission rate during winter was
significantly higher from the Orke soil than from the Majnegirden soil.
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Figure 27. Carbon dioxide emissions from lysimeters with Majnegirden and Orke soil with
the water table at 40 cm depth (WT@40 cm) or 80 cm depth (WT@80 cm) during the
period April 2004 - April 2005.

These findings were expected, but are often overlooked by policymakers,
who in attempting to reduce GHG emissions tend to promote abandonment
of cultivated organic soils or their conversion into bird habitats with a
fluctuating water table. However, these measures might create even greater
problems, namely equal or higher GHG emissions but diminished
photosynthesis and mitigation of CO, and lower or no economic return
from the areas, reducing the incentive to deal with the continuing

emissions.

Origin of soil respiration

The CO, flux from cultivated soils is commonly measured as total flux
including both soil organic matter (SOM)-derived CO, and plant-derived
CO,. With regard to the CO,-driven greenhouse effect, there is a need to
distinguish between heterotrophic soil respiration and autotrophic, plant-
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derived respiration (net CO, emissions). The plant input of atmospheric C
to the soil is of minor or no importance regarding the greenhouse effect,
since this carbon just circulates between the systems and the residence time
in the soil is very short compared with the age of the peat. This is very well
illustrated by Kuzyakov (2006), who divided the total CO, efflux from the
soil into five sources (marked 1-5 in Figure 28) and also indicated the
residence time of carbon in the soil for the different sources.

® Total CO, efflux from soil >
C x "
o 35 Respiration . . )
fg_ % by autotrophs 1< Microbial respiration / respiration by heterotrophs =
L S Rhizosphere-derived CO2
g < 47|F’Iant-derived Co, SOM-derived CO, —>
o
[« Root-derived cog—>|
S 5 = - - i i B !
$S3 1 s 2 Rhizo- 1 3 M'°’°'z:a' :4Addilional SOM- ;5 SOM-derived
SSE respi?:tion i microbial | o;?g;ap“’;t | derived CO, | CO, basal
o= g i irati t imi irati
B0 E : respiration | residues E priming effect E respiration
Turnover rate
Residence time in soil

Figure 28. Five main sources of biogenic CO, efflux from soil, arranged according to
turnover rate and mean residence time of C in soil. Figure 1 in Kuzyakov (2006).

Sources 1-3 in Figure 28 are plant-derived and sources 4 and 5 contribute to
the greenhouse effect. With the root exclusion method (comparing gas
emissions from vegetated soil and bare soil), it is possible to distinguish
between source 5 (basal respiration) and sources 1-3 (plant-derived)
(Kuzyakov, 2006). This rough method can be used to estimate the net CO,
emissions if the priming effect (4) is small. In Paper III, CO, emissions from
vegetated and bare soil lysimeters were compared to estimate plant-derived

CO, emissions as a fraction of

total CO, emissions. The results

Table 7. Plant contribution to total soil CC)2 Showed that great variations in
efflux estimated from measured data during the

plant  contribution  occurred
whole season (5 May — 11 Nov) and also

divided into seasonal emissions during the growing season, with

Plant contribation plant-derived emissions being

(% of total emission) low in the beginning of the
Majnegirden Orke growing season and high at the
Whole season 47 57 end (Table 7). The contribution
Spring (18/5 - 22/6) 27 49 also differed between soil types.
Summer (5/7 - 2/8) 42 54 When estimating net emissions
Autumn (15/8 - 1/11) 57 63 to the atmosphere it is
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important to know the plant-derived CO, flux, otherwise soil CO,
emissions can be considerably overestimated.

The uptake of substrate (low molecular weight carbon) by soil
microorganisms occurs primarily through the soluble phase (Marschner &
Kalbitz, 2003) and the degradation of the more resistant fractions, the peat
itself, is dependent upon the action of extracellular enzymes. There are
several ways to inhibit these enzymes and thus minimise the subsidence, and
hence the net contribution of GHG. A high water table and anoxic
conditions have been shown to inhibit phenol oxidase from eliminating
phenolic compounds that inhibit the degradation of organic material
(Freeman et al., 2001). The treatment with WT@40 c¢cm did not create
sufficiently severe anoxia to limit peat degradation, but the dry conditions
with WT@80 cm might have decreased the diffusive transport of substrate
towards the remaining moist sites of activity (Marschner & Kalbitz, 2003).
Another way to inhibit enzyme activity is to treat the soil with high levels of
copper sulphate (Mathur & Sanderson, 1978; Mathur et al., 1979; Mathur &
Sanderson, 1980; Mathur, 1981; Levesque & Mathur, 1983). When this was
tested in the lysimeter experiment, CO, emissions were found to decrease at
a copper fertilisation level of 170 kg ha™ (Berglund et al., unpublished data).

N,O and CH, emissions

N,O is produced in soil by nitrification or denitrification depending on the
aeration status and the availability of ammonium and nitrate, as often
illustrated by the hole-in-the-pipe model (Davidson ef al., 2000) (Figure 29).
This links NO and N,O production and takes into account the total
nitrogen in the system (the amount flowing through the pipes) and the ratio
between NO and N,O (symbolised by the size of the holes in the pipes).

Nitrification is an aerobic microbial process performed by Nitrosomonas,
Nitrobacter and sometimes Nitrosospira when there is ammonium present, and
is favoured by intermediate moisture content. Denitrification is an anaerobic
process occurring when nitrate is available (Focht & Verstraete, 1977) and
the soil air contains less than 10% oxygen (Hochstein ef al., 1984; Wrage et
al., 2001). Depending on soil water content, N,O and NO will ‘leak out’
during both nitrification and denitrification.
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Plants and
Soil Microorganisms

Figure 29. Hole-in-the-pipe model often used to explain the factors determining the
regulation of NZO and NO flux. From: Eric A. Davidson, Michael Keller, Heather E. Erickson, Louis V.
Verchot, and Edzo Veldkamp, "Testing a Conceptual Model of Soil Emissions of Nitrous and Nitric Oxides," in
BioScience vol. 50, no. 8 (August 2000), pp. 667-680. (c) 2000 by the American Institute of Biological Sciences.
Published by the University of California Press.

N,O emissions were greater (p=0.01) from WT@40 cm (177.7 pg N,O m”
h', s.d. 26.2) than from WT@80 cm (77.1 pg N,O m” h'; s.d. 34.6) and
peaked during spring (Figure 30). This could be due to the production of
readily available nitrogen for microorganisms by freeze-thaw cycles in
winter (Regina et al., 2004), combined with the absence of plants
competing for nitrogen (Paper IV). This is shown in Figure 31 in terms of
N,O emissions from vegetated and bare soil lysimeters.

N,O emissions were higher from the bare soil lysimeters during summer
and especially during thawing in springtime. It is often reported that N,O
emissions can be very erratic, characterised by high emissions during short
time periods (Flessa et al., 1998) and with peaks during spring after thawing
or during winter (Maljanen ef al., 2003a; Regina ef al., 2004).
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Figure 30. Nitrous oxide emissions from lysimeters with Majnegirden and Orke soil with the
water table at 40 cm (WT@40) or at 80 cm (WT@80) during the period April 2004 - April
2005.
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Figure 31. N,O emissions from Majnegirden and Orke soil, vegetated and with bare soil,
during the period May 2005 - May 2006. N,O emissions were higher from the lysimeters
without a crop competing for nitrogen during summer and during spring thaw.
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Figure 32. Incubation experiment with undisturbed soil samples from two different depths at
Majnegirden (0-10 cm and 30-40 cm; left) and from the topsoil at Orke (0-10 cm; right).
N,O emission rate with increasing tension (from 5 to 600 cm water column) applied to soil
cores.

According to Klemedtsson et al. (2005), soil C/N ratio is a good predictor
of annual N,O emissions. The results from our incubation experiment
(Figure 32) support Aasen (1986) and Klemedtsson et al. (2005), who
reported that nitrogen is released from peat soils with a C/N ratio below 20.
The C/N ratio in the topsoil at Majnegirden and Orke was 12 and 14,
respectively, while it was 21 in the subsoil (30-40 cm) at Majnegirden.
Accordingly, N,O emissions were negligible from the Majnegirden subsoil
and significantly higher from both topsoils. The higher N,O emission rate
from the Majnegirden topsoil compared with the Orke soil could also be
explained by higher pH, lower air-filled porosity and better nutritional status
(Yamulki et al., 1997).

Methane (CH,) is produced in anaerobic conditions by methanogenic
bacteria and oxidised to CO, in the aerobic zone by methanotrophs (Le Mer
& Roger, 2001). In this investigation CH, fluxes were very small or
negative (consumption), which is often the case with drained peat soils
(Glenn et al., 1993; Nykinen et al., 1995; van den Pol-van Dasselaar et al.,
1998; Blodau & Moore, 2003; Maljanen et al., 2003b; Kasimir-Klemedtsson
et al., 2009). The average consumption of CH, was higher (p<0.001) for all
Majnegirden soil samples (20.08 ug CH, m™” h™, s.d. 1.17) than for all Orke
soil samples (9.7 pg CH, m” h”, s.d. 1.17) and higher (p<0.05) with
WT@80 cm (16.4 ug CH, m” h™', s.d. 1.29) than with WT@40 cm (13.4
pg CH, m” h™, s.d. 1.29), irrespective of soil.
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Cumulative GHG emissions

The GHG emissions from cultivated organic soils can be very high and in
Sweden are reported to contribute about 6-8% of total national emissions
(SNIR, 2010; Paper I). The cumulative gas emissions from the peat soil in
the lysimeter experiment were converted into CO, equivalents for
comparison (Paper IV). The average cumulative CO, emissions originating
from the organic matter were 1.315 kg CO, eq. m”. The corresponding
values for N,O and CH, were 0.195 kg CO, eq. m” and -0.002 kg CO, eq.
m”, respectively, amounting to a total of 1.5 kg CO, eq. m". That would
give a GHG contribution of 4 M ton CO, eq. from the whole area of
cultivated organic soils in Sweden. This value lies between the two values of
3.1 and 4.6 M ton CO, eq. estimated in Paper I using an indirect method to
calculate  GHG emissions (different subsidence rates depending on
cultivation intensity and two bulk densities, 0.2 and 0.3 g cm”). However, it
must be borne in mind that it is very difficult to scale GHG emissions up
from lysimeter studies to national estimates and also to handle the
uncertainties regarding how to distinguish between plant respiration and soil
respiration.

When plant respiration from the lysimeters, 47% and 57% for
Majnegirden and Orke, respectively (Paper III), was subtracted from the
total CO, emissions, the CO, emissions still dominated and CH, emissions
were negligible. The annual flux of N,O varied from 2.6 to 5.4 kg N,O-N
ha”, which is lower than the IPCC emissions factor (8 kg N,O-N ha™) but
in agreement with values reported by Regina et al. (2004) for grassed plots
in northern Finland. The effects of crop type and cultivation intensity on
GHG emissions are under debate both in the scientific community and
within the Swedish Board of Agriculture. Preliminary results from ongoing
field experiments where GHG emissions are being measured from the same
soil, but with different crops, have revealed no statistical differences between
crops so far (Berglund et al., unpublished data). Comparisons of lysimeter
CO, emission rates with field measurements at long-term field experiment
sites (Kerstin Berglund, unpublished data) showed that the emissions were
within the same range (Figure 33).
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Figure 33. Lysimeter CO, emissions and field CO, emissions. The lysimeter emissions (small
circles) are in the same range as CO, emissions measured in the field during 2005.

Modelling

The Nordic SWAP model was developed in the EU project EUR OPEAT
(van den Akker, 2010) to obtain a better fit to the Nordic conditions of
snow and soil freezing. The original model had problems with simulating
winter conditions, i.e. the effect of snow on reduced heat transport, water-
holding capacity of the snow, hydraulic conductivity, heat transport below
0 °C and snow melt. The result of a simulation of soil temperature and
snow depth at Majnegarden is shown in Figure 34. The original SWAP model
could not handle soil temperatures once snowing had started (unbroken
lines), as the insulating effect of snow was not included in the model. The
simulation of soil temperature in the improved Nordic SWAP (dotted line) is
much better and the simulated snow depth is also in reasonable agreement
with measured data. The soil hydrology output from the SWAP model was
used in the present study as input to the ANIMO model (Renaud et al., 2005)
in order to model GHG emissions from cultivated peat sites. Even though
the Nordic SWAP was an improvement, water balance and water content
simulations were not sufficiently accurate for GHG emissions simulations
with the ANIMO model. Much less complex models such as the ICBM
(Andrén & Kitterer, 1997) might be sufficient for estimating the carbon
emissions from cultivated soils over larger areas, as done by Andrén ef al.
(2008). Furthermore, the ICBM model is probably much easier to calibrate
for difterent types of organic soils than process-orientated models such as

ANIMO and COUP, with their almost infinite numbers of parameters (Jansson
& Moon, 2001).
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Figure 34. Measured and modelled soil temperature and snow depth in the Majnegirden
lysimeter with WT@40 cm.

When the PMDSS and PMDSS redrainage model was used on Orke, the

model predicted that the subsidence would be more than twice as great if
the area were to be re-drained compared with the status quo (Kniel3, 2007).
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Conclusions and recommendations

Area of cultivated organic soils

The current area of agricultural peat and gyttja soils in Sweden is
estimated to be 267,990 ha, which is 7.6% of the total area
(3,525,259 ha) of agricultural soils. Peat soils dominate, with 5.6% of
the total area, while gyttja soils occupy 2.0%. The GIS analysis of
cultivation intensity revealed that gyttja soils are often more
intensively cultivated than mineral soils, while peat soils are less
intensively cultivated.

Future improvements: When a larger area of Sweden is digitised with
regard to soil type, more accurate estimates can be made. With the
use of satellite imagery and old maps, it might be possible to identify
abandoned, formerly drained peat soils.

Methods

The lysimeter method worked very well for the emission studies. CO,
emissions measured in the lysimeter experiment were similar to those
measured in field trials and were within the range reported in the
literature. The lysimeter method accurately mimics natural conditions
and makes it possible to work with different soil types and treatments
in undisturbed soil cores but under the same climate conditions.
Climate conditions are easy to monitor and the experimental set-up is
flexible.

Future improvements: In this study there were very few drainage
events, but the ability to measure carbon and nutrient losses through
drainage water would be very useful. In order to use a non-linear
approach for N,O and CH, studies, samples must also be taken
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immediately after chamber closure. Since a large proportion of N,O
emissions may arise during winter, methods for wintertime
measurements should be developed. It is important to choose the
right quality of rubber for the inner sheet in the lysimeters in order to
prolong the lifespan of the lysimeter. To improve our understanding
of the fate of carbon, the measurements should be complemented
with photosynthetically active radiation (PAR) readings and CO,
measurements with clear chambers.

Plant-induced CO, emissions

The contribution of plant-induced CO, emissions to total soil CO,
emissions showed great variation during the growing season, being
low in the beginning of the growing season and high at the end. The
contribution also differed between soil types. When estimating net
emissions to the atmosphere, it is important to know the plant-
derived CO, flux, since otherwise soil CO, emissions can be
considerably ~overestimated. In the present study the plant
contribution to CO, emissions was on average 47% for Majnegarden
and 57% for Orke.

Future improvements: To improve the estimation of plant
contribution to total CO, emissions, high-resolution measurements of
CO, eftflux and PAR combined with pulse labelling of plants with e.g.
“CO, could be used (Kuzyakov & Gavrichkova, 2010).

Effect of water table depth on GHG emissions

Soil organic matter quality, temperature and water retention properties
are very important factors determining the emission rate of GHG
from cultivated peat soils. Plant growth and root respiration
accentuate the effects of soil aeration status. In extreme moisture
conditions (desiccation or waterlogging), soil moisture is rate-limiting.
The layer sequence and the soil properties of the different layers
determine the effect of water table regulation. In this study, lowering
the water table from 40 cm to 80 cm depth decreased GHG emissions
from two peat soils with contrasting soil properties.

Future improvements: Detailed studies of water table regulation using
a wider range of drainage levels, together with determination of
enzyme activity and identification and quantification of
microorganisms, could enhance our understanding of peat
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decomposition and provide an insight into the drainage intensity
farmers should use to decrease subsidence and GHG emissions. Future
research should also look into the effect of different crops, peatland
abandonment and cultivation intensity on GHG emissions.

Modelling

The SWAP model was difficult to calibrate, but it should be possible to
use the Nordic version of the SWAP model in future research on peat
soils in areas with winter conditions. However, peat soils are difficult
to model since the peat material changes over time and the massive
amount of input data required to describe the soil makes the process
expensive. It would be interesting to simulate subsidence and GHG
emissions when SWAP output is sufficiently accurate to be used
together with the ANIMO model.
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