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Abstract. Precise determination of changes in organic car-soil masses slightly decreases the chance to detect changes
bon (OC) stocks is prerequisite to understand the role ofwith time at most sites except for the croplands, it is still
soils in the global cycling of carbon and to verify changes recommended to account for changing bulk densities with
in stocks due to management. A large dataset was collectetime. Application of PTF for the estimation of bulk densities

to form base to repeated soil inventories at 12 CarboEuropeaused considerable underestimation of total variances of OC
sites under different climate and land-use, and with differ-stocks if the error associated with the PTF was not accounted
ent soil types. Concentration of OC, bulk density (BD), and for, which rarely is done in soil inventories. Direct measure-
fine earth fraction were determined to 60cm depth at 100ment of all relevant parameters approximately every 10yr is
sampling points per site. We investigated (1) time needed taecommended for repeated soil OC inventories.

detect changes in soil OC, assuming future re-sampling of
100 cores; (2) the contribution of different sources of uncer-
tainties to OC stocks; (3) the effect of OC stock calculation
on mass rather than volume base for change detection; anij
(4) the potential use of pedotransfer functions (PTF) for esti-
mating BD in repeated inventories.

The period of time needed for soil OC stocks to changeSoils represent the most important long-term organic carbon
strongly enough to be detectable depends on the spatial varfOC) reservoir in terrestrial ecosystems, as they contain more
ability of soil properties, the depth increment considered, andC than plant biomass and the atmosphere (Schimel, 1995;
the rate of change. Cropland sites, having small spatial varifarnocai et al., 2009). The large soil reservoir is not perma-
ability, had lower minimum detectable differences (MDD) nent but results from a dynamic equilibrium between organic
with 100 sampling points (10528 gCnt2 for the upper and inorganic material entering and leaving the soil. There-
10 cm of the soil) than grassland and forest sites (268 fore, C stored in soils is affected by changes in vegetation and
and 246+ 64 gC nt2 for 0-10 cm, respectively). Expected plant growth, removal of biomass by harvest, and mechanical
genera| trends in soil OC indicate that Changes could be deSOll disturbances such as plOWIﬂg Soil C is further sensitive
tectable after 2—15yr with 100 samples if changes occurredo environmental changes such as global warming or nitrogen
in the upper 10cm of stone-poor soils. Error propagationdeposition (von kitzow and Kogel-Knabner, 2009; Janssens
analyses showed that in undisturbed soils with low stone con€t al., 2010). The European carbon balance indicates that,
tents, OC concentrations contributed most to OC stock variOn average, soils under forests and grasslands are net C sinks
ability while BD and fine earth fraction were more impor- Of 2012gnT2yr~ and 57434 gnT2yr—1, respectively,
tant in upper soil layers of croplands and in stone rich soils.While croplands are minor sources of #®gCnT?yr—!

Though the calculation of OC stocks based on equivalenfSchulze et al., 2009). The rates were approximated via
modeling and input-output balances with high uncertainties.

Consequently, direct measurements by repeated soil invento-
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A number of regional and national soil inventories and grasslands only studies from Belgium are available) lost C.
monitoring networks are currently established or tested forDetected changes ranged between 4 and 12 % of background
their suitability to verify soil carbon changes. This would be stocks over 10 yr.
necessary if soil C sequestration should be accountable ac- Regional assessments of SOC changes usually have to rely
cording to the United Nations Framework Convention on Cli- on soil surveys not originally designed for assessing SOC
mate Change (Saby et al., 2008b; Rodeghiero et al., 2010bkxtock changes. Often only OC concentrations but not BD or
To date, field-based measurements of soil organic carbostone contents were directly determined. In such cases, either
(SOC) changes are scarce and hampered by the inherentlynly changes in OC concentrations are presented or pedo-
high spatial variability of SOC stocks at multiple scales transfer functions (PTF) are used to estimate BD and trans-
(Palmer et al., 2002; Conant and Paustian, 2002; Conen date concentration changes into fluxes per area (Table 1). This
al., 2005; Garten and Wullschleger, 1999). It is not pos-can have significant effects on the resulting fluxes (Smith et
sible to detect changes in SOC by repeated inventories unal., 2007; Hopkins et al., 2009). In most studies, BD derived
less very high sample numbers are used and the cumulativieom PTF are simply applied for the determination of SOC
changes with time are large enough to be detectable. Gartestocks without accounting for the error associated with the
and Wullschleger (1999) estimated that more than 100 samestimation of BD, though it induces additional uncertainty to
ples would be necessary to detect a 2—-3 % change in sottalculated SOC stocks.

OC stocks, and Conen et al. (2005) concluded that with a Another factor frequently overlooked in the repeated soil
sample size of 100, soil OC stock changes between 120 anihventories published to date is that, besides OC concentra-
2480 gnT?2 can be detected, depending on local site condi-tions, BD also varies with time. First, it will simply shift
tions. Smith (2004) estimated that 10-15yr are needed tdecause of its general dependence on OC concentrations.
detect a change in SOC stocks following a shift in soil C Also other factors like swelling and shrinking with chang-
inputs by 15 %, assuming a sampling design that allows foring water contents affect BD. Hopkins et al. (2009) showed
detection of a 3% change relative to background stocks. that drying to the wilting point reduced the volume of soail

Calculation of soil carbon stocks of a site requires determi-samples of clay loam texture by 6—31 %. Similarly, changes
nation of soil OC concentrations, bulk densities (BD), stonein land use or tillage regime will influence BD (Ellert and
contents, and soil depth, which all vary in space and haveBettany, 1995; Ellert et al., 2001). To account for this,
different measurement errors associated. Thus, the questidallert and Bettany (1995) suggested the calculation of el-
arises, if all these variables contribute similarly to the vari- ement stocks based on equivalent soil masses per area in-
ability of SOC stocks. Don et al. (2007) observed higher stead of soil volumes to a fixed soil depth. As the equivalent
relative variability of SOC concentrations than of bulk den- soil mass method is also less affected by errors induced by
sities at two German grassland sites. Similarly, Goidts etsoil compaction during soil sampling, it was recently recom-
al. (2009a) found across different spatial scales that OC conmended with some modifications for comparisons of SOC
centrations and stone contents were usually more importargtocks (Ellert et al., 2002; Wuest, 2009; Gifford and Roder-
than BD in Belgian (Wallonian) grassland and cropland sites.ick, 2003; Lee et al., 2009). On the other hand, the reduction
They further made the important point that the variables areor enlargement of a sampled soil layer to achieve a prede-
not independent of each other, and that the covariance bdfined soil mass will cause additional errors in calculated SOC
tween them needs to be considered as well when analyzingtocks (Gifford and Roderick, 2003). It was not tested so far
variability of SOC stocks. So far, no study included forest if this recalculation of OC stocks affects their variability and
sites, and the general applicability of the results and the dethe detection of changes.
termining factors are still to be proven. The CarboEurope network includes monitoring sites all

Long-term soil monitoring at the plot scale without over Europe, under different land use, and in different cli-
changes in land use or management often showed insignifmatic regions. Atthese sites, environmental variables such as
icant changes in SOC or inconsistent temporal and spatiadir and soil temperature, precipitation, and soil moisture are
trends (Hopkins et al., 2009; Kiser et al., 2009; Johnson etontinuously monitored, and estimates of net ecosystem C
al., 2007; Fahey et al., 2005). Available regional Europeanfluxes (NEE) are available. We took advantage of this unique
assessments show a large range in detected trends and fluxegportunity to create a base for repeated stocktaking at 12
for different land use types (Table 1). Many more studies fo-sites. First soil samples were taken in the year 2004, at 100
cused on agricultural soils than on forests, and most are frongeo-referenced points within the footprint area of each eddy
one single country, Belgium. Three out of the four studiescovariance tower down to a soil depth of at least 60cm in
on forests and five out of nine studies on grasslands indicatstone-poor soils. Samples were analyzed for OC concentra-
SOC gains, and 11 out of 14 studies on croplands indicate¢ion, bulk density, and content of stones and roots. The neg-
SOC losses (Table 1). The losses of SOC observed by Belative relation between BD and OC concentrations was used
lamy et al. (2005) across all land use types in the UK can-to derive a pedotransfer function specific for the study sites,
not be confirmed across Europe. Still, if only changes sincewith known errors.

1990 are considered, all studied croplands or grasslands (for
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Table 1. Summary of European studies on changes in soil organic carbon by repeated soil inventories at the regional scale.

Country Soil depth BD ASOC ASOC Relative Relative Period
(region) change change
(cm) (kgtyrh  @mZyrh (%) @%yr?h (vears)
All land uses
England and 0-15 PTF -0.64 =31 -0.6 1978-2003
Wales (UK} (12-25)
Croplands
Belgium Plow layer 2003 measured —0.42 -19 -4 -0.33 1990-2003
(West Flander$) (32cm) in 10 cm depth (13)
Belgium (Flanderé 0-24 measured, PTF -0.22 -90 -12 -1.08 1989-2000
estimated for (11)
0-100
Belgium4 0-100 PTF -39 -4 -0.44 1990-2000
(10)
Belgiun® 0-30 PTE +3 1960-1990
(30)
-20 1990-2000
(10)
-3 1960-2000
(40)
Belgium Plow layer 1955: PTF -0.05 -11 -13 -0.25 1955-2005
(Walloniaf 2005: measured (50)
Belgium Plow layer measured? -16 -16 -0.32 1955-2005
(Wallonia)’ (50)
Belgium Plow layer - +0.05 +23 19 +0.48 1952-1992
(West Flander$) (40)
Belgium 0-30 PTF -15 13 -0.28 1960-2006
(FlandersJ 0-100 -19 10 -0.21 (46)
Austrial® 0-20 - —-0.46 -29 -16 -0.62 1965-1991
-0.07 -12 -6 -0.23 (~26)
Denmark® 0-50 averaged BDs —13to +21 1986-1998
used (10-12)
Norway 0-25 - -0.23 n.d. 11 -1.03 1990-2001
(southeast? (11)
The Netherland$  0-25 - +0.08 n.d. 8 +0.4 1984-2004
(20)
France 0-30 - -0.26 n.d. 1 -0.09 1990-2004
(Franche-Conét)l4 (14)
Finland® 0-20 - -0.25 n.d. 8 -0.77 1987-1998
(11)
Grasslands
Belgium 0-100 averaged BDs -0.39 -150 10 -0.95 1990-2000
(Flanders}® (modelled from  used 29 2 -0.19 (10)
topsoil)
Belgium4 0-100 PTF -82 6 -0.59 1990-2000
(10)
Belgiurrﬁ 0-30 PTF +46 20 +0.66 1960-1990
(30)
-50 6 —-0.60 1990-2000
(10)
+23 13 +0.33 1960-2000
(40)
Belgium 0-30 PTF for 1955 +0.12 +42 36 +0.72 1955-2005
(Wallonia? measured 2005 (50)
Belgium Plow layer measured? +15 9 +0.18 1955-2005
(Wallonia)’ (50)
Belgium 0-30 PTF -0 0 -0.01 1960-2006
(Flanders) 0-100 +14 6 +0.14 (46)
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Table 1. Continued.

Country Soil depth BD ASOC ASOC Relative Relative Period
(region) [em] change change (years)
(cm) @kgtyrh  @m2yrh (%) @yr
Grasslands
The Netherlands’ 0-5 assumed no uniform +39 1984-2004
trend in Drenthe (20)
The Netherlands? 0-5 - +0.10 n.d. 5 +0.23 1984-2004
(20)
Ireland 0-10 - —0.27 (inland)  n.d. 16 -0.51 1964-1996
(southeasi)8 +0.43 (coast) (inland) (32)
+0.96
(coast)
Forests
Belgiun® 0-30 PTF +68 42 +1.05 1960-2000
(40)
Belgium 0-30 measured for  -0.15 -28 20 -0.37 1950-2003
(Wallonia)t® 0-6cm in 2003, (53)
PTF
Finlanc?® 0-30 - +0.22 n.d. 17 +0.60 1965-1993
(28)
SwedeR? humus layer - +25 1961-2002
(41)

PTF: pedotransfer functio®;only mineral soil;b derived from linear regression;

1 Bellamy et al. (2005)2 Sleutel et al. (2006)3 Sleutel et al. (2003 Lettens et al. (2005bJ, Lettens et al. (2005a$ Goidts and van Wesemael (2007)Goidts et al. (2009b);

8 van Meirvenne et al. (1996%;Meersmans et al. (2009)% Dersch and Bhm (1997):11 Heidmann et al. (2002§2 Riley and Bakkegard (200633 Reijneveld et al. (2009);

14 saby et al. (2008a)t> MakeB-Kurtto and Sippola (20026 Mestdagh et al. (2009):7 Hanegraaf et al. (2009§:8 Zhang and McGrath (2004} Stevens and van Wese-
mael (2008)2° Tamminen and Derome (2005} Berg et al. (2009).

We used this extensive database to test the following hy-across Europe, and to cover major land use types (decidu-
pothesis: ous and coniferous forests, grasslands, and croplands). Con-

) ) ) . tinuous recording of flux data for eddy covariance analyses

1. Repgated sampling of 190 SO'! COres Is sufﬁmept_ at,theduring the period between first sampling and re-sampling had
plot/field scale to determine soil OC changes within five to be assured. The location of the selected sampling sites is

to ten years. illustrated in Fig. 1, coordinates, soil types, and average an-

2. The relative contribution of OC concentration, BD and Nual rainfall and temperatures are presented in Table 2.
stone content to the variance of SOC stocks is site—2 5 s i h
dependent and changes with soil depth. . ampling scheme

3. The equivalent soil mass method for the calculation of The aim of the project was to compare potential changes in
SOC stocks will hamper the detection of changes (in-SOC with flux measurements and to test for the influence of

crease in MDD) by additional uncertainty induced by differing soil properties on NEE estimates. Therefore, the
the recalculation of stocks. main fetch of the eddy covariance towers defined the sam-
pling area at each site. The footprint area of eddy covariance
4. Application of PTF increases the relative contribution towers depends on their height, and wind speed and direc-
of BD to the total variance of SOC stocks, and failure to tion. Consequently, footprint areas vary in size and shape
account for the error associated with the estimation ofpetween sites. Preliminary statistical analyses showed that a
BD results in significant underestimation of the MDD.  sample number of 100 would be a good compromise between
practicality and having a fair chance to detect changes at the
plot scale. The 100 sampling points per site formed a regular
grid at distances of 10 to 15m at the grassland and cropland

2.1 Study sites sites (with smaller footprints and sampling plots of 1-2 ha),
and 30 m at the forest sites (plot sizes of 7-8 ha, only at the

Out of a total of 52 main sites of the CarboEurope IntegratedHainich site, plot size was 24 ha due to an overall larger grid).
Program, 12 were selected to give a geographical spread

2 Methods

Biogeosciences, 8, 1198212 2011 www.biogeosciences.net/8/1193/2011/
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and then the longest of the three cores was used for analyses.
Coring problems occurred at sites with stony subsails, i.e.,
Hainich, Soroe, Carlow, Laqueuille, and at Le Bray, where
an indurated subsoil layer was present. Soil cores were vi-
sually characterized, photographed and then sectioned into
segments (0-5, 5-10, 10-20, 20-30, 3040, 40-50, and 50—

: ’ A 60cm). The high stone content at two selected coniferous
d Norun!aﬁg’gz,;%// for'est site; impeded the application of a soil corer, so that 15
' R 4 soil monoliths (25 cnx 25 cm) were carefully excavated to

!

LT P : a depth of 50 cm (0-10, 10-30, and 30-50 cm steps) at Wet-
Easter. Bush Al . ) .
L £lopat zstein, and 80 soil monoliths at Norunda (0-5 and 5-10 cm)
Doy ‘ bSO instead. To account for the volume and mass of stones at the
) boundary of the monoliths, stones reaching into the extracted

e A 45'4‘ 7 “Giﬁésee soil sample were marked at the stone surface before taken out
Grignon %iniﬁwgt’zsléﬁ; z of the wall. As it was not possible to split the stones, the part
il Hesse s ;7 protruding into the sample monolith was replaced as good as
/ T £ possible by smaller stones of equivalent volume. Large boul-
s Braygj{lﬁ@gue‘ﬂﬂg: e Bugac ders from glacial till could not be removed from the mono-
et S liths at Norunda. To account for their contribution, the vol-
) Z & Fa O s ume of the excavated soil pit was determined by volume re-
| 4 4 ' : a.* at N placement with sand of a grain size of 0.063-0.125 mm. At
Z R 12 sampling points, organic layer was directly covering large
& boulders, and at 8 other places, small peaty areas occurred.
- These sampling points were not included in this analysis.
o it Map Background:
A u | a mnse mosn z 2.3 Sample preparation and analyses
A &  Associated Site

0100 200 Kilometers
[ —]

Soil samples were stored at@ prior to processing. Coarse

Fig. 1. Main and associated eddy covariance tower sites of Car_;tones of a diameter4 mm and roots of a diameterl mm,

boEurope IP, names indicate verification sites with intensive soililncluding side roots, were removed from the samples prior
analyses (taken from Schrumpf et al., 2008). to drying at 40°C. Stone and root samples were air dried

separately. Then, soil samples were sieved 2onm. Parti-
cles>2 mm were combined with the coarse stones. The dry

Soil samples were taken between March and Decembeweights of roots and the combined stone fractions were deter-
2004. Cropland sites were sampled after harvest. The Camined. Densities of stones from the Wetzstein and Norunda
low site was not tilled then, the Gebesee site was grubbedsites were determined by water displacement to calculate
and the Grignon site is partly under reduced tillage (the othebulk densities of the soils.
half was managed as no-till system) before sampling. A Total C and N concentrations ir2 mm soil separates
corer with an inner diameter of 8.3 and 8.7 cm (Eijkelkamp were determined after dry combustion (VarioMax CH an-
Agrisearch Equipment BV, Giesbeek, The Netherlands) waslyzer, Elementar Analysensysteme GmbH, Hanau, Ger-
used for mineral soil sampling. The core was driven into many). In soils free of carbonates, the total C represents or-
soil with a motor hammer (Cobra Combi, Atlas Copco AB, ganic C. Five of the study sites had carbonates. Here, OC was
Nacka, Sweden). The depth of the borehole and the length afletermined as the difference between total and carbonate-C.
the extracted core were measured and compared for estimat the sites Hainich, Gebesee and Carlow, the carbonate-C
tion of soil compaction during coring. Except for five cores content was determined after dry combustion of the sam-
at Hesse and Sorg, where the core length was 5 to 10 cm legdes in a muffle furnace at 45C€ for 16 h. For Bugac and
than the depth of the borehole (probably because of waterSorg, the carbonate-C content was analyzed by determining
saturated B horizons), maximum compaction was less thanhe evolution of CQ upon treatment with phosphoric acid
3%. Before coring, the vegetation cover at the grasslandC-MAT 550, Stbhlein GmbH, Viersen, Germany). This
sites was removed from within a 25ce25cm frame by  was especially important at the Bugac site, where carbon-
cutting with a knife. The same frame was used to collectates could not be determined accurately by the dry combus-
litter layer samples at the forest sites. The targeted samplingjon method due to the presence of fossil/charred C. Organic
depth for mineral soils was 60cm. Whenever not possiblelayer samples were dried at 70, shredded, and a subsam-
to reach that depth, a second attempt was made at 1 m diple further homogenized using a ball mill. Total C and N
tance. If necessary, the procedure was repeated a third timeoncentrations were determined using an elemental analyzer

www.biogeosciences.net/8/1193/2011/ Biogeosciences, 8, 12922011
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Table 2. Average OC stocks (av.) for different soil layers, their standard deviation (s.d.), coefficient of variation (CV), and minimum
detectable difference (MDD, = 100 samplesy = 0.05, 8 =0.2; value in parenthesis is percentage of average stock). Left-hand data refer

to definite soil volumes, as the soil samples were taken by depth increments. Values to the right were calculated for definite soil masses
(average soil mass of each site and layer) per unit area.

OC stocks per unit area by volume OC stocks per unit area by equivalent soil masses
OC stocks OC stocks
Soil layer av. sd. CVv MDD Soil layer av. sd. CV MDD

Depth(m) (@OCm?2) %  (gOCm?) (gsoilm?2) (gOCm3 %  (gOCni?)
Hainich, Germany, deciduous forest°8%' N, 10°27 E, 800 mm, Eutric Cambisol

Oi 365 136 37 44 (12)
Oe 213 115 54  38(19)
0-0.05 2332 412 18 133 (6) 0-39 2313 455 20 146
0-0.10 4152 689 17 224 (5) 0-88 4137 785 19 255
0-0.30 8821 1224 14 395 (5) 0-332 8785 1383 16 448
0-0.60 11754 1926 16 626 (5)
Hesse, France, deciduous forest;4@ N, 07°05 E, 820 mm, Stagnic Luvisol
Oi 287 75 26 21(7)
Oe 300 230 77  75(27)
0-0.05 1161 277 24 91 (8) 0-42 1154 327 28 107
0-0.10 2104 387 18 126 (6) 0-96 2110 490 23 159
0-0.30 4873 787 16 253 (5) 0-338 4868 932 19 302
0-0.60 6687 1220 18 395 (6)
Soroe, Denmark, deciduous forest®’39 N, 11°38 E, 660 mm, Gleyic Cambisol
Oi 274 81 29  26(11)
Oe 350 200 57 65 (20)
0-0.05 1929 490 25 159 (8) 0-39 1930 614 32 198
0-0.10 3674 1034 28 290 (8) 0-88 3662 1179 32 382
0-0.30 7788 2637 34 739 (9) 0-331 7812 2997 38 972
0-0.60 9254 2809 30 787 (9)
LeBray, France, coniferous forest,4@ N, 0°46' E, 900 mm, Anthric Ortsteinic Podzol
Oi 633 364 58 118 (19)
Oe+0a 2430 1387 57 454 (19)
0-0.05 1708 464 27 150 (9) 0-44 1718 549 32 178
0-0.10 3358 888 26 288 (9) 0-98 3376 1060 31 344
0-0.30 9917 2366 24 767 (8) 0-345 9881 2692 27 873
0-0.60 15072 4303 29 1395 (9)
Norunda, Sweden, coniferous forest’60N, 17°29 E, 527 mm, Haplic Podzol
Oi 450 132 29 43 (10)/

48 (117
Oe+0a 3267 2005 61 650 (20)/

727 (22%
0-0.10 1672 831 50 269 (16)/

301 (18%

Biogeosciences, 8, 1198212 2011 www.biogeosciences.net/8/1193/2011/
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Table 2. Continued.

1199

OC stocks per unit area by volume

OC stocks per unit area by equivalent soil masses

a MDD for n =80
b MDD for n =15

www.biogeosciences.net/8/1193/2011/

OC stocks OC stocks

Soil layer av. sd. Cv MDD Soil layer av. sd. CVv MDD

Depth(m) (@OCm?) %  (gOCm?) (gsoilm?2) (gOCm3 %  (gOCn?)
Wetzstein, Germany, coniferous forest°8@ N, 11°27 E, 840 mm, Cambic Podzol
Oi 619 328 53 106 (17)/

275 (449
Oe+0a 7345 2358 32 764 (10)/

1974 (27%
0-0.10 2290 864 38 280 (12)/

723 (32§
0-0.30 5924 1546 26 501 (8)/

1294 (229
0-0.50 8275 1708 21 554 (7)/

1430 (17%
Laqueuille, France, grassland,®88 N, 02°44 E, 1313 mm, Umbric Andosol
0-0.05 3027 455 15 146 (5) 0-23 3009 292 10 94
0-0.10 6467 632 10 205 (3) 0-58 6415 593 9 192
0-0.30 15713 1254 8 407 (3) 0-215 15663 1362 9 439
0-0.60 22907 2525 11 817 (4)
Bugac, Hungary, grassland, 4618, 18.9 E, 500 mm, Eutric Arenosol
0-0.05 2870 488 17 158 (6) 0-40 2852 666 23 217
0-0.10 5255 834 16 270 (5) 0-101 5182 1026 20 333
0-0.30 9232 1552 17 503 (5) 0-414 9228 1629 18 528
0-0.60 12332 2330 19 755 (6)
Easter Bush, UK, grassland, & N, 3°10' W, 890 mm, Stagnic Cambisol
0-0.05 2027 288 14 93 (5) 0-46 2003 270 14 88
0-0.10 3707 440 12 143 (4) 0-107 3701 427 12 138
0-0.30 9260 1014 11 329 (4) 0-376 9168 1015 11 329
0-0.60 12283 1473 12 478 (4)
Carlow, Ireland, cropland, 381 N, 6° 54 W, 804 mm, Eutric Cambisol
0-0.05 972 249 26 81 (8) 0-43 978 163 17 52
0-0.10 1986 410 21 133 (7) 0-88 2012 326 16 108
0-0.30 6036 852 14 276 (5) 0-286 5835 866 15 278
0-0.60 7412 1421 19 461 (6)
Gebesee, Germany, cropland®6& N, 10°55 E, 470 mm, Haplic Phaeozem
0-0.05 1277 157 12 51 (4) 0-54 1287 93 7 30
0-0.10 2756 241 9 78 (3) 0-124 2784 133 5 43
0-0.30 8650 473 5 153 (2) 0-404 8690 354 14 115
0-0.60 13089 1394 11 452 (3)
Grignon, France, cropland, 281 N, 1°58 E, 700 mm, Eutric Cambisol
0-0.05 1363 247 18 80 (6) 0-64 1351 150 11 49
0-0.10 2788 324 12 105 (4) 0-137 2780 230 8 75
0-0.30 8241 812 10 263 (3) 0-440 8255 751 9 243
0-0.60 11140 1222 11 396 (4)

Biogeosciences, 8, 12922011
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(Vario EL II, Elementar Analysensysteme GmbH, Hanau, from the negative relation between OC concentrations and

Germany). BD. For our data set (excluding the stone-rich sites Norunda
. o and Wetzstein), exponential functions gave best fit (Eq. 4,
2.4 Calculations and statistical analyses with Bo, B1, ande being factors of the function). In many

] ] ) soil surveys, PTF are applied to calculate OC stocks without
Organic carbon stocks (Eq. 1) for fixed soil volumes of 5ccounting for the uncertainty introduced by the estimation
seven soil layers (i) were calculated based on bulk density¢ gp_ This error includes the prediction error of the PTF it-
(BD, Eg. 2), the relative contribution of fine earth material se|f pjus the uncertainty of the determination of the OC con-
(soil <2mm) to total soil mass (FE content), layer thickness, centration as the independent variable in Eq. (4). Thus, we
and OC concentration. calculated the error associated with PTF-based estimates of

OC stock (g m™2)=0C concentrationg kg ] BDp by Eq. (5):

- BDi[g cm 3. layer thickness[cm] - FE content- 10 (1) BDp=8p-exp(B1-0OC) +¢ 4)

total sample weighig] ) oppp=(residual standard error of “E¢")*+ 5 - p7
sample volumécm?] -eXp(2- B1-0C) - oo (5)

In order to determine sources of uncertainties in assessmerthe variance of OC stocks calculated with PTF-based esti-
of SOC stocks, we used the error propagation formula baseghates of BDp was then calculated according to the follow-
on a linear Taylor series expansion as described by GoidtﬁIg two equations (Egs. 6, 7). The variance of OC stocks
et al. (2009a). Soil depth was fixed in our study so that it yaseq on estimated BD without accounting for the associ-
will not directly be addressed as error source. Errors assoCisted error (Var(OCstogkdse was determined by calculat-
ated with incorrect cuttings of core segments will mostly be g oc stockedfor each sampling point. The variance cal-

incl_uded in uncertainties of BD f_;lnd FE cqntents. The tOtalcuIated by Eq. (7) includes the uncertainty of BDp estimation
variance of OC stocks for each site and soil layer can then b‘f\/ar(OC stockedep):

apportioned into the following terms including variances of

BD [gcm 3=

! . i 1
single factors and covariances between factors: Var(OCstocked'se= . Zjn: .

» ((000)? (08D)? = (0Fp)? N 2
Var (OC stock = (OC stochk '((OC)Z + D) + FE? (OCstoclged(j)—av.(OCstocled) (6)

00C-BD O00C-FE OBD—FE

. . . o )2 (U )2
OC BD + OC FE + BD . FE) (3) VaI’(OCStOCIﬁed)ep:(OC StOClﬁed)z . (( ocC BDp

(0C)2  (BDp)?

+2

Here,ooc, ogp andogg denote the standard deviations of OC orE)2 o
. ) _ OC-BD ooc- OBDp—FE
concentration (OC), bulk density (BD) and fine earth content +( FE)Z +2- P 0. 205 FE 5. 7500 (7)
_ . (FE) OC-BDp OC-FE BDp-FE
(FE); andooc_BD, coc—Fe andogp_fe the covariances be-

tween the respective factors. Standard deviations and covariypere OCstocyedis the OC stock based on estimated BDp.
ances were directly estimated from the measured data sets f@¥a|cylations were done for all n samples of each site and
individual sites and depth layers. In order to calculate the rel-a5ch soil depth individually. Covariances between BDp and
ative contribution of each error source including covariancespc or FE were calculated for each site and soil depth based
to the total variance, we multiplied each term of the sum in oy Bpp values and measured OC concentrations and FE con-
Eq. (3) with the square of respective OC stocks. As some Ofents. Note, when BD is determined using PTF usually no
the covariance terms had a negative sign, we used the SUReasured values of FE content are available, i.e., additional
the absolute values of each term as 100 % for the calculatiorors associated with the stone content may apply.

of relative contributions. In addition to OC stocks based on  ag the application of pedotransfer functions can cause bi-
fixed soil volumes, OC stocks were calculated for equivalentages in the determined OC stocks, we also calculated the
soil masses per area as in Ellert and Bettany (1995). Thiswagean error (ME) and the root mean square errors (RMSE)

done first for predefined fine earth masse& (nm) of 100,  of estimated OC stocks for each site and soil layer according
300 and 600 kg for all sites and then for average fine to Egs. (8) and (9):

earth masses per analyzed soil layer for each site separately.
As we did not measure the C content of t_he stones, we useKJAE:} Zﬂ_ (OCstockj, —OCstoCkedj)) @8)
the fine earth mass instead of the total soil mass as reference. =1

Pedotransfer functions (PTF) are used to estimate BD
where not measured (e.g. Bellamy et al., 2005; Lettens et 1 —n
al., 2005a, b). Estimated bulk densities (BDp) are derivedRMSE'j/ﬁ ijl(OCStOCKj)—OCStOdﬁed(J))z ©)
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Fig. 2. Depth distribution of average soil bulk densities (BD), OC
concentrations, and the fine earth contertsofe standard devia-

tion) at the study sites.
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Fig. 3. Coefficients of variation for soil bulk densities, OC concen-
trations, and the fine earth contents at different soil depths at the
study sites.

Measured OC stock is treated here as true value though @ll land use types in the upper 20cm of the mineral soil

is also associated with an analytical error, which can biasexcluding stone rich sites) and showed little variation with

results. The minimum detectable difference (MDD) of OC depth. High stone contents raised BD at Norunda and Wet-
stocks for different sites and soil layers was determined forzstein, though a low BD of the fine earth fraction at Wetzstein

a sample size of 100 using a two-sided paired sample t-tesgounterbalanced some of the effect. The coefficient of varia-
with @ = 0.05 andp = 0.10. Paired re-sampling and con- tion (CV) was calculated as a relative measure for within-site
stant variability of OC stocks for the second sampling periodvariability of soil properties (Fig. 3). It ranged between 4 and

were assumed. Calculations of MDD were performed with 36 % across all sites and soil depths for BD.

the program PASS (Hintze, 2001), nonlinear regression anal-

ysis using the program SPSS 16.0 (SPSS Inc.).

3 Results

3.1 Soil characteristics

Organic C concentrations declined from 21-133 gkgt

the 0-5 cm layer to 3-22 g kg at the 50-60 cm layer across
all sites. The OC concentrations of the three cropland sites
were remarkably similar and showed the typical OC depth
distribution of soils with regular tillage, with homogeneous
concentrations throughout the plow layer (0-30cm, Fig. 2).
At the grassland site Easter Bush, plowing 10 yr ago was still

Site-average bulk densities (BD) ranged between 0.49 andisible in the depth distribution of OC concentrations. The
1.44 gcnr3in the 0-5 cm layer and increased with soil depth CV of OC concentrations was usually larger than that of BD

to values between 1.23 and 1.83gthin the 50-60cm

and ranged between 21-49 % in the 0-5cm layer of forest

layer (Fig. 2). Cropland sites had highest bulk densities ofsites, 10-27 % at grassland sites, and 7-17 % at croplands.

www.biogeosciences.net/8/1193/2011/

Biogeosciences, 8, 12922011



1202 M. Schrumpf et al.: Soil OC change detection
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Fig. 4. Relation between OC concentration and bulk density (BD) at different sites and across all sites. Samples from all soil depths are

included in the graphs. Equations are the result of a nonlinear regression analyses between OC concentrations’andéiizient of

determination; rss: residual sum of squares).

For most sites, CV of OC concentrations increased with soilall soil layers while it was 61 to 100 % at the other sites. The
depth (Fig. 3). CV of the fine earth proportion ranged between 2 and 79 %
At all grassland and forest sites, BD was significantly neg-across sites and soil depths and usually increased with larger
atively correlated with OC concentrations (Fig. 4). Expo- stone contents.
nential functions fitted reasonably well data of all samples Mineral soil OC stocks to 60 cm depth averaged to
of each site as the decrease in BD with increasing OC cond2 1934+ 4559 gnv2 across sites. Largest OC stocks oc-
centrations was more pronounced at OC concentrations lessurred at the grassland site Laqueuille (22 907 ¢ yand the
than about 50 g kgt and less intensive at higher OC concen- coniferous forest Le Bray (15072 g1 plus 3063 g m?in
trations. Different curves revealed site-specific differencesthe litter layers), smallest at Hesse (6687 tfnand Car-
in the relation between BD and OC concentrations. For thdow (7412 gnv2; Table 2). Litter layers held 6-9 % to to-
cropland sites, there was almost no relation between BD anthl stocks at the deciduous forests, but 17 % and 49 % at the
OC concentrations when applied to individual layers. Theconiferous forests Le Bray and Wetzstein, respectively. The
low BDs in the 0-5 cm layer at Grignon and Gebesee, the redepth distributions of OC stocks in the mineral soil closely
cently tilled sites, cannot be explained by OC concentrationsresembled those of the OC concentrations. Across sites, 75 %
The soils at Bugac, Le Bray, Gebesee and Grignon weref OC stocks of mineral soils were in the upper 30 cm and
almost free of stones while the other sites contained vari-25 % between 30 and 60 cm soil depth.
able amounts of coarse particles (Fig. 2). At Wetzstein and The negative correlation between OC concentration and
Norunda, where soil pits were analyzed, fine earth mass onlpulk density (Fig. 4) seemed to cause the lower CV of soil
accounted on average for 24 to 33 % of the total soil mass irDC stocks than of OC concentrations in the 0-5 cm layers of

Biogeosciences, 8, 1198212 2011 www.biogeosciences.net/8/1193/2011/
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Fig. 5. Relative contribution of OC concentration (OCc), bulk density (BD), fine earth content (FE), and the covariances between OCc and
BD, OCc and FE, and BD and FE to the variance of OC stocks (soil depth in cm, relative contribution in %).

forests (18—27 %) and grasslands (14-17 %) (Table 2, Fig. 2)grew with soil depth from 36-13 % in the 0-5cm layer to
The CV decreased with increasing soil volume considered’3=+19 % at 50-60 cm soil depth (Fig. 5). Below 30 cm soil
(Table 2). For the deciduous forest at Hesse, the CV for thedepth, OC concentrations were almost exclusively responsi-
0-5cm layer was 24 %, 18 % for the 0—10 cm layer, and 16 %ble for OC stock variances in the stone-poor soils at Hesse
for the 0—-30 cm layer; at the grassland at Laqueuille the re{75-86 %), Le Bray (77-87 %), Bugac (91-96 %), Gebesee
spective CVs were 15, 10, and 8%. Still, the CV for the (89—92 %) and Grignon (87—94 %). Across sites and land use
0-60cm layer was often higher than for the 0-30 cm layer,types, the relative contribution of BD to the variance of OC

due to the higher variability of OC stocks in subsails.

3.2 Relative contribution of error sources to OC
stock variance

stocks was largest for the uppermost soil layer£28 %)

and declined with soil depth to only#43 % in the 50—60 cm
layer. The relative contribution expressed as fine earth con-
tent (FE) depended on the stone content with values ranging
between 1-3 % at the stone-poor site Hesse and 15-39 % at

Organic C stocks were calculated based on OC concentrathe more stony site at Carlow. At Norunda and Wetzstein, FE
tions, bulk densities, and the fine earth fractions. Each of thecontent was the dominant contributor to the variance of OC
variables contributed to the overall variability of OC stocks at stocks and accounted for 26—-49 % (Fig. 6). At most sites the
the sites. For many sites, OC concentrations determined théne earth proportion became more important for the variance
variability of OC stocks within sites. Its relative importance of OC stocks than BD at a stone content larger than 10-20 %.

www.biogeosciences.net/8/1193/2011/
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Wetzstein Norunda lyzed within the upper 30 cm of the soil. In lower parts of the
Relative contribution Relative contribution soil profile, between 30 and 60 cm depth, change detection
-60-40-20 0 20 40 60 80100 -60-40-20 0 20 40 60 80100 . .. . . . .
relative to existing stocks is less feasible than in topsoil lay-
ers due to higher CV of OC stocks (Supplement Table Al).

A comparison of the different land use types reveals
that croplands offer best opportunities to detect changes.
Here changes as small as 78-133 g OCrare detectable
in the 0-10cm layer (3—7 % of existing stocks) or 153—
276gOC M2 in 0-30cm (2-5%). Respective values for
EEN OCc [N BD [ FE Covar OC¢-BD [SXN Covar OCe-FE Covar BD-FE 0-10 cm of the deciduous forests are 126—-290 g oé (‘ﬁ—

8%), and 143-270gOCTs for the grasslands (3-5 %).
Fig. 6. Relative contribution of OC concentration (OCc), bulk den- |east chance to detect changes exists for the coniferous
sity (BD), fine earth content (FE), and the covariances between OC¢orests where MDD for 100 samples ranges between 269—
and BD, OCc_ and FI_E, and BD and _FE to the va_riance of OC stocks288 gocC nT2 (9-16%). As only 80 soil pits were sampled
at the _stone rich c_omferou; fo_rest_ sites Wetzstein and Norunda (soLlﬂ Norunda and 15 at Wetzstein, changes of 18-32 % of ex-
depth in cm, relative contribution in %). isting stocks would be required in a paired resampling.
While small absolute changes seem detectable in the

Part of the variance effects of OC concentrations and BDlitter layers of the deciduous forests, changes relative to
was counterbalanced by the negative covariance of both pgresent stocks need to be higher than in the mineral soil (7—
rameters (Fig. 4). On average across sites, the covarianc&7 %). At the coniferous forest sites, changes as high as
contributed to—25+ 14 % in the 0-5cm layer; this pro- 454-764gOC m? (10-20 %) would be necessary to detect
portion decreased with soil depth to onh10+7 % at 50—  changes in the Oe-Oa horizon with 100 samples (Table 2).
60 cm. It was less important for the stone-rich sites Norunda
and Wetzstein (0 ane-2 % in the uppermost layer) than for 3.4 Organic C stock calculations based on equivalent
the stone-poor forest sites. soil masses

The covariance between BD and FE contents was also

negative as the high density of stones results in higher BDSince achange i'n bulk d'ensities bgtween sampling times can
at places with low contributions of fine earth to total soil affect the detection of differences in OC stocks when com-

weight. It counterbalanced significant parts of the contribu-pari_ng fixed S.Oil depths, OC stocks were also calculated for
tions of BD and FE contents to OC stock variances in theequwalent soil masses, as suggested by Ellert et al. (2002).
subsoil at Hainich£5 to —10 %), Carlow (4 to —11 %) Stocks calculated for pre-defined fine earth weights (100,
Lagueuille (17 to —29 %), Noru’nda(-23 10—26 %), ant’d 300, 600 kg soil m?) corresponded to different soil depths

Wetzstein (9 to —31 %). The covariance between OC con- f‘t |1r15d|V|dl}|1aI s![tesb. Mate_r(ljal frgT SO.” Sliggcke do_\%v ntto !
centrations and FE content was positive at some sites (e.g 0 1ocm has 1o be considered 1o give g sorrmto

Hainich with 16—20 % below 30 cm soil depth) and negative géoti 41 (':Im fzorTiOO kg.soillmz,fand o 30 to>60.cm for
at others (e.g., at Carlow with 10 to—31 %). g soil nT<. The main aim of our study was not compar-

A comparison between the land use types reveals that thing sites but to track temporal changes within sites. So, the

relative contribution of BD to OC stock variances was Iargermass limits were selected for each site individually, based on

in the upper 30 cm of croplands than for deciduous forest]aévrir\?v%iegsh?;l ;T:;?s:?alllazirt?syer rather than using fixed equiva-

sites (Fig. 6) while the negative covariance between OC con- Oraanic C stocks calculated for average soil masses per
centration and BD tended to be less important for cropland_ . gani T u verag ! P
sites. Results for grasslands were variable. The grassland si oil layer were S|m|lar to those for definite volumes (Table 2).
Laqueuille on volcanic parent material had a smaller contri- tandard deV|at|.ons and CVs of .the upper layers at forest
bution of OC concentrations and a larger one of BD to OCand grassland sites were often higher than those calculated
stock variance than the other two grassland sites. for soil volumes (Table 2). Accordingly also the minimum
detectable differences were generally slightly larger for the
equivalent soil mass than for the fixed depth method (Fig. 7).
In the upper 20 cm of the croplands on the other hand, vari-

Assuming paired re-sampling using 100 soil cores, the mm_ability of OC stocks calculated for soil masses was smaller

imum detectable difference (MDD) can be statistically eval- than for fixed soil volumes and also the minimum detectable
uated for each site (1-24 ha size) and soil depth. Absodifference was less.
lute values for the MDD increased when larger soil volumes
(e.g., 0-10cm, 0-30cm or 0—-60cm) were considered (Ta-
ble 2). When expressed relative to existing stocks, MDDs

usually decreased when larger soil core segments were ana-
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10-30 5-10

30-50

Soil depth [cm]

3.3 Minimum detectable difference of OC stocks

Biogeosciences, 8, 1198212 2011 www.biogeosciences.net/8/1193/2011/



M. Schrumpf et al.: Soil OC change detection

Deviation from measured MDD for fixed soil volumes (g OC m?)
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Fig. 7. Difference between minimum detectable difference (MDD) of measured OC stocks and (1) the MDD calculated for OC stocks
expressed for equivalent soil masses (ESM) of respective layers, (2) the MDD of OC stocks calculated with BD estimated using a pedotransfer
function (PTF) without error propagation, and (3) the MDD of OC stocks calculated with BD estimated by a PTF with error propagation at
different sites.

OC stocks were 3222 gOC nT?2 (294 22 % of measured
MDD), 30+28 g OC n12 (34429 %), and 3232 g OC n12
(32436 %) for the 0-5, 5-10 and 10-20 cm layers (exclud-
The following results refer to the more general PTF including ing Laqueuille again).
data from all sites. The application of a PTF for the estima- The relative contribution of individual factors to the vari-
tion of BD without accounting for the associated error resultsance of SOC stocks was also affected by the application of
in SOC stock variances that are smaller than the measureghe PTF (Fig. 5). The relative contribution of the uncer-
values, especially for topsoil layers. Also the minimum de- tainty of BD to OC stock variances was on average 11-19 %
tectable difference (MDD) was smaller for those values thanhigher for estimated (including error propagation) than for
for measured ones (Fig. 7). measured values in the upper 30 cm of the mineral soil. The
Including the uncertainty of BD estimates results in much relevance of OC concentrations was 8-12 % smaller. Differ-
larger variances. The application of error propagation raiseences between measured and estimated values varied from
the MDD on average by 7843 g OC nT2 or by 50420 % in site to site and with soil depth. Largest increases in the con-
the uppermost soil layer, although differences were smalletribution of BD were observed for the grassland sites Laque-
in subsoil layers (excluding the volcanic site Laqueuille uille and Easter Bush, and the cropland sites Gebesee and
where differences were as high as 292gO0@m When  Grignon. At these sites, BD became the dominant determi-
compared with measured values, MDDs based on PTF inhant of OC stock variances in the upper soil layers. The shift
cluding error propagation were overall greater (Fig. 7). Av- in the relative importance of BD for SOC stock variances was
erage differences in MDD between measured and estimatethore pronounced in upper than in deeper soil layers. The

3.5 Organic C stock calculations using PTFs for
estimation of BD

www.biogeosciences.net/8/1193/2011/ Biogeosciences, 8, 12922011
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negative covariance between BD and FE content in stoneeontent, and parent material seem to modify the sources of
rich soils was ineffective when OC stocks were calculateduncertainty.

with estimated values for BD. The negative covariance be-

tween BD and OC concentrations was often more importan#.3  Possibilities and limitations of the equivalent soil

for OC stock variances based on estimated than measured mass approach

BD values.
It is possible to reduce the influence of temporal changes in
bulk densities by using the average amount of fine soil mate-
4 Discussion rial (<2 mm) per area for calculation of OC stocks. Still, the
method will always be limited by the impossibility to collect
4.1 Soil OC stocks soil on mass basis so that it is necessary to take and ana-

lyze additional soil samples to ensure having enough mate-
Organic C stocks at the 12 study sites are representative foiial. The reduction or enlargement of sampled soil layers to
CarboEurope main sites and in line with other studies onachieve a predefined soil weight causes additional errors in
C stocks of similar temperate ecosystems as summarized igalculated OC stocks (Gifford and Roderick, 2003; Ellert et
Jobbagy and Jackson (2000). One exception is the gras#d., 2001). Estimation of OC stocks based on definite soil
land site Laqueuille in the Massif Central, France, with largemasses accentuates differences in stocks between sites and
soil OC concentrations and stocks (22 907 t/mTable 2).  soil cores as compared to the fixed soil depth method. This
This is because of the andic soils, wherein strong interaccomes from the negative relation between OC concentration
tions between organic material and poorly-crystalline min-and BD. To obtain a certain soil mass, a larger volume of soil
erals (e.g., ferrihydrite and allophone) favor OC accumula-of lower bulk density and thus higher OC concentration is
tion and stabilization (Shoji et al., 1993). Also, the conifer- required, while a smaller volume of samples is needed when
ous forest soil at Le Bray had exceptionally large total OC soils have a larger BD and accordingly smaller OC concen-
stocks (18135 g mP). These were mainly due to unusually tration. This frequently results in higher CV and MDD for
high OC contents of deeper soil layers, which are caused bylefinite soil masses than for fixed soil volumes in surface
deep plowing prior to the establishment of the pine planta-soil layers (Table 2).
tion, bringing organic forest floor layer material into deeper We did not determine C contents of stones. Therefore we

soil layers. determined OC stocks for fixed fine earthAmm) masses.
In this case, the mass or volume of stones is replaced by
4.2 Sources of uncertainty of soil OC stocks soil material from deeper layers to achieve a defined weight,

while stones are equivalent to holes in the fixed volume ap-

Greater importance of OC concentration than of BD varia-proach. Using fixed soil weights reduces the relative vari-
tion for variability of OC stocks was also observed by Don ability of OC stocks as compared to definite volumes in soil
et al. (2007) and Goidts et al. (2009a). The relative increasdayers with intermediate stone content (5-20 % stones), but
in contribution of OC concentrations to OC stock variations it hampers the localization of OC stock changes within the
with soil depth can be the result of spatial variability e.g. soil profile. At sites with high stone contents, small scale
caused by different lower boundaries of B horizons, or from spatial variability of fine earth masses was so high that the
larger relative measurement errors at deep soil layers due toalculation of stocks based on average fine earth masses per
OC concentrations close to the detection limit, and increasiayer was not reasonable. Not accounting for C stored in
ing carbonate contents. stones can result in site and stone type-related errors as OC

Organic carbon concentration was not at all sites the mostontents of coarse soil fragments vary considerably (Corti et
important determinant of OC stocks. There were some exal., 2002; Harrison et al., 2003). Additional grinding and
ceptions like the cropland sites where BD and fine earth conanalyses of the coarse soil fragments would have greatly in-
tent had a stronger impact on OC stock variability than OCcreased the analytical effort involved. It might be assumed
concentrations in the upper soil layers. This is probably thethat the fraction of OC in stones with fast turnover rate is
result of mechanical soil disturbance by plowing. At the small and does therefore not contribute significantly to total
stone rich coniferous forest sites and the volcanic grasslan@C changes within the time periods considered. However,
site Laquedille, fine earth content and BD were also moreAgnelli et al. (2002) observed young OC in weathered sand-
important than OC concentrations. The FE content contri-stones of forest A horizons.
bution to OC stock variance increases with stone content For the plowed soils at Carlow, Gebesee and Grignon,
and becomes dominant at high stone contents (approximatelywhere relations between OC concentrations and bulk density
>20% at our study sites). It should be noted that the correctire obscured by tillage, calculation of OC stocks for definite
determination of the stone content in stone-rich soils is noto-soil masses reduces variability and MDD (Table 2, Fig. 7).
riously difficult in the field (Stendahl et al., 2009) and adds to Bulk density of croplands is probably most dependent on the
the natural variability of stones. Thus, soil cultivation, stone sampling time because of differences in type and timing of
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tillage as well as in crop rotation. Therefore, calculation of the PTF, some results might not have been significant when
OC stocks based on equivalent soil masses is especially reconsidering all uncertainties.
ommended for detection of changes at cropland sites. Also, The necessity to account for changes in BD with time in
for the other land use types bulk density can vary with timeorder to achieve accurate results is discussed above. Similar
or season, e.g., because of changes in OC concentrations oorrections for changes in soil mass per area cannot be done
water contents (Hopkins et al., 2009). As ignoring changedy estimating BD via the presented PTF. These functions can
in BD with time can lead to wrong estimates of soil OC account for changes in BD with time only when changes are
changes, calculation of OC stocks based on equivalent soitaused by shifts in OC concentrations. When considering
masses is generally recommended for the determination od pre-set soil depth, for example 0-15 cm, the PTF-based re-
SOC stock changes in soils with low to intermediate stonesults will underestimate gains in OC stocks in case C concen-
contents. trations increase with time (and BDs decrease accordingly),
and underestimate losses when C concentrations decrease.
4.4 Applicability of PTF for the detection of changes in ~ Diréct measurement of BD at the time of sampling might
soil OC be laborious but improves change detectability and leads to
more accurate results.

The pedotransfer function (PTF) applied here was directlyy 5 How long will it take until changes become
derived from the study sites. We did not include soil texture detectable with 100 samples?
as data were not available for all samples and because De Vos
et al. (2005) concluded that the addition of soil texture only In order to estimate the time period necessary to pass before
slightly improves the predictive power of PTFs. Higher bulk a change in soil OC stocks can be detected, we used trends
densities usually occur at deeper soil layers due to the weighand standard deviations given in Schulze et al. (2009). For
of overlying soil. The influence of soil depth on bulk density forests, the average assumed gain oft2[2 gCnr2yr—1
estimation via PTF is considered to be small (Heuscher etould lead to detectable differences after 7 (4—19)yr at
al., 2005; De Vos et al., 2005), warranting the inclusion of Hesse, 11 (7-31) yr at Hainich, and 15 (9—41) yr at Sorg, as-
soil samples from all soil layers in the applied PTF. While a suming all changes to occur within the upper 10 cm of the
number of equations were used to describe the relation bemineral soil (Fig. 8). Detection of changes requires longer
tween BD and OC concentrations in PTFs (De Vos et al.,times when changes are distributed over a larger soil volume,
2005), an exponential function fitted our data best, similar agyhile it can be slightly faster if restricted to certain layers
observed by Ruehimann andtschens (2009). Thus, it can in the subsoil, due to differences in MDD (Fig. 8, Table 2).
be assumed that the PTF applied to estimate BD was reasorThe repeated inventories summarized in Table 1 indicate that
able and can be used to test consequences for the detectieghanges of 20-30 gCMyr—! could be a realistic assump-
of OC changes. As we assume the stone content to be knowtion for European forest soils, though local changes might
(which is usually not the case when PTFs are applied) ande larger. Trends based on flux measurements at the study
the PTF was produced for the study sites, our results preseniites indicate almost no change at Hainich and losses of 20
an optimistic scenario for the application of PTFs for BD es-to 30 gnt2yr—1 at Hesse (Table 3).
timation. Change detection is more difficult for the coniferous for-
The use of PTFs for estimation of BD can lead to wrong est sites because of the higher spatial variability. Assuming
or biased OC stocks. The average deviation from measured00 samples, changes of 20 gC#yr—* would only be de-
OC stocks was frequently larger than the MDD at our studytectable after 25-40yr in the organic layers or after 15yr in
sites (Supplement Table A2). As it would need a repeatedhe upper 10 cm of the mineral soil. With the smaller num-
dataset to quantify the effect of the methodological bias onber of samples taken during the first sampling, it would take
differences between stocks at two sampling dates, we will no80 yr at Norunda (80 samples) and more than 100 yr to detect
discuss this issue further here and only highlight its possiblechanges in the litter layer at the Wetzstein site (15 samples).
impact. In the upper mineral soil (0.10 cm), changes would be de-
tectable after 15 and 36 yr, respectively. Different from the

The estimation of BD using PTF also influences the vari- : 4 . o
ance of OC stocks and thus the possibility to achieve Signiﬁ_stone—free sites where soil corer can be applied, soil pits need

cant results. Our results show that by not accounting for thé® P& analyzed in stone rich soils which is much more labori-
additional uncertainty introduced to stock estimates by the®US and destructive to the site both impeding very large sam-
PTF leads to significant underestimation of the total variance?'€ NUmbers. It seems the detection of changes in organic
at the plot/field scale. Measurement of BD gives better pOS_Iayers of coniferous forests can be more difficult than in the
sibility to detect OC stock changes than estimation via PTFMINeral soil and that stony sites might not be suitable for
only if the error associated with the application of the PTF is ¢hange detection at decadal time scales unless it is possible
accounted for. As most of the studies summarized in Table 10 Use very high sample numbers.

estimated BD without accounting for the additional error of
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deciduous forests grasslands croplands
0-10 cm 2000 1 .

1500 4
1000 4§

500 4

SOC change [g m?]

-500

@
&
S
(e}
3

2000 1 Hainich —— Laqueuille 1 Gebesee
Hesse Bugac — Carlow
1500 {——— Soroe ——— Easter Bush {——— Grignon

1000 4§

500 4

SOC change [g m?]

-500

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
time [years] time [years] time [years]

Fig. 8. Estimated linear changes in SOC with time based on values presented in Schulze et al. (2009) for different land dseteymeasd
deviation as grey shade). Horizontal lines present the minimum detectable difference of SOC stocks at individual sites for 0-10 and 0—-30cm
soil depth. The intersections between the curves indicate the time necessary to detect a change at the sites.

Table 3. Expected changes in soil organic carbon stocks based on flux measurements. Calculation of changes in SOC was performed as fol-
lows: Forests? ASOC= litter input — heterotrophic respiratioH;ASOC: NEE — Abiomass Grassland&SOC= NEE — harvest/grazing
+ fertilizer C input; CroplandsASOC= NEE — harvest + fertilizer C input.

Years AverageASOC  Annual min Annual max AverageSOC MDD
per year after 5/10yr 0-10cm; 0-30cm
gCm2 gCm2 gCm2 gCm2 gCm2

Forests
Hainicht 2000-2007 3 —-46 42 5 (175)/ 224; 395
(35%) (~11%) (788) 10 (350°)
Hessé 1996-2005 -33 -258 169 -163/-325 126; 253
24 -99 44 —120/-240
Grassland$ 104+ 73 520/1040
Laqueuillé’" 2002-2004 65 44 86 325/650 205; 407
Bugad4®  2002-2004 68 12 124 340/680 270; 503
2003-2004 -80 188 270; 503
2003 -96
Easter Bush  2002-2004 231 161 300 1153/2310 143; 329
Cropland§ —95+87 —475/-950
Gebesel 2004-2007 -56 —280/-560 78; 153
Carlowf 2004-2007 —78 -390/-780 133; 276
Grignor? 2005-2009 -130 —-650/—-1300 105; 263

1 Kutsch et al. (2010b} Granier et al. (2008)3 Soussana et al. (2007 Nagy et al. (2007)° Gilmanov et al. (2007)° Kutsch et al. (2010a): Loubet et al. (2011).
* Based on soil respiration from laboratory incubation studies.
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For the grassland sites, a high soil OC accumulation rate o&bility of fluxes is considerable and exceeds long-term aver-
57+ 34 gnt2yr-1 was calculated by Schulze et al. (2009). ages by far. Davis et al. (2010) concluded that the high spatial
This change could be detected after 2 (2—6) yr at Easter Buskand temporal variability of flux-based net biome productivity
4 (2-9) yr at Laqueuille, and 5 (3—-12) yr at Bugac in the upper(NBP) estimates at cropland sites hampers the application of
10 cm of the mineral soil. Other studies indicate similar or annual NBP to predict trends in soil C stocks. And after all,
even larger gains of soil OC for European grasslands: Sousecosystem flux measurements have large uncertainties, too.
sana et al. (2007) reported 1843; Janssens et al. (2005) We have to be aware that in case of large year-to-year vari-
60; Vleeshouwers and Verhagen (2002) 52 g OCGgr 1. ations in soil OC fluxes the selection of years for repeated
Such OC changes are not confirmed by repeated inventoriesampling will influence results. At cropland and some grass-
which are mainly from Belgium and indicate SOC losses forland sites it is also important to take into account the time
the last decade, with few longer term studies observing gain®f the last application of organic fertilizers. It will not be
(Table 1). possible to distinguish between interannual variability and

Croplands were the only land use assumed to lose soil#ong-term trends by a single re-sampling. Therefore it seems
OC at a rate of 1&9gm2yr1 Schulze et al. (2009). advisable to run repeated soil inventories along time series
Due to the small rate, it would take 8 (4-80)yr at Gebe-instead of just doing one re-sampling after a long period of
see, 11 (6-110) yr at Grignon, and 13 (7-130) yr at Carlowtime.
to detect a significant change at 0-10 cm soil depth, despite
the smaller spatial variability at the croplands than at other
sites. Net biome productivity (NBP) estimates based on four5 Summary and conclusion
year averages of eddy covariance measurements on seven
European cropland sites indicate much larger OC losses ofhe large uncertainties of current estimates of soil OC
95487 g 2yr—1 (Kutsch et al., 2010a). For the sites Gebe- changes in Europe suggest that more repeated inventories
see and Carlow, NBP of 56 and 78 gCfiyr—! were calcu-  are needed to complement model and flux studies. Our re-
lated based on flux measurements. Such changes, if occusults show that repeated soil sampling of 100 soil cores at the
ring in the upper 10cm of the mineral soil, would be de- field scale can be enough to determine SOC changes within
tectable after 2yr by a repeated inventory, or after 3—4yr if10yr time. Considering soil parameters only, best chance to
being distributed over the plow layer (0-30 cm). Most of the detect changes exists for the croplands, least for the conif-
results obtained by regional repeated inventories of croplandsrous forest and stone-rich sites. Overall, detection is easier
also detected soil OC losseslOgnT2yr—! (Table 1), in-  when changes are restricted to certain soil layers rather than
dicating that changes might become detectable sooner thapeing evenly distributed throughout the soil profile. Con-
assumed in Fig. 8. Usage of different repeated inventoriedribution of OC concentration, bulk densities or fine earth
for determination of average rates of change across Europ#action to the variance of OC stocks varied with soil depth.
could be biased towards published results mainly focusingWhile OC concentration was the most important determinant
on sites with significant changes but setting aside sites withof OC stock variance in undisturbed forest and grassland sites

insignificant changes. with low stone contents, bulk densities or fine earth fraction
became more important in topsoil layers of croplands and
4.6 Long-term trends and interannual variability in stone-rich soils. Although it increased the uncertainty of

OC stocks of most undisturbed soils, we recommend the ex-
Some long-term soil studies indicate trends in soil OC stockgpression of OC stocks in equivalent soil masses rather than
being neither linear nor consistent. Johnson et al. (2007¥ixed soil depths to account for temporal changes in bulk den-
showed increasing soil OC concentrations from 1972-198%ity, especially at the cropland sites. The estimation of bulk
in a forested watershed in Tennessee, followed by a decreaskensity by pedotransfer functions (PTF) seriously underesti-
towards 1993, but an increase again by 2004. In Belgiummates OC stock variances and thus overestimates the ability
largest soil OC stocks of grasslands were observed in 199Qp detect changes if the error associated with the function is
while those of 1960 and 2000 were smaller (Lettens et al.not accounted for. Changes claimed by past soil OC inven-
2005a). These results indicate that fluctuations in trends iriories where bulk density was not measured but derived from
soil OC, e.g., because of management changes, could o®TF, need to be re-considered carefully since most of them
cur at shorter time periods than those necessary to allow fodid not account for the uncertainty added to stock estimates
detection of stock changes by repeated sampling. Besidelsy the function. The application of PTF to derive bulk den-
longer term trends, there will also be some annual variabilitysities is not recommended for future monitoring projects as
e.g. caused by year-to-year variations in temperature or rainehanges are easier detectable with measured values and no
fall. As it is assumed that annual changes in soil OC are toaeasonable procedure is available to allow for accounting of
small to be detectable by a repeated soil inventory, flux meachanges in BD with time. Instead we recommend continuous
surements are used (Rodeghiero et al., 2010a). Some resuksil monitoring at time intervals of 10 yr (to compromise be-
are summarized in Table 3 and show that the interannual varitween detectability of changes and temporal shifts in trends),
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the measurement of all relevant soil parameters to a sufficienbe Vos, B., Van Meirvenne, M., Quataert, P., Deckers, J., and Muys,

soil depth (including subsoils), and expression of results in B.: Predictive quality of pedotransfer functions for estimating

equivalent soil masses. bulk density of forest soils, Soil Sci. Soc. Am. J., 69, 500-510,
2005.
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