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Abstract

In designed experiments, different sources of variability and an adequate scale

of measurement need to be considered, but not all approaches in common

usage are equally valid. In order to elucidate the importance of sources of vari-

ability and choice of scale, we conducted an experiment where the effects of

biochar and slurry applications on soil properties related to soil fertility were

studied for different designs: (a) for a field-scale sampling design with either a

model soil (without natural variability) as an internal control or with

composited soils, (b) for a design with a focus on amendment variabilities, and

(c) for three individual field-scale designs with true field replication and a com-

bined analysis representative of the population of loess-derived soils. Three

silty loam sites in Germany were sampled and the soil macroaggregates were

crushed. For each design, six treatments (0, 0.15 and 0.30 g slurry-N kg�1 with

and without 30 g biochar kg�1) were applied before incubating the units under

constant soil moisture conditions for 78 days. CO2 fluxes were monitored and

soils were analysed for macroaggregate yields and associated organic carbon

(C). Mixed-effects models were used to describe the effects. For all soil proper-

ties, results for the loess sites differed with respect to significant contributions

of fixed effects for at least one site, suggesting the need for a general inclusion

of different sites. Analysis using a multilevel model allowed generalizations for

loess soils to be made and showed that site:slurry:biochar and site:slurry inter-

actions were not negligible for macroaggregate yields. The use of a model soil

as an internal control enabled observation of variabilities other than those

related to soils or amendments. Experiments incorporating natural variability

in soils or amendments resulted in partially different outcomes, indicating the
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need to include all important sources of variability.

Highlights

• Effects of biochar and slurry applications were studied for different designs

and mixed-effects models were used to describe the effects.

• Including an internal control allowed observation of, e.g., methodological

and analytical variabilities.

• The results suggested the need for a general inclusion of different sites.

• Analysis using a multilevel model allowed generalizations for loess soils.

• The results indicated the need to include all important sources of variability.
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1 | INTRODUCTION

Ideally, a soil science study should include careful consid-
eration of sources of variability, choice of scale of mea-
surement and experimental (or sampling) design as key
components. Such studies would present a priori hypoth-
eses based on the literature and choose the appropriate
scale(s) of sampling. Moreover, they would have informa-
tion on the required degrees of freedom obtained by pre-
liminary experiments to detect differences in the
response variables affected by the factors studied, which
are statistically significant and of practical relevance
(Crawley, 2012; Welham, Gezan, Clark, & Mead, 2014).
Such an ideal study would thus focus on variabilities of
soils at different scales, amendment variabilities, variabil-
ities due to the specific experimental methodologies used,
and analytical variabilities. Although such ideal studies
are difficult to carry out with limited funding and project
time, many real-world studies may benefit from a stron-
ger emphasis on sources of variability, scales and experi-
mental design.

For example, the choice of field scale versus larger
scales, that is specific regions or soil types, is a key consid-
eration for the inference space (McLean, Sanders, &
Stroup, 1991) of a study. Studies may or may not involve
compositing soils, and foci may involve amendments or
soils for which the naturally occurring variability is consid-
ered (Welham et al., 2014). We have considered these
topics in a case study based on our previous findings
(Grunwald et al., 2018) and now further study them using
an improved-design experiment on the effects of biochar
and slurry treatments on soil biological and physical prop-
erties, namely cumulative CO2 emission in an incubation,
and macroaggregate formation and associated carbon (C)
contents.

Both slurry and biochar have been studied in detail
regarding their roles in soil biological, chemical and
physical processes (Abiven, Menasseri, & Chenu, 2009;
Sun & Lu, 2014). Input of fresh organic matter
(OM) such as slurry may markedly stimulate microbial
activity and C mineralization in soils, possibly leading to
a priming effect (Kuzyakov & Bol, 2006). Additionally, it
is well established that fresh OM may improve soil aggre-
gation, mediated by the stimulated microbial activity,
which generates binding agents in the aggregation forma-
tion process (Abiven et al., 2009; Six, Bossuyt, Degryze, &
Denef, 2004). Quantitative relationships are also affected
by soil texture, clay mineralogy and contents of cations,
as well as aluminium and iron oxides. Moreover, studies
utilizing isotopically labelled C and rare earth oxides
have indicated that aggregate turnover rate is related to C
dynamics and that aggregate formation, stabilization and
breakdown follow a first-order kinetic model (Peng, Zhu,
Zhang, & Hallett, 2017).

In contrast to fresh OM, the effects of biochar on
aggregate stability may be more complex and both posi-
tive effects and no effects on macroaggregate dynamics
have been reported depending on soil and biochar char-
acteristics as well as biochar amounts (Liu et al., 2014;
Sun & Lu, 2014; Zhang, Du, Lou, & He, 2015). As recalci-
trant OM, biochar may increase aggregate stability by act-
ing as a binding agent, adsorbing labile organic
compounds, so they can be used by microorganisms colo-
nizing the biochar particle surface (thereby promoting
excretion of mucilage or development of fungal hyphae),
cation bridge formation due to high cation exchange
capacity, and adsorption of carboxylic and phenolic func-
tional groups on the surface of biochar (Li, Rubæk, &
Sørensen, 2017; Liu et al., 2014; Soinne, Hovi,
Tammeorg, & Turtola, 2014; Zheng et al., 2018).
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Combined applications of biochar and fresh OM
may have different effects to individual applications. For
instance, Fungo et al. (2017) reported significant promo-
tion of aggregate formation in an agricultural field
experiment with combined application of biochar and
green manure on a tropical Ultisol. For German agricul-
tural silty loam soils, results of incubation experiments
suggested that slurry promotes the formation of biochar–
mineral interactions (Grunwald et al., 2018). Overall, the
effects of combined applications on soil properties are not
yet sufficiently understood, especially regarding the effects
of variabilities, scales and experimental design.

Based on these findings and with a focus on amend-
ment and soil variabilities, we hypothesized that: (a) the
use of a design without inclusion of any naturally occur-
ring soil or amendment variability (i.e., use of soil from
just one sampling location and amendments from one
source) serves as an important internal control, which
shows all combined additional sources of variabilities,
such as methodological and analytical variabilities;
(b) combined effects of biochar and slurry on CO2 emis-
sions and macroaggregate formation may be different for
different field-scale sites, and more unexplained variance
(residual variance) of the response variable studied is
expected compared to the internal control design; and
(c) a multilevel analysis using mixed effects models will
allow assessment of the generalizability of the results for a
population of loess soils. Additionally, we assumed that
(d) an adequate sampling design using independent sam-
pling locations, which allows generalization of the results
at the respective scales, will produce a model with more
unexplained variance for the response variables than that
with a problematic design (i.e., compositing soils). Finally,
we hypothesized that (e) the importance of the sources of
variation for the response variables decreases in the fol-
lowing order: variation of soils (from different sampling
locations) > slurries (from different farms) > biochars
(from different batches). The objectives were to study the
effects of biochar and slurry applications on soil properties
for (a) a field-scale sampling design with either a model
soil (without natural variability) as an internal control or
with composited soils, (b) a design with a focus on amend-
ment variabilities, and (c) three individual field-scale
designs with true field replication and a combined analysis
representative of the population of loess-derived soils.

2 | MATERIALS AND METHODS

2.1 | Designs

Seven designs were used, with foci on (I) providing an
internal control, (II) the use of composited soils, (IIIa to

IIIc) investigating field scales, and (IVa and IVb) the use
of a model soil (without natural variability) with a focus
on amendment variability. Additionally, a general analy-
sis (IIId) of the combined field scales (IIIa to IIIc) was
carried out. The designs are:

I. Internal control (design without any naturally-
occurring soil and amendment variability, n = 3 for each
of the six treatments described below, thus N [total num-
ber of replicates over the treatments] = 18 for design I):
Soil from one sampling location at the Friemar site (char-
acterized subsequently) serving as a model soil was used.
Model slurry s1 (without natural variability) and model
biochar (without natural variability, mixed biochars b1
+ b2 + b3) were applied in the treatments with n = 3
(amendments and treatments described below).

II. Design using composited soils as a different soil
sampling strategy for the Friemar site (N = 18): The
setup was the same as in I, except that three composited
soils (each representative of one third of the site) were
used as field replicates.

III. Designs using three different field scales (IIIa to
IIIc) and general analysis of the combined field scales
(IIId): Three designs consisted of three loess field-scale
sites (IIIa, Friemar; IIIb, Lüttewitz; IIIc, Zschortau; sites
characterized subsequently, N = 18 for each site). Again,
model slurry s1 and model biochar were applied in the
treatments with three replicates each, where the replicates
are true field replicates for each design. The design IIId
(N = 54), consisting of the combined data from designs
IIIa to IIIc, refers to the combined data analysis represen-
tative of a population of loess soils (described below).

IV. Designs with a focus on amendment variabilities:
One model soil from Friemar was used in the designs IVa
and IVb, where the naturally occurring variabilities of
the amendments were incorporated into the experiment
by utilizing various biochars (IVa: b1, b2, b3) and slurries
(IVb: s1, s2, s3) for the n = 3 replicates of each of the six
experimental treatments described below (thus N = 18
for IVa and IVb).

Figure 1 outlines the different soil and amendment
variabilities in the designs.

2.2 | Site descriptions and soil sampling

Soils were taken in Spring 2018 from the three long-
term field experiments: Friemar (Thuringia), Lüttewitz
(Saxony) and Zschortau (Saxony) in Germany. All
samples were taken from the 0–30-cm depth of con-
ventionally tilled treatments. The soils in Friemar,
Lüttewitz and Zschortau are a Haplic Phaeozem, a
Haplic Luvisol and a Gleyic Luvisol, respectively. All
three soils have developed on loess and have a silty
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clay loam (Friemar: 5% sand, 65% silt, 31% clay) or a
silt loam texture (Lüttewitz: 4% sand, 80% silt, 16%
clay; Zschortau: 28% sand, 56% silt, 16% clay). Soil
organic C contents (in %, means, with standard devia-
tion in parentheses, n = 3 true field replicates per site)
were 1.5 (0.1), 1.1 (0.1) and 1.3 (0.4) for Friemar, Lüttewitz
and Zschortau, respectively. The pH(H2O) values (means,
with standard deviation in parentheses, n = 3 true field rep-
licates per site) were 7.2 (0.2), 7.3 (0.1) and 7.45 (0.04) for
Friemar, Lüttewitz and Zschortau, respectively. The sites
from different parts of Germany were chosen because they
are considered to be representative of a population of loess
soils. Detailed site information is given in Koch, Dieckmann,
Büchse, and Märländer (2009) and Andruschkewitsch,
Geisseler, Koch, and Ludwig (2013).

For the designs IIIa to IIIc for the three sites, three
replicate samples of soil (approx. 10 kg per sampling
location) were collected from three randomly selected
locations using an auger. For designs I, IVa and IVb,
only soil from one of the three selected locations was
used. For design II using composited soils of the
Friemar site, three composited soils (r = 3) were
obtained by putting a W-shaped path with nine sam-
pling locations over each third of the entire site for each
of the three composite soils.

2.3 | Soil amendments

The three biochar variants used were produced by Verora
GmbH (Switzerland) in different batches but on the same
day by pyrolizing wood chips (0–20 mm) from tree and
shrub cuttings from settlements and agriculture, mainly
consisting of hardwood with a diameter of up to approx.
12 cm, at an approximate mean temperature of 575�C.
Variability between biochar batches is caused by slight
but continuous changes in reactor conditions. In the
designs I to III and IVb, a model biochar, created from
mixing the three biochar batches, was used to amend the
soil. For design IVa, biochar b1 (C and nitrogen (N)

contents: 77.5 and 0.7%), biochar b2 (C and N contents:
78.9 and 0.6%) and b3 (C and N contents: 77.6 and 0.6%)
were used separately to investigate variability between
biochar batches. The biochar was dried at 40�C and gro-
und to a diameter < 250 μm.

Additionally, in the designs I to III and IVa, a model
cattle slurry was used as soil amendment. This
model slurry s1 was obtained from the experimental farm
at Neu-Eichenberg and contained 6.8% C and a C/N ratio
of 14. For design IVb, in addition to the model slurry s1,
slurries s2 (from a farm in Frankenhausen with 4.3% C
and a C/N ratio of 14) and s3 (from a farm in Dransfeld
with 6.5% C and a C/N ratio of 16) were used.

2.4 | Setup of the incubation experiment
and treatments

To ensure complete disruption of the macroaggregate frac-
tion, each air-dried soil was ground to pass a 250-μm sieve
(Andruschkewitsch, Geisseler, Dultz, Joergensen, &
Ludwig, 2014; Helfrich, Ludwig, Potthoff, & Flessa, 2008).
For each experiment, 180 g dry soil was added to a 1-L incu-
bation vessel. In the biochar treatments, biochar was added
at a rate of 30 g kg�1 soil (B30), which is in the range chosen
in previous laboratory studies (e.g., Grunwald et al., 2018;
Jones et al., 2011; Zimmerman, Gao, & Ahn, 2011). Slurry
was added at rates of 0.15 (S0.15) and 0.3 g N kg�1 soil (S0.3),
corresponding to common annual field application rates of
75 and 150 kg N ha�1. All mixtures were adjusted to a bulk
density of approx. 1.2 g cm�3 and a water content of 60% of
their water holding capacity (WHC).

In total, we analysed six treatments in a balanced
2 � 3 factorial design with two levels of biochar and
three levels of slurry: (a) control (no additives); (b–d)
biochar addition without slurry (B30), with low-level
slurry addition (B30S0.15), and with high-level slurry addi-
tion (B30S0.3); and (e–f) low-level slurry addition (S0.15)
and high-level slurry addition (S0.30), both without
biochar.

FIGURE 1 Designs I to IV with respect to soil and amendment variability
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Incubation experiments for the different replications
(n = 3), treatments (t = 6) and designs were carried out as
described by Grunwald et al. (2018). Units were incubated
in incubation vessels in climate chambers at 15�C for
78 days at 60% WHC. The units were not pre-incubated
because the initial microbial activity after water addition
might already be connected to aggregate formation.

2.5 | Determination of macroaggregate
yields

The wet-sieving fractionation method described by
Cambardella and Elliott (1993), with later modifications
by Jacobs, Rauber, and Ludwig (2009), was used to ana-
lyse water-stable macroaggregates. Dried soil (30 g) in a
250-μm sieve was submerged in water for 10 min. Then,
the sieve was elevated and resubmerged 50 times in order
to separate the fraction >250 μm, which was vacuum-fil-
tered (>0.45 μm), dried at 40�C for 48 h, and weighed.

2.6 | Analytics and soil characterization

CO2 emission during the incubation was monitored by
chromatographic measurement of the CO2 concentration
in the exhaust air, which was collected by constant flush-
ing of each headspace of the vessels with fresh air
(Loftfield, Flessa, Augustin, & Beese, 1997).

Macroaggregate fractions and bulk soils were ball-
milled and analysed for total C concentrations using a CN
elemental analyser (ElementarVario El, Heraeus, Hanau,
Germany), which correspond to organic C owing to the
absence of carbonates. Soil pH was measured at a soil:
water ratio of 1:2.5 (weight/weight). Air-dried soil (10 g)
and 25 mL of deionised water were shaken together for
1 min and left to settle for 30 min. This step was repeated
once more before pH was determined with a pH electrode
(Luo, Durenkamp, De Nobili, Lin, & Brookes, 2011).

2.7 | Statistical analyses

All statistical analyses were performed separately for the
different designs with R version 4.0.2 (R Core Team, 2020).
Combined analysis of variance (ANOVA) and regression
analyses were carried out for the response variables cumu-
lative CO2 emission, macroaggregate yield and macroaggre-
gate C contents using linear fixed-effects models for design
I and mixed-effects models (random-intercept models) for
designs II to IV. This approach allowed variance heteroge-
neity between designs I to IV. Mixed-effects modelling was
performed using the packages lme4 (Bates, Maechler,

Bolker, & Walker, 2015) and lmerTest (Kuznetsova, Bro-
ckhoff, & Christensen, 2017).

All initial models included the fixed treatment effects
of the factor biochar (levels: B30 and no biochar), the quan-
titative predictor slurry (addition of 0, 0.15 and 0.3 g
slurry-N addition kg�1 soil) as a regression term, a squared
contribution of slurry, and the interaction of biochar and
slurry. For the field-scale designs II and IIIa to IIIc, and
for designs IVa and IVb with a focus on amendment vari-
ability, the effects of block (block levels refer to the sam-
pling locations [II and IIIa to IIIc], biochar batches [IVa]
or farms that provided the slurries [IVb]) were considered
random effects in the mixed-effects models.

For the analysis that uses all three sites (IIId), the fol-
lowing random effects were additionally included: blocks
nested within site (thus, the site main effect and block:
site nested effect) and treatment:site interactions
(biochar:site, slurry:site, and biochar:slurry:site).

Model simplifications were carried out, in which first
a non-significant interaction between the main effects
biochar and slurry and then non-significant main
effects were eliminated (Crawley, 2012). Thus, fixed
effects were only considered in the final models in the
case of significant contributions. Non-significant effects
of the main effects were only included in the case of a sig-
nificant interaction. Coefficients of determination were
calculated for the fixed-effects models in design I and are
labelled as R2

f . For the other designs, where mixed-effects
models were used, marginal (R2

m ) and conditional (R2
c )

pseudo-coefficients of determination were calculated,
which account for the variance explained by fixed effects
(R2

m ) and by both fixed and random effects (R2
c )

(Nakagawa & Schielzeth, 2013). Calculations were car-
ried out using the package MuMIn (Barton, 2020).

Residuals of the final model for each variable and
design were checked for homoscedasticity graphically
and for normal distribution by the Shapiro–Wilk test and
graphically by inspecting QQ-plots. For design IIId, we
additionally tested for variance homogeneity between
sites graphically and using Leveneʼs test. The data for
macroaggregate yield in designs IIId and IVb and for -
macroaggregate-C in designs IIId, IVa and IVb were log-
transformed, because the residual plots indicated non-
normality. For these response variables and designs,
a comparison of marginal and conditional pseudo-
coefficients of determination with those without transfor-
mation is problematic and a visual inspection of
modelled and measured data becomes important.

In total, two extreme values were removed: an excep-
tionally small cumulative CO2 emission (which was half
of the mean of the other two replicates probably due to a
leaky microcosm) in design I in the B30S0.15 treatment
(replicate 1) and an exceptionally high macroaggregate
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yield (which was 2.4 times higher than the mean of the
other two replicates) in the same treatment (replicate 3).

3 | RESULTS

3.1 | Analysis of the internal control (no
naturally-occurring soil and amendment
variability)

The internal control (design I) had coefficients of
determination (R2

f ) of 0.995, 0.66 and 0.79 for the
response variables cumulative CO2 emission, macroag-
gregate yield and macroaggregate C content, respectively
(Figures 2 to 4). For CO2, especially slurry addition
explained the variation, whereas the biochar effect was
much smaller. Reproducibility was slightly less for the
medium addition of slurry compared to no or a high
addition (Figure 2). For the macroaggregate yield of the
internal control, reproducibility was worse for the treat-
ments without biochar at medium and high levels of
slurry addition (Figure 3). For the macroaggregate-C
content, a significant interaction was found and repro-
ducibility decreased with increasing slurry addition
(Figure 4).

3.2 | Analysis using composited soils as a
different soil sampling strategy

For all three response variables, the experiments using
composited soils (design II) resulted in smaller conditional
and marginal pseudo-coefficients of determination R2

c and
R2
m relative to the R2

f of the internal control, as expected
(Figures 2 to 4). The precisions relative to the R2

c for the
Friemar site using field replicates without compositing
(design IIIa) showed no consistent pattern: the use of
composited soils resulted in a slightly smaller R2

c (0.95
vs. 0.99) and markedly smaller R2

c (0.57 vs. 0.79) for CO2

and macroaggregate yield, respectively, compared to
using field replicates, whereas R2

c of composited soils was
higher (0.58 vs. 0.47) for macroaggregate-C compared to
using field replicates.

Besides the precision, also the estimates of the effects
differed between designs II and IIIa. For CO2, biochar
increased the cumulative CO2 emission by 80 mg C kg�1

soil in design IIIa using three non-composited field rep-
licates, whereas the use of three composited soils in
design II did not have a significant biochar effect
(Table 1, Figure 2). The effect of biochar on macroaggre-
gate yield was more pronounced when composited soils
were used (�141 g kg�1 soil) compared to the use of non-

FIGURE 2 Cumulative CO2 emission in response to slurry-N application. Closed (treatments with biochar addition) and open

(treatments without biochar addition) circles refer to experimental data. Lines refer to the results of linear fixed and mixed-effects regression

models. Solid lines show results for cases where the only significant fixed effect is the slurry application. Dotted lines refer to fixed effects of

biochar addition and dashed to those without biochar. Colours refer to the sites Friemar (purple), Lüttewitz (red) and Zschortau (blue).

Multiple lines of the same type refer to random effects given in Table 1. For design IIId, triangles refer to model results
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composited soils (�102 g kg�1 soil); however, estimated
standard errors were considerable (30 and 16 g kg�1 soil;
Table 2). Macroaggregate-C was significantly positively
affected by slurry application in design IIIa, whereas
biochar increased macroaggregate-C only when
composited soils (design II) were used (Table 3, Figure 4).

3.3 | General analysis at different scales

As expected, the inclusion of the naturally occurring soil
variability at the Friemar site (design IIIa, three indepen-
dent sampling locations) compared to the internal control
(use of three pseudo-replicates) reduced the variance
explained: R2

f (design I), R2
c (design IIIa) and R2

m (design
IIIa) were 0.995, 0.988 and 0.988 for the cumulative CO2

emission, and 0.79, 0.47 and 0.47 for macroaggregate C
contents. However, for the macroaggregate yield, the
opposite was true: the variance explained was less in
the internal control (R2

f = 0.66) than in design IIIa (R2
c

= 0.79, R2
m = 0.68), suggesting a problematic reproducibil-

ity in general and/or that the significant squared contri-
bution of slurry on the macroaggregate yield for Friemar
when true field replicates were used (which contributed

to the increased R2
c and R2

m of 0.79 and 0.68, respectively)
may not be reproducible.

Precisions with respect to R2
c 2 for the sites Lüttewitz

(design IIIb) and Zschortau (design IIIc) were higher for
macroaggregate yield and macroaggregate C contents,
not only relative to the Friemar site with true field repli-
cates, but also to the internal control (Figures 3 and 4).
For all three response variables, results differed at least
for one site. For CO2, either a positive effect of biochar
(Friemar: + 80mg Ckg�1 soil), no significant effect
(Lüttewitz) or a significant interaction between biochar
and slurry addition (Zschortau) was found (Table 1).
Macro-aggregation in the presence of biochar was
reduced for all three sites relative to the treatment with-
out biochar, with reductions in the range of 100 to
125 g kg�1 soil (Figure 3, Table 2). However, the effect of
slurry was either linear (Lüttewitz and Zschortau) or qua-
dratic (Friemar). Overall, the reproducibility of the
results for the macroaggregate yield may be of concern,
because the internal control achieved only an R2

f of 0.66
(Figure 3). For the macroaggregate-C content (Figure 4),
the significance of the effects was site dependent, with
slurry having a significant positive effect at all sites,
whereas the biochar effect was non-significant (Friemar)

FIGURE 3 Macroaggregate yield in response to slurry-N application. Closed (treatments with biochar addition) and open (treatments

without biochar addition) circles refer to experimental data. Lines refer to the results of linear fixed and mixed-effects regression models.

Dotted lines refer to fixed effects of biochar addition and dashed to those without biochar. Colours refer to the sites Friemar (purple),

Lüttewitz (red) and Zschortau (blue). Multiple lines of the same type refer to random effects given in Table 2. For design IIId, triangles refer

to model results
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or part of a significant interaction with slurry (Lüttewitz,
Zschortau, Table 3).

The analysis using all sites as a sample representative of
loess soils (design IIId) with a multilevel model resulted in
pseudo-coefficients of determination R2

c of 0.96, 0.89 and
0.77 for the cumulative CO2 emission, macroaggregate
yield and macroaggregate C content, respectively. For all
response variables, fixed effects were of primary impor-
tance, as indicated by R2

m of 0.90, 0.72 and 0.61 (Figures 2
to 4); however, random effects were not negligible. With
respect to the effect of slurry, the importance of a site
effect was evident from the estimated variance of the site:
slurry interaction for macroaggregate yields and associated
organic carbon (C), whereas for CO2, the estimated vari-
ance of site–slurry interaction was zero. Moreover, also
the site:biochar:slurry interaction was important for mac-
roaggregate yields (Tables 1 to 3).

3.4 | Analysis with a focus on
amendment variabilities

For the biochar design IVa, the use of three different
biochar production batches decreased R2

c and R2
m for

CO2 and macroaggregate yields relative to the R2
f of the

internal control (Figures 2 and 3). The use of three differ-
ent biochars affected R2

c and R2
m also more than the

use of three different soils (IIIa: different sampling
locations at the Friemar site) for these response
variables.

For the macroaggregate-C in design IVa, a log
transformation was required for modelling and the pat-
tern of the data was similar to the one of design IVb
(Figure 4).

Modelling indicated that the slurry variability
affected the cumulative CO2 emissions differently to
the soil variability (Figure 2): in design IVb, the
slurry effect was slightly more pronounced than in
design IIIa, as indicated by the regression coefficients
for the slurry application, and biochar did not have a
significant effect, in contrast to design IIIa (Table 1).
However, the variation in the response variables of
several replicates from different slurry treatments
(CO2 and macroaggregate-C: variation especially at
the addition of 0.15 g N kg�1 soil, Figures 2 and 4;
macroaggregate yield: variation especially at the
addition of 0.3 g N kg�1 soil, Figure 3) hampers the
interpretation.

FIGURE 4 Macroaggregate-C content in response to slurry-N application. Closed (treatments with biochar addition) and open (treatments

without biochar addition) circles refer to experimental data. Lines refer to the results of linear fixed and mixed-effects regression models. The solid

line shows results for the case where the only significant fixed effect is the slurry application. Dotted lines refer to fixed effects of biochar addition

and dashed to those without biochar. Colours refer to the sites Friemar (purple), Lüttewitz (red) and Zschortau (blue). Multiple lines of the same

type refer to random effects given in Table 3. For design IIId, triangles refer to model results
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4 | DISCUSSION

4.1 | Analysis of the internal control (no
naturally-occurring soil and amendment
variability)

The topic of pseudo-replication is of fundamental impor-
tance in many fields of environmental science (Davies &
Gray, 2015; Hurlbert, 1984, 2004). Specifically for soil sci-
ence, problems with the designs of experiments and analyses
have been reported (Andren et al., 2008; de Fatima Tavares,
de Carvalho, & Machado, 2016), and Webster (2007) pointed
out how pseudo-replication affects the hypothesis that is
tested. In summary, it is mandatory to “sample all replicates
in the field; sampling in the laboratory (pseudo-replication)
is no substitute” (Webster, 2007). Especially, for laboratory
studies in soil science, it is important to note that a correct

sampling design (designs IIIa to IIId) with respect to natu-
rally-occurring soil variability (in contrast to design I with
pseudo-replication) does not have any negative effect on the
costs and duration of the experiment.

With the above in mind, we see many benefits of
including both — i.e., design I as internal control and
designs IIIa to IIId with naturally-occurring soil variabil-
ity — in experimental studies. The benefits are: design I
indicates a maximal R2

f to be achieved and the residual
variance in this design is the combined result of analyti-
cal inaccuracies, operator variabilities (i.e., weighing
errors and heterogeneity of the amendments, which was
especially challenging for slurries compared to soils and
biochars in the present experiment), and variations
induced by the methodology of the incubation experi-
ment (e.g., duration and intensity of the initial mixing of
the soil and amendments, variations in temperature and

TABLE 1 Parameters of the final models for the response variable cumulative CO2 emission for all designs. Units for the intercept and

biochar effect are given in the first column. The unit for the regression term is kg g�1 multiplied by the unit given in the first column

Site and variant Intercept
Slurry regression term
(mean and SE)

Biochar and interaction
effect (mean and SE)

Random components
(assumed mean of 0 and
variance)

CO2 (mg C kg�1 soil)

I. Analysis of the internal control variant (no naturally occurring soil and substrate variability)

Friemar, internal control 337 2,231 (45)
[p < 2 � 10�16]

116 (11)
[p = 7.2 � 10�8]

Residual ~ N (0, 544)

II. Analysis using composited soils as a different soil sampling strategy

Friemar, composited soils 371 1897 (111)
[p = 8.5 � 10�11]

n.s. Block ~ N (0, 294)
Residual ~ N (0, 3,300)

III. General analysis at different scales

Friemar 369 2,189 (58)
[p < 3 � 10�16]

80 (14)
[p = 4.8 � 10�5]

Block ~ N (0, 0)
Residual ~ N (0,919)

Lüttewitz 360 2087 (128)
[p = 1.7 � 10�10]

n.s. Block ~ N (0, 319)
Residual ~ N (0, 4,409)

Zschortau 320 2079 (91)
[p = 2.9 � 10�11]

�1.4 (25)
[p = 0.95]
�296 (128)a

[p = 0.04]

Block ~ N (0, 2,469)
Residual ~ N (0, 1,114)

All three sites 363 2069 (63)
[p < 2 � 10�16]

n.s. Site:Slurry ~N (0, 0)
Block:Site ~ N (0, 712)
Site ~ N (0, 3,681)
Residual ~ N (0, 3,225)

IV. Analysis with a focus on substrate variabilities

Friemar, biochar variability 413 1775 (233)
[p = 2.4 � 10�6]

n.s. Block ~ N (0, 783)
Residual ~ N (0, 14,665)

Friemar, slurry variability 391 2,419 (252)
[p = 1.5 � 10�7]

n.s. Block ~ N (0, 6,513)
Residual ~ N (0, 17,127)

aBiochar:Slurry interaction term.
an.s., not significant; SE, standard error.

1962 LUDWIG ET AL.



water contents during the incubation) and aggregate fraction-
ation procedure (among others, the intensity of elevation and
re-submerging in the fractionation). A general inclusion of
such an internal control in soil science studies may even trig-
ger methodological ring trials for different experimental and
analytical methods to improve their precision.

The higher R2
f for design I (Friemar internal control)

versus R2
c and R2

m for design IIIa (Friemar field replicates)
for CO2 and macroaggregate-C is in agreement with our
first hypothesis that the use of a design without any natu-
rally-occurring soil and amendment variability serves as
an important internal control, which shows all combined
additional sources of variabilities. For the cumulative
CO2 emission measured by gas chromatography, the
internal control of the Friemar soil indicated a very good

reproducibility with respect to R2
f (0.995) and only slight

deviations in the three replicate measurements (Figure 2).
This shows the importance of the fixed effects studied
(i.e., slurry and biochar) for the cumulative CO2 emission
and suggests that operator variabilities in the slurry appli-
cations and variations in incubation temperature and
water contents were not marked in this experiment. In
contrast, R2

f for the macroaggregate yield and
macroaggregate-C content was only 0.66 and 0.79, respec-
tively, without any naturally-occurring soil and amend-
ment variability in this internal control. This points to
the need for more standardization in the experimental
setup and/or the aggregate fractionation procedure and
more replications for future aggregation studies, espe-
cially for the response variable macroaggregate yield.

TABLE 2 Parameters of the final models for the response variable macroaggregate yield for all designs. Units for the intercept and

biochar effect are given in the first column. The units for the first order and second order regression terms are kg g�1 and kg2 g�2 multiplied

by the unit given in the first column

Site and variant Intercept
Slurry regression terms
(mean and SE)

Biochar effect
(mean and SE)

Random components (assumed
mean of 0 and variance)

Macroaggregates (g kg�1 soil)
I. Analysis of the internal control variant (no naturally occurring soil and substrate variability)

Friemar, internal control 204 n.s. �103 (19)
[p = 7.7 � 10�5]

Residual � N (0, 1,544)

II. Analysis using composited soils as a different soil sampling strategy

Friemar, composited soils 386 n.s. �141 (30)
[p = 2.4 � 10�4]

Block � N (0, 0)
Residual � N (0, 4,062)

III. General analysis at different scales

Friemar 196 �524 (239)
[p = 0.05]
2,300 (764)a

[p = 0.01 ]

�102 (16)
[p = 4.0 � 10�5]

Block � N (0, 581)
Residual � N (0, 1,181)

Lüttewitz 121 562 (46)
[p = 1.7 � 10�8]

�100 (11)
[p = 7.0 � 10�7]

Block � N (0, 29)
Residual � N (0, 572)

Zschortau 169 510 (77)
[p = 7.7 � 10�6]

�125 (19)
[p = 7.4 � 10�6]

Block � N (0, 0)
Residual � N (0, 1,587)

All three sitesb 5.0 2.0 (0.9)
[p = 0.04]

�1.2 (0.2)
[p = 2.0 � 10�4]
2.7 (0.9)c

[p = 0.02]

Site:slurry:biochar � N (0, 3.7 � 10�2)
Site:slurry � N (0, 4.8 � 10�2)
Block:Site � N (0, 5.6 � 10�3)
Site:biochar � N (0, 0)
Site � N (0, 0)
Residual � N (0, 5.7 � 10�2)

IV. Analysis with a focus on substrate variabilities

Friemar, biochar variability 236 n.s. �115 (28)
[p = 8.6 � 10�4]

Block � N (0, 0)
Residual � N (0, 3,545)

Friemar, slurry variabilityb 5.3 n.s. �0.43 (0.14)
[p = 6.2 � 10�3]

Block � N (0, 0)
Residual � N (0, 0.08)

aSquared term for slurry.
bFor the variant, the response variable was log-transformed.
cBiochar:slurry interaction term.

n.s., not significant; SE, standard error.
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4.2 | Analysis using composited soils as a
different soil sampling strategy

The benefits and potential disadvantages of compositing
soils are well established with respect to analytical deter-
mination of element contents. For instance, Alter (2012)
summarizes that compositing of soils (or units) saves ana-
lytical costs, but is only recommended if the discrete
units are expected to have similar chemical composition.
With respect to contamination, compositing soils
with differing degrees of contamination may result in
missing important clues regarding site contamination
(Alter, 2012). However, much less is known with respect

to compositing soils for designed experiments. We
hypothesized that an adequate sampling design using
independent sampling locations (designs IIIa to IIId),
which allows generalization at the respective scales, will
have smaller R2

c values for the response variables than
that with a problematic design (compositing soils, design
II), simply because compositing may reduce the natu-
rally-occurring variability and thus move the results
closer to those of the internal control. Our result for the
macroaggregate-C content is in agreement with this
hypothesis: R2

f and R2
c values decrease in the order 0.79

(internal control) > 0.58 (design II using composited
soils) > 0.47 (design IIIa using independent sampling

TABLE 3 Parameters of the final models for the response variable macroaggregate-C content for all designs. Units for the intercept and

biochar effect are given in the first column. The unit for the first order regression term is kg g�1 multiplied by the unit given in the first

column

Site and variant Intercept

Slurry regression
terms (mean
and S.E.)

Biochar and
interaction
effect (mean and S.E.)

Random components
(assumed mean of 0 and
variance)

Macroaggregate-C (g C kg�1 soil)
I. Analysis of the internal control variant (no naturally occurring soil and substrate variability)

Friemar, internal control 3.0 4.6 (1.9)
[p = 0.03]

�0.8 (0.5)
[p = 0.15]
8.3 (2.8)a

[p = 9.2 � 10�3]

Residual ~ N (0, 0.51)

II. Analysis using composited soils as a different soil sampling strategy

Friemar, composited soils 6.4 n.s. 3.1 (0.7)
[p = 1.0 � 10�3]

Block ~ N (0, 1.0)
Residual ~ N (0, 2.5)

III. General analysis at different scales

Friemar 2.6 11.3 (2.9)
[p = 1.3 � 10�3]

n.s. Block ~ N (0, 0)
Residual ~ N (0, 2.3)

Lüttewitz 1.2 13 (2)
[p = 4.3 � 10�6]

�0.1 (0.4)
[p = 0.83]
7 (2)a

[p = 6.3 � 10�3]

Block ~ N (0, 0.05)
Residual ~ N (0, 0.35)

Zschortau 2.4 12 (3)
[p = 9.8 � 10�4]

�0.9 (0.7)
[p = 0.26]
10 (4)a

[p = 0.02]

Block ~ N (0, 0.75)
Residual ~ N (0, 0.98)

All three sitesb 0.57 4.4 (0.8)
[p = 9.8 � 10�4]

n.s. Site:slurry ~ N (0, 6.2 � 10�2)
Block:Site ~ N (0, 1.5 � 10�2)
Site ~ N (0, 9.0 � 10-11)
Residual ~ N (0, 0.11 )

IV. Analysis with a focus on substrate variabilities

Friemar, biochar
variabilityb

1.1 2.9 (0.5)
[p = 4.7 � 10�5]

n.s. Block ~ N (0, 0)
Residual ~ N (0, 0.08)

Friemar, slurry variabilityb 1.1 2.8 (0.6)
[p = 4.4 � 10-4]

n.s. Block ~ N (0, 0)
Residual ~ N (0, 0.11)

aBiochar:slurry interaction term.
bFor the variant, the response variable was log-transformed.
n.s., not significant; SE, standard error.
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locations). For the other two response variables, however,
R2
c for the composited soils was less than that for soils

from independent sampling locations (Figures 2–4).
A comparison of the significant contributions shows

the results of the experiment using composited soils
partly contradicted the field-scale and larger-scale results.
In summary, we suggest that the use of composited soils
for designed soil science experiments is problematic,
because the naturally-occurring variability is reduced, as
was found for the macroaggregate-C content. However,
our suggestion is not supported by the results for the
other two response variables, presumably because of
the small number of replicates (sampling locations) used.
We argue that it is valid to have (A) a homogeneous
(model) soil in experiments in order to isolate the natu-
rally-occurring variability given by growing plant individ-
uals and/or by using substrates or amendments from
different batches or locations; and it is equally valid to
focus on (B) naturally-occurring variability using soils
from different sampling locations. Compositing soils for a
designed soil science experiment does not belong to case
B and is thus not well defined. However, it is important
to have a sufficient number of sampling locations (prefer-
ably higher than n = 3 used in this study) in order to ade-
quately consider the variation in the field.

4.3 | General analysis at different scales

For analysis using true field replicates at all three sites
independently (designs IIIa-c), CO2 emissions were
greatly affected by the slurry addition (regression coeffi-
cients ranged from 2,100 to 2,200 kg g�1 � mg C kg�1

soil; Table 1), indicating C limitation for the microorgan-
isms in the absence of slurry application. For the CO2

emission from the Lüttewitz soil, biochar did not have a
significant effect, in contrast to the significant positive
and negative effects on emissions for Friemar and
Zschortau soils, respectively (Figure 2). Published studies
have shown decreases in CO2 emissions in the presence
of biochar and attributed this to OM adsorption by
biochar, leaving part of it less accessible for microorgan-
isms (Ameloot, Graber, Verheijen, & De Neve, 2013), or
to reduced enzymatic activity (He et al., 2017). However,
also a non-significant effect and an increase in CO2 emis-
sions have been reported, which may be related to posi-
tive priming effects of biochar (He et al., 2017). The
combined application of biogas digestate (1 or 5% w/w)
and biochar from orchard pruning residues of fruit trees
(1% w/w) to an Italian arable Xerorthent gave signifi-
cantly smaller cumulative CO2 emissions after 100 days
of incubation than the respective applications of biogas
digestate without biochar (Cardelli, Giussani, Marchini, &

Saviozzi, 2018). These results, which are similar to our
results for the Zschortau site, were explained by a reduc-
tion of the soluble organic compounds due to biochar
application.

For all three sites (designs IIIa-c), there was a marked
negative effect of biochar on macroaggregate formation
(�100 to �125 g kg�1 soil; Table 2), whereas the effect of
slurry was linear (Lüttewitz and Zschortau) or quadratic
(Friemar; Table 2, Figure 3). A positive effect of fresh OM
on macroaggregation (e.g., Andruschkewitsch et al., 2014) is
well established and more replicates might have been
required for more certain results with respect to a linear or
quadratic effect of slurry, especially in light of the lack of
any slurry effect for the internal control (Figure 3). The neg-
ative effect of biochar may partly be explained by a reduced
aggregation efficiency of the added slurry in the presence of
biochar and is in agreement with previous studies at
loess sites (Grunwald et al., 2018; Grunwald, Kaiser, &
Ludwig, 2016), but in contrast to other studies that showed
positive or no effects (Wang, Fonte, Parikh, Six, &
Scow, 2017; Zhang et al., 2015). Overall, interpretations of
macro-aggregation results and comparisons with other stud-
ies are difficult, not only because of a suggested need for
more standardization in the experimental setup and/or the
aggregate fractionation procedure (see above), but also due
to differences between the studies in soil environmental con-
ditions and biochar feedstock, application rate, and parti-
cle size.

Macroaggregate-C contents increased with slurry
application and the biochar addition was either non-
significant (for Friemar, where the data were highly vari-
able) or showed a significant interaction with slurry
(Table 3, Figure 4). In agreement with the results for
Lüttewitz and Zschortau at increasing slurry addition
(Figure 4), Wang et al. (2017) reported an increase in
C incorporated into macroaggregates due to biochar
addition to a Californian agricultural soil.

Overall, for all three response variables, results for
the three loess sites differed with respect to significant
contributions for at least one site. These findings and the
smaller R2

c and R2
m results of design IIIa in comparison

to the R2
f results of the internal control (except for macro-

aggregate yield) are in agreement with our second
hypothesis that combined effects of biochar and slurry on
CO2 emissions and macroaggregate formation may be dif-
ferent for different field-scale sites, with coefficients of
determinations for true field-scale replicates being less
than for an internal control at a given site. Thus, there is
a need for a general inclusion of different sites and true
field replicates in soil science studies.

Our third hypothesis was that a multilevel analysis
using mixed-effects models will allow assessment of the
generalizability of the results for the population of German
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loess soils (design IIId). Overall, the final models were use-
ful for the cumulative CO2 emission (R2

c = 0.96, R2
m

= 0.90), macroaggregate yield (R2
c = 0.89, R2

m = 0.72) and
associated organic C (R2

c = 0.77, R2
m = 0.61). Site:slurry

and site:biochar:slurry interactions were not negligible
for macroaggregate yields.

Overall, with respect to the quantitative predictor
slurry, the summarizing analysis (IIId) using a multilevel
model outperformed the individual site analyses (IIIa to
IIIc), because the increased residual degrees of freedom
ensured a more accurate analysis (the total number of
observations N was 54 in IIId compared to 18 in IIIa
to IIIc).

4.4 | Analysis with a focus on
amendment variabilities

We hypothesized that the importance of the sources of
variation for the response variables decrease in the order
soils (from different sampling locations) > slurries (from
different farms) > biochars (from different batches) for
the Friemar site. The results for macroaggregate-C con-
tent were in agreement with the hypothesis, whereas for
macroaggregate yield and the cumulative CO2 emission,
the trend contradicted our hypothesis. Overall, with
respect to biochar (from different batches) and slurry
(from different farms), some large dispersions of data
were noted (e.g., for the CO2 emission at high [design
IVa] and moderate [design IVb] slurry additions,
Figure 1). Causes are unclear, but may be related to dif-
ferent levels of homogenization of the slurry designs and
thus different accuracies for the applied rates.

In summary, experimental designs incorporating
naturally occurring variability in soils and amendments
resulted in partially different outcomes regarding the
effects of slurry and biochar on the response variables
compared to the use of homogeneous model soils and
amendments, indicating the need to include all impor-
tant sources of variability for meaningful studies. How-
ever, higher accuracies would be required for more
specific results with respect to amendment variabilities.
This could have been achieved by having more laboratory
replicates (and averaging the results of the laboratory repli-
cates for the data analyses) or by including more biochars
and slurries from different batches and farms to increase
the residual degrees of freedom.

5 | CONCLUSIONS

The experimental (in field studies) and/or sampling
(in laboratory-based studies) design is an important part

of any soil science study. The inclusion of an internal
control (without any naturally occurring variability), field
scales and a larger scale consisting of several fields – as in
this study – has several benefits: The internal control pro-
vides information on a maximal R2

f to be achieved and
the obtained residual variance for such a variant is a
combined estimate of analytical inaccuracies, operator
variabilities and variations induced by the experimental
methodologies. The use of several fields gives information
on significance of the factors studied for different fields
and shows ranges of effect sizes (e.g., differences in
regression coefficients). Provided that the different fields
studied can be approximately regarded as a random sam-
ple of a population of fields of a specific underlying sub-
strate (as in this study), region, soil type or land use, a
multilevel analysis using mixed-effects models will allow
an assessment of the generalizability of the results for the
population.

Future studies may focus more on the relationship
between internal controls and the required number of
replicates depending on the response variables (and thus
the underlying laboratory methodologies). In this study,
the number of replicates was sufficient for the response
variable cumulative CO2 emission, whereas for macroag-
gregate yield and macroaggregate-C, a larger number of
replicates would have been beneficial, as suggested by
the dispersion of the data in the different variants.
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