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Abstract
Purpose In low lying areas with dense networks of canals for
land drainage, sediments accumulate in the waterways and
have to be periodically dredged. These adjacent areas are
mainly used for farming and agriculture and suffer from high
rates of subsidence. The recycling of organic amendments,
such as sediments, compost and manure, in agricultural soils
can improve plant growth and yield, soil carbon content, and
microbial biomass and activity, and have the potential to re-
verse the process of land subsidence.
Materials and methods The effect of mixing bio-waste com-
post and the solid fraction of swine manure with dredged
sediments before dewatering and biochemical ripening was
investigated in terms of type and quantity of organic matter,
CO2 production and O2 consumption, and N, P and S content.
The water released during dewatering, the aggregate stability,
and the undrained shear strength after ripening were also
assessed since these areas have to be assessable by trucks
and cattle.
Results and discussion For the sediment with compost and
manure the transformations in the type of organic matter,
CO2 production and O2 consumption were larger compared
to the individual fractions, indicating a positive priming effect.

Most volume lost during ripening can be attributed to the loss
of water and not to the loss of organic matter. In addition, the
mixtures result in very stable aggregates and showed an un-
drained shear strength three times higher than measured for
the sediments.
Conclusions Sediments, compost and manure can be used
and applied as beneficial use to reverse the process of land
subsidence in low lying areas.
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1 Introduction

Soil organic matter (SOM), and the carbon (C) it contains, is
associated with soil fertility for plant growth, soil and water
quality, soil resistance to erosion, and thus stores at least three
times more carbon than the atmosphere or living plants
(Schmidt et al. 2011; Aich et al. 2013). The more stable frac-
tion of SOM has a slower decomposition rate and slower
release of nutrients than the more labile fractions of organic
matter (Gruhn et al. 2000). The degradation of SOM signifi-
cantly alters the soil texture and structure causing changes in
soil hydrology and associated nutrient dynamics. Carbon (C),
nitrogen (N), phosphorus (P), and sulphur (S) cycling are in-
timately linked through soil, plant and microbial processes
affecting the C:N:P:S ratios of the soil organic matter
(Kirkby et al. 2011).

In low lying delta areas with dense networks of canals,
sediments accumulate in the waterways and have to be
dredged periodically for several reasons, including the main-
tenance of the water quality, ecological status and navigability,
and to prevent flooding (Querner et al. 2012). A beneficial use
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of the dredged sediments is to spread these on the land adja-
cent to the drained waterway. When non-impacted dredged
sediments are transferred to upland conditions, the ripening
process begins and transforms the waterlogged sediments into
an aerated soil (Pons and Zonneveld 1965). During ripening,
the previously anaerobic dredged sediments become aerobic
which induces the oxidation of organic matter (Vermeulen
et al. 2007). The oxidation of the organic matter can go in
the direction of the humification or mineralization (Sanei
et al. 2005). Humification can be defined as the transformation
of SOM into amorphous humic compounds while mineraliza-
tion refers to the transformation of organically bound elements
(C, N, P, S) into inorganic compounds (Zech et al. 1997;
Sumner 2000).

The recycling of organic amendments, such as dredged
sediments, compost and manure, in agricultural soils can im-
prove plant growth and yield, soil carbon content, and micro-
bial biomass and activity (Thangarajan et al. 2013) and also
have the potential to increase the surface level of the land in
low lying polder areas which suffer from high rates of subsi-
dence (Hoogland et al. 2012; Brils et al. 2014). There is evi-
dence that the addition of organic amendments to soil can
induce mineralization of the more stable fraction of the
SOM and reduce the overall carbon content. This induced
mineralization of the SOM is mainly due to the increase of
SOM decomposing microorganisms which sustain after the
initial organic amendment input is exhausted, and then survive
on the remaining soil organic matter (Fontaine et al. 2004).
This effect is called the positive priming effect and is mostly
an acceleration of native SOM mineralization by using the
organic amendment as a source of energy (Fontaine et al.
2011; Guenet et al. 2012). There are, however, also studies
reporting a negative priming effect, i.e., the native SOM min-
eralization can be reduced (Kuzyakov et al. 2000). The posi-
tive or negative priming effect is mostly determined by the soil
microbial biomass response to the addition of different sub-
stances (Kuzyakov et al. 2000).

The humification or mineralization of the organic matter
also depends on the nutrients availability (Kirkby et al. 2014).
Priming effects were found not only for C but also for N
(Masayna et al. 1985; Fontaine et al. 2011; Dempster et al.
2012), P (Kuzyakov et al. 2000) and S (O’Donnell et al.
1994). The recycling of dredged sediments, compost and ma-
nure in soils can therefore have varying impacts, depending
mainly on the soil type, composition of the organic amend-
ment, climate conditions and period over which measure-
ments are made (Zimmerman et al. 2011; Cely et al. 2014).

Even though there are many scientific references regarding
the addition of compost and manure to soils, no literature was
found regarding the mixture of compost and manure with
dredged sediments. Therefore, the objective of this study is
to evaluate the impact of adding compost of domestic bio-
waste and the solid fraction of swine manure on the ripening

of dredged sediments with the objective of doubling the or-
ganic matter content of the sediments. The impact was
characterised in terms of type and quantity of organic matter,
CO2 production and O2 consumption, and N, P and S content.
The water released during dewatering, the aggregate stability,
and the undrained shear strength after ripening were deter-
mined to evaluate the possibility of use of these materials in
agriculture lands where tractors have to be used and cattle
graze.

2 Material and methods

2.1 Collection of samples

The sediment (S) samples were dredged in November 2012
from a ditch surrounded by greenhouses and small family
houses, located in Gouda, Zuid-Holland, the Netherlands.
One container of 30 l was filled with sediment from the ditch
using a bucket of 20 l for sampling. The air-tight container of
30 l was transported to the laboratory where the sediment was
sieved and the fraction smaller than 2 mm was stored in the
air-tight container at 4 °C until used in the experiments. The
larger fractions were discarded. The 30 l container was in a
roller bank for 24 h to homogenise before taking samples to
use in the experiments.

The particle size distribution of the mineral fraction of the
sediments was determined by first air-drying and then remov-
ing the organic matter with H2O2 and the CaCO3 with HCl.
The particle size distribution was determined following the
ISO standard ISO/TS 17892–4:2014. Fractions <2 μm, 2–
16 μm, and 16–50 μm were determined by the pipet method
and fraction 50–63 μm was determined by wet sieving at the
Soil Chemical Biological Soil Laboratory (CBLB) of
Wageningen UR. The fractions 63–105 μm, 105–150 μm,
150–210 μm, 210–420 μm, and 420–2000 μm were deter-
mined by dry sieving by the Soil Physics laboratory of
Wageningen UR. The sediments have 25 % clay, 38 % silt,
37 % sand. The dredged sediments are classified as fine
grained according to the ISO/TS 17892–4:2014 and classified
as loam according to the USDA classification system of tex-
tural classes (USDA 1987).

The fibre content of the sediments was determined follow-
ing the standard test method for laboratory determination of
the fibre content of peat samples by dry mass ASTM D1997–
91(2008). The fibre content of the sediments is 4.1 % gdry
fibres/gdry matter.

The compost of domestic bio-waste (C) was provided by
the Dutch company Attero. The domestic bio-waste was pri-
marily separated at source and secondarily at Attero facilities.
According to the Green Paper on the management of bio-
waste in the European Union, Bbio-waste is defined as biode-
gradable garden and park waste, food and kitchen waste from
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households, restaurants, caterers and retail premises, and com-
parable waste from food processing plants. It does not include
forestry or agricultural residues, manure, sewage sludge, or
other biodegradable waste such as natural textiles, paper or
processed wood (COM 2008).

The solid fraction of swine manure (M) used in this re-
search was provided by the Dutch company AquaPurga. To
obtain the solid fraction, the manure was mixed with the co-
polymer of acrylamide and quaternized cationic monomer
Zetag® 8140 and then the liquid and solid phases were me-
chanically separated using a belt press. The solid fraction used
had a water content of 32% (gwater g

−1
sample). Sediment, C and

M were stored at 4 °C in air-tight containers until used in the
experiments.

2.2 Experimental procedure

2.2.1 Mixtures

The mixtures were prepared with the objective of doubling the
organic matter content of the sediments. The mixtures of sed-
iments with compost (S + C) and sediments with manure (S +
M) were prepared considering the following ratios (in dry
weight):

mC

mS
¼ 24% ð1Þ

mM

mS
¼ 14% ð2Þ

where mC is the dry mass of C; mS the dry mass of C; and mM

the dry mass of M.
The ratios in Eqs. (1) and (2) were calculated from the

water and organic matter content of S, C, and M before
dewatering. The mixtures S + C and S + M were prepared
before dewatering of the sediments, using a magnetic stirrer.
The results of themixtures S + C and S +M are later compared
with the results that can be estimated from the controls S, C,
and M, using Eqs. (1) and (2).

2.2.2 Dewatering

In order to dewater S, S + C and S + M, suction chambers
(Vermeulen et al. 2005) were used where a suction pressure
of 100 hPa was applied below the sample. To retain the fine
particles in the suction chambers, a nylon filter with pore size of
0.45 μm was used. It was assumed that equilibrium between
the matric potential of the sample and the applied suction is
reached when the water outflow from the sample ceases (Klute
and Dirksen 1986). This was generally observed within 7 days.

Dewatering was done at 20 ± 1 °C and the suction chambers
were completely closed to the atmosphere, i.e., evaporation
was avoided using a lid on the setup. Periodically a plug on

top of the suction chamber was opened to release the suction
pressure due to the decrease of the volume by removed water
from the sample. The diameter of the dewatered samples was
6.0 ± 0.1 cm and the height of the S samples was 2.2 ± 0.2 cm,
the height of the S + C samples was 3.3 ± 0.1 cm and the height
of the S + M samples was 2.8 ± 0.1 cm.

The water content of samples C and M could not be de-
creased with a suction of 100 hPa, i.e., the samples were at a
matric potential higher than 100 hPa. The C and M samples
were moulded by hand to a final diameter of 6.0 ± 0.2 cm and
a height of 3.3 ± 0.2 cm for C and 2.8 ± 0.2 cm for M, to come
to equivalent size of samples as S + C and S +M, respectively.
After dewatering, three replicates of each sample were
sacrificed to determine the water and organic matter content
and therefore to control the homogeneity between samples.

2.2.3 Biochemical ripening

After dewatering of S, S + C and S + M, and moulding C and
M by hand, nine samples of each mixture and control were
submitted to biochemical ripening in specifically designed
batch bottles (BBs) (Fig. 1). Each sample was placed in one
of these BBs which allowed monitoring of individual varia-
tions. The BBs were closed to the atmosphere and the gas
phase was periodically monitored to assure that there was
biological activity and that there was no oxygen limitation,
i.e., oxygen concentration in the headspace was always above

Fig. 1 Scheme of the batch bottles (BBs) used for biochemical ripening,
with a beaker with a saturated salt solution of KNO3 to keep constant
relative humidity and a port (1) for gas sampling
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10 % (v/v). To be able to take a gas sample, the BBs were
designed with a gas sampling port. To avoid condensation and
keep the relative humidity constant in the BBs, a saturated
solution of potassium nitrate (KNO3) with a concentration of
360 g l−1 was kept inside each of the BBs. The KNO3 has
neutral pH, absorbs about 0.03 % water in 80 % relative hu-
midity over 50 days, and in a closed environment at 20 °C
keeps the relative humidity constant at 94.5 %. Biochemical
ripening was done during 37 days for S, and 35 days for C, M,
S + C and S + M.

2.3 Analytical methods

Since the samples were analysed for different parameters at
different phases of the experiment, the samples before
dewatering will be referred to as phase a); after dewatering
as phase b); and after biochemical ripening as phase c). The
water removed from the samples during dewatering was col-
lected in a tube for quantification by weighing. The moisture
content and organic matter content were calculated from the
oven dry weight of the samples (24 h at 105 °C) and the loss
on ignition (4 h at 550 °C) of the samples (ISO/TS 17892–
1:2014). Also O2 and CO2 in the BBs headspace were mea-
sured with gas chromatography (Shimadzu GC-2010) with a
thermal conductivity detector (TCD). For practical reasons,
this was done for all samples on the same day. Since not all
BBs started on the same day, the gas measurements are not
done on the same intervals for all the samples.

The pH of the S sample before dewatering was determined
directly since water content was above 70 % for all samples.
The pH of the C andM before ripening and S, C,M, S + C and
S + M after biochemical ripening was determined on an a 1:1
sediment/manure/compost: water suspension using a glass
electrode (Soil and Plant Analysis Council Inc. 1999).

The total N, P, and S were determined at the Chemical
Biological Soil Laboratory of Wageningen University and
Research Centre, The Netherlands. The samples were centri-
fuged to separate the solid fraction from the supernatant. The
supernatant was then filtrated and the colloid fraction collect-
ed in the filter was added to the solid fraction. One sub-sample
of the solid fraction was digested with the DigiPrep (aquaregia
method, according to NEN-69,610) and analysed with a
Thermo (type iCAP) ICP-AES. Another sub-sample of the
solid fraction was used to analyse total N with a Leco C/N
analyser. The total P and total S of the liquid fraction were
analysed with a Varian ICP-AES and the total organic carbon
and total nitrogen were analysed with a Skalar Segmented
Flow Analyser (SFA).

The type of organic matter was characterised with the
Rock-Eval 6® method. The samples of 20 mg of sediments
are heated in pyrolysis and oxidation ovens at a heating rate of
25 °C min−1 of the Rock Eval 6® apparatus. The pyrolysis
occurs between 100 and 650 °C under an inert atmosphere of
N2. During the pyrolysis, the free hydrocarbons present in the
sample and the hydrocarbons released by the thermal cracking
of organic matter are detected by the Flame Ionisation
Detector. Simultaneously, the CO and CO2 released during

Table 1 Estimation of load
applied on the soil by cattle and
tractors

Mass
(kg)

Surface area
(m2)

Number of hoofs
or wheels

Load [kPa per
(paw or wheel)]

Cattle 600 0.01 4 147

Tractor front 2900 0.12 2 118

Tractor rear 6000 0.24 2 123

Fig. 2 Total Carbon of samples
as sum of MINC – Mineral
Carbon, RC – Residual Carbon,
and PC – Pyrolysable Carbon; a)
before dewatering, and c) after
biochemical ripening. TOC –
Total Organic Carbon is the sum
of RC and PC

570 J Soils Sediments (2017) 17:567–577



thermal cracking of oxygen-bearing organic compounds are
measured by Infrared detectors. The measurement of CO is
conducted up to 570 °C to avoid interference from the release
of inorganic CO at higher temperatures. The measurement of
CO2 is conducted up to 400 °C to avoid interference from the
release of inorganic CO2 at higher temperatures. Following
the pyrolysis stage, the sample is transferred to the oxidation
oven and heated from 400 to 850 °C in air, incinerating all the
residual organic carbon. The CO and CO2 released during
combustion of residual organic carbon are measured by online
Infrared detectors. The HI (Hydrogen Index) is an indicative
value for the amount of hydrocarbons released by thermal
cracking of organic matter per gramme of TOC (Total

Organic Carbon), and the OIRE6 (Oxygen Index) is an indic-
ative value for the amount of CO2 and CO by thermal cracking
of oxygen-bearing organic compounds per gramme of TOC
(Electronic Supplementary Material, Table S1). Changes in
the HI and OIRE6 are analysed to evaluate a transition in the
type of organic matter. Rock-Eval 6® analyses were per-
formed at Deltares, the Netherlands.

Aggregate stability was determined according to the meth-
od described by Kemper and Rosenau (1986) for wet aggre-
gate stability determination. This method measures the break-
down of aggregates upon rapid wetting (slaking) and the sub-
sequent breakdown of aggregates due to the mechanical siev-
ing action. The wet sieving apparatus from Eijkelkamp was
used for the mechanical sieving. The aggregate stability index
goes from 0 to 1, where 1 is very stable and 0 is absence of
aggregates (Kemper and Rosenau 1986).

The undrained shear strength was determined with the fall
cone method of the biochemically ripened samples, following
the procedure described in the ISO/TS 17892–6:2004. The
measured undrained shear strengths were used to calculate
the bearing capacity in order to evaluate whether the soil is
accessible for cattle and tractors. The bearing capacity (q) of
the soil is calculated according to the method described e.g. in
Terzaghi et al. (1996):

q ¼ scdccuNc þ sqdqγDNq þ sγ0:5γBNγ ð3Þ

in which q is the bearing capacity in [kPa], cu is the un-
drained shear strength in [kPa], γ is the bulk unit weight of the
soil in [kN m−3], D is the depth at which the load is applied
below surface level in [m], B, is the width of the load surface
in [m] assuming an infinitely long strip footing, Nc, Nq and Nγ

are so-called bearing capacity factors, which are related the
friction angle of the soil, sc, sq. and sγ are shape factors which
are used to correct for the shape of the surface on which the
load is applied, dc and dq are depth factors which need to be
taken into account when the load is applied below surface
level. Considering that the load of cattle or tractors is applied

Fig. 3 HI and OIRE6 a) before
dewatering and c) after
biochemical ripening

Fig. 4 A) O2 consumption, and B) CO2 production during biochemical
ripening per gramme of TOC
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at surface level and only for a short period of time at the same
location, D = 0 m, Nγ = 0, Nq = 1 and Nc = 5.14 (Barnes
2000), the equation above can be simplified to:

q ¼ 1þ Nq

Nc

� �
cuNc ¼ 6:14cu ð4Þ

In this empirical approach the soil is presumed to be infi-
nitely stiff and homogeneous in both horizontal and vertical
directions, which are considered to be valid presumptions
when the load is applied in the open field. In case a tractor
or cow is standing close to a ditch the bearing capacity may be
significantly lower and that scenario was not considered in
this study.

The load applied by cattle on the soil was calculated con-
sidering an average weight of 600 kg, and considering that the
weight is evenly distributed by the 4 hoofs with a surface area
of 0.01 m2 each. For tractors, it was considered an average
weight of 2900 kg per front wheel and an average weight of
6000 kg per rear wheel (Table 1).

3 Results

In all samples the Total Organic Carbon, TOC (RC + PC),
represents more than 70 % of the Total Carbon, TC (TOC +
MINC), for all samples, both before dewatering (a) and after

biochemical ripening (c) (Fig. 2). The TOC of S + Ca) and S +
Ma) is approximately 2 times the TOC of Sa), as desired with
the mixtures. During biochemical ripening, the decrease in
TOC was 26 % for S + C, 10 % for S + M, and 25 % for S.
The decrease in MINC was 39 % for S + C, 42 % for S + M,
and 51 % for S (Fig. 2). The estimated TOC for S + Cc) from
Sc) and Cc) (using Eq. (1)) is 6 % higher than the measured and
the estimated TOC for S + Mc) from Sc) and Mc) (using
Eq. (2)) is 9 % smaller than the measured.

During biochemical ripening, PC decreased 28% for S + C
and 5 % for S + M which is less than the 31 % decrease for S
(Fig. 2). RC decreased 25 % for S + C and 12 % for S + M
while S had a decrease of 23 % (Fig. 2). The estimated PC for
S + Cc) from Sc) and Cc) (using Eq. (1)) was similar to the
measured, and the estimated PC for S + Mc) from Sc) and Mc)

(using Eq. (2)) is 28 % smaller than the measured. The esti-
mated RC for S + Cc) from Sc) and Cc) (using Eq. (1)) was 9 %
higher than the measured and the estimated RC for S + Mc)

from Sc) and Mc) (using Eq. (2)) was 2 % higher than the
measured.

The type of organic matter by Rock Eval analysis showed
before dewatering, S + Ca) and S +Ma) had similar HI and S +
Ca) had higher OIRE6 than S + Ma). After biochemical ripen-
ing, S + C had 1 % increase in HI and 20% decrease in OIRE6,
and S + M had 46 % increase in HI and 25 % decrease in
OIRE6, while S had 16 % increase in HI and 12 % decrease in
OIRE6. Therefore, S + C, S +M and S all had an increase in HI

Table 2 Carbon mass balance
based on nutrients analysis and
gas phase measurements during
biochemical ripening. TCa-Total
Carbon before dewatering; TCc -
Total Carbon after biochemical
ripening; TCa-c - Total Carbon
released to the atmosphere during
biochemical ripening

Sample TCa

(mgC g−1OM)
TCc

(mgC g−1OM)
TCa-c

(mgC g−1OM)
|(TCa-TCc-TCa-c)
/TCa|*100

S 639.67 624.44 19.91 0.7 %

C 488.43 490.78 20.89 4.8 %

M 464.04 449.58 15.95 0.3 %

S + C 545.57 445.55 26.19 14 %

S + M 582.86 507.49 30.25 8 %

Fig. 5 Organic matter content (%
dry weight) a) before dewatering;
b) after dewatering; and c) after
biochemical ripening
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and a decrease in OIRE6. The control C had a decrease in HI
and decrease in OIRE6. The control M had a decrease in HI and
increase in OIRE6 and Ma) was the sample with the highest HI
and lowest OIRE6 (Fig. 3).

TheHI of S +Cc) was 4% smaller than the estimated from Sc)
and Cc) (using Eq. (1)) while the HI for S +Mc) was 30% higher
than the estimated from Sc) and Mc) (using Eq. (2)). The OIRE6
for S + Cc) and S +Mc) was 19% and 16% smaller, respectively,
than the estimated from the individual parts Sc), Cc) and Mc).

The TOC content before dewatering was used to normalise
the results of CO2 production and O2 consumption during
biochemical ripening (Fig. 4). The results in Fig. 4 confirm
that there was microbial activity in the BBs and consistently
show a higher CO2 production than O2 consumption. The
mixtures S + C and S + M result in higher CO2 production
and O2 consumption per gramme of TOC than the observed
for the controls S, C and M. The mixture S + M had higher
total CO2 production and O2 consumption per gramme of
TOC than the mixture S + C. The O2 consumption of S + C
and S + M was similar until 15 days and after that S + M had
higher O2 consumption than S + C (Fig. 4). The molar ratio
[CO2]:[O2] was almost constant with time for C and M, and
increased slightly with time for S, S + C and S +M (Electronic
Supplementary Material, Fig. S1).

The carbon mass balance (Table 2) has a gap of less than
8 % for S, C, M and S + M and a gap of 14 % for S + C. The
carbon mass balance is not completely closed probably due to
leakages in the BBs, i.e., the carbon released to the atmosphere
during biochemical ripening was higher than the measured,
and due to transport of atmospheric air to the BBs when sam-
pling (invasive sampling method).

Despite the decrease in TOC observed with the Rock-Eval
method (Fig. 2), the organic matter content determined by loss
on ignition did not show a significant change during
dewatering and biochemical ripening (Fig. 5). The standard

Table 3 Total Nitrogen (TN), Total Phosphorus (TP), Total Sulphur
(TS), and pH, a) before dewatering; and c) after biochemical ripening

Sample TN (mg g−1OM) TP (mg g−1OM) TS (mg g−1OM) pH

S a) 40.47 15.08 63.34 7.16

S c) 55.59 14.87 60.28 7.40

C a) 35.69 7.15 4.99 8.43

C c) 37.34 7.46 5.18 8.26

M a) 40.88 26.31 9.05 8.64

M c) 44.96 25.59 8.81 8.33

S + C a) 36.07 9.45 24.69 n.a.

S + C c) 29.65 9.01 26.07 7.48

S + M a) 43.11 26.68 29.42 n.a.

S + M c) 33.67 26.98 31.43 7.43

Fig. 6 A) Water removed from
the samples during dewatering in
relation to the total initial water
content of the samples; B) Water
content (% total weight) a) before
dewatering; b) after dewatering;
c) after biochemical ripening
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deviation of the organic matter content (Fig. 5) confirmed that
the replicates were homogeneous.

Analysis of nutrients and pH in Table 3 showed that Total
Nitrogen (TN) decreased 18 % for S + C and 22 % for S + M
even though TN did not significantly change for the control
samples S, C and M. For Total Phosphorus (TP) and Total
Sulphur (TS) all changes were less than 7 % (Table 3). The
pH (Table 3) did not significantly change during biochemical
ripening. The volume lost during dewatering was 34 ± 3 % for
S + C, 47 ± 4 % for S + M and 49 ± 3 % for S. All volume lost
was due to water removal since no significant decrease in
organic matter content was observed.

Dewatering showed that most water was removed from the
samples within the initial 48 h (Fig. 6A). S + C had less of its
total initial water content removed during dewatering than S
alone (Fig. 6A). This was in line with the lower water content
of C in relation to S (Fig. 6B).

From Fig. 6B, dewatering led to a significant loss of total
water for S, S + C, and S + M while during biochemical
ripening the water content did not significantly change for
any sample as the matric potential was set to 100 hPA. The
water content of C andMwas not removable with a suction of
100 hPa and therefore these samples were not submitted to
dewatering in the suction chambers.

The aggregate stability index of the fraction 2–4 mm is
slightly higher than the fraction 1–2 mm (Table 4). The addi-
tion of C andM to S resulted in significantly higher undrained
shear strength (Table 4) for S + C and S +M than for S. While
for S the undrained shear strength after dewatering and bio-
chemical ripening was not enough to sustain cattle or tractors
(Table 1), for S + C and S + M it was enough. The undrained
shear strength could not be determined for samples C and M
since these had no structure.

4 Discussion

The total organic carbon (TOC) represents more than 70 % of
the total carbon (TC) for all samples, both before dewatering
and after biochemical ripening. During biochemical ripening,
the TC decreased less for the mixtures S + C and S + M than
for the control S. Both fractions of TC, TOC and MINeral
Carbon (MINC), decreased during biochemical ripening and
the correlation coefficient between the decrease in TOC and

the decrease inMINC is 0.56, indicating no strong correlation.
The discussion of the results focus on TOC not only because it
represents more than 70 % of the TC but also because this is
the most reactive fraction to environmental changes such as
temperature, moisture, oxygen levels, pH, and nutrients avail-
ability (Coleman et al. 2004). The objective of adding
Compost (C) or Manure (M) to Dredged sediments (S) was
to double the organic matter content of the sediments and the
TOC of S + Ca) and S + Ma) confirms that this was achieved.
The addition of compost to sediments results in higher de-
crease in TOC than the addition of manure (Electronic
Supplementary Material, Table S2), i.e., the addition of com-
post and manure have different effects on the behaviour of
sediments during biochemical ripening.

Regarding the RC and PC, the mixture S + C has similar
behaviour as S but the mixture S +M results in less decrease in
both RC and PC than S. Furthermore, RC decreased more for
S + C than the estimated from the controls, and PC decreased
less for S +M than the estimated from the controls (Electronic
Supplementary Material, Table S2). All samples had higher
RC (oxidizable organic carbon) than PC (pyrolysable hydro-
carbons), both before dewatering and after biochemical ripen-
ing. RC represents a more stable fraction of organic carbon
than PC.

Both S + C and S +M had an increase in HI and a decrease
in OIRE6 during biochemical ripening which indicates that the
mixtures resulted in the mineralization of organic matter. The
mixture S + C had smaller decrease in HI than S while S + M
had higher decrease in HI than S, which indicates that the
addition of M to S results in higher rate of mineralization
while the addition of C to S results in lower rate of minerali-
zation. Both S + C and S + M had higher decrease in OIRE6
than S which indicated that both the addition of C and M to S
result in higher rates of mineralization of oxygen-bearing
compounds (Electronic Supplementary Material, Table S2).

Also Ma) had the highest TOC and HI, and lowest OIRE6
content before dewatering, indicating that this was the sample
with highest content of easily degradable organic matter.
During biochemical ripening, M had the smallest decrease in
TOC, had a decrease in PC, was the only with an increase in
RC, and was the only sample with a decrease in HI and in-
crease in OIRE6, which indicates that humification occurred
for the control M.

The mixtures S + C and S + M resulted in higher CO2

production and O2 consumption per gramme of TOC than

Table 4 Aggregate stability
(gstable aggregates g

−1
dry matter) and

Undrained shear strength (kPa)
after biochemical ripening

Sample Aggregate stability Fraction 1–
2 mm

Aggregate stability Fraction 2–
4 mm

Undrained shear strength
(kPa)

S 0.97 0.99 84.3

S + C 0.97 0.99 235.9

S + M 0.93 0.96 266.2
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the controls S, C and M, i.e., there was a positive priming
effect. The mixture S + M had higher total CO2 production
and O2 consumption per gramme of TOC than the mixture
S + C, which goes in line with the higher decrease of HI for
S +M than S + C. Both mixtures resulted in higher decrease in
PC than could be expected from the emissions of the individ-
ual parts. The mixture S +M had significantly higher decrease
in PC than estimated from the individual parts. These results
are indicative of a positive priming effect, i.e., there is more
CO2 production and O2 consumption during the biochemical
ripening of the mixtures S + C and S + M than during the
biochemical ripening of the controls S, C, and M.
Furthermore, the HI increased much more for S + M than
estimated from the controls, and the OIRE6 decreased more
for S + C and S + M than estimated from the controls
(Electronic Supplementary Material, Table S2). Therefore,
the addition of M to S seems to enhance the increase in hy-
drocarbons and decrease in oxygen-bearing compounds
which is also indicative of a positive priming effect. Other
authors found that the magnitude and direction (positive or
negative) of the priming effect depend on the soil type, type
of organic matter added and also on the period over which
measurements are made (Zimmerman et al. 2011; Cely et al.
2014). The results of this research confirm the mixture S + M
results in more changes in the type of organic matter than the
mixture S + C. When transferring the sediments, compost and
manure to the experimental conditions, the equilibrium of the
organic matter of the three amendments is disturbed and trans-
formations occur until a new equilibrium is reached (Coleman
et al. 2004). Since the CO2 production and O2 consumption
did not achieve a constant rate, a longer experiment could give
more information.

The molar ratio [CO2]:[O2], also designed as respira-
tory quotient, ranged from 0.63 for S and M to 0.91 for
S + M, suggesting that aliphatic organic compounds,
amino acids, or refractory components containing rela-
tively little oxygen were predominantly mineralised
(Dilly 2001).

The determination of the organic matter content of the
samples using the loss on ignition (LOI) method did not show
a significant change during dewatering and biochemical rip-
ening. This was also observed in previous studies where bio-
chemical ripening of dredged sediments, with similar organic
matter content and particle size distribution, was performed
for longer periods (Oliveira et al., 2016). The standard devia-
tion of organic matter content determined by the LOI method
was used as a confirmation about the homogeneity among the
replicates.

Total nitrogen decreased 18 % for S + C and 22 % for S +M,
suggesting there was a positive priming effect for S + C and S +
M (Kuzyakov et al. 2000), i.e., the mixtures resulted in higher
decrease in TN than the controls. For TP and TS, the changes
were less than 7 % and therefore can be considered negligible.

The mixture S + M had higher CO2 production and
O2 consumption per gramme of organic matter than the
mixture S + C which can be related with the higher TN
and TP content, indicating the role that nutrients have in
microbial activity. This contradicts the hypothesis that
the priming effect is lower when nutrients availability
is higher (Fontaine et al. 2011).

Some previous studies with soils amended with swine ma-
nure found a positive priming effect (Bernal and Kirchmann
1992; Kotzerke et al. 2008; Angers et al. 2010). Even though,
a previous study with a loamy soil with 8 mgC/gsoil and 0.9
mgN/gsoil amended with swine manure with 263 mgC/g and
27.3 mgN/g, did not find a significant change in the CO2

dynamics between the control soil and the amended soil
(Dendooven et al. 1998), evidencing that different initial C
and N content result in different priming effects. Different
studies have shown that the addition of compost to soils, in-
cluding soils with organic contaminants, increases the rate of
C and N mineralization (Hupe et al. 1996; Borken et al. 2002;
Gandolfi et al. 2010). The results of this research confirm that
the impact of compost and manure is highly variable since it
depends on the type of the organic matter, nutrients content
and maturity of the material.

The volume lost during dewatering was 49 ± 3 % for S,
34 ± 3 % for S + C and 47 ± 4 % for S + M. All volume lost
was due to water removal since no significant decrease in
organic matter content was observed. From this result, we
can attribute the loss in volume to water loss and compaction
and not to organic matter oxidation as reported in a previous
study (Schothorst 1977).

Most water was removed within the initial 48 h. The
initial geotechnical water content of S was more than
350 % (mass of water per mass of dry sample) due to
the sampling method and the natural dewatering could
take several weeks (Vermeulen et al. 2003; Zentar et al.
2011). During biochemical ripening the water content did
not significantly change for any sample since a saturated
salt solution of KNO3 was used to keep the relative hu-
midity constant and to avoid condensation.

The aggregates formed during biochemical ripening are
very stable to water erosion. The fraction 2–4 mm has
slightly more stable aggregates than the fraction 1–
2 mm. An explanation for this is that soil aggregates pro-
tect occluded organic matter against degradation (van
Lützow et al. 2006; Chaplot and Cooper 2015).
Improvement of aggregate stability was confirmed when
repeated application of compost and manure to soil in-
creased the aggregate stability (Annabi et al. 2011).

The mixtures S + C and S + M resulted in an undrained
shear strength higher than S alone. While for S the undrained
shear strength after dewatering and biochemical ripening was
not enough to sustain cattle or tractors (Table 1), for S + C and
S + M it was enough. Therefore, the addition of C and M
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might also decrease the period between spreading the sedi-
ments and re-using the land.

5 Conclusions

Most volume lost during ripening can be attributed to the
loss of water and not to the loss of organic matter, indi-
cating that spreading sediments, compost and manure to
agriculture soils is a suitable approach to reverse the pro-
cess of land subsidence. The results of this research con-
firm that the impact of compost and manure on the ripen-
ing of dredged sediments is highly variable since it de-
pends on the type of the organic matter, nutrients content
and maturity of the material. The results for the control
manure indicate a humification of the organic matter, with
transformation of the organic matter into amorphous hu-
mic compounds, while the results for all other samples
indicate a mineralization of the organic matter, with trans-
formation of organic matter into inorganic compounds.
The results indicate that more changes in the type of or-
ganic matter occur when sediments are mixed with com-
post or manure fraction than it could be expected from the
changes in the individual parts, which indicated a positive prim-
ing effect. Since the CO2 production and O2 consumption were
still ongoing, a longer duration of the biochemical ripening ex-
periment could givemore information about the long term effect
of adding compost or manure to sediments. Using suction to
dewater the samples, most dewatering occurs within the first
48 h which allows for short term experiments on a lab scale.
After biochemical ripening, the control sample of sediments and
the mixtures of sediments and compost or manure are very
resistant to water erosion which is indicated by the high aggre-
gate stability of the samples. The mixtures resulted in and un-
drained shear strength 3 times higher than the measured for the
control S which is an important improvement compared to the
regular spreading of sediments on land and reduces the time
between application of sediments and re-use of the land.
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