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A B S T R A C T   

Building up the organic matter content of coarse-textured soils with organic amendments seeks to ameliorate the 
productivity of these soils, which is limited by plant available water and nutrient supply. Wood fibre-based 
sludges from the pulp and paper industry have potential for soil conditioning. In this study, the effects of 
three different pulp and paper mill sludges at application rates of 10 and 20 vol-% on water retention, respi-
ration, and nitrogen (N) dynamics were examined in a series of laboratory studies using coarse field soils. Water 
retention curves comprising 13 matric potentials revealed that the amendments increased total soil porosity and 
volumetric water content at matric potentials corresponding to macro- and mesopores size range with pore di-
ameters of >30 μm and 30–0.2 μm, respectively. Volumetric water content at field capacity increased by c. 
10–30%, depending on the type (fresh, lime-stabilised and fibre sludge) and application rate of the amendment, 
with no marked change in the water content at the permanent wilting point. This was reflected as a mean in-
crease of 1.9–3.3 mm in the plant available water content relative to the non-amended soils (17 mm), which 
corresponds to 19–33 m3 per hectare. At most, an increase of 5.5 mm (55 m3 ha− 1) in plant available water was 
achieved by the fibre sludge amendment at an application rate of 20 vol-%. During a 60-day laboratory incu-
bation, c. 30–40% of the carbon (C) added to soil in the sludge materials was respired as carbon dioxide. 
Additional N accelerated decomposition without increasing total respired C. Decomposition of the amendments 
in the soil led to a net N immobilisation of roughly 5–10 mg min-N g− 1 added C, which occurred mainly during 
the first two weeks after soil incorporation. Overall, pulp and paper mill sludge amendments may serve to 
alleviate water shortages during drought in coarse-textured soils, but may generate a transient plant-microbe 
competition in N uptake.   

1. Introduction 

Coarse-textured soils, namely loamy sands and sandy loams domi-
nated by the 0.05–2.0 mm textural fraction, are common in the northern 
parts of Europe (Ballabio et al., 2016). For example, in Finland nearly 
30% of cropland lies on coarse-textured soils (Heikkinen et al., 2013). 
Agricultural productivity on these soils is often constrained by low water 
and nutrient holding capacities. According to Salter and Williams 
(1965b), the mean available water capacity of sandy soils may be only a 
quarter of that in medium-textured soils and less than half the capacity 

in clay soils. Räty et al. (2021) recorded an average cation exchange 
capacity (CECpot, pH 7.0) of 14±4.3 cmol(+) kg− 1 in coarse soils, while 
the corresponding value in clays was 25±5.6 cmol(+) kg− 1. Conse-
quently, sandy soils tend to produce lower yields than fine-textured soils 
(e.g. Nyiraneza et al., 2012; Usowicz and Lipiec, 2017). 

Soil organic matter (SOM) can ameliorate the negative properties of 
coarse soils (Lal, 2020). These soils tend to be inherently relatively low 
in SOM, as the low production level limits organic inputs, and the low 
amount of soil fines limits the SOM protection capacity of the soil matrix 
(Burke et al., 1989; Hassink, 1997; Gross and Harrison, 2019). The 
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Contents lists available at ScienceDirect 

Geoderma 

journal homepage: www.elsevier.com/locate/geoderma 

https://doi.org/10.1016/j.geoderma.2023.116617 
Received 10 October 2022; Received in revised form 11 July 2023; Accepted 16 July 2023   

mailto:mari.raty@luke.fi
www.sciencedirect.com/science/journal/00167061
https://www.elsevier.com/locate/geoderma
https://doi.org/10.1016/j.geoderma.2023.116617
https://doi.org/10.1016/j.geoderma.2023.116617
https://doi.org/10.1016/j.geoderma.2023.116617
http://creativecommons.org/licenses/by/4.0/


Geoderma 438 (2023) 116617

2

application of external organic amendments, e.g. manures and various 
industrial wastes, provides a means to build up SOM content, increase 
plant available water storage and enhance nutrient supply (Diacono and 
Montemurro, 2010; Eden et al., 2017). In a recent meta-analysis, Min-
asny and McBratney (2018) showed the effect of an increase in soil 
organic carbon (SOC) on the amount of plant available water to be 
rather small, as a 1% mass increase in SOC increased the average soil 
available water capacity by 1.16 mm H2O 100 mm soil− 1. However, the 
effect of SOM on available water capacity is higher in coarse- than in 
medium- or fine-textured soils, and the lower the initial SOM content of 
the soil, the more pronounced the effect is (Libohova et al., 2018; 
Minasny and McBratney, 2018). As an extreme example, Wesseling et al. 
(2009) found an addition of 10 vol-% of peat in coarse sand mixtures 
intended for golf greens increased the amount of total available water by 
c. 140–430%. 

The effects of organic amendments on soil properties depend on the 
quality of the added material, meaning readily decomposable amend-
ments tend to exhibit an intense but short-lived effect, whereas the 
impact of more resistant materials tends to remain lower but last longer 
(Eden et al., 2017). Sludges formed in the wastewater treatment pro-
cesses of the pulp and paper industry reflect the composition of wood 
fibres and thus constitute a soil amendment material with potentially 
long-term effectiveness (Camberato et al., 2006). However, the char-
acteristics of these sludges vary greatly, depending on the source and 
process conditions (e.g. Rasa et al., 2021). Sludges can be categorised 
into three main types, of which deinking sludges (low nutrient and OM 
content) are generated during the recycling of used paper. Primary 
sludges are generated by the initial clarification of pulp and paper mill 
effluent while secondary sludges are undergone biological wastewater 
treatment processes (Turner et al., 2022). Nutrient-rich secondary 
sludges can serve as slow-release sources of nitrogen (N) and other nu-
trients, whereas the application of nutrient-poor primary sludges can 
lead to immobilisation of N over extended periods (Camberato et al., 
2006). The immobilisation may be biotic (N bound into microbial 
biomass) or abiotic (e.g. fixation or condensation), depending on the 
relative availabilities and forms of C and N (Cao et al., 2020). Conse-
quently, to avoid yield losses, fibre sludge-induced transient N limitation 
needs to be accounted for in the timing of planting and the rate of 
supplemental N fertilisation. 

In this study, the performance of three different pulp and paper mill 
sludge materials was investigated in coarse mineral soils in a laboratory 
study to enable the detection of minor effects difficult to discern in 
varied field conditions. The influences of sludge amendments on soil 
water retention were explored via water retention curves comprising 13 
matric potentials. The short-term stability of the products was assessed 
by measuring soil carbon dioxide (CO2) emission rates. In addition, 
changes in the soil readily available inorganic N pool were followed to 
evaluate the effects on N dynamics (immobilisation and/or mineralisa-
tion). We hypothesised that carbonaceous pulp and paper mill sludges 1) 
increase plant available water content and 2) induce transient N 
immobilisation in coarse mineral soils, and that 3) these effects are 
influenced by the composition of the amendment. The study builds 
knowledge about the potential to improve the fertility of coarse-textured 

soils through wood fibre-based amendments. 

2. Materials and methods 

2.1. Experimental soils 

This study was conducted with two coarse-textured soils collected 
from the plough layer (0–20 cm) of cultivated fields from eastern central 
Finland in the province of North Savo. One of the sites was located on 
the premises of Natural Resources Institute Finland (Luke) in Maaninka, 
Kuopio, and the other on a private farm in Siilinjärvi, later referred to as 
Soil 1 and Soil 2, respectively. Soil pH was about 6.0, and total C and N 
content within the range of 1.59–1.86% and 0.11–0.14% (Table 1), 
respectively. Soil 1 comprised 12.5% clay, 50.5% silt, and 37.0% sand, 
whereas the respective values were 10.5%, 31.0%, and 58.5% for Soil 2. 
Based on the USDA textural triangle, the soils were silt loam and sandy 
loam, respectively. The soils were classified as Dystric Arenosols ac-
cording to the World Reference Base for Soil Resources (IUSS Working 
Group WRB, 2015). The soils were homogenised, passed through a 15 
mm sieve and stored field-moist at +5 ◦C until a series of three 
controlled laboratory experiments was performed at the Natural Re-
sources Institute Finland, located in Jokioinen in southwestern Finland. 

2.2. Pulp and paper mill sludge materials 

The experiments included three types of sludge materials originating 
from the pulp and paper mill industry. These were: 1) lime-stabilised 
sludge produced by Fortum Waste Solution Oy, Kuopio, Finland 
(LPMS); 2) fresh and untreated sludge provided by Stora Enso Oyj, 
Varkaus, Finland (FPMS); and 3) fibre sludge produced by Soilfood Oy, 
Tampere, Finland, (FS; described in more detail in Rasa et al. (2021) 
with an identical designation). For the sludge materials, moisture and 
ash content were analysed gravimetrically at 105 and 550 ◦C respec-
tively (Table 2). Sludge pH and electrical conductivity (EC) were 
measured in a sludge-water suspension (1:5 v:v). Laboratory compacted 
bulk density (g cm− 3) was determined according to EN 13040. The total 
content of C was determined by dry combustion (Dumas method, Leco 
TruMac® CN), and that of N by the Kjeldahl method (Foss, Kjeltec 
8400). Water-soluble ammonium-N (NH4-N) and nitrate-N (NO3-N) 
were analysed from 1:60 water extracts with a continuous flow analyser 
(Skalar San++ System). 

2.3. Measurements of soil water holding capacity 

The effects of the addition of pulp and paper mill sludges on soil 
water retention characteristics on the two coarse-textured soils were 
studied using mixtures packed in metal cylinders with an average vol-
ume of 195 cm3 (height c. 4.8 cm, diameter c. 7.2 cm). The bottom part 
of the cylinder was closed with a thin cloth. Three application levels, 0, 
10, and 20 vol-%, were used, and each was conducted in four replicates 
with both soils. To determine the appropriate soil:sludge ratios for the 
mixtures prepared by weighing, test cylinders were packed with each 
pure component in 5–12 replicates. The mass in the cylinder was 

Table 1 
Particle-size distribution, pH, total carbon (C) and total nitrogen (N) content and carbon-to-nitrogen ratio (C:N) of the experimental soils. All analyses were carried out 
with air-dried, ground, and sieved (2 mm sieve) soil samples.   

pHa Total Cb Total Nb C/N Particle size distribution (μm)c 

< 2.0 2–6 6–20 20–60 60–200 200–600 > 600 

(%) Proportion (%) 

Soil 1  5.93  1.86  0.14  13.3  12.5  11.0  13.0  26.5  27.0  7.5  2.5 
Soil 2  5.99  1.59  0.11  14.5  10.5  4.0  6.5  20.5  53.5  4.0  1.0  

a Soil pH was measured in a soil-water suspension at a soil:solution ratio of 1:2.5 (v:v). 
b Total C and N were determined by the (Dumas) dry combustion method (Leco TruMac® CN). 
c Particle-size distribution was determined by a pipette method as described by Elonen (1971). 
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compacted at a pressure of 3432 Pa with simultaneous vibration pro-
duced by dropping a 2.2 kg weight five times from a height of 5 cm at a 
distance of 10 cm from the cylinder. Finally, the surface of the sample 
was finished to the upper level of the cylinder. Thereafter, each cylinder 
was weighed, and the bulk density (BD) was calculated by dividing the 
dry mass of the sample (the dry matter content of each component was 
determined gravimetrically by drying the samples in an oven at 105 ◦C 
overnight) by the volume of the cylinder. According to this packing test, 
separate sample portions for each cylinder were prepared in plastic bags, 
in which the components were mixed thoroughly, and thereafter poured 
into the cylinders and packed as described above. The soil-sludge 
mixture which was surplus relative to the cylinder volume was 
collected and weighed, to enable estimating the increase in soil volume 
induced by the amendments. As a quality control, in-house reference soil 
samples (clay-% 7, silt-% 19, sand-% 74) were included in the de-
terminations (1 reference sample per 6 samples) and they were pro-
cessed in the same manner as the non-amended samples. Based on the 
area of the cylinder, the application rates of 10 and 20 vol-% would at 
field scale correspond to approximately 20–60 fresh-t ha− 1, which 
covers the typical range of incorporation rates used in field experiments 
and practical cultivation. The rates applied depend on e.g. the type and 
properties of the sludge materials, soil characteristics and prevailing 
regulations. 

To determine the conventional soil water retention curve, i.e. the pF 
curve, matric potentials of − 0.1, − 0.3, − 3.2, − 6.3, − 10, − 13, − 20, –32, 
− 63, − 100, − 316, − 1,585, and − 39,811 kPa were applied. After each 
drying step, changes in the sample height and diameter were measured 
at six points per sample using a digital vernier calliper and at four points 
using a feeler gauge, respectively. At the starting point of − 0.1 kPa, the 
samples were saturated with (standing) tap water from the bottom to the 
top in a box with plastic foam at the bottom by adjusting the water level 
to the midpoint of the cylinder and equilibrating for 14 days. Thereafter, 
the free water level in the box was lowered to a level corresponding to a 
− 0.3 kPa matric potential, and the samples were allowed to equilibrate 
for 3 days. Soil water retention at matric potentials from − 3.2 to − 316 

kPa was determined with an overpressure method using pressure plate 
extractors (Soilmoisture Equipment Corp., USA), with equilibration 
times ranging from 3 to 21 days. At the matric potentials of − 1,585 and 
− 39,811 kPa, soil water retention was determined with a relative hu-
midity (i.e. vapour pressure) method, using saturated solutions of 
(NH4)2C2O4 and NaCl respectively. A 1.0 g air-dried and sieved (a 5-mm 
sieve) sample of soil or a soil-sludge mixture with four replicates was 
placed in the desiccator containing the appropriate saturated salt solu-
tion at the bottom. The samples were allowed to equilibrate for 21 days 
and after weighing, the samples were dried overnight in an oven at 
105 ◦C. 

Gravimetric water content was determined after each drying step by 
weighing the cylinder sample and subtracting the mass of the dry soil 
from the mass of the wet soil, and the mass of the dry soil was derived by 
drying the sample after the matric potential of − 316 kPa in an oven at 
105 ◦C for 3 days. The volumetric water content was obtained as the 
ratio of water volume to the wet soil volume at the given matric po-
tential value. The water content at two of the most negative matric 
potential values was converted into volumetric water content using the 
BD measured at − 316 kPa. The BD was calculated by dividing the mass 
of the oven-dried soil after − 316 kPa by the volume of the sample at the 
given matric potential. The field capacity (FC; at − 10 kPa), permanent 
wilting point (PWP; at − 1,585 kPa), total porosity (TP), drainable water 
(DW), readily plant available water (RPAW) and plant available water 
(PAW) were derived from the measured water retention values. The TP 
was estimated as the volumetric water content at − 0.1 kPa, i.e. at near- 
saturated conditions. According to e.g. Turunen et al. (2021), the DW, 
RPAW, and PAW was calculated as the difference of the volumetric 
water content between − 0.1 kPa and − 10 kPa, between − 10 kPa and 
− 316 kPa, and between − 10 kPa and − 1,585 kPa. The pore size ranges 
were divided into the macro-, meso- and micropores with equivalent 
pore diameters of around >30 μm, 30–0.2 μm, <0.2 μm, respectively, 
using the respective matric potential values of > − 10 kPa, − 10 to 
− 1585 kPa and < − 1585 kPa as the drainage boundary (e.g. Wallace 
et al., 2020). 

Soil particle density (PD) was determined with two replicates using a 
stoppered bottle pycnometer method. Briefly, a 10 g air-dried and sieved 
(a 5 mm sieve) sample was weighed in the pycnometer, and 20 ml of 
deionised water was added. The air was removed from the suspension by 
boiling for 15 min. After cooling to room temperature, the pycnometer 
was filled with boiled and cooled deionised water and then weighed. 

2.4. Measurements of soil respiration 

Microbial respiration was measured from Soil 1 amended with the 
three pulp and paper mill sludges at a 10 vol-% application rate to assess 
the stability of the materials and their effects on soil microbial activity. 
To ensure no limitation of the decomposition process due to N defi-
ciency, the FPMS and LPMS materials were also incubated with an 
additional 100 mg N kg− 1 of soil applied as an ammonium nitrate 
(NH4NO3) solution (Table 3). Because the FS had an extremely high C:N 
ratio, additional N levels of 200 and 400 mg N kg− 1 were used. All 
treatments were carried out in three replicates arranged in a completely 
randomised design in a constant temperature chamber at 20 ◦C. Soil 
moisture was kept between 40 and 60% from FC by adding deionised 
water according to weight loss. 

The experiment was established by weighing 100 g (as dry mass) of 
the sieved soil (a 15 mm sieve) into 150 ml plastic containers. Pulp and 
paper mill sludge additions were weighed according to their volume 
weights (as in the setup of water holding capacity) and mixed thor-
oughly in the soil. Additional N was applied as NH4NO3 solution. Each 
container was then placed in a gastight 2 l glass vessel with an open 
bottle containing 10 ml of 3.5 M NaOH to trap the emitted CO2. The CO2 
traps were renewed after 1, 3, 7, 11, 15, 31, and 63 days from the 
establishment of the experiment. The amount of entrapped CO2 was 
measured via titration of the NaOH solutions with 0.1 M HCl and 

Table 2 
Selected properties of the pulp and paper mill sludge materials used in the study. 
The values are means of three replicates ± standard deviation. Values presented 
without dispersion statistics have been determined from one bulked sample 
only. FPMS = fresh pulp and paper mill sludge, LPMS = lime-stabilised pulp and 
paper mill sludge, FS = fibre sludge, DW = dry weight.   

Unit FPMS LPMS FS 

Moisture (%) 53.8±0.3 66.2±0.8 66.1±0.3 
Ash (%, DW) 17.8±0.1 32.5±0.6 20.1±0.2 
pH  6.4±0.02 11.1±0.63 7.6±0.15 
EC (mS cm− 1) 1,103±81 2,487±564 91±3.4 
Volume weight (g cm− 3) 0.36 

±0.004 
0.59 
±0.002 

0.38 
±0.003 

Total C (g kg− 1 

DW) 
432±2 381±7 386±2 

Cellulose (g kg− 1 

DW) 
471 230 674 

Hemicellulose (g kg− 1 

DW) 
121 122 176 

Lignin (g kg− 1 

DW) 
284 227 62 

Lipophilic extractives (g kg− 1 

DW) 
17 64 20 

Hydrophilic 
extractives 

(g kg− 1 

DW) 
29 1.1 12 

Total N (g kg− 1 

DW) 
13.4±0.4 14.3±0.2 0.4±0.1 

C:N ratio  32.4±1.0 26.7±0.1 926±135 
NH4-N (g kg− 1 

DW) 
1.86±0.05 0.64±0.12 nd 

NO3-N (g kg− 1 

DW) 
nd nd nd 

nd = not detected. 
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calculated as the difference between the mean HCl consumption of 
control traps placed in empty vessels and the traps from the treatment 
vessels. To discern C emitted due to the amendments, the corresponding 
background soil respiration measured from the non-amended soils was 
subtracted from the results. 

2.5. Measurements of nitrogen consumption 

To assess the consumption of N during decomposition, a set of con-
tainers constructed identically to those in the respiration experiment 
(Table 3) was incubated openly in a constant temperature chamber at 
20 ◦C in a completely randomised design. Soil moisture was kept be-
tween 40 and 60% from FC as in the respiration study. Three pots from 
each treatment were removed and frozen for later analysis after 0, 4, 20, 
48, and 60 days from establishing the experiment. Finally, inorganic N 
(NH4-N and NO3-N) was extracted from the entire soil content in each 
pot (100 g dry weight) with 250 ml of 1 M KCl, and the concentrations in 
the extracts were analysed with a Skalar San++ auto-analyser. The 
amounts of inherent NH4-N and NO3-N measured from the non-amended 
soils were subtracted from the results to discern the effects of the pulp 
and paper mill sludge treatments. 

2.6. Statistical analyses 

Statistical analyses were performed using ANOVA (the MIXED pro-
cedure of the SAS software 9.4.; SAS Institute Inc. Cary, NC, USA). The 
model for water retention characteristics was constructed using treat-
ment, soil, and treatment × soil interaction as fixed effects, while a 
replicate was used as a random effect. Some outliers were removed from 
the analysis when required. Mean daily CO2 emission and respiration 
rates and mineral N immobilisation/mineralisation rates were calcu-
lated using a model in which the treatment was considered a fixed, and 
the replicate a random, effect. The measurement periods were analysed 
separately. A logarithmic transformation was used if the assumption of 
the equality of variance was not valid. 

A 95% confidence interval, the standard deviation, or the standard 
error of the mean (SEM) are presented, depending on the situation. The 
SEM is not presented when the transformation was used. The Residual 
Maximum Likelihood (REML) estimation method and the Kenward- 
Roger approximation for degrees of freedom were used in all models. 
Pairwise comparisons of means were determined using Tukey–Kramer’s 
test with a significance level of 0.05. 

3. Results 

3.1. Effects of pulp and paper mill sludges on soil water retention 
characteristics 

Fig. 1 illustrates the relationship between volumetric water content 
and matric potential for the non-amended and sludge-amended coarse- 
textured soils. The soil water retention curves of the non-amended soils 
appeared to be rather similar despite the differences in particle-size 
distribution (Fig. 1). However, the differences in volumetric water 
content were mainly statistically significant (p < 0.05) over the whole 
range of the measured matric potentials. Except for the matric potentials 
from − 3.2 to − 6.3 kPa, Soil 1 retained more water than Soil 2 at a given 
matric potential by an average of 0.029 m3 m− 3 (0.006–0.047 m3 m− 3). 
The water retention characteristics of both studied soils were affected by 
the amendments of different pulp and paper mill sludges over the 
measured range. The relative impacts of the amendments on volumetric 
water content substantially diminished at low values of matric potentials 
from about − 1,600 to − 40,000 kPa, representing the range of micro-
pores (equivalent pore diameter <0.2 μm). Sludge applications tended 
to increase volumetric water content in both soils at matric potentials 
from − 0.1 to − 316 kPa, corresponding to macro- and mesopores size 
range with equivalent pore diameters of around >30 μm and 30–0.2 μm, 
respectively. However, the LPMS treatment at 20 vol-% gave no increase 
in volumetric water content between − 3.2 kPa and − 20 kPa in Soil 1. 
Similarly, between − 63 kPa and − 316 kPa, neither the FPMS (10 and 20 
vol-%) nor the FS treatment at 20 vol-% increased soil water retention in 
Soil 2. 

Initially, the non-amended Soil 1 retained 3 percentage points (7.8% 
as a relative change) more water at FC than the non-amended Soil 2 
(Fig. 1, Table 4). In Soil 2, the volumetric water content at FC was 
significantly affected by all sludge amendments, increasing propor-
tionately by 9.9–16% and 16–30% with an application rate of 10 and 20 
vol-% respectively. Following the application of the FPMS-20%, FS-10%, 
and FS-20% in Soil 1, water retention at FC showed statistically signif-
icant improvements of 9.7, 12, and 16%, respectively in relation to the 
non-amended soil. In practice, the volumetric water content at the PWP 
was unaffected by sludge amendments. However, there was a significant 
negative effect of FS-10% and FS-20% on water retention in Soil 1 and a 
positive effect of LPMS-20% in Soil 2, attributed to the small variability 
between replicate samples. 

Regarding the non-amended soils, changes in the diameter and 
height of repacked samples by shrinkage phenomenon between − 0.1 
kPa and − 316 kPa resulted in a total volume loss of 15% in Soil 1 and 
13% in Soil 2 (data not shown). Amending Soil 1 with pulp and paper 
mill sludges intensified the total volume loss by an average of 25% 
relative to the non-amended soil, while amendments had a lesser and 
partly inconsistent effect on shrinkage behaviour in Soil 2. The most 
distinct changes in vertical shrinkage occurred above − 3.2 kPa, whereas 
the changes in horizontal shrinkage were more evenly distributed, with 
decreasing matric potentials. There was a non-significant trend towards 
decreased PD following the sludge amendments, and a significant 
decrease was observed only for LPMS in both soils at an application rate 
of 20 vol-% (Table 4). Compared to the non-amended soils, all sludge 
amendments significantly decreased BD at a matric potential of − 0.1 
kPa. The TP, defined as volumetric water content in near-saturation 
condition (− 0.1 kPa), obtained for the non-amended Soil 1 was 6.8% 
higher than that of the non-amended Soil 2. The TP of the amended soils 
was always higher than that of the non-amended soils, and tended to 
increase with the sludge amendment, but significant increases were only 
recorded at the higher application rate (Table 4). 

The DW, RPAW, and PAW of the non-amended soils made up 32, 27, 
and 60% of the TP in Soil 1, and the respective proportions were 33, 32, 
and 61% for Soil 2 (Table 4). Compared with the non-amended soils, the 
sludge applications had little detectable positive effect on DW, repre-
senting easily drainable macropores with equivalent diameters of c. 

Table 3 
The pulp and paper mill sludge amendment treatments carried out in laboratory 
incubations. FPMS = fresh pulp and paper mill sludge, LPMS = lime-stabilised 
pulp and paper mill sludge and FS = fibre sludge, with an additional nitrogen (N) 
level of 0, 100, 200, and/or 400 mg N kg− 1 soil dry weight applied as ammonium 
nitrate (NH4NO3) solution.  

Sludge 
type 

Additional N 
(mg N kg− 1 soil 
dry weight) 

Treatment 
abbreviation 

Application rate (mg kg− 1 soil dry 
weight) 

Total 
C 

Total 
N 

Inorganic N 
(NH4-N +
NO3-N) 

FPMS 0 FPMS-0 7381 228 32 
FPMS 100 FPMS-100 7381 328 132 
LPMS 0 LPMS-0 7818 293 13 
LPMS 100 LPMS-100 7818 393 113 
FS 200 FS-200 5680 206 200 
FS 400 FS-400 5680 406 400  
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>30 μm, and a significant increase in DW was only seen for LPMS-20% 
in Soil 1, when the volumetric water content was not affected by the 
sludge amendment at − 10 kPa. Except for the increase in RPAW by 29% 
achieved following the FS-20% amendment, no other significant 

changes in RPAW, i.e. the amount of water held between − 10 kPa and 
− 316 kPa matric potentials, were noted for Soil 1. The beneficial effects 
of sludge amendments on RPAW were more pronounced in Soil 2, with a 
significant increase from 21 to 64%, and exceptionally, only FS-10% did 

Fig. 1. Changes in soil-water characteristics of two cultivated coarse-textured soils as a result of amendments of three different pulp and paper mill sludge types at 
application rates of a) 10 and b) 20 vol-%. Mean volumetric water content (m3 m− 3; n = 4) is presented as a function of matric potential (-kPa). Soil 1 (upper 
diagrams): 12.5% clay, 50.5% silt, and 37.0% sand. Soil 2 (lower diagrams): 10.5% clay, 31.0% silt, and 58.5% sand. FPMS = fresh pulp and paper mill sludge, LPMS 
= lime-stabilised pulp and paper mill sludge, and FS = fibre sludge. Error bars represent the standard error of the mean (SEM). The value of the SEM is the same for 
all treatments within matric potentials, and the bars are presented for the non-amended soils. Triangle symbols with the same colours along the x-axis denote that the 
volumetric water content of the sludge-amended soils differed statistically significantly (p < 0.05) from the non-amended soils in the specific matric potential. 

Table 4 
Mean particle density (PD; g cm− 3), bulk density (BD; g cm− 3) at − 0.1 kPa matric potential, total porosity (TP; m3 m− 3), volumetric water content at field capacity (FC; 
m3 m− 3) and permanent wilting point (PWP; m3 m− 3), drainable water (DW; m3 m− 3), readily plant available water (RPAW; m3 m− 3), and plant available water (PAW; 
m3 m− 3). Soil 1 = 12.5% clay, 50.5% silt and 37.0% sand, Soil 2 = 10.5% clay, 31.0% silt and 58.5% sand. FPMS = fresh pulp and paper mill sludge, LPMS = lime- 
stabilised pulp and paper mill sludge and FS = fibre sludge, with application rates of 10 and 20 vol-%. SEM = standard error of the mean. Statistically significant 
differences between treatments within columns are denoted with different letters (p < 0.05).  

Soil Treatment PD BD TP FC PWP DW RPAW PAW 

(g cm− 3) (m3 m− 3) 

1 Non-amended 2.71a 1.14a 0.59a 0.40a 0.05a 0.19a 0.16ab 0.35a  

FPMS-10% 2.71ab 1.04bc 0.61ab 0.43ab 0.05a 0.18a 0.16a 0.38ab  

FPMS-20% 2.66ab 0.95de 0.63bcd 0.44bc 0.05a 0.19a 0.16ab 0.39bc  

LPMS-10% 2.69ab 1.01c 0.62abc 0.43ab 0.05a 0.19a 0.16ab 0.38ab  

LPMS-20% 2.65b 0.92e 0.65d 0.40a 0.05a 0.25b 0.13a 0.35a  

FS-10% 2.70ab 1.06b 0.62abcd 0.45bc 0.04b 0.17a 0.19bc 0.41bc  

FS-20% 2.68ab 0.99 cd 0.65 cd 0.46c 0.04b 0.18a 0.21c 0.42c  

Average 2.68 1.02 0.62 0.43 0.05 0.19 0.17 0.38  

2 Non-amended 2.70a 1.24a 0.55a 0.37a 0.03ab 0.18a 0.18a 0.34a  

FPMS-10% 2.69a 1.16b 0.56ab 0.41b 0.04a 0.15ab 0.22b 0.37ab  

FPMS-20% 2.65ab 1.08 cd 0.59b 0.43b 0.04a 0.16ab 0.24b 0.39b  

LPMS-10% 2.68ab 1.15b 0.58ab 0.43b 0.03b 0.15ab 0.22b 0.40b  

LPMS-20% 2.62b 1.06d 0.60b 0.44b 0.04c 0.13b 0.22b 0.40b  

FS-10% 2.68ab 1.15b 0.58ab 0.41b 0.04ab 0.17ab 0.21ab 0.37ab  

FS-20% 2.67ab 1.12bc 0.64c 0.49c 0.04a 0.15ab 0.29c 0.45c  

Average 2.67 1.14 0.59 0.43 0.04 0.16 0.23 0.39  
SEM 0.011 0.009 0.007 0.007 0.001 0.010 0.007 0.007  

P values Treatment <0.001 <0.001 <0.001 <0.001 <0.001 0.037 <0.001 <0.001  
Soil 0.026 <0.001 <0.001 0.28 <0.001 <0.001 <0.001 0.099  
Treatment × Soil 0.94 0.046 0.038 <0.001 <0.001 <0.001 <0.001 <0.001  
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not differ from the non-amended soil. Amending experimental soils with 
different pulp and paper mill sludges increased their water retention 
relatively more at FC (-10 kPa) than at PWP (-1,585 kPa), tending to lead 
to a net gain of PAW, i.e. taken as the difference of the amount of water 
present between the upper (FC) and lower (PWP) limits of PAW. In 
relation to the average 0.35 m3 m− 3 of the non-amended soils, the sludge 
amendments increased PAW by 7.0 to 20% in Soil 1 (except for LPMS- 
20%) and by 10 to 33% in Soil 2. However, no significant differences 
were found in PAW between FPMS-10% and LPMS (10 and 20 vol-%) 
and the non-amended Soil 1, and FPMS-10% and FS-10% and the non- 
amended Soil 2. According to the pairwise statistical comparison be-
tween treatments, FS-20% led to the greatest increment in RPAW and 
PAW in both soils, mainly differing significantly from the FPMS and 
LPMS amendments. 

3.2. Respiration patterns and apparent decomposition rates 

The temporal pattern and total cumulative amount of CO2 emissions 
from pulp and paper mill sludge-amended soils were affected by the type 
of material (Fig. 2, Fig. 3, Table 5). The FPMS and LPMS materials 
exhibited the highest mean daily respiration rates during the first week 
of incubation, whereas in the FS treatments, the CO2 emissions peaked 
later, in the second week. In the first week of incubation, FPMS-0 and 
LPMS-0 amended soils respired 5.5 and 13% of their added C. The 
addition of N enhanced respiration, and after a week, FPMS-100 and 
LPMS-100 had lost 9.1 and 16% of the amount of added C respectively. 
The C respired from FS-200 and FS-400 during the first week was 
significantly less, corresponding to 2–3% of the added C. Though addi-
tional N increased mean daily respiration at the beginning of incubation 
for FPMS and LPMS, it had no influence on the total cumulative CO2 
emissions. Ultimately, the total amount of C emitted corresponded to 
nearly 30% of the C introduced within the FPMS and FS materials. In the 
LPMS, this value was significantly higher, nearly 40%. CO2 production 
from the non-amended control soil remained constant throughout the 
incubation period (Fig. 2). 

3.3. Consumption of soil N reserves 

In all the pulp and paper mill sludge treatments, decomposition 
bound readily available inorganic N (negative net change in NH4-N +
NO3-N) in soil (Fig. 4a, Table 5). The concentrations of NH4-N decreased 
throughout the study in all treatments (Fig. 4b). For NO3-N, the con-
centrations decreased during the first third of the incubation in all but 
the FS-400, but thereafter turned to a slight increase, except for the FS- 
400, again showing an opposite trend to the other treatments (Fig. 4c). 

In FPMS and LPMS, additional N significantly boosted decomposition 
during the first third of the study and doubled the mean daily immobi-
lisation rates (Table 5). In the FS, this effect was not significant. During 
the latter period of the study, the biological activity slowed in all the 
treatments, and except for the FS-400, this was accompanied by a major 
decrease in N consumption. In FPMS-100, some mineralisation of N was 
observed during the last 40 days of the study. Overall, the total amount 
of N immobilised during the 60-day study period tended to be higher 
when a higher amount of N was available, even though a significant 
difference between the N levels was recorded only with FS. 

4. Discussion 

4.1. Pulp and paper mill sludge impacts on soil water holding capacity 

One of the most pronounced positive effects of pulp and paper mill 
sludges on soil physical properties is the decline in the BD of the sludge- 
amended soils (Zibilske et al., 2000; Foley and Cooperband, 2002; Price 
and Voroney, 2007). Also in the present study, the BD of the repacked 
coarse-textured soils was systematically reduced with an increased 
amendment rate. This was attributable to the lower BD of sludge ma-
terials in relation to the initial BD of mineral soils and interactions be-
tween soil and the sludges creating new inter-particle pores (Wallace 
et al., 2020). In general, decreased BD following sludge amendments has 
been linked to increased TP and further to improved water retention 
properties (Foley and Cooperband, 2002). In the current study, the TP 
values of the studied non-amended soils were relatively high, but the 
results were in line with earlier published values by Turunen et al. 
(2021) for similarly packed coarse sand and fine clay loam soils. Despite 
the increasing trend in TP with the application rate, the response of 
amendments on water retention properties at the measured matric po-
tentials partly differed between the sludge and soil type and the 
amendment rate. As for the DW, RPAW and PAW, the extent of the 
sludges’ effectiveness was not significantly rate-related (except for FS in 
RPAW and PAW in Soil 2). Rasa et al. (2018) noted that biochar 
amendment modified soil moisture characteristics via direct (biochar 
internal pore system) and indirect (inc. soil structural changes, e.g. 
aggregate formation) mechanisms. Wallace et al. (2020) found that 
greater mesoporosity was produced with decreasing particle size of 
municipal compost. Also in the current study, the differences in the 
physical and chemical characteristics of sludges, including the differ-
ences in fiber length and/or particle size distribution, might have 
affected the soil-sludge interaction, and therefore the arrangement of 
particles and pore size distribution. Furthermore, the different responses 
to the amendments may be attributed to their decomposability and the 

Fig 2. Cumulative CO2-C (mg g− 1 soil) 
emissions during a 63-day incubation from 
non-amended soil and from soils amended 
with three different pulp and paper mill 
sludges with or without additional nitrogen 
(N). Error bars represent the standard de-
viations (n = 3). Non-amended and amen-
ded soil = Soil 1 (12.5% clay, 50.5% silt, 
and 37.0% sand), FPMS = fresh pulp and 
paper mill sludge, LPMS = lime-stabilised 
pulp and paper mill sludge, and FS = fibre 
sludge, with an additional N level of 0, 100, 
200, and/or 400 mg N kg− 1 applied as 
ammonium nitrate (NH4NO3) solution.   
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partial decomposition of sludge material during the relatively long 
determination period of the soil water retention curve (about 100 days), 
which was also demonstrated as respiration losses from added C in the 
present study. 

In general, the soil water retention curves (i.e. pF curve) for the 
studied silt loam and sandy loam soils followed the course of the curves 
commonly described for medium- to coarse-textured soils. The amount 

of soil water retained at a given matric potential depends on pore size 
distribution and pore geometry and volume, and soil textural and 
structural (e.g. BD) properties are therefore the key factors determining 
soil water retention characteristics. Sandy soils retain less water than 
clayey soils at the same matric potential, and correspondingly, the 
binding strength increases with increasing clay content at the same 
water content. Compared to fine-textured soils, coarse-textured soils 
release more (relatively weakly bound) water in the less negative matric 
potential range up to about − 6.3 kPa (<pF 1.8) and retain less water in 
the more negative range (>pF 4.2; − 1,500 kPa) unavailable for water 
uptake by roots. Consequently, the curves for coarse-textured soils are 
typically characterised by an initially steep slope, which levels sharply 
close to the x-axis (Ehlers and Goss, 2003; Hillel, 2003; Blume et al., 
2016). Amending the studied coarse-textured agricultural soils with 
different pulp and paper mill sludges tended to increase their water 
retention over the measured matric potentials, especially increasing the 
amount of water hold over a wide pore size range from macro- to mes-
opores. In some treatments, more water was also retained at the PWP, 
which may be explained by the minor variability between replicate 
measurements, as well as by the development of fine pores (Foley and 
Cooperband, 2002) and increases in a soil’s surface area (Minasny and 
McBratney, 2018), along with additions of OM to coarse-textured soils. 
However, water retention improved significantly more at FC than at 
PWP, leading to a net gain of PAW, representing water which can be 
extracted by plant roots. 

The amount of PAW for the studied packed soils was close to the 
mean value of 0.33 m3 m− 3 (range 0.18–0.55 m3 m− 3) reported for the 
5–10 cm uppermost soil layer of afforested arable land sites in western 
Finland (Wall and Heiskanen, 2003). In the study by Wall and Heiskanen 
(2003), PAW increased significantly with an increasing OM content and 
decreasing BD, being higher in mull soils (OM 15–40%) than in mineral 
soils (OM <15%) in the soil profile to a depth of 40 cm. In their review of 
the soil survey database, Rawls et al. (2003) concluded that at low initial 
SOC content, an increase in SOM content resulted in an increase in water 
retention in sandy soils, whereas an opposite trend was seen in fine- 
textured soils. At high initial SOC values, all soil types showed an 
improvement in water retention, although the greatest benefit was 
attained in sandy and silty soils. However, for noncalcareous soils, 
Bagnall et al.’s (2022) pedotransfer functions showed that the absolute 

Fig 3. Mean daily CO2 emission rates (mg 
g− 1 added C/day) from soils (Soil 1) 
amended with three different pulp and 
paper mill sludges with or without addi-
tional nitrogen (N). The mean daily values 
are calculated from total emissions 
collected during 7 consecutive measuring 
periods, varying from 1 to 32 days in 
length. The total duration of the study was 
63 days. The values are mean estimates (n 
= 3) with 95% confidence intervals. Sta-
tistically significant differences between 
treatments within measuring periods are 
denoted with different letters (p < 0.05). 
Soil 1 = 12.5% clay, 50.5% silt, and 
37.0% sand. FPMS = fresh pulp and paper 
mill sludge, LPMS = lime-stabilised pulp 
and paper mill sludge, and FS = fibre 
sludge, with an additional N level of 0, 
100, 200, and/or 400 mg N kg− 1 applied 
as ammonium nitrate (NH4NO3) solution.   

Table 5 
Daily respiration and mineral N (NH4-N + NO3-N) immobilisation/mineralisa-
tion rates calculated per added carbon (C) during the early and latter periods of 
laboratory incubation of three pulp and paper mill sludge materials in soil at 
different nitrogen (N) application levels, and the proportions of added C respired 
and amounts of mineral N immobilised throughout the study period (60–63 
days). Statistically significant differences between treatments within columns 
are denoted with different letters (p < 0.05). FPMS = fresh pulp and paper mill 
sludge, LPMS = lime-stabilised pulp and paper mill sludge, and FS = fibre 
sludge, with an additional N level of 0, 100, 200, and/or 400 mg N kg− 1 applied 
as ammonium nitrate (NH4NO3) solution.   

Mean respiration 
rate (mg CO2 g− 1 

added C/d) 

Proportion 
of added C 
emitted as 
CO2 (%) 

Mean net 
immobilisation 
(-)/mineralisation 
(+) rate (mg min-N 
g− 1 added C/d) 

Total 
change in 
soil min-N 
over the 
study (mg 
min-N g− 1 

added C)  Early 
period1 

Latter 
period1 

Early 
period1 

Latter 
period1 

FPMS- 
0 

28a 12ab 27a − 0.32a − 0.02ab − 7.1ab 

FPMS- 
100 

42b 7.1c 27a − 0.62b 0.03a − 11a 

LPMS- 
0 

53c 12ab 37b − 0.14c − 0.02ab − 3.7b 

LPMS- 
100 

64d 10ac 39b − 0.31a 0.00ab − 6.2b 

FS- 
200 

21ef 15b 28a − 0.32a − 0.10b − 11a 

FS- 
400 

25af 15b 30a − 0.37a − 0.35c − 21c  

1 Early period = 0–15 days for respiration and 0–20 days for immobilisation; 
latter period = 15–63 days for respiration and 20–60 days for immobilisation/ 
mineralisation. 
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effect of increasing SOC on PAW was greatest for fine-textured soils. As a 
source of SOC, for comparison, the effects of biochar amendments on soil 
water retention properties have been contradictory in recent Finnish 
laboratory and field plot scale experiments, depending on biochar and 
soil properties. Only minor or no clear impacts were detected in studies 
carried out using wastewater sludge chars and packed fine- and coarse- 
textured mineral soil samples (Turunen et al., 2021) or using the un-
disturbed samples collected from the control and forest residue biochar- 
treated plots on a clay soil field (Soinne et al., 2020), while Rasa et al. 
(2018) reported that willow biochar increased PAW by 17–32% in 
packed heavy clay soil samples in a laboratory study. With respect to 
paper mill sludge amendments, Foley and Cooperband (2002) investi-
gated the effects of repeated annual applications of different paper mill 
sludges (at a rate of about 22–78 dry Mg ha− 1) on water retention 
properties in sandy soils, finding a 15–45% increase in PAW following 
the second application. Due to the relatively fast microbial 

decomposition of pulp and paper mill sludges (Zibilske et al., 2000; 
Foley and Cooperband, 2002; Rasa et al., 2021; Heikkinen et al., 2021), 
as was confirmed by the present findings, annual or biennial reap-
plications may be required for the maintenance or increase of soil C and 
therefore to maintain the achieved favourable soil physical properties 
(Zibilske et al., 2000; Foley and Cooperband, 2002). Water retention 
characteristics obtained from undisturbed samples may substantially 
differ from that for disturbed samples, especially at low tensions (Salter 
and Williams, 1965a). In addition, the effects will likely change and 
diminish gradually along with the decomposition of sludge materials in 
the field conditions. However, the present results demonstrated that the 
sludge materials have potential to improve the water retention charac-
teristics of the coarse-textured soils and consequently, emphasizing need 
for further research and plot-scale field experiments. 

As a consequence of climate change, the tendency towards declining 
soil moisture conditions in most parts of Europe is expected. In northern 

Fig 4. Concentrations (mg kg− 1) of soil a) total 
mineral nitrogen (ammonium-N; NH4-N + nitrate-N; 
NO3-N), b) NH4-N, and c) NO3-N in non-amended 
soils and soils amended with three different pulp 
and paper mill sludges with or without additional N. 
The values are averages of three replicates with the 
standard deviations. Non-amended and amended soil 
= Soil 1 (12.5% clay, 50.5% silt, and 37.0% sand), 
FPMS = fresh pulp and paper mill sludge, LPMS =
lime-stabilised pulp and paper mill sludge, and FS =
fibre sludge, with an additional N level of 0, 100, 200, 
and/or 400 mg N kg− 1 applied as ammonium nitrate 
(NH4NO3) solution.   
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Europe, the strongest decline in near-surface soil moisture content is 
projected to occur in the spring, whereas it is anticipated that drying is 
fairly modest in the summer (Ruosteenoja et al., 2018). Despite yield 
losses of spring cereals caused by early summer droughts, the high 
regional and interannual variation in growing conditions and the un-
certainties of projections have slowed the transition of Finnish farmers 
from rainfed to irrigated agriculture (Peltonen-Sainio et al., 2021). In 
practice, the results derived from this empirical approach suggest that 
sludge-amended coarse-textured soils at application rates of 10 and 20 
vol-% may retain an average of 1.9 and 3.3 mm more PAW (except for 
LPMS at a 20 vol-% rate in Soil 1), in relation to about 17 mm in the non- 
amended soils, equating to 19–33 m3, which is stored in the 5 cm soil 
layer (cylinder height) on a hectare basis. These were associated with an 
average increase of 0.6 and 1.3 percentage points in SOC relative to the 
non-amended soils, respectively. In Soil 2, the FS amendment at an 
application rate of 20 vol-% produced the greatest improvement in PAW 
of 5.5 mm, equating to 55 m3 ha− 1. However, these estimates did not 
take into account the changes in soil volume due to the amendment-soil 
interaction (Wallace et al., 2020). In the present study, the increase in 
the amended soil volume averaged around 6 and 14% at the respective 
application rates of 10 and 20 vol-%, also leading to extended soil depth 
available for water retention. Based on the monthly average crop 
evapotranspiration (ET0) values of around 60–100 mm in east-central 
Finland during the summer months 1981–2020 (Pirinen et al. 2022), 
the sludge-induced increases in PAW correspond to an average ET0 
occurring over 1–2 days. These improvements in PAW with an addition 
of 1% (10 g kg− 1) SOC were greater than the average increases of 1.4 and 
1.9 mm 100 mm− 1 reported by Minasny and McBratney (2018) for fine- 
and coarse-textured soils respectively. More recently, the pedotransfer 
functions (for FC, the water content was measured at –33 kPa) devel-
oped by Bagnall et al. (2022) predicted larger average increases of 3.8 
and 2.7 mm 100 mm− 1 in PAW for fine- and coarse-textured soils, 
respectively, as a result of a management-induced increase of 1% in SOC 
in noncalcareous soils. A sludge-induced improvement in PAW might 
alleviate water shortages and help secure adequate water for root uptake 
during short-term droughts in spring and summer in boreal conditions. 
In an irrigated crop production system, paper mill sludges may reduce 
irrigation requirements (Foley and Cooperband, 2002) and also provide 
flexibility to irrigation schedule. 

4.2. Pulp and paper mill sludge decomposition and related N dynamics in 
soil 

The C released in respiration during the 2-month incubation of 
sludge-amended soils suggested generally similar decomposition pat-
terns for pulp and paper mill sludges as reported by Fierro et al. (2000) 
and Chantigny et al. (2000) for de-inking paper sludge. During the first 
week of incubation, the respiration rate was highest in soil amended 
with LPMS, in which the greatest amount of lipophilic and hydrophilic 
extractives was added to the soil (Table 2). Soluble and readily available 
C is mineralised at the first stage of added organic matter decomposi-
tion, whereas lignin, as the generally most recalcitrant component, is 
attacked at a later stage (Berg and Matzner, 1997). The results clearly 
showed that the initial relatively fast C mineralisation phase was fol-
lowed by slower mineralisation. 

An increase of labile organic matter, an easy source of energy and 
nutrients, stimulates the rapid growth of microorganisms (Fontaine 
et al., 2006) and results in the immobilisation of N within new cellular 
components (Cao et al., 2020). Additional N especially enhanced the fast 
mineralisation in LPMS and FPMS during the first two weeks, while N 
immobilisation also increased. Such an effect of N on decomposition and 
immobilisation is typical with easily degradable materials, whereas a 
significant amount of readily available N may inhibit enzyme produc-
tion, hampering the mineralisation of complex organic molecules like 
lignin (Berg and Matzner, 1997; Carreiro et al., 2000; Fog, 1988). In a 
field trial on a clay-textured soil, fungal indicator species associated with 

decomposition of lignin and cellulose were more abundant in the plots 
that received pulp and paper mill sludges three years before, indicating 
that part of the added OM decomposed slowly (Rasa et al., 2021). 
Furthermore, the slower mineralisation of the more recalcitrant C pools 
is C-limited and thus does not favour N immobilisation (Cao et al., 
2021). Consequently, in the FPMS- and LPMS-amended soils, the 
respiration and immobilisation rates decreased once the labile C was 
exhausted. Immobilised N can be released from decaying microbial 
biomass in the short term (Kumar and Goh, 2003), of which some 
indication was seen during the study’s latter period. Overall, additional 
N accelerated the decomposition of FPMS and LPMS materials but had 
no net effect on the end result, which is a quite typical finding (Fog, 
1988). Overall, the net N immobilisation amounted to roughly 5–10 mg 
min-N g− 1 added C and mainly occurred during the first two weeks after 
soil incorporation. To avoid plant–microbe competition in N uptake, 
supplemental N fertilisation or a sufficient safety period between sludge 
application and sowing can be recommended. 

According to Chantigny et al. (2000), the decomposition of de-inking 
paper sludge is slower because of the shortage of other nutrients when 
added in large amounts, but when the de-inking paper sludge is halved, 
the decomposition rate is enhanced. In the current study, the very low N 
content of the FS (Table 2) was compensated for with high additional N 
to avoid N limitation in decomposition. However, the results demon-
strated that the selected addition levels were significantly in excess, 
which, besides compositional differences, may explain the more even 
respiration rate pattern and somewhat higher total immobilisation in FS- 
400 than in the FPMS and LPMS treatments. As discussed earlier, excess 
N may depress microbial activity (e.g. Corre et al., 2007). As for 
immobilisation, abiotic processes favoured under N-enriched conditions 
(Cao et al., 2020) and microbial luxury uptake of N, meaning immobi-
lisation without a metabolic requirement, may have contributed to the 
high immobilisation values in the FS-400 (Fog, 1988; Yevdokimov et al., 
2005). In treatments that received additional N, decreases in soil inor-
ganic N occurred mainly in the NH4-N fraction, reflecting nitrification (i. 
e. oxidation of NH4

+ to NO3
–) and possibly the preference of soil microbes 

for NH4
+ over NO3

– (Geisseler et al., 2010). 

5. Conclusions 

Amending coarse mineral soils with pulp and paper mill sludges 
decreased soil bulk density, increased total porosity, and improved soil 
water retention properties. The amendments increased soil volumetric 
water content mainly in the range of macro- and mesopores (− 0.1 to 
− 316 kPa). The increase at field capacity (− 10 kPa) varied between 10 
and 30% compared to non-amended soil, depending on the application 
rate and characteristics of the sludge and receiving soil, while the effect 
on the volumetric water content at permanent wilting point (− 1585 
kPa) was marginal. Consequently, the sludge applications increased 
plant available water content by 7–33% compared to non-amended 
soils. 

In the decomposition of the sludges in soil, a fast and short C min-
eralisation phase was followed by slower mineralisation. The fast 
decomposition of labile organic matter was accompanied by net N 
immobilisation. During the 2-month study, the total C respired corre-
sponded to 30–40% of the amount of C added to the sludges, while the 
net N immobilisation amounted to roughly 5–10 mg min-N g− 1 of added 
C. Additional N accelerated decomposition but had no effect on the total 
cumulative CO2 emissions and significantly increased the net N immo-
bilisation rate only at an extreme N input. 

Pulp and paper mill sludge amendments improved the water reten-
tion capacity of coarse-textured soils and may be useful in overcoming 
water shortages during drought events. The short-term peak in net N 
immobilisation following sludge application needs to be considered to 
avoid adverse effects on plant growth due to N availability limitation. 
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