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ABSTRACT

Liming can counteract acidification in forest soils,

but the effects on soil C and N pools and fluxes over

long periods are less well understood. Replicated

plots in an acidic and N-rich 40-year-old Norway

spruce (Picea abies) forest in SW Sweden (Hasslöv)

were treated with 0, 3.45 and 8.75 Mg ha-1 of

dolomitic lime (D0, D2 and D3) in 1984. Between

1984 and 2016, soil organic C to 30 cm depth in-

creased by 28 Mg ha-1 (30% increase) in D0 and

decreased by 9 Mg ha-1 (9.4% decrease) in D3.

The change in D2 was not significant (+ 2 Mg ha-1).

Soil N pools changed proportionally to those in soil C

pools. The C and N changes occurred almost exclu-

sively in the top organic layer. Non-burrowing

earthworms responded positively to liming and

stimulated heterotrophic respiration in this layer in

both D2 and D3. Burrowing earthworms in D3 fur-

ther accelerated C and N turnover and loss of soil.

The high soil C and N loss at our relatively N-rich site

differs from studies of N-poor sites showing no C and

N loss. Earthworms need both high pH and N-rich

food to reach high abundance and biomass. This can

explain why liming of N-rich soils often results in

decreasing C and N pools, whereas liming of N-poor

soils with few earthworms will not show any change

in soil C and N. Extractable nitrate N was always

higher in D3 than in D2 and D0. After 6 years

(1990), potential nitrification was much higher in D3

(197 kg N ha-1) than in D0 (36 kg N ha-1), but this

difference decreased during the following years,

when also the unlimed organic layers showed high

nitrification potential. Our experiment finds that

high-dose liming of acidic N-rich forest soils pro-

duces an initial pulse of soil heterotrophic respira-

tion and increases in earthworm biomass, which

together cause long-term declines in soil C and N

pools.
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HIGHLIGHTS

� Forest liming counteracted soil C and N accu-

mulation during 32 years

� Liming and high soil N status favored earthworm

activity

� Burrowing earthworms promoted forest floor

decomposition

� Net nitrification responded faster in limed than

in unlimed plots

INTRODUCTION

Increasing atmospheric deposition of nitrogen (N),

sulfur (S) and protons (H+) affected many areas in

Europe and North America during the three dec-

ades following World War II and resulted in soil

acidification, nutrient imbalances in trees and for-

est decline (Schulze and others 1989; Ericsson and

others 1993; Linder 1995; Prietzel and others

2006). Forest soil acidification is often associated

with increased solubilization of inorganic Al and

decreased contents of Ca and Mg in the

exchangeable soil pool (Lundström and others

2003a). Forest decline symptoms were reported

from areas with ‘‘acid rain’’ in mountain regions in,

for example, the Czech Republic, Poland and Ger-

many (Ulrich and others 1979; Murach and Ulrich

1988; Kandler and Innes 1995). Also Swedish soils

turned out to be affected by soil acidification, and

reinvestigation of coniferous forest soils in south-

ern Sweden showed decreasing pH values of 0.3–

1.0 units between 1927 and 1982–1984 (Hall-

bäcken and Tamm 1986). Similar values were re-

corded for beech and other deciduous stands in

southern Sweden for the period from 1949 to 1984

(Falkengren-Grerup 1987; Falkengren-Grerup and

others 1987).

Addition of lime to reduce the acidity of forests

soils was frequently tested in Central and Western

Europe, where many trials were set up (Kreutzer

1995; Huber and others 2006a, b; Kunes and others

2007; Court and others 2018). A number of liming

experiments were also carried out in Norway,

Finland and Sweden, and between 1907 and 1986,

about 150 liming trials were initiated in these

countries (Staaf and others 1996). Tree growth of-

ten remained unchanged in limed spruce, pine and

fir stands (Hüttl and Zöttl 1993; Lundström and

others 2003a; Børja and Nilsen 2009, Ouimet and

Moore 2015). However, there were also examples

of increased growth after liming in productive

stands of Norway spruce in Sweden (Andersson

and others 1996), Douglas-fir, Pseudotsuga menziesii

(Mirb.) Franco, in Oregon and Washington

(Mainwaring and others 2014) and Masson pine,

Pinus massoniana Lamb. in China (Li and others

2014).

Forest liming often stimulates the activity of the

soil microbial community (Bååth and Arnebrant

1994, Persson and others 1995; Nilsson and others

2001) and population growth of earthworms

(Ammer and Makeschin 1994; Persson 2002; Chan

and Mead 2003). While C and N pools in the or-

ganic layer often decrease (Kreutzer 1995; Persson

and others 1995; Huber and others 2006a; Paradelo

and others 2015), at least one study shows in-

creased C and N pools after liming (Derome 1990).

Thus, the effect of liming may vary depending on

tree species, site fertility and geographical position.

Between 1984 and 1986, six new forest liming

experiments with four replicate plots per treatment

were set up in Sweden. These experiments covered

different climate (latitude 56�N–62�N), fertility

ranges and tree species (Norway spruce and Scots

pine, Pinus sylvestris L.) and were designed to an-

swer questions about tree growth, soil chemistry

and soil biological processes in relation to lime type

and dose (Bertills 1996). Before 1984, knowledge

of soil biological responses to forest liming was

limited, and soil biology therefore became a new

focus area in the experiments. Hasslöv in SW

Sweden had the highest S, N and H+ deposition

among these six experimental sites. This site was

selected for long-term studies as being a good rep-

resentative of N-rich sites in southern Sweden and

in having space enough (10 ha) for a large exper-

iment with even-aged trees.

The aim of this study was to determine the effects

of different doses of dolomitic lime on soil C and N

pools and soil C and N mineralization at Hasslöv

over 32 years. We hypothesized that the control

plots (without lime) would become increasingly

acidified through tree growth and acid deposition,

whereas small to moderate lime doses would

compensate for external acidification, and high

doses would increase pH even at deeper soil layers.

We further hypothesized that the soil C and N pools

in the unlimed plots would increase, because the

spruce stand was the first tree generation after a

Calluna heathland. Afforestation of heathlands in

NW Europe has often resulted in increased soil

organic matter (SOM) (Bárcena and others 2014).

This can depend on a combination of high N

availability, high tree production and low SOM

decomposition (Hyvönen and others 2008) as well

as low pH. We also hypothesized in these afforested

systems that liming would cause smaller increases
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in C and N pools than in unlimed plots, because of

an increased decomposition of SOM. Accelerated

decomposition of N-rich substrates by liming at

Hasslöv was also expected to increase net N min-

eralization and subsequent oxidation of ammo-

nium (NH4
+) to nitrite (NO2

-) by pH-sensitive

ammonium oxidizers, followed by oxidation to ni-

trate (NO3
-). Increased pH might also favor earth-

worms, both epigeic (living in the topsoil) and

burrowing species that increase vertical bioturba-

tion (for example, transport surface organic matter

to subsurface mineral soil) and stimulate C and N

mineralization. At the start of this long-term liming

experiment, we had no clear ideas of when differ-

ent processes would occur, but assumed that SOM

decomposition and net N mineralization rates

would increase in parallel with increased pH at the

different soil depths.

MATERIALS AND METHODS

Site Description

The study was conducted in the Hasslöv liming

experiment situated on the horst Hallandsåsen (56�
24¢ N, 13� 00¢ E, 190 m a.s.l.) about 10 km from the

coastline of the Laholm Bay in southwestern

Sweden (Figure 1). Annual mean temperature and

precipitation were 7.0�C and 1000 mm, respec-

tively, during the reference period of 1961–1990,

and 8.0�C and 1200 mm during the period of 2000–

2016 (SMHI 2017). Average bulk deposition in

1990–1995 was 51 mmol m-2 y-1 of SO4
-2 and

138 mmol m-2 y-1 of N (43% as NO3
-), corre-

sponding to about 16 kg S ha-1 y-1 and 19 kg N

ha-1 y-1, respectively (Lundström and others

2003a). Recent estimates for the region (2012–

2014) indicate much lower S deposition (4–

6 kg S ha-1 y-1) and slightly lower deposition of

inorganic N (14–16 kg N ha-1 y-1) (Karlsson and

others 2015).

The Hasslöv site is a former Calluna vulgaris (L.)

Hull heathland with scattered Vaccinium myrtillus L.,

Deschampsia flexuosa (L.) Trin., Juniperus communis

L., Betula spp. and various herbs. Calluna heath-

lands on glacial till in this area are mostly associ-

ated with podzolic soils, mor layer horizons of 5 cm

depth and pH values of about 4 in the mor layer,

but site-specific data were not available when the

site was planted with spruce seedlings.

In 1949, the site was planted with 4-year-old

seedlings of Norway spruce, and the stand was

considered as 40-year old at the start of the

experiment in 1984 (Table 1). Site fertility was

high for Swedish conditions and had an estimated

site index in 1994 of G34 [the mean height (m) of

the 100 largest spruce trees (by diameter) per ha at

Figure 1. Location and design of the liming experiment at Hasslöv showing all 40 m 9 40 m plots. The plot numbers and

treatments (see Table 2) used in the present study are shown. The grouping in blocks is based on similarities in tree basal

area and plot vicinity.
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an age of 100 years] (Elfving 2003). The stand was

thinned in 1979–1982 (before treatment), 1989

and 1997, when trees representing 20–25%, 15–

22% and 20–23% of the current basal area were

harvested, respectively. Logging residues (tops and

branches) were left on site. The final measurements

reported here were conducted immediately prior to

harvest and replanting of the site in 2016 and 2017.

The soil profile is classified as a Typic Haplorthod

(USDA 1999) and Haplic Podzol (FAO 1988). The O

horizon (about 5 cm thickness in 1984) from top to

bottom consists of a litter (Oi) layer, a layer with

intermediately decomposed organic matter (Oe)

and a layer with highly decomposed organic matter

(Oa), which we call L, F and H layers, respectively.

Because of high organic matter content in the up-

per 0–5 cm mineral soil, a typical E horizon could

not be clearly distinguished. Below the O horizon,

the horizon depths were: A/E 9 cm, Bhs 12 cm, Bs

18 cm and BC 15+ cm (Lundström et al. 2003b).

The soil was a sandy loamy till, and stoniness varied

between 27 and 42% to a depth of 20 cm according

to the rod penetration method developed by Viro

(1952). At the start of the experiment in 1984, soil

pH (H2O) was 4.15 in the FH layer, and 4.08, 4.15

and 4.27 in the 0–5, 5–10 and 10–20 cm mineral

soil layers, respectively. Base saturation (BS) cal-

culated as BS/CECpH7.0 *100 was 11.5% in the FH

layer, and 4.5%, 3.2% and 2.7% in the mineral soil

layers below.

Experimental Design

The field experiment was laid out in 1984 com-

prising 40 experimental plots divided into four

replicate blocks (one replicate per block), each

including ten treatments (Figure 1).

The experimental plots each had a size of

40 m 9 40 m (25 m 9 25 m sampled as net plots,

omitting 7.5 m buffers) that were treated once at

the start of the study (Bertills 1996). In the present

study, five of these treatments were selected,

namely control (D0), ground/crushed limestone

(Ca) and three doses of ground/crushed dolomite

(D1, D2 and D3) (Table 2). Some of the treatments

(D0, D2 and D3) have been prioritized in the pre-

sent study, whereas Ca and D1 have only been

included in studies of pH and inorganic N.

Soil Sampling

Samples for determination of soil C andNpoolswere

taken in June 1984 just before treatment. After

treatment, samples for C andNpools aswell as fluxes

(C and N mineralization) were taken in September

1984, October 1986, November 1990, September

2000, March 2007, April 2009 and October 2016.

Soil samples for determination of pH and concen-

trations of NH4
+ and NO3

- were taken more fre-

quently, especially during the initial 6 years.

Treatments, sample sizes and soil depths studied

varied between years. In 1984 and 2007, all five

treatments (D0, Ca, D1, D2 and D3) were sampled,

whereas only D0, D2 and D3 were sampled in 1990,

2000, 2009 and 2016. In general, 4–9 sample spots

per plot were selected inside each 25 m 9 25 m net

plot. From these spots, litter layer (L) and humus

layer (FH) samples were taken with a cylindrical

250-cm2metal frame. The mineral soil at 0–5 and 5–

10 cm depths was taken with a 10 cm 9 10 cm

metal frame starting from the bottom of the 250 cm2

hole. Themineral soil at 10–20 and 20–30 cmdepths

was sampled with a 15.9 cm2 cylindrical corer from

the bottom of the 10 cm 9 10 cm hole. Samples

from the same soil layer were pooled for each plot to

obtain mean values for each soil layer. In 2016, nine

samples per plot were taken using 10 cm 9 10 cm

frames for the L and FH layers and a 15.9 cm2 soil

corer for the 0–30 cmmineral soil. The estimates of C

and N soil pools in the mineral soil were reduced by

30% to compensate for stoniness.

Treatment of Soil Samples

Samples in plastic bags were transported in coolers

to the laboratory, where they were stored in field-

moist conditions at 4–5�C before analyses. Litter (L

Table 1. Stand Data Per ha (Mean of Four Plots Per Treatment) at the Start of the Hasslöv Experiment in
1984, Standing Volume 2016 and Total Volume Yield Including Thinning Removals 1984–2016. Data from Ulf
Johansson (pers. comm.)

Treatment Age in

1984 (years)

Stems

(no.)

Mean

diam. (cm)

Basal

area (m2)

Standing volume

in 1984 (m3)

Standing volume

in 2016 (m3)

D0 (control) 40 1500 15.9 29.4 223 631

D2 40 1572 15.7 30.0 231 665

D3 40 1536 16.0 31.2 242 605
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layer) samples were sorted by hand, and living

plant parts (mosses, grasses, herbs) and branches

greater than 5 mm diameter were removed

remaining litter (that is, needles, twigs, cones, moss

and bark-flake litter). Soil samples from the FH

layer were passed through a 5-mm mesh and

mineral soil through a 2-mm mesh. Stones, gravel

and coarse roots greater than 2 mm in diameter

were discarded, whereas fine roots (0–2 mm diam.)

were used for further analysis in 2016.

The litter and sieved soil material from each

sample was carefully mixed and divided into sub-

samples for analysis of total C and N concentra-

tions, inorganic N concentration, water-holding

capacity (WHC), C mineralization and net N min-

eralization. The analytical procedures for each of

the variables are described in Supplementary

Information on ‘‘Laboratory treatment’’.

Extrapolation to the Field

Extrapolation to the field was made by multiplying

estimates of C mineralization, net N mineralization

and net nitrification rates obtained in the labora-

tory at 15�C (expressed per g of C) by (1) the

amount of C per soil layer, (2) the number of days

per year (365), (3) a temperature-dependent factor

(FST) and (4) a moisture-dependent factor (FSM).

FST (Equation 1) was calculated for each soil layer

and month (Persson and others 2000) with input

data from measured and modeled soil temperature

(ST) and soil moisture (SM) at 10 cm depth at

Hasslöv. The response function for soil moisture

(FSM) was based on Seyferth (1998), who found a

linear relation between relative water content (x)

and C mineralization rate:

FST ¼ ST�STminð Þ2= Tref� Tminð Þ2 ð1Þ

FSM ¼ 0:8x þ 0:2 ð2Þ

where ST is the soil temperature in the field (�C),
STmin is the minimum temperature for C mineral-

ization (- 6.2�C), Tref is the laboratory incubation

temperature (15�C) and x is the fraction of opti-

mum soil moisture. Our laboratory condition of

60% WHC was considered as x = 1 in Equation 2

(optimum soil moisture) as well as the winter

moisture at Hasslöv corresponding to 68% water

content in the FH layer and 30% water content in

the upper mineral soil.

After integration for the whole year, the correc-

tion factor for converting the rates obtained in the

laboratory at 15�C to those in the field soil was

estimated to be 0.46 (Supplementary information,

Table S1). The same correction factor was used for

the whole soil profile and for both C and net N

mineralization.

Earthworm Effects

In addition to temperature and moisture, C and N

fluxes are also affected by earthworm activity. The

presence of earthworms stimulates C and N min-

eralization (Haimi and Huhta 1990; Edwards and

Bohlen 1996; Uvarov 2016), and extrapolation to

the field thus needs an estimate of the ‘‘earthworm

factor’’ to be complete. The mean abundance and

biomass of earthworms at Hasslöv during the per-

iod of 1984–2016 in the D0, D2 and D3 treatments

were estimated to be 37, 187 and 247 ind. m-2 and

0.24, 1.18 and 1.72 g dry wt m-2, respectively (T.

Persson, in prep.). The epigeic earthworms Den-

drobaena octaedra and Dendrodrilus rubidus made up

66 and 21% of the biomass. Burrowing earth-

worms (Lumbricus rubellus, L. terrestris, Aporrectodea

caliginosa and A. rosea) became abundant only

during the last two samplings. Therefore, D. octaedra

was selected for studies of the ‘‘earthworm factor’’

in microcosm studies.

A microcosm study with FH materials from

Hasslöv showed that the presence of a dense pop-

ulation of the earthworm D. octaedra (similar to that

in the D3 treatment during most of the experi-

mental period) increased respiration rate by 10%

and net N mineralization rate by 65% in compar-

Table 2. Treatments in the Hasslöv Experiment (Bertills 1996)

Addition Symbol Dose (kg ha-1) Grain size

Control (no amendment) D0 0 0

Limestone (CaCO3) Ca 1750 19% < 0.25 mm; 32% < 0.5 mm;

79% < 1 mm; 100% < 2 mm

Dolomitic lime [CaMg (CO3)2] D1 1550 50% < 0.15 mm; 70% < 0.3 mm; 98% < 1 mm

D2 3450

D3 8750

972 T. Persson and others



ison with earthworm-free microcosms (T. Persson,

in prep.). Based on the microcosm study and the

biomass estimates, the field estimates of respiration

and net N mineralization were increased by 10%

(respiration) and 65% (net N mineralization) for

D3, 7% and 44% for D2 and 1% and 9% for D0 in

comparison with the estimates lacking earthworms.

Data Treatment

Mean (± SE) soil concentrations, soil pools and soil

fluxes were estimated for each of the three treat-

ments (D0, D2 and D3), six soil depths (L, FH, 0–

5 cm, 5–10 cm, 10–20 cm and 20––30 cm) and five

occasions (1984, 1990, 2000, 2009 and 2016) with

blocks as replicates (n = 4). For some variables (pH

and inorganic N), the Ca and D1 treatments were

also included. The results of the different treat-

ments were compared for both individual years and

cumulative values over 32 years by means of AN-

OVA with blocks as replicate using the general

linear model (GLM) procedure in SAS for Windows

(version 9.1).

RESULTS

Soil pH

Addition of lime to the soil surface increased soil

pH, and the increase was dependent on the dose of

lime. Maximum pH(H2O) was reached between 4

and 10 years after lime addition in the FH layer

after which pH decreased in all treatments (Fig-

ure 2). In the 10–20 cm soil layer, pH in the D0 and

D2 treatments was 4.2 and 4.4, respectively, in year

5, and the difference of 0.2 pH units between these

treatments stayed relatively stable throughout the

experimental period. In the D3 treatment, pH in-

creased from 4.2 to 5.0 during the 32 experimental

years in the 10–20 cm soil layer. The pH effect in

the Ca and D1 treatments was slightly lower than

in D2, but lack of observations obscured the com-

parison with other treatments.

Soil C Pools

In June 1984, before the lime addition, the total C

pool was slightly higher in the plots that later re-

ceived the D2 treatment (Table 3; Figure 3A). No

change in C pools could be detected during the first

6 years, but between 1990 and 2000 the amount of

C increased in the D0 treatment, and the increase

continued until 2016 (after 32 years). At that time,

the C pool had significantly increased by 2.8

(SE = 0.37) kg C m-2 since the start of the exper-

iment (Figure 3A; Table 3). The corresponding

95% confidence interval (c.i.) of the increase was

1.6–4.0 kg C m-2 or 16–40 Mg C ha-1. No change

over time in C pools could be detected in the D2

treatment, whereas a tendency of decline in C

pools was found in the D3 treatment.

The decline in D3 depended on a strong reduc-

tion in C in the LFH layer (Figure 3B). This decline

was partly counteracted by an increase of 0.6 kg C

m-2 (P < 0.05) in the 10–30 cm soil layers (Ta-

ble 3). The decline in D3 differed between plots

where both burrowing and non-burrowing earth-

worms were present (D3+, n = 3) and where only

non-burrowing earthworms were present (D3-,

n = 1) (Figure 3B).

The 32-year increase in total C to 30 cm depth

was significantly higher (P < 0.01) in D0 than in

both D2 and D3. No statistical difference in total C

was found between D2 and D3 (P = 0.08). In the

organic LFH layer, the C pool increased signifi-

cantly more (P < 0.001) in the D0 treatment than

in D2 and D3, and the increase in D2 was signifi-

cantly higher (P < 0.01) than in D3, where the C

pool decreased over the 32-year period. When the

plots containing burrowing + non-burrowing

(n = 3) and non-burrowing (n = 1) earthworms

were compared, the D3 plots with burrowing

earthworms showed a marked loss of C, whereas

the D3 plot with only non-burrowing earthworms

had similar C as D2 (Figure 3B).

Figure 2. Mean soil pH (± SE) in the FH and 10–20 cm

soil layers and different treatments (D0 = control,

Ca = 1750 kg CaCO3 ha-1, D1 = 1550 kg dolomite

ha-1, D2 = 3450 kg dolomite ha-1, D3 = 8750 kg

dolomite ha-1).
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Soil N Pools

Mean soil N pool to a depth of 30 cm increased

from 0.46 to 0.57 kg m-2 in the D0 treatment

during the experimental period, whereas changes

in D2 (0.48–0.50 kg m-2) and D3 (0.47–

0.44 kg m-2) were less pronounced (Table 4; Fig-

ure 3C). The increase in total soil N was, on aver-

age, 35 ± 5 (mean ± SE) or 18–51 (95% c.i.)

kg ha-1 y-1 in D0 during the experimental period.

The corresponding figures were 7 ± 8 (mean ±

SE) for D2 and - 10 ± 6 kg N ha-1 y-1 for D3.

Only D0 showed a significant increase, and this

increase was higher than that in D2 (P < 0.05) and

D3 (P < 0.01). No significant difference in total soil

N was found between D2 and D3 (P = 0.09).

In the organic LFH layer, the soil N pool in D0

showed a significantly higher increase than in D2

(P < 0.01) and the three plots in D3 with bur-

rowing earthworms (D3+) (P < 0.001) (Fig-

ure 3D). The increase in D2 was significantly

higher (P < 0.01) than in D3+.

C/N Ratios

C/N ratios differed between soil layers and treat-

ments. In the D0 treatment, the mean C/N ratio

decreased from the litter layer (28) and humus

layer (24–25) to the upper 0–5 cm of the mineral

soil layer (19–20), but below this layer, the C/N

ratio did not change with increasing depths (18–

19). The mean C/N ratio in the organic LFH layer

was significantly higher in D0 than in D2

(P < 0.01), which in turn was higher than in D3

(P < 0.05) over the entire experimental period

(Figure 4). The C/N ratio showed a significant de-

crease over time with the exception for D3. The

tendency of increasing C/N ratio in the D3 treat-

ment at the end of the study period can be ex-

plained by the change in the proportions between L

layer (high C/N) and FH layer (low C/N), because

the amount of L remained relatively unchanged,

whereas that of the FH layer decreased. Averaged

over the whole soil profile down to a depth of

30 cm, the C/N ratio was 20.4 for the D0 and D2

treatments and 19.4 for the D3 treatment with no

change over time.

Table 3. Mean Soil C Pools (kg m-2, n = 4) and Mean Increase (± SE) During the Experimental Period of
32 years in Different Soil Layers and Treatments

1984 1990 2000 2007 2009 2016 Mean SE

Years from start 0 6 16 23 25 32 Increase Increase

D0 (control)

L 0.75 0.93 0.35 1.07 0.73 1.01 0.26 0.13

FH 2.84 2.58 4.22 3.15 4.51 4.91 2.07 0.21

0–5 cm 1.47 1.76 1.75 1.64 1.73 1.63 0.16 0.15

5–10 cm 1.17 1.08 1.31 1.22 1.27 1.31 0.14 0.19

10–20 cm 1.84 1.70 1.86 2.01 1.99 1.84 0.00 0.04

20–30 cm 1.36 1.36 1.26 1.46 1.52 1.53 0.17 0.14

LFH + 0–30 cm 9.43 9.42 10.75 10.55 11.76 12.23 2.80 0.37

D2

L 0.75 0.66 0.51 0.80 0.58 0.82 0.07 0.05

FH 2.92 2.88 2.82 2.49 3.18 3.07 0.15 0.29

0–5 cm 1.63 1.70 1.82 1.59 1.74 1.69 0.07 0.28

5–10 cm 1.27 1.29 1.33 1.16 1.21 1.22 - 0.06 0.10

10–20 cm 2.03 2.08 2.16 2.01 2.08 2.07 0.04 0.29

20–30 cm 1.46 1.40 1.28 1.38 1.40 1.41 - 0.05 0.12

LFH + 0–30 cm 10.06 10.01 9.92 9.43 10.19 10.28 0.23 0.36

D3

L 0.75 0.80 0.29 0.74 0.59 0.69 - 0.06 0.18

FH 2.90 2.46 2.49 2.04 1.57 1.56 - 1.35 0.56

0–5 cm 1.62 1.89 1.70 1.37 1.53 1.53 - 0.10 0.11

5–10 cm 1.31 1.18 1.36 1.10 1.35 1.32 0.01 0.16

10–20 cm 1.83 1.70 1.94 1.96 2.17 2.11 0.29 0.15

20–30 cm 1.12 1.17 1.38 1.53 1.57 1.43 0.31 0.09

LFH + 0–30 cm 9.54 9.19 9.16 8.73 8.76 8.64 - 0.90 0.48
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Heterotrophic Soil Respiration

C mineralization rates in the laboratory (at 15�C
and 60% WHC) over 20–30 days showed that C

mineralization rates (per g of C) decreased with

increasing soil depth (Figure S1, Supplementary

information). Mean C mineralization rate in the FH

layer differed significantly between D0, D2 and D3

and was 39% and 101% higher in D2 and D3,

respectively, than in D0 when averaged over the

experimental period (Figure 5A). The difference

between treatments was smaller in the mineral soil.

When the laboratory C mineralization rates were

combined with the soil C pools (Table 3) taking soil

temperature (equation 1), soil moisture (equa-

tion 2) and the ‘‘earthworm factor’’ into consider-

ation, the heterotrophic respiration in the field (RH

field) could be calculated. The estimate of annual

RH showed a sharp increase for D3 in the first

6 years, followed by a marked decline toward the

end of the study, a less sharp increase for D2 fol-

lowed by a smaller decline and a continuous in-

crease for D0 (Figure 5B). The decline in D3

between year 6 and 25 was correlated with

decreasing C in LFH plots where burrowing earth-

worms were found (Figure 3B). Mean annual RH

field was estimated to be 4.63 ± 0.10, 5.34 ± 0.03

and 5.60 ± 0.30 (mean ± SE) Mg CO2–C ha-1 y-1

over the whole study period, and cumulative RH

was 148 ± 3, 171 ± 1 and 179 ± 10 Mg CO2–C

ha-1 in D0, D2 and D3, respectively (not shown).

The mean difference (± SE) in cumulative RH

field after 32 years was 23 ± 2 Mg CO2–C ha-1

between D2 and D0 and 31 ± 12 Mg CO2–C ha-1

between D3 and D0. These estimates were slightly

lower than the differences found in C-pool accu-

mulation of 26 Mg C ha-1 between D0 and D2 and

37 Mg C ha-1 between D0 and D3 of (Figure 3,

Table 3). The higher estimates of cumulative RH in

D2 and D3 compared to D0 could explain 88% and

84% of the difference in soil C pools, respectively.

Figure 3. Mean C and N pools (± SE) in the soil profile to a depth of 30 cm in the mineral soil (A and C) and in the

organic LFH layer (B and D) in the D0, D2 and D3 treatments. D3- and D3+ indicate plots where only non-burrowing

earthworms were found (D3-, one plot) and where also burrowing earthworms were found (D3+, three plots).
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Mean Residence Time of Soil C

Mean residence time (MRT) of soil C was calculated

as the quotient between the soil C pool in each soil

layer and the corresponding estimate of RH field.

MRT increased with increasing soil depth from

about 4 years in the L layer to 75–100 years in the

20–30 cm mineral soil layer (Supplementary

information, Table S2). MRT had a tendency to

decrease with increasing dose of lime, and in the

FH layer, this decrease was significant (P < 0.05)

between the D0 and D3 treatments.

Inorganic N

KCl-extractable inorganic N (NH4–N + NO3–N)

concentration in soil varied between soil layers,

treatments and seasons. During the initial years,

the proportion between NH4–N and NO3–N was

markedly affected by liming. The share of NO3
-

was highest in D3 followed by D2, D1 and D0

(Figure 6). The D0 treatment had initially (1984–

1990) low NO3
- concentration in the organic LFH

soil layer, but after 1990 the NO3
- levels increased

in D0 and became similar to or even higher than in

the D2 treatment.

The amount of KCl-extractable inorganic N

down to a depth of 30 cm in the mineral soil was

initially 7–9 kg ha-1 but increased over the course

of the study period to around 30 kg ha-1 in the D0

treatment and to around 20–25 kg ha-1 in the D2

and D3 treatments (Figure 7A). The amount of

extractable NO3–N in D3 increased rapidly between

1986 and 1990 (years 2 and 6) and stayed at about

the same level between year 6 and 32. The amount

of NO3–N increased at a slower rate in the D2 and

D0 treatments, but in years 25 and 32 there was no

Figure 4. C/N ratio in the organic LFH layer in the D0,

D2 and D3 treatments.

Table 4. Mean Soil N Pools (kg m-2, n = 4) and Mean Increase (± SE) During the Experimental Period of
32 years in Different Soil Layers and Treatments

Years from start 1984 1990 2000 2007 2009 2016 Mean SE

0 6 16 23 25 32 Increase Increase

D0 (control)

L 0.026 0.034 0.011 0.040 0.026 0.041 0.016 0.005

FH 0.113 0.097 0.181 0.129 0.185 0.202 0.090 0.012

0–5 cm 0.078 0.090 0.087 0.085 0.090 0.082 0.004 0.008

5–10 cm 0.066 0.063 0.070 0.068 0.071 0.071 0.005 0.011

10–20 cm 0.104 0.097 0.095 0.108 0.110 0.096 - 0.008 0.003

20–30 cm 0.077 0.077 0.063 0.078 0.082 0.081 0.004 0.007

LFH + 0–30 cm 0.463 0.459 0.508 0.508 0.564 0.574 0.111 0.016

D2

L 0.026 0.022 0.017 0.028 0.020 0.033 0.007 0.002

FH 0.115 0.122 0.134 0.108 0.141 0.138 0.023 0.012

0–5 cm 0.086 0.088 0.091 0.081 0.090 0.087 0.001 0.013

5–10 cm 0.070 0.070 0.071 0.062 0.066 0.065 - 0.004 0.008

10–20 cm 0.111 0.112 0.113 0.107 0.112 0.111 0.000 0.018

20–30 cm 0.074 0.071 0.067 0.070 0.071 0.070 - 0.004 0.005

LFH + 0–30 cm 0.480 0.485 0.494 0.456 0.499 0.504 0.023 0.025

D3

L 0.026 0.033 0.009 0.027 0.022 0.026 0.001 0.007

FH 0.116 0.107 0.126 0.097 0.074 0.072 - 0.043 0.029

0–5 cm 0.087 0.095 0.087 0.073 0.084 0.084 - 0.003 0.005

5–10 cm 0.077 0.069 0.076 0.063 0.078 0.073 - 0.003 0.007

10–20 cm 0.106 0.091 0.103 0.106 0.118 0.112 0.006 0.009

20–30 cm 0.062 0.060 0.076 0.084 0.086 0.073 0.011 0.003

LFH + 0–30 cm 0.473 0.455 0.477 0.451 0.462 0.441 - 0.032 0.021
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significant difference in extractable NO3–N be-

tween the D0, D2 and D3 treatments (Figure 7B).

Net N Mineralization and Nitrification

Net N mineralization was studied in the laboratory

in 1984 (4 months after treatment, not replicated),

1990, 2000, 2009 and 2016 at 15�C. Net N miner-

alization rate (expressed per kg of C) was highest in

the L layer followed by the FH layer and the min-

eral soil layers (Figure S2, Supplementary infor-

mation).

Extrapolation to the field (taking soil tempera-

ture, soil moisture and earthworm stimulation into

consideration) showed that net N mineralization

ranged from 120 to 278 kg N ha-1 y-1 (Figure 7C).

On average, 66% of net N mineralization down to

30 cm depth occurred in the LFH layer and 88% in

the topsoil (LFH + 0–10 cm mineral soil).

The estimates of net nitrification (potential

nitrification) showed a clear difference between the

D0 and D2 treatments on the one hand and the D3

treatment on the other during the initial 16 years

after treatment, but the difference decreased at the

end of the experimental period (Figure 7D). The

main change seemed to occur in the FH layer, in

which net nitrification in D0 was only 0.1 and 3 kg

NO3–N ha-1 y-1 in 1984 and 1990 (year 0 and 6),

respectively, but fairly high (63 ± 4 kg NO3–N ha-

1 y-1) in 2016 (year 32) despite low pH (4.0). By

1990, the D3 treatment had resulted in substantial

NO3
- formation. The mineral soil at 10–30 cm

depth had a nitrification potential that seemed

independent of treatment and length of the study

period (not shown).

DISCUSSION

Soil C in Control Plots

The mean increase in soil organic C (SOC) in the

D0 treatment (0.87 Mg C ha-1 y-1) during the 32-

year experimental period was unexpectedly high

but can partly be explained by the site history. In a

meta-analysis on SOC change following afforesta-

tion in Northern Europe, Bárcena and others

(2014) found that afforestation of heathlands (as at

Hasslöv) with conifer trees resulted in a non-

significant decline of SOC pool during the first

30 years after afforestation followed by a significant

increase in stands older than 30 years. The results

of our study that followed a 40-year-old spruce

stand over 32 years to an age of 72 years are in line

with the meta-analysis. A similar result was found

for an 87-year chronosequence of Norway spruce

planted on arable land at Tönnersjöheden in the

same region (30 km from Hasslöv), where the soil

C pool increased by 0.65 Mg C ha-1 y-1 (Vesterdal

and others 2007) viewed over the entire

chronosequence. The conifer plantations with the

highest increase in SOC pools were situated in

areas with relatively high N deposition and high

precipitation (Vesterdal and others 2007; Bárcena

and others 2014). Common to all these studies,

including ours, was that significant SOC increases

Figure 5. Mean respiration rate (± SE) in the FH

(humus) layer measured in the laboratory at 15�C and

60% water-holding capacity (WHC) in the D0, D2 and

D3 treatments (A), and annual mean (± SE)

heterotrophic respiration (RH) extrapolated to the field

for the LFH + 0–30 cm mineral soil layers (B). The

samples in year 0 were taken 4 months after treatment.

Figure 6. Per centNO3–Nof totalKCl-extractable inorganic

N (NH4
+–N + NO3

-–N) concentrations in the FH layer in

different treatments (see Table 2).
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were restricted to the LFH layer (‘‘forest floor’’) and

did not occur in the 10–30 cm mineral soil.

The increase in the SOC pool shows that the

above- and belowground input of litter C to the soil

system was higher than the output through het-

erotrophic respiration (RH) and dissolved organic C

(DOC). DOC leaching at 50 cm depth at Hasslöv

was estimated to be 1.2% of RH (Nilsson and others

2001); thus, RH was the main output of soil C. The

increase in RH from 1984 to 2016 in D0 was cor-

related with increased SOC pools (Figs. 3A, B and

8). The relatively low estimate of RH in D0 (4.6 Mg

CO2–C ha-1 y-1) over the entire experimental

period can be explained by the fact that the D0 soil

had both high N availability and low pH. High N

availability slows down SOM decomposition

(Nohrstedt and others 1989; Berg and Matzner

1997; Berg 2000; Hobbie 2008; Hyvönen and oth-

ers 2008). Several mechanisms have been sug-

gested to explain why high N availability results in

low respiration, for example, increase in microbial

carbon-use efficiency (CUE), decrease in lignolytic

enzyme activity and decrease in microbial biomass

(Riggs and Hobbie 2016). Experimental acidifica-

tion of forest soils shows that reduction in pH re-

duces C mineralization (Persson and Wirén 1993).

Soil C After Liming

In contrast to the D0 treatment, the SOC pool in D2

did not show any significant change, and the SOC

pool in D3 had a tendency to decline over the

experimental period. However, the decline in D3

was restricted to the LFH and 0–5 cm mineral soil

layers, whereas the SOC pool increased in the 10–

30 cm layer (Table 3). The SOC decline in the up-

per soil layers could be explained by a higher mean

rate of RH in D3 than in D0. Six years after treat-

ment (1990), the RH rate in the FH layer was more

than twice as high in D3 as in D0 (Figures 5A and

8). In 1990, the FH layer in D3 consisted of a loose

layer of earthworm excrements, whereas it con-

sisted of organic matter interwoven with fine roots

and fungal hyphae in the D0 treatment. As the

Figure 7. Mean amount of KCl-extractable inorganic N (NH4–N + NO3–N) and NO3–N in the LFH + 0–30 cm mineral soil

layers (A and B, upper panel), and mean annual net N mineralization and potential nitrification extrapolated to the field

in the D0, D2 and D3 treatments (C and D, lower panel). The data from 1984 (time 0) represent just one plot.

978 T. Persson and others



respiration measurements were conducted with

sieved soil lacking earthworms, the 11% higher RH

rate in D3 than in D0 was probably due to an effect

of pH. Increased pH increases SOM solubility (An-

dersson and others 2000; Curtin and others 2016)

and reduces Al concentration, which often results

in higher abundance and biomass of bacteria

(Bååth and Arnebrandt 1994; Illmer and others

1995; Joner and others 2005). Earthworm feeding,

defecation and mixing of the organic material

including disruption of fungal hyphae seem to in-

crease the bacterial/fungal ratio (Rousk and others

2009, 2010; Dempsey and others 2011).

The SOC increase in the 10–30 cm mineral soil in

D3 (0.188 kg ha-1 y-1) could be explained by DOC

leaching from topsoil to subsoil layers but also by

earthworm bioturbation (Taylor and others 2019)

and by root litter accumulation. In a field study at

Hasslöv between 1993 and 1998, Nilsson and oth-

ers (2001) showed that DOC leaching from the LFH

layer and the A horizon was higher in D3 than in

D0. About 80–90% of the DOC that leached from

the LFH layer was adsorbed in the B horizon (10–

30 cm in the mineral soil) regardless of treatment.

They estimated the DOC adsorption to be

202 kg ha-1 y-1 in D3, which was almost identical

with the D3 estimate in Table 3 (see above).

However, earthworm bioturbation can also explain

SOC transfer from the LFH layer to the mineral soil

(see below), but in that case incorporation of or-

ganic matter should probably be most pronounced

in the upper mineral soil. A third explanation can

be root litter accumulation in the mineral soil.

Therefore, although the data on DOC adsorption by

Nilsson and others (2001) seem to fit the data in

Table 3, earthworm and fine-root effects can

probably also contribute to some SOC increase in

the mineral soil.

Earthworm Role in SOM Decomposition
and Mineralization

The interaction of earthworms with soil microor-

ganisms plays a key role in litter and SOM

decomposition (Hoeffner and others 2019). Earth-

worms can increase stabilization of SOC by forming

soil aggregates (for example, Zhang and others

2013), but most long-term studies on earthworm

impact indicate that the balance of mineralization

and stabilization of C is in favor of mineralization

Figure 8. Overview of major changes in soil C and N pools and fluxes during 1984–2016. Soil C and N pools increased in

the D0 treatment and decreased in the D3 treatment. The changes mainly occurred in the LFH layer (grey color).

Heterotrophic respiration (RH, estimates for LFH + 0–30 cm mineral soil layers presented separately) was initially higher in

D3 than in D0 because of higher pH and earthworm stimulation of litter and SOM decomposition. At the end of the study,

annual RH in LFH became lower in D3 than in D0 because of substrate reduction in the FH sublayer. Both net N

mineralization (here called Nmin) and potential nitrification (figures in parentheses) increased faster in D3 than in D0. High

earthworm numbers are indicated in the D3 soil. Burrowing earthworms accelerated C and N pool decline in D3 between

2000 and 2016.
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(Fahey and others 2013a, b; Moore and others

2013; Yavitt and others 2015; Lubbers and others

2017). Different earthworm species affect soil res-

piration differently (Haimi and Huhta 1990; Wes-

sells and others 1997; Lubbers and others 2013,

2017; Uvarov 2016). In temperate forests in North

America, the invasion of non-native European

earthworms (for example, L. rubellus, L. terrestris

and A. caliginosa) has often resulted in forest floor

reduction (Scheu and Parkinson 1994; Bohlen and

others 2004; Frelich and others 2006; Yavitt and

others 2015; Jennings and Watmough 2016).

The epigeic earthworms D. octaedra and D. rubidus

were the only earthworm species found at Hasslöv

during the first 15 years of the experiment. Both

species can tolerate pH(H2O) values around 4, but

they prefer higher pH. They responded with a sharp

peak in abundance (from 30 to 700 ind. m-2) and

biomass (from 0.2 to 5 g dry wt m-2) 3–6 years

after the D3 treatment followed by a decline to

about 200 ind. m-2 (T. Persson, in prep.). In a

microcosm study with the presence or absence of D.

octaedra in limed FH layer materials from Hasslöv,

the presence of this species in abundances similar

to those found in the D2 and D3 treatments in-

creased CO2 evolution rate by about 7% and 10%,

respectively, in comparison with worm-free soil (T.

Persson, in prep.).

The burrowing species L. rubellus, A. caliginosa, A.

rosea and L. terrestris appeared later, but only in

some of the limed plots at Hasslöv. The earthworm

biomass in D3 viewed over the entire experimental

period was on average 1.7 g dry wt m-2, of which

the epigeic D. octaedra and D. rubidus contributed

88% and the burrowing earthworms 12% (T.

Persson, in prep.). The delayed arrival of the bur-

rowing species can be explained by the fact that

most limed plots were surrounded by acidic soil.

Only three D3 plots with short distances to suit-

able habitats (a forested pasture, an electric power

line and a grassy glade) had moderately high

abundance (40–170 ind. m-2) and biomass (0.8–

2 g dry wt m-2) of burrowing earthworms at the

end of the study (2009 and 2016).

When the pH and earthworm effects were added,

total RH over the whole experimental period (to a

depth of 30 cm in the mineral soil) was estimated

to be 15% and 21% higher in D2 and D3, respec-

tively, than in D0.

SOM Decomposition at Hasslöv

Heterotrophic respiration (RH) was initially higher

in D3 than in D0 because of higher pH and stim-

ulation of litter and SOM decomposition by earth-

worms. At the end of the study, RH (per year)

became lower in D3 than in D0 because of substrate

reduction in the FH layer (Table 3, Figs. 5B and 8).

The mean cumulative RH of 148, 171 and 179 Mg

CO2–C ha-1 in D0, D2 and D3, respectively, cal-

culated for the entire experimental period, indi-

cated that the SOC pool would be 23 and 31 Mg

CO2–C ha-1 lower in D2 and D3 than in D0. These

estimates, based on laboratory measurements

extrapolated to the field, were slightly lower than

the differences based on field sampling of 26 and

37 Mg SOC ha-1. The relatively small differences

between the laboratory-estimated RH and the field-

measured SOC pools indicated that SOM decom-

position in the field at Hasslöv was predominantly

due to saprotrophic organisms and not to ectomy-

corrhizal (EM) fungi.

In N-poor forest soils, some EM fungi are able to

mobilize organic N in N-containing phenolic sub-

stances in boreal forest litter and soil by means of

oxidative extracellular enzymes (Bödeker and

others 2014; Lindahl and Tunlid 2015; Shah and

others 2016). This can result in SOM decomposi-

tion and release of CO2 (Lindahl and Tunlid 2015).

However, EM peroxidase is less active when con-

centrations of inorganic N are high (Bödeker and

others 2014; Nicolás and others 2019) as was the

case in the organic layer at Hasslöv (0.1–0.7 mg N

g-1 C), indicating low contribution of EM fungi to

SOM decomposition.

Field data on EM fungi at Hasslöv point in the

same direction. Jacobsson (1993) conducted a fruit-

body inventory of fungi at Hasslöv during 1985 to

1992. He found that liming resulted in a decrease in

EM fruit bodies and an increase in saprotrophic

fungi. In addition, the number of mycorrhizal

species was very low at Hasslöv in comparison with

other fruit-body inventories in Sweden. The study

thus indirectly supports the results on low impact

of EM fungi on CO2 release.

Comparison with other C studies

The mean SOC pool to a depth of 5 cm (in the

mineral soil) at Hasslöv increased by, on average,

780 and 90 kg ha-1 y-1 in the D0 and D2 treat-

ments and decreased by 470 kg ha-1 y-1 in the D3

treatment. The SOC pool change in relation to D0

was thus - 690 kg C ha-1 y-1 for D2 and -

1250 kg C ha-1 y-1 for D3. These estimates

resemble the results from the 80-year-old Norway

spruce forest at Höglwald in southern Germany (C/

N ratio 21–24 in the FH layer). For the latter site

and the same soil depth, Kreutzer (1995) reported a

reduction of 1000 kg Corg ha-1 y-1 during 7 years
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in the limed plot that had received 4 Mg dolomite

ha-1. From the same experiment, Anderson (1998)

reported almost three times higher microbial bio-

mass (SIR) and twice as high CO2 evolution rate

after 6–8 years in the limed compared to the un-

limed plot. The Höglwald results on annual soil C

decline (with 4 Mg dolomite ha-1) are similar to

those found at Hasslöv (with 8.75 Mg dolomite ha-

1 and longer experimental period).

In a study of four 37–42-year-old liming experi-

ments in one beech and three spruce stands in SW

Sweden (C/N ratio 20–26 in the FH layer), Persson

and others (1995) found that high doses of lime (9–

10 Mg ha-1) significantly reduced the SOC pools to

a soil depth of 50 cm compared to the unlimed

plots. The reduction varied between 8.5 and

24.3 Mg C ha-1, and the lime treatment resulted in

a mean decline of 437 kg C ha-1 y-1. Almost all

changes occurred in the top organic layer.

In contrast to the six liming experiments with

high N status mentioned above, Bergholm and

others (2015) found no significant difference in soil

C pools between unlimed and limed plots (n = 3) in

a Norway spruce forest at Farabol, 16 years after

the first lime application (0.5 Mg CaCO3 ha-1 ad-

ded during 12 years). The Farabol site was located

about 100 km east of Hasslöv but differed in having

only about 50% of the N deposition at Hasslöv, a

needle litter concentration of 0.75% N in contrast

to 1.8% at Hasslöv and a C/N ratio in the FH layer

of 28 in contrast to 24 at Hasslöv, indicating N-

poorer conditions at Farabol. Even poorer N con-

ditions (C/N 30–58 in the FH layer) were reported

from 14 Swedish liming experiments, which were

reinvestigated in 1980–1982 by Hallbäcken and

Popović (1985). These experiments were started

between 1913 and 1971 and had lime doses of 5

and 10 Mg ha-1. In these experiments, SOC pools

in limed and unlimed treatments were similar. A

series of 40 liming experiments in Norway spruce

and Scots pine in Finland with a lime dose of

2 Mg ha-1 were reinvestigated after 20 years (De-

rome 1990). The soils had low N content (C/N 26–

48 in the FH layer). Here, liming resulted in con-

siderable accumulation (10–50% increase) of or-

ganic matter in the humus layer but in no change

in the mineral soil. Increased cover of ground

vegetation, particularly grasses, seemed to be the

most plausible explanation of the increase in or-

ganic matter in the humus layer, as liming had a

slightly negative or no effect on stand growth

(Derome 1990).

In a 145-year-old, N-rich (forest floor C/N = 21–

25) European beech (Fagus sylvatica) forest in Ger-

many, Bauhus and others (2004) compared C and

N soil pool changes after an eight-year period fol-

lowing the creation of canopy gaps and lime

application. Although liming with 3 Mg dolomite

ha-1 did not change the C and N pools in the intact

forest stand, it reduced the pools in the F and H

layers and increased them in the 0–10 cm mineral

soil when added to the forest gaps. The authors

suggested that earthworms and other soil fauna

were probably responsible for this change, using

increased inputs of herbaceous litter in the limed

gaps as an energy source. In the limed stand, the

input of such litter was relatively low, which might

have been unfavorable for earthworm activity.

Based on these studies, it can be concluded that

effects of liming on the SOC pool are dependent on

both soil N status and dose of lime. Although liming

of N-rich soils seems to decrease the SOC pool,

liming of N-poor soils does not change or increase

the SOC pool.

In contrast to most other studies, Melvin and

others (2013) reported significantly higher C and N

stocks in the forest floor (C/N = 20–23) in a mixed

hardwood forest (mainly Fagus grandiflora, Acer ru-

brum and Betula alleghaniensis) 19 years after lime

addition (6.9 Mg of CaCO3 + MgCO3 ha-1) in

comparison with unlimed areas. The areas con-

sisted of two limed and two unlimed catchments in

Woods Lake Watershed, New York, USA. Baseline

data on C and N stocks at the start of the trial are,

however, lacking in the paper. It is therefore not

possible to distinguish between ‘‘lime’’ and ‘‘site’’

effects in this publication.

Soil N Pool Change at Hasslöv

Total soil N pool in the D0 treatment increased by

35 ± 16 (95% c.i.), that is between 18 and

51 kg ha-1 y-1, during the experimental period.

The increase (also in the lower range of the confi-

dence interval) was higher than expected, because

bulk deposition and throughfall deposition in the

area were estimated to be only 15–20 kg N ha-1 y-1

(Lundström and others 2003b; Karlsson and others

2015; J Bergholm, pers. comm.). However, these

estimates did not cover the entire experimental

period and do not account for all possible N inputs to

the forest ecosystem.

The Hasslöv forest is situated on top of a ridge

and is surrounded by agricultural areas, so in

addition to the regional bulk deposition of N, the

forest may act as a collector of inorganic N because

of the forest edge effect (Remy and others 2016).

Foliar uptake of N may have contributed to plant N

(Harrison and others 2000; Sparks 2009) and

thereby soil N through litterfall N.
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Biological N fixation can also be a source of N,

but N-fixing plants (legumes, alder etc.) were

practically absent in the dense spruce forest at

Hasslöv. Associative N-fixing cyanobacteria in

feather moss can add up to 1–2 kg N ha-1 y-1

under low rates of N deposition (DeLuca and others

2002) but inputs were likely much lower at Hasslöv

due to down-regulation by high rates of N deposi-

tion (DeLuca and others 2008).

In the lime treatments, the N pool in D2 had a

tendency to increase (mean +7 kg N ha-1 y-1) and

in D3 to decrease (mean - 10 kg N ha-1 y-1). The

total difference in soil N pools between D0 and D3

cannot entirely be explained by leaching losses. A

leaching study at Hasslöv during 1988–1993 esti-

mated NO3–N leaching at 15 cm depth to be 0.9, 11

and 22 kg N ha-1 y-1 in D0, D2 and D3, respec-

tively (J Bergholm, pers. comm.), and even the

latter figure is too low to explain the total differ-

ence in soil N pools between D0 and D3. We

therefore assume that the loss of N in especially D3

was also caused by gaseous N losses (NO, N2O and

N2) through denitrification (cf. Lubbers and others

2013). Denitrification can sometimes be the domi-

nant pathway of NO3-N removal from forest

ecosystems (Fang and others 2015; Morse and

others 2015).

Comparison with Other N Studies

The mean soil organic N pool (± 95% confidence

limits) to a depth of 5 cm in the mineral soil at

Hasslöv increased by 32 ± 7 and 8 ± 12 kg N ha-1

y-1 in the D0 and D2 treatments. The soil N pool

decreased by 23 (range 14–33) kg N ha-1 y-1 in the

three D3+ plots with burrowing earthworms. This

meant amean difference of 24 and 55 kg N ha-1 y-1

in D2 and D3+ in relation to D0. The decline in D2 at

Hasslöv was very similar to that reported from the

Höglwald study inGermany (see above) that showed

adecline between1984 and1991of 20 kg Nha-1 y-1

after liming in comparison with the control plot

(Kreutzer 1995). At 40 cm depth, the mean annual

efflux of inorganic + organic N was 23 kg ha-1 y-1

higher than in the control plot. A follow-up study by

Huber and others (2006a, b) showed mean leaching

of NO3–N of 20 kg ha-1 y-1.

The study of four 37–42-year-old liming experi-

ments in SW Sweden in N-rich ecosystems (C/N

ratios 20–26 in the humus layer, see above)

showed great variation in N-pool decline after

liming (2–34 kg N ha-1 y-1) and a mean loss of

15 kg N ha-1 y-1 (Persson and others 1995).

At Farabol with N-poorer conditions than at

Hasslöv, there were no significant differences be-

tween control and limed treatments in soil N pools

(Bergholm and others 2015).

Inorganic N Pool

At Hasslöv, the amount of KCl-extractable inor-

ganic N (NH4–N + NO3–N) in D0 plots showed an

increase from about 8 to 30 kg N ha-1 during the

experimental period. The N demand of young trees

is believed to be greatest during canopy buildup

and decreases once canopy closure is reached

(Miller and Miller 1988; Wilson and Emmett 1999;

Hansen and others 2007). In 1984, at the start of

the experiment, the trees at Hasslöv were 40 years

old and had passed the most intense period of ca-

nopy closure. The N demand of the maturing trees

probably decreased after this period resulting in

higher availability of N to the soil organisms and

more mineralized N to be found in the soil. The D2

and D3 treatments also resulted in an increase

(from 8 to 20–25 kg N ha-1). The smaller (but

statistically insignificant) increase in inorganic N in

D3 in relation to the D0 treatment can probably be

explained by (1) reduced cation exchange sites as a

consequence of less organic matter and (2) more

NO3
- production followed by NO3

- leaching and

denitrification. NO3
- is vulnerable to leaching, and

at Hasslöv the content of NO3
- was always higher

in the D3 than in the other treatments.

The marked increase in extractable NO3-N in the

D0 treatment between 1990 and 2009, which is

when the trees were between 46 and 65 years old,

indicates increased probability for NO3
- leaching,

though leaching was not determined after 1993.

Net N Mineralization and Nitrification

The mineralization studies indicated high N turn-

over. Net N mineralization rate (per g of C and day)

was higher in the L layer than in any of the other

soil layers. This can be explained by unusually high

litter N concentration (18 mg g-1 dry wt), which

indicates that the shed needles probably contained

high amounts of arginine (Näsholm 1994) as an

important source of N during decomposition and

mineralization. Viewed over the entire experi-

mental period and including all soil layers to a

depth of 30 cm, net N mineralization doubled over

time from 120–140 kg N ha-1 y-1 in 1984 to 200–

280 kg N ha-1 in 2016 (Figs. 7C and 8). The net N

mineralization estimates seemed to be balanced by

(1) root uptake (allocated to biomass accumulation,

needle/twig litterfall, fine-root turnover and myc-

orrhizal turnover) and (2) leaching/denitrification

(data not shown here).
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Enumeration of ammonia-oxidizing bacteria

(AOB) with the MPN method in the FH layer at

Hasslöv showed that the number of AOB (genus

Nitrosospira) was below the detection level in D0

plots (pH 4.2) in 1990. In the limed D2 and D3

plots, increasing numbers of AOB (range from 103

to 105 bacteria g-1 dry wt) correlated well with

increasing pH (Klemedtsson and others 1999).

The results of the mineralization and nitrification

studies in the laboratory supported the results of

the field soil samples. After 1990, also the D0 plots

showed increased nitrification potential despite low

pH(H2O) in the FH and 0–5 cm mineral soil layers

(pH 3.9 and 3.7, respectively) in 2009 and 2016.

These results indicate the presence of acid-tolerant

nitrifiers, which may have benefitted from the

higher abundance of NH4–N during the aging of the

forest stand. Such nitrifiers can be ammonia-oxi-

dizing bacteria (AOB) adapted to acidic conditions

(De Boer and Kowalchuk 2001) or ammonia-oxi-

dizing archaea (AOA) adapted to low substrate

(ammonia) concentrations (Leininger and others

2006; Prosser and Nicol 2012; Hu and others 2014;

Li and others 2018).

An increase in net N mineralization and net

nitrification with stand age has also been observed

in other forest systems, as, for example, in soils

from 31–33- to 80–100-year-old hardwood forests

in Indiana, USA (Idol and others 2003). In an oak–

hornbeam chronosequence in central France, Trap

and others (2009) also found high net N mineral-

ization in the oldest stand (99 years old), but here

net nitrification decreased with age.

Studies by Persson and Wirén (1995) at ten

Norway spruce forest sites (age 28–71 years) in

southern Sweden and eastern Denmark showed

that net N mineralization to 50 cm soil depth ran-

ged from 35 to 105 kg N ha-1 y-1. Throughfall N

deposition ranged from 10 to 31 kg N ha-1 y-1.

Almost no net nitrification could be detected in the

FH layer where pH (H2O) was lower than 4.0.

NO3
- was formed in FH layers with pH values of

4.0–4.5, but the nitrification was never complete.

In contrast, net nitrification was almost complete

(no NH4
+ remaining after incubation) at a depth of

10–50 cm, where pH was 4.1–4.5. Almost no net

nitrification was detected in the FH layer in the

young stands (28–40 years) and stands with the

lowest N deposition. High net nitrification in the FH

layer occurred in some of the 45–70-year-old

stands, but not all. Other factors than age, for

example, N deposition, tree vitality and type of

nitrifiers, probably played a role. In conclusion, net

nitrification in the acidic FH layer at Hasslöv (pH

3.8–4.0) during 2007–2016 was higher than at the

other sites in the same region.

Earthworms and Soil N Status

Acid forest soils usually have low populations of

earthworms, and liming can increase their popu-

lations by increasing soil pH and calcium concen-

tration. Earthworms also need nutritious food for

population growth. Steinwandter and others

(2019) tested whether litter of different qualities

would affect the life history traits of the detritivo-

rous earthworm L. rubellus. Low-quality (dwarf-

shrub) litter resulted in delayed development, low

biomass and low cocoon production in contrast to

high-quality (grass/herb) litter. Hendriksen (1990)

found that the abundance of Lumbricus earthworms

was negatively correlated with the C/N ratio of the

food ingested. Earthworms and enchytraeids con-

tain about 10% N in their body mass (Persson

1983; Schröter and others 2003; T. Persson, pers.

comm.) and need to consume large amounts of

litter and soil to fulfill their nutritional require-

ments to grow and maintain the body-mass N

concentration. Consequently, litter/soil with high

N concentration (for example, C/N 20–25) should

be more favorable to body and population growth

than litter/soil with low N (for example, C/N 30–

40) concentration. A positive earthworm response

(high reproduction and greater growth rate) that

increases microbial SOM decomposition thus seems

to be dependent on both (high) pH and (high) soil

N status.

CONCLUSIONS

The result at Hasslöv supports findings of other

studies showing that afforestation with Norway

spruce on former Calluna heathlands in areas with

high N deposition will increase soil C and N pools.

Liming reduced the expected increase in soil C and

N pools in the 3.45 Mg ha-1 treatment and de-

creased C and N pools in the 8.75 Mg ha-1 treat-

ment, particularly in the organic FH layer. When

comparing among liming studies in general,

experiments at high N sites (as at Hasslöv) show

substantial C and N losses compared to liming of

low N sites. The decline in the SOC pool after

liming in our study coincided with increases in

heterotrophic soil respiration (RH) rate. Increased

RH rate after liming could be explained by both a

direct pH effect (increased SOM solubility and re-

duced Al levels) and an indirect (positive) effect of

pH on earthworms, which stimulate litter frag-
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mentation and microbial activity. In addition to

high pH, earthworms also need N-rich food to

reach high abundance and biomass. This can ex-

plain why liming of N-rich soils decreases C and N

pools fueled by high earthworm activity in the or-

ganic LFH layer, whereas liming of N-poor soils

with few earthworms shows no change in soil C

and N. The increase in extractable inorganic N and

net N mineralization over time was interpreted as

an effect of decreasing tree demand for N after ca-

nopy closure. In the first 6 years of the study,

extractable NO3
- and net nitrification increased

much faster in the highest lime treatment than in

the other treatments, indicating that increased pH

promoted growth of acid-sensitive ammonia-oxi-

dizing bacteria. During the following period, NO3
-

levels became high also in the control treatment

indicating activity of acid-tolerant nitrifiers. To

fulfill the aim to reduce CO2 export to the atmo-

sphere and NO3
- leaching to the groundwater, we

conclude that liming of N-rich soils (especially in

high doses) should be avoided.
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the Höglwald site, Germany, from 1982 to 2004. Ann For Sci

63:861–969.
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2000. Carbon mineralisation in European forest soils. In:

Schulze E-D, Ed. Carbon and nitrogen cycling in European

forest ecosystems. Ecological Studies, vol 142, pp 257–75.

Prietzel J, Stetter U, Klemmt H-J, Rehfuess KE. 2006. Recent

carbon and nitrogen accumulation and acidification in soils of

two Scots pine ecosystems in Southern Germany. Plant Soil

289:153–70.

Prosser JI, Nicol GW. 2012. Archeal and bacterial ammonia-

oxidisers in soil: the quest for niche specialisation and differ-

entiation. Trends Microbiol 20:523–31.

Remy E, Wuyts K, Boeckx P, Ginzburg S, Gundersen P, Demey

A, Van Den Bulcke J, Van Acker J, Verheyen K. 2016. Strong

gradients in nitrogen and carbon stocks at temperate forest

edges. For Ecol Manag 376:45–58.

Riggs CE, Hobbie SE. 2016. Mechanisms driving the soil organic

matter decomposition response to nitrogen enrichment in

grassland soils. Soil Biol Biochem 99:54–65.
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Canbäck B, Floudas D, Carleer R, Lackner G, Braesel J,

Hoffmeister D, Henrissat B, Ahrén D, Johansson T, Hibbett DS,

Martin F, Persson P, Tunlid A. 2016. Ectomycorrhizal fungi

decompose soil organic matter using oxidative mechanisms

adapted from saprotrophic ancestors. New Phytol 209:1705–

19.

SMHI. 2017. Swedish Meteorological and Hydrological Institute,

climate data. https://www.smhi.se/klimatdata.

Sparks JP. 2009. Ecological ramifications of the direct foliar

uptake of nitrogen. Oecologia 159:1–13.

Staaf H, Persson T, Bertills U, editors. 1996. Skogsmarkskalkning.

Resultat och slutsatser från Naturvårdsverkets försöksverk-
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