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• Wood ash affects decomposer organ-
isms and thus N mineralization, when
used as fertilizer.

• We measured physicochemical factors
and enumerated organisms in the forest
floor.

• Using SEM we detangled the effects of
ash application on the decomposer
food web.

• Ash stimulated the basal decomposer
food webwhich increased the inorganic
N pool.

• Enchytraeid abundance decreased and
earthworms increased 2 years after ash
addition.
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In the face of global climate change there is an increasing demand for biofuel, which exerts pressure on produc-
tion and thus management of biofuel plantations. The intensification of whole-tree harvest from biofuel planta-
tions increases export of nutrients. Returning ash from biofuel combustion to the forest plantations can amend
the soil nutrient status and thus facilitate sustainable forest management. However, ash affects the forest floor
decomposer food web, potentially changing organic matter turnover, carbon sequestration and nitrogen avail-
ability. Our aimwas to examine the response of decomposer organisms, foodweb structure and nitrogenminer-
alization function after ash application. In a coniferous forest plantation amendedwith 0, 3, 4.5 or 6 t ash ha−1, we
sampled in several depths of the forest floor for key organisms of the decomposer food web (fungal biomass,
0–12 cm; bacteria, protozoa, nematodes and enchytraeids, 0–3 cm and 3–6 cm; microarthropods and earth-
worms, 0–5 cm), 2, 14 and 26 months after ash application. We used structural equation modelling (SEM) to
detangle the direct and indirect effects of ash application on organisms in the decomposer food web and on ni-
trogen availability.We found that ash increased the abundance of bacteria and protozoa, as well as the inorganic
nitrogen pool at 0–3 cm depth, whereas the effect of ash was negligible at 3–6 cm depth. Earthworm abundance
increased, whereas enchytraeid abundance decreased 2 years after ash application. The structural equation
modelling showed that ash application stimulated the bacterial feeding pathway and increased nitrogen
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mineralization. Contrary, ash had a negative effect on fungal biomass at the first sampling, however, this effect
subdued over time. Our results suggest that as the soil decomposer food web is resilient to ash application, this
is a viable option for sustainable management of biofuel plantations.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

To accommodate the challenges of global climate change, the
European Commission has as of December 2018, adopted one of the
most ambitious renewable energy policies in the world, with a goal of
32% renewable energy production by 2030 (European Commission,
2018). Part of the fossil fuel replacement is biomass combustion. How-
ever, whole-tree biomass removal intensifies nutrient depletion and
acidification of the forest soil (Helmisaari et al., 2014; Raulund-
Rasmussen et al., 2008). As biomass combustion generates 0.7–3% ash
by weight (Ingerslev et al., 2011), ash is a substantial by-product from
power plants. As a waste product, ash is costly to dispose. However, be-
cause ash contains almost all the nutrients necessary for plant growth
(Ingerslev et al., 2011), it can be used as a fertilizer and facilitate sustain-
able management of biofuel plantations (Swedish National Board of
Forestry, 2002). However, the ash is almost devoid of nitrogen
(N) which evaporates during combustion (Demeyer et al., 2001). Be-
cause of the limited N, ash has only shown fertilization effects on sites
receiving relatively high N deposition or sites rich in organic matter
(OM) (Huotari et al., 2015). The majority of N in coniferous forests is
bound in the OM (Korhonen et al., 2013), which can be mineralized
into plant available form thereby adding to the fertilization effect of
ash. Ash is highly alkaline, and the increased soil pH after ash applica-
tion has significant consequences for e.g. microbial (Bang-Andreasen
et al., 2017; Cruz-Paredes et al., 2017) and soil faunal groups (Liiri
et al., 2002; Qin et al., 2017), with the potential to influence OM decom-
position. To our knowledge only one study has integrated direct ash ef-
fects on individual soil organism groups and indirect effects cascading
via trophic interactions in the decomposition soil food web
(Vestergård et al., 2018). They found that ash increased pH, which stim-
ulated bacterial activity and thus N mineralization and availability.
However, Vestergård and colleagues focused on the aquatic organisms
(bacteria, protozoa and nematodes) in the top 5 cm soil, excluding the
truly terrestrial organisms of the decomposer food web, which are pre-
dominantly fungal and debris feeders. Thus, an integrated understand-
ing of how ash effects N mineralization via the entire soil food web is
lacking.

Ash effects in the field are usually studied in the top mineral soil ho-
rizon or the forest floor, without differentiating between the
subhorizons in the organic layer (Gömöryová et al., 2016). However, a
marked increase in alkalinity after ash application is limited to the top
1–2 cm of the organic layer (Gömöryová et al., 2016; Hansen et al.,
2017). This suggests that the ash effect on organisms could also be con-
fined to the very surface. To confirm this notion, the depths of the ash
effects on soil organisms need to be assessed under field conditions.

The below ground foodweb plays a significant role in the ecosystem,
as it is responsible for the decomposition andmineralization of deadOM
into plant available compounds (Rønn et al., 2012). Firstly, protozoa,
nematodes, microarthropods and oligochaetes feeding on microorgan-
isms, excrete excess N as ammonia (NH3) to the soil environment
(Rønn et al., 2012). Secondly, larger soil organisms, such as
microarthropods, enchytraeids and earthworms move litter into the
soil, comminute OM and facilitate physical contact between microor-
ganisms and OM, which enhances microbial accessibility to OM and
thus decomposition (Bardgett, 2005). Consequently, it is the integrated
activities of the soil food web organisms that govern efficient decompo-
sition and nutrientmineralization. In general, bacteria have a high turn-
over of labile organic compounds, whereas fungi are considered to
govern the slower degradation of more recalcitrant organic matter
(Boer et al., 2005; Koranda et al., 2014; Paterson et al., 2008). This re-
sults in different mineralization rates, decomposition of different or-
ganic pools, varying turnover times and carbon (C) content between
bacterial and fungal dominated systems (Bailey et al., 2002; Six et al.,
2006; Van Groenigen et al., 2007). Transfer of energy and elements in
the soil food web is thought to be compartmentalized into separate
pathways that are either based on bacterial or fungal production
(Moore et al., 1996; Moore et al., 1988). Protozoa and nematodes are
themost important bacterial feeders (Rønn et al., 2012), where the fun-
gal feeding pathway is dominated by nematodes and microarthropods.
Besides differing in diet, the organisms in the bacterial and fungal path-
ways also differs in soil habitats and life histories (Moore et al., 2005).
Most markedly, bacterivores have shorter generation times and faster
biomass turnover, than fungivores (Moore et al., 2005). Due to the
high turnover of biomass, systems dominated by the bacterial feeding
pathway are thought to have higher N mineralization rates (Moore
et al., 1988). Contrary, due to the slower turnover and the higher C in-
corporation in fungi, ecosystems dominated by the fungal feeding path-
way are thought to sequester more C in the soil (Six et al., 2006). The
fungal feeding pathway is also thought to be more sensitive to distur-
bances (Six et al., 2006) and slower at recovering after a disturbance
(Hedlund et al., 2004). Thus, changes in the environment, e.g. wood
ash application, which change the fungal-to-bacteria ratio, can have
bottom-up effects on the soil foodweb, potentially affecting the decom-
position and mineralization of the ecosystem.

The aim of this study is to examine the resilience of organisms, food
web structure and N mineralization of the forest floor food web to ash
application. Specifically, we sampled in a field site amended with four
different ash amounts equivalent to or up to twice the dose that is
allowed according to current Danish legislation.

To provide insights into the consequences of enhanced wood ash
recycling to facilitate sustainable biofuel production we test the follow-
ing hypotheses: 1) ash will primarily have a short term effect on the
food web in the top 0–3 cm of the forest floor, and will not impact or-
ganisms deeper in the OM horizon (3–6 cm); 2) ash application in-
creases bacterial abundance, but will not affect the fungal biomass, i.e.
ashwill cause a shift in the foodweb towards the bacterial feeding path-
way. Due to the faster decomposition turnover in the bacterial feeding
pathway, we further expect increased N mineralization with ash appli-
cation. Additionally, we will investigate if effects will subdue over time.

2. Method

We quantified microorganisms, enchytraeids, microarthropods and
earthworms over a period of two years. In order to disentangle the di-
rect and indirect effects of ash application on organism abundance and
N availability we used structural equation modelling (SEM). SEM can
be used to study complex systems, with several drivers that operate si-
multaneously, e.g. resource-consumer interactions, and external
changes in the system, such as ash application (Eisenhauer et al., 2015).

2.1. Field site description

The field site is a coniferous biofuel plantation, Gedhus plantation,
located in central Jutland, Denmark (56 16.3922 N; 9 5.672E), on previ-
ous heathland with an average yearly precipitation of 850 mm (Wang,
2013). The soil type is Albic Podzol (FAO, 2014) with the horizons A
(0–10 cm), E (10–20 cm), Bh (20–30 cm), Bs (30–45 cm) and C (45-
cm). Further details on texture, density and chemical composition can
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be found in Hansen et al. (2018). The ground vegetation is approxi-
mately 6 cm deep and dominated by mosses; heath plait-moss
(Hypnum jutlandicum Holmen & Warncke); broom forkmoss
(Dicranum scoparium, Hedw.); and red-stemmed feather moss
(Pleurozium schreberi (Willd. ex Brid.) Mitt). Also a few liverworts, ling-
onberry (Vaccinium vitis-idaea L.) and wavy hair-grass (Deschampsia
flexuosa (L.) Trin.) occur. The plantation consists of 2nd generation
Norway spruce [Picea abies (L.) Karst.], which were 57 years old, when
the experiment was established. Tree density is 457 trees ha−1

(Mortensen et al., 2019). The plantation had not been fertilised before
this study was established, and the individual plots were homogeneous
with respect to stand data.

2.2. Experimental setup

We established the experiment between the 1st and 3rd of April
2014, where we manually spread ash evenly over the soil surface, in a
single addition. The ash originated from coniferouswood chips, inciner-
ated at the district heating plant in Brande, Denmark. It was amixed ash
of bottom and fly ash with pH of 12.7 that had not undergone pre-
treatment. Further data on the ash can be found in Maresca et al.
(2017), mentioned as MA-9c ash.

The experimentwas set up as a randomised block design, with three
blocks, each including all treatments. We had four different treatments
with ash amounts equivalent to or up to twice the 3 t ash ha−1 dosages
that is allowed according to current Danish legislation, i.e. 0, 3, 4.5 and
6 t ash ha−1. Treatments were replicated three times adding to 12
plots. Each plot measured 20 × 25 m.

2.3. Sample processing for physicochemical parameters, microorganisms
and nematodes

We collected samples 2, 14 and 26 months after ash application to
quantify the abundance ofmicroorganisms and nematodes and the con-
centration of ammonium (NH4), nitrate (NO3) and phosphate (PO4).
We collected three replicate samples per plot, composed of three
cores (diameter: 5.5 cm). The cores, which were primarily composed
of the vegetation layer, were immediately separated into two depths;
0–3 cm (the live moss layer) and 3–6 cm (OM and top mineral soil).
The samples were transported to the laboratory under cooled condi-
tions and kept at 4 °C until processing the following day. From each
sample, material was removed for nematode extraction, before the re-
maining material was homogenised and sieved though a 2 mm mesh,
for removal of roots and wood fragments. The samples were then di-
vided into fractions for determination of: 1) water content and loss of
ignition; 2) pH and NH4, NO3 and PO4 concentrations and 3) bacterial
and protozoan abundances.

2.4. Physicochemical parameters

For determination of pH and NH4, NO3 and PO4 concentrations 5 g
sample material were extracted in sterile distilled H2O in a 1:10
sample-water relation for top layers and 1:5 sample-water relation for
bottom layers, for 60 min on a shaker at 200 rpm. The extracts were fil-
tered (150 mm filters) over night at 5 °C. The extracts for NH4, NO3 and
PO4 analysis were frozen at−18 °C, until analysis with a flow injection
analyzer (5000 FIASTAR, Höganäs, Sweden). pH was measured in the
unfiltered extract with a Phm 240 pH/ION meter immediately after
extraction.

2.5. Enumeration of bacteria, protozoa and nematodes

For determination of culturable heterotrophic bacteria and protozoa,
we suspended 2.5 g of each composite sample in sterile amoeba saline
(Page, 1988) in a 1:40 sample-water relation and blended for 1 min,
at full speed, 20 °C (Waring laboratory blender). Density of culturable
heterotrophic bacteria was determined by colony forming units
(CFUs) after plate spreading. We spread duplicates of 0.1 ml of 10−3,
10−4, 10−5 dilutions on agar plates (tryptic soy broth (TSB), 0.3 g L−1,
Becton, Dickinson and Company, Sparks MD). The plates were incu-
bated for 14 days at 15 °C before CFUs were counted.

Protozoa (naked amoebae/flagellates and ciliates) were estimated
with the most probable number method (MPN). For naked amoebae/
flagellates we made eight replications in a 1:3 dilution series prepared
in 96 wells microtitre plates with 0.3 g L−1 TSB in amoeba saline
(Page, 1988) as medium. Microtitre plates were incubated 7 and
21 days at 15 °C, before first and second examination, respectively. Pres-
ence of naked amoebae/flagellates was determined using an inverted
microscope at 200–400 times magnification (Rønn et al., 1995).

For ciliates, we did eight replications of 1 ml of 10−0, 10−1 and 10−2

dilutions in 12 wells titre plates, before incubating with a sterile barley
grain for 7 days at 15 °C. After incubation we inspected the presence of
ciliates using an invertedmicroscope at 200–400 timesmagnification to
determine MPN of ciliates (Ekelund et al., 2002).

We extracted nematodes from 20 g and 40 g, for top and bottom
layers, respectively, for 72 h using a combination of the Baermann pan
and the Whitehead tray extraction methods (Whitehead and
Hemming, 1965). Nematodes were counted under an inverted micro-
scope at 200 to 400 timesmagnification, andwere divided into bacterial
and fungal feeders and carni/omnivores based on morphological char-
acteristics of mainly the buccal cavity and oesophagus (Dam et al.,
2017; Yeates et al., 1993).

2.6. Sample processing for fungi

We sampled fungal biomass simultaneously with sampling for mi-
croorganisms and nematodes, 2, 14 and 26months after ash application,
but only in 0, 3 and 6 t ash ha−1 treatments. In three replicates per plot,
we placed cylindrical fungal in-growth mesh bags (diameter: 2 cm,
depths: 0–12 cm from the forest floor) 6 months before each sampling.
Meshbagswere removed and stored in cooler bags until processing. The
mesh bag was cleaned before opening to avoid contamination with or-
ganic matter. Next, the colonized sand was mixed with 1 l of water and
shaken to separate the mycelia from the sand. The extracted mycelia
were freeze dried, weighed, and used to calculate the biomass. The
weightswere corrected for possible contamination of sand particles set-
ting the C content of fungi to 40% (Clemmensen et al., 2006). See Cruz-
Paredes et al. (2019) for further details.

2.7. Sample processing for microarthropods

We also sampled cores for microarthropod extraction 2, 14 and
26 months after ash application. We collected three samples per plot
(diameter: 6 cm, depths 0–5 cm from the forest floor) and extracted
microarthropods using the Tullgren funnel method (Macfadyen,
1953). The microarthropods were stored in glycerol until identification.

With the aid of a stereo microscope, microarthropods were catego-
rized by morphology and counted. Due to the limited numbers, all
Collembola were grouped together, whereas mites were subdivided
into mesostigmatids (carnivores), nothroids and Phthiracaridae
(fungivores/detrivores) (Díaz-Aguilar and Quideau, 2013).

2.8. Sample processing for Oligochaeta

Cores for enchytraeid extraction were also collected 2, 14 and
26 months after ash application. We collected three samples per plot
(diameter: 5.5 cm). The cores were immediately separated into two
depths; 0–3 cm (including vegetation) and 3–6 cm from the forest
floor. We used the wet funnel extraction method (O'Connor, 1955) to
obtain free enchytraeids for counting. The dominating species were
Chamaedrilus chlorophilus [Friend 1913], with app. 78% contribution
(Qin et al., unpublished).
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For earthworms we only sampled in August 2016, 28 months after
ash application. Replicates of 10 cores (diameter: 10 cm, depths:
0–5 cm from the forest floor) were sampled in each plot and stored in
cooler bags until extraction. Earthworms were extracted with a modi-
fied wet funnel method for 7 days at 12 °C, before counting. Only
Dendrobaena octaedra occurred in the plots.

2.9. Data analysis

The top layer of OM and vegetation at our site varies considerable in
organic matter content. It follows that density also varies; we thus pres-
ent variables on a volume basis to facilitate compatible comparisons be-
tween treatments. However, in order to facilitate comparability with
other studies, we present treatment means and standard deviations of
recalculated variables g−1 dryweigh.We tested the ash effect on all var-
iables at 0–3 and 3–6 cm depths, separately. We used regression analy-
sis to test the relationship between ash dose, the independent variable,
and pH, organism abundance or nutrient concentration, the response
variables. To test for effect of ash and time, we used multiple linear re-
gressions, including interaction of ash and time. We tested for normal
distribution with Kolmogorov-Smirnov test. Organism abundance and
nutrient concentrations were log-transformed prior to statistical analy-
sis to attain homoscedasticity.

To analyse our data for several cause-effect relations, we used struc-
tural equation modelling (SEM), which test for multivariate relation-
ships, on data from 0 to 3 cm depth 2 and 26 months after ash
application, separately. Preceding the SEM analysis, we constructed an
a priori conceptual model of hypothesized casual relationships, see
Fig. 1. Variables were selected based on an expected bottom-up effect
of ash on all organisms and commonly accepted resource-consumer
Fig. 1. – Structural equation a priorimodel of theorised bottom-up relations between ash, pH, N
create the latent variable “Ash application”.
relationships in soil food webs. In SEM, it is possible to combine ob-
served variables (e.g. physicochemical measures or applied treatments)
into an unmeasured, underlying cause or latent variable (e.g. ash appli-
cation). As wewere interested in the overall effect of ash application on
the decomposer food web, we chose to group “ash dose” and “pH” into
the latent variable “ash application” (Fig. 1). By combining two observed
indicators to one latent variable we reduced model complexity. Before
proceeding with the SEM analysis we simplified the a priori model by
testing for cause-effect relations (Grace and Bollen, 2008), with regres-
sion analysis between the hypothesized links. Complex SEM models
generally demand a high number of observations, e.g. it is recom-
mended to have 5–10 observations per parameter (Eisenhauer et al.,
2015). Due to our relative low number of observations (~36 samples),
we chose to simplify the SEM analysis by only including the hypothe-
sized regressions where P b 0.1. We fitted the variables to SEM with
the software package LAVAAN (Rosseel, 2012) in R (R Core Team,
2014). Based on the results of goodness-of-fit measures we excluded
less predictive variables one by one from the models. Fit was evaluated
with several fit measures as no single fit measure is sufficient to predict
a model (Fan et al., 2016). We used the Comparative Fit Index (CFI)
(good fit CFI ≥ 0.95) and Tucker-Lewis Index (TLI) (good fit TLI ≥ 0.9),
which are less affected by sample size than the more commonly used
Chi-square test (good fit P N 0.05) (Fan et al., 2016). After initial evalua-
tions we conservatively used score statistics (modification indices, MI),
to explore further than the confirmatory stage of the a priori model
(Chaudhary et al., 2009). We carefully considered recommendable
changes one at a time, until overall fit measures was acceptable. To ap-
proach assumptions of parametric statistical tests, like normal distribu-
tion, we log(x+ 1) transformed all data before regression analyses and
SEM.
H4 –N and organisms in the decomposer foodweb. “Ash dose” and “pH”were combined to
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3. Results

3.1. Physicochemical parameters

Means and standard deviations for all physicochemical parame-
ters are listed in supplementary material, Tables S5 and S6 for
0–3 cm and 3–6 cm, respectively. In the 3–6 cm layer, ash had an ef-
fect on pH and PO4 – P (all linear regression equations and statistics
for physicochemical parameters in the 3–6 cm layer are listed in sup-
plementary material S7). pH increased significantly from 3.99 at 0 t
ash ha−1 to 4.19 at 6 t ash ha−1 (P = 0.027) and from 3.52 at 0 t
ash ha−1 to 3.8 at 6 t ash ha−1 (P = 0.049) after 14 and 26 months,
respectively. At 3–6 cm, NH4 – N tended to decrease 14 months
after application from 0.24 μg cm−3 at 0 t ash ha−1 to 0 μg cm−3 at
6 t ash ha−1 (P = 0.089). Generally, PO4 – P tended to increase
with ash application at 3–6 cm, and this effect increased with time.
All other physicochemical parameters were unaffected by ash at
3–6 cm. The following only covers the 0–3 cm samples.

At 0–3 cm, ash significantly increased pH at all three sampling
times (linear regression, 2, 14 and 26 months P b 0.005) (Fig. 2),
and the effect of ash did not change with time (multiple regression
Ptime×ash = 0.7). Multiple regression analysis results on all physico-
chemical factors in the 0–3 cm layer are listed in supplementary ma-
terial S9. OM varied greatly between the plots at all sampling times,
but decreased significantly from 91.1% weight loss on ignition in the
control to 73.35% at 6 t ha−1 26 months after ash application (P =
0.009).

PO4-P increased significantly with ash application dose for all
three sampling times (linear regression, 2, 14 and 26 months,
P b 0.005), but over time the ash effect decreased (multiple regres-
sion Ptime×ash N 0.001) (Fig. 3). NH4 – N increased significantly
2 months after ash application from 0 μg NH4-N cm−3 in the control
to 3.56 μg NH4-N cm−3 at 6 t ash ha−1 (linear regression, P = 0.03).
The following years the NH4 – N pool decreased with increasing ash
doses from control to 6 t ash ha−1 with 0.72 μg NH4-N cm−3

14 months after ash application (P = 0.02) and 1.63 μg NH4-
N cm−3 after 26 months (P N 0.005) (Fig. 3). There was almost no
NO3 – N in the forest floor, but NO3 – N varied increasingly over the
study period and tended to decrease with ash application 26 months
after ash application (P = 0.068) and showed no other effect of ash
(Fig. 3).
Fig. 2. – pH response at 0–3 cm forest floor depth to ash application, 2, 14 and 26months
after application of increasing doses of wood ash (0, 3, 4.5 or 6 t ash ha−1). The solid lines
represent thefits to linear regressionmodels, where pH2 months= 3.57+ 0.2 × t ash ha−1;
pH14 months = 4.43+ 0.17× t ash ha−1; pH26 months= 3.96+ 0.11 × t ash ha−1. Error bars
are SE.

Fig. 3. – NH4-N, NO3-N and PO4-P concentrations at 0–3 cm forest floor depth, 2 (a), 14
(b) and 26 (c) months after application of increasing doses of wood ash (0, 3, 4.5 or 6 t
ash ha-1). The solid lines represent the fits to linear regression models, where in (a) log
(1+ NH4-N cm-3) = 0.98 + 0.02 × t ash ha-1, and log(1+ PO4-P cm-3) =
1.08 + 0.11 × t ash ha-1, in (b) log(1+ NH4-N cm-3) = 1.03–0.01 × t ash ha-1, and log
(1+ PO4-P cm-3) = 1.03 + 0.08 × t ash ha-1 and in (c) log(1+ NH4-N cm-3) =
1.05–0.01 × t ash ha-1, and log(1+ PO4-P cm-3) = 1.02 + 0.41 × t ash ha-1. Error bars
are SE.
3.2. Abundance of organisms

Means and standard deviations for the abundance of all organism
groups are listed in supplementary material Tables S1–S4. At 3–6 cm
depth, ash affected the two protozoan groups, i.e. naked amoebae/fla-
gellates and ciliates, and enchytraeids (all linear regression equations
and statistics for organisms in the 3–6 cm layer are listed in supplemen-
tary material S8). After 14 months, ash slightly increased protozoan
abundance (naked amoebae/flagellates: P = 0.041; ciliates: P =
0.027). Enchytraeid abundance decreased by 57% 26 months after ash
application from 0.9 enchytraeids cm−3 at the control to 0.39
enchytraeids cm−3 at 6 t ash ha−1 (P = 0.015). All other organisms
were unaffected by ash at 3–6 cm. The following covers results from
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the depths 0–3 cm for bacteria, protozoa, nematodes and enchytraeids,
0–5 cm for microarthropods and earthworms and 0–12 cm for fungal
biomass.

At 0–3 cm, ash application affected the abundance of organisms in
the bacterial feeding pathway (Fig. 4). Culturable heterotrophic bacteria
Fig. 4. – Abundance (log 1+ number cm−3) of culturable heterotrophic bacteria, naked
amoebae and flagellates and ciliates at 0–3 cm forest floor depth 2 (a), 14 (b) and 26
(c) months after application of increasing doses of wood ash (0, 3, 4.5 or 6 t ash ha−1).
The solid lines represent the fit to linear regression models, where in (a) log(1+
culturable heterotrophic bacteria cm−3) = 7.07 + 0.07 × t ash ha−1, log(1+ naked
amoebae and flagellates cm−3) = 3.89 + 0.07 × t ash ha−1, and log(1+ ciliates
cm−3) = 1.74 + 0.15 × t ash ha−1, in (b) log(1+ culturable heterotrophic bacteria
cm−3) = 7.48 + 0.06 × t ash ha−1, log(1+ naked amoebae and flagellates cm−3) =
8.89 + 0.1 × t ash ha−1, and log(1+ ciliates cm−3) = 1.87 + 0.16 × t ash ha−1 and in
(c) log(1+ culturable heterotrophic bacteria cm−3) = 7.41 + 0.06 × t ash ha−1, log(1+
naked amoebae and flagellates cm−3) = 3.64 + 0.06 × t ash ha−1 and log(1+ ciliates
cm−3) = 1.99 + 0.1 × t ash ha−1. Error bars are SE.
increased with ash at all three sampling times (linear regression,
2 months P=0.048; 14months P b 0.005; 26months P b 0.005). Proto-
zoa also increased at all the sampling times (naked amoebae/flagellates:
2months P=0.01; 14months P b 0.005; 26months P=0.006; ciliates:
2, 14 and 26 months, P b 0.005). However, for bacterial feeding nema-
todes, ash did not affect their abundance at any sampling time.

Contrary to this, the ash effects on organisms in the fungal feeding
pathway were negligible. Fungal biomass tended to decrease 2 months
after ash application from 0.05mg cm−3 at the control to 0.02mg cm−3

at 6 t ash ha−1 (regcoefficient =−0.002mg fungal biomass cm−3 t ash−1,
P = 0.085), whereas 26 months after ash application fungal feeding
nematodes decreased from 4.52 nematodes cm−3 at the control to
2.63 nematode cm−3 at 6 t ash ha−1 (regcoefficient = −0.04 nematodes
cm−3 t ash−1, P = 0.028). Of the fungal feeding microarthropods,
Collembola, nothroids, Phthiracaridae and total Oribatida, only total
number of Oribatida responded to ash. The Oribatida decreased slightly
with ash application 26 months after application (regcoefficient = −0.03
mites cm−3 t ash−1, P=0.003). Ash dose did not affect carnivorous and
omnivorous nematodes and mesostigmatid mites.

The two oligochaete groups, enchytraeids and earthworms,
responded oppositely to ash 2 years after ash application; enchytraeids
decreased with 65% from 0.52 enchytraeids cm−3 at the control to 0.18
enchytraeids cm−3 at 6 t ash ha−1 (regcoefficient =−0.017 enchytraeids
cm−3 t ash−1, P = 0.011), whereas earthworms increased
(regcoefficient = 1.11e−5 earthworms cm−3 t ash−1, P = 0.01) (Fig. 5).

There was no interaction effect of ash and time on any of the organ-
isms. Multiple regression analysis results on organism abundance are
listed in supplementary material S9.

3.3. Effect of ash application on the decomposer food web

The SEMs adequately fitted the data (2months after ash application:
df = 18, P-value (Chi-square) = 0.66, CFI = 1, TLI = 1.05; 26 months
after ash application: df = 9, P-value (Chi-square) = 0.39, CFI = 0.99,
TLI = 0.99) (Fig. 6). The observed variables “ash dose” and “pH” de-
scribed the latent variable “ash application” well at both sampling
times. Two months after application, ash had a direct positive effect
on bacterial and ciliate abundance, while it affected fungal biomass neg-
atively (Bacteria: regcoefficient = 0.64, P = 0.003; Ciliates: regcoefficient =
1.15, P N 0.001; Fungi: regcoefficient = −0.51, P = 0.036). Ash did not
have a direct influence on naked amoebae/flagellates and ciliates, but
the ash-stimulated bacterial growth enhanced their abundances
(Amoebae/flagellates: regcoefficient = 0.8, P N 0.001; ciliates:
Fig. 5. - Abundance (log 1 + earthworms cm−3) of earthworms at 0–5 cm forest floor
depth 28 months after of increasing doses of wood ash (0, 3, 4.5 or 6 t ash ha−1). The
solid line represents the fit to a linear regression model, where log(1+ earthworms
cm−3) = 0.11 × t ash ha−1. Error bars are SE.



Fig. 6. – Structural equationmodels of the effects of ash application on the forestfloor decomposer foodweb, 2months (a) and 26months (b) after ash application. Green arrows indicate a
positive relationship, where blue indicate a negative relationship. Numbers on arrows are standardized regression coefficients and significant effects are denoted as ***P b 0.001;
**0.001 ≤ P b 0.01; *0.01 ≤ P b 0.05. Model fits: (a) df = 18, P-value (Chi-square) = 0.66, CFI = 1, TLI = 1.05; (b) df = 9, P-value (Chi-square) = 0.39, CFI = 0.99, TLI = 0.99, indicating
a close fit between models and data.
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regcoefficient = 0.29, P = 0.019). There was a negative relationship be-
tween fungal biomass and nothroid mites (regcoefficient = −0.16, P =
0.009). Ash application thus had a negligible effect on the fungal feeding
pathway, and the positive ash effect on bacteria did not transcend to
other organisms in the bacterial feeding pathway, than the protozoa.
Two months after ash application, ash indirectly affected the NH4 pool
positively via naked amoebae/flagellates (regcoefficient = 0.35, P =
0.004), but also negatively through bacteria (regcoefficient = −3.07,
P = 0.019). At 26 months after ash application, only the direct positive
effect of ash application on bacteria and ciliates as well as the indirect
positive effect on naked amoebae/flagellates remained (bacteria:
regcoefficient = 0.95, P N 0.001; ciliates: regcoefficient = 1.57, P = 0.001;
naked amoebas/flagellates: regcoefficient = 0.9, P N 0.001). However, at
this time ash application also decreased carnivorous and omnivorous
nematodes (regcoefficient = −0.38, P = 0.048).

4. Discussion

The aim of this study was to examine the response of decomposer
organisms and hence decomposition functions of the food web after
ash application. Our SEM results show that the ash effect was largely
confined to bacteria, protozoa and the inorganic N pool in the top
0–3 cm from the forest floor, as well as a negative effect on the fungal
biomass 0–12 cm from the forest floor 2 months after ash application.
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However, over time also earthworms, enchytraeids and carnivorous/
omnivorous nematodes reacted to ash application.

4.1. Ash effects are largely confined to the top 3 cm

Contrary to our hypothesis, we did observe some, albeit quite lim-
ited, effects of ash application below 3 cm from the forest floor. pH in-
creased by 0.2 and 0.28 pH units, 14 and 26 months after ash
application, respectively. Similarly, Gömöryová et al. (2016) found a
fast increase of pH in top soil (app. 0–3 cm depth) with ash application,
which moved to the humic organic horizon over 12 months.

In natural bacterial communities activity is inhibited at pH b 4–4.5
(Bååth, 1996; Rousk et al., 2009), and increasing pH is known to stimu-
late bacterial activity (Rousk et al., 2010a, 2010b).We did not see an in-
crease in bacterial abundance in the 3–6 cm layer; hence, themodest pH
increase below 3 cm depth, which did not rise pH above 4.2 (6 t ha−1,
14 months after ash application, (Table S6, supplementary material)),
was insufficient for a detectable stimulation of bacterial biomass. How-
ever, the slightly enhanced abundance of the bacterial feeding protozoa
at 3–6 cm, 14months after ash application, probably reflects some stim-
ulation of their resource, i.e. bacterial production (Ekelund et al., 2009;
Rønn et al., 2002).

On the contrary, in the top 0–3 cm, pH increased by 1.2 units from
the control to 6 t ash ha−1 2 months after ash application. Simulta-
neously, bacteria, naked amoebae and flagellates counts doubled and
ciliates quadrupled.

Although ash significantly affected only a few variables at 3–6 cm,
and most of these effects were negligible compared to the effects at
0–3 cm, enchytraeid abundance decreased markedly from 0.9
enchytraeids cm−3 in the control to 0.4 enchytraeids cm−3 in 6 t ash
ha−1 below 3 cm 26months after ash application. Parallel, earthworms
markedly increased from 0 earthworms m−2 (depth: 0–5 cm from the
forest floor) in the control to 50 earthworms m−2 (depth: 0–5 cm) at
6 t ha−1. An inverted relationship between earthworms and
enchytraeids has been shown for increasingly alkaline soils (Butt and
Briones, 2017) and earthworms appear to supress enchytraeid popula-
tions (Räty and Huhta, 2003). Huhta (1986) also observed the presence
of earthworms in ash treated plots and generally earthworm abundance
seems to increase with ash application (Lundkvist, 1998; Pukalchik
et al., 2018), probably due to the pH increase (Potthoff et al., 2008)
and because the increased bacterial and protozoan abundance in or-
ganic matter improve their food resource.

In conclusion, generally the effects of ash were limited to the top
0–3 cm from the forest floor. Over time the effects subsided, while
there was a slight increase of ash effects at 3–6 cm depth. This is in ac-
cordance with other studies, which have focused on leaching of pH
over time (Gömöryová et al., 2016; Hansen et al., 2017; Hansen et al.,
2016). The temporary effect at 0–3 cm depth and the slight increase in
ash affects we observe at 3–6 cm depth could also be ascribed to OM
turnover in the forest floor. The newly grown vegetation 2 years after
ash applicationwould be less affected by the ash addition than the orig-
inal vegetation on which the ash was applied. Further, part of the vege-
tation would decompose during the two years after ash application and
thus becomepart of the lower profiles in the ground. Especially on a lon-
ger time scale this could be relevant. It would thus be relevant to study
the effect of ash on organisms in differing soil horizons over a longer pe-
riod of time.

4.2. Food web responses to ash application

Ash application had a pronounced effect on the basal part of the food
web in the top 3 cm (Fig. 6(a)), where it promoted bacteria and ciliates
directly. The increase of bacteria further promoted organismsof the bac-
terial feeding pathway. However, the increased bacterial abundance
only led to enhanced abundances of ciliates, naked amoebae and flagel-
lates, and did not affect bacterial feeding nematodes. Contrary, ash
application inhibited fungal biomass directly at 0–12 cm depth, but
the effect on the fungal feeding pathway was negligible. During the
study period, the negative effect of ash application subdued, except for
a delayed negative effect on carnivorous/omnivorous nematodes
26 months after ash application.

Contrary to the negative effect on carnivorous/omnivorous nema-
todes in the SEM analysis, there was no significant effect of ash from
the linear regression analysis on carnivorous/omnivorous nematodes.
We expect this to be due to the latent variable “ash application”,
which is constructed to take other, not observed, variables into account.
For instance, at our field site ash significantly reduced moss cover and
changed species composition (Ethelberg-Findsen, 2017) and in a labo-
ratory experiment ash strongly increased growth of the grass
Deschampsia flexuosa grown in soil from our field site (Kindtler et al.,
2019). Both effects on vegetation could disturb the micro-habitat and
cause the negative effect on the sensitive carnivorous/omnivorous nem-
atodes. Over time, vegetation could further change, e.g. the moss cover
re-established (Ethelberg-Findsen, 2017), and studies on the
interchanging effects of ash application, vegetation and decomposer or-
ganisms are needed to elucidate the consequences of this.

As mentioned, increased bacterial production is a common response
to increases in pH (Rousk et al., 2010a, 2010b), followed by increasing
abundance of bacterial feeders (Moore et al., 2005). In a similar study,
which covered extremely high ash doses, and thus pH, Vestergård
et al. (2018) also found increased activity of the bacterial feeding path-
way. Our study confirms this pattern of stimulation of the bacterial
pathway for realistically more relevant ash doses.

Contrary to many other studies on ash or lime effects on fungi (see
Kjøller et al. (2017)), our structural equation models showed that ash
application decreased fungal biomass shortly after ash application. The
fungal group has a relatively broad pH range, however, pH optima
seems to be species dependent (Kjøller et al., 2017). Ash or lime thus
causes fungal community changes, but species richness and abundance
are unaltered (Kjøller et al., 2017). By sampling only two months after
ash application (Fig. 6(a)), we may have caught an intermediate stage
where some species are decreasing, but the growth of replacing fungal
species is yet to manifest (sampling in the end of May). This correlates
wellwith our 26months sampling,where fungi no longer showed an ef-
fect of ash application (Fig. 6(b)). Aswe usedmesh bagswhich predom-
inantly selects for in-growth of ectomycorrhizal fungi mycelium
(Wallander et al., 2001), only part of the fungal biomass is represented
in our study and further studies are needed to achieve a more detailed
result.

Generally, we did not observe changes in microarthropod abun-
dances, except for a decrease of total oribatid mites 26 months after
ash application, from 6.89 mites cm−3 in the control to 4.26 mites
cm−3 at 6 t ash ha−1. Hence, the ash application enhanced the activity
of the basal part of the bacterial-based pathway, but in general, the de-
composer food web was resilient to ash application.

4.3. Ash effect on N mineralization

Ash stimulated N mineralization 2 months after application, as seen
in the increasedNH4 –Npool. The structural equationmodel (Fig. 6(a)),
suggests that especially the indirect ash stimulation of naked amoebae
andflagellates leads to theNH4 –N increase in the top 0–3 cm. Contrary,
the stimulation of bacteria had a negative effect on NH4 – N. The quali-
tatively opposite impact of bacteria and their prime predators, naked
amoebae and flagellates, on the NH4 – N pool may appear counterintu-
itive. However, bacterial and protozoan biomass have approximately
idem C to N ratios, thus due to respiratory loss of C, naked amoeba
and flagellates excrete excess N (Rønn et al., 2012), adding to the NH4

– N pool. Contrary, soil bacteria usually have much lower C to N ratios
than their substrates and take up inorganic N when they are N-
limited, thus decreasing the NH4 –Npool.With enhanced bacterial pro-
duction, N uptake from the soil is thus likely to increase, subsequently
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decreasing the inorganic N pool. The fact that we observe an indirect
positive relation between protozoan abundance and the NH4 – N pool,
but a direct negative relation between bacteria and NH4 – N, confirms
the importance of protozoan grazing for N mineralization (Ekelund
et al., 2009; Rønn et al., 2012). Further, it has also been suggested that
ash stimulated fungal decomposition of recalcitrant OM, contributes to
N mineralization in the system (Mortensen et al., 2019).

Wherewe found an increase in theNH4 –Npool shortly after ash ap-
plication, the succeeding years theNH4 –Npool decreasedwith increas-
ing ash dosages. While ash facilitates the nutrients for primary
production and the alkalinity for optimal bacterial activity, bioavailable
N is limited. Thus, the uptake rate of inorganic N is likely to be higher in
the ash amended plots, compared to the unfertilized plots, decreasing
the inorganic N pool. We suggest that the decreased NH4 – N pool the
following years are due to increased N uptake from plants andmicroor-
ganisms. However, further studies are needed to clarify the distribution
of N uptake between microorganisms, ground vegetation and the trees
produced for biofuel.

4.4. Ash as a sustainable soil amendment

Although the absence of N in ash may limit the fertilizer value, this
and other studies show that the pH rise stimulates N mineralization
and thus increase inorganic N availability (Genenger et al., 2003;
Vestergård et al., 2018). Increased inorganic N available for plant up-
take, would improve ash as a fertilizer, facilitating sustainable manage-
ment of biofuel plantations. However, C is also released as CO2 during
mineralization of OM. Thus, recycling wood ash to sustain the produc-
tion of biofuel might to some extent undermine biofuel as a green alter-
native to fossil fuels. The balance between primary production, i.e.
increased tree growth, and microbial respiration, i.e. increased decom-
position, determines whether ash application stimulates C-
sequestration or CO2 emission (Dungait et al., 2012). Fungal dominated
systems are thought to sequester more C than bacterial dominated sys-
tems (Six et al., 2006). However, the negative effect on fungi we ob-
served in the structural equation model disappears over time, so
although we see an increase in the bacterial feeding pathway, we do
not expect a shift from fungal to a bacterial dominated system. Cruz-
Paredes et al. (2017) did not find a change in the fungi to bacteria
ratio 15 months after applications with up to 6 t ash ha−1 at the same
site. This correlates with our findings; the negative effect on fungi we
observed in the structural equation model disappears over time. This
suggests a limited increase in C-sequestration. However, specific re-
search on C-stocks and CO2 emission is needed for final conclusions.

5. Conclusion

We found that ash increased the abundance of bacteria and proto-
zoa, as well as the inorganic nitrogen pool at 0–3 cm depth. The effect
of ashwas negligible at 3–6 cmdepth. Earthworm abundance increased,
whereas enchytraeid abundance decreased 2 years after ash application.
Our structural equationmodel similarly showed that ash stimulated the
bacterial feeding pathway, which increased nitrogen mineralization
2months after application. Contrary, ash had a negative effect on fungal
biomass at the first sampling, however, this effect subdued over time.
This suggests that due to resilience of the decomposer foodweb, ash ap-
plication is a viable option for sustainable management of biofuel plan-
tations. However, although the decomposer food web is resilient, all
disturbances cause stress to organisms. Thus, for practitioners it is rele-
vant to consider that high frequency of ash applications, would cause
more stress, disrupting the organisms' roles in vital ecosystemprocesses
in the long run.
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