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Abstract: Return of wood ash from power plants to plantations makes it possible to recycle nu-
trients, counteract acidification, and to reduce economically costly waste deposition of the wood
ash. However, current legislation restricts the amount of wood ash that can be applied and it is
desirable to increase the allowed application dose, if possible, without negative effects on the plan-
tation ecosystems. Here, we applied wood ash in levels corresponding to 0, 3, 9, 15, 30, and 90 t
ash ha−1 and monitored the effect of the different ash doses on bryophytes in a Norway spruce
(Picea abies) plantation with a dense bryophyte cover dominated by Hypnum jutlandicum, Dicranum
scoparium, and Pleurozium schreberi. We used two complementary methods, image analysis, and
pinpoint registration during a three-year period. To our knowledge, we are the first to apply this
combined effort, which provides a much more exhaustive description of the effects than the use of
each method separately. Moreover, the inclusion of a wide range of different wood ash levels enabled
us to establish detailed dose-response relationships, which previous authors have not presented. The
bryophyte cover decreased with increasing ash level with concomitant changes in species composi-
tion. At ash doses above the currently allowed 3 t ha−1, the ash significantly reduced the bryophyte
cover, which only re-established very slowly. With increasing wood ash dose, the dominating species
changed to Brachythecium rutabulum, Ceratodon purpureus, and Funaria hygrometrica. We conclude that
application of more wood ash in spruce plantations than currently allowed will reduce total cover of
bryophytes and cause a pronounced change in bryophyte species composition. These changes will in
particular harm bryophyte species with specific environmental requirements and generally impair
the bryophyte cover as habitat for invertebrates and its economic value for moss harvesting.

Keywords: Picea abies plantation; bryophyte cover; wood ash; succession; Hypnum jutlandicum;
Dicranum scoparium; Pleurozium schreberi; Brachythecium rutabulum; Ceratodon purpureus;
Funaria hygrometrica

1. Introduction

Burning of fossil fuels is a serious threat to the global environment due to its climate
changing effects. Hence, wood from energy plantations is increasingly used in power
plants as a renewable alternative to fossil fuels. However, the removal of wood from the
plantations results in net export of nutrients and causes acidification of the forest floor [1].
Thus, recycling the wood ash to the plantations may solve both problems, as wood ash has
a high pH and retains most of the plant nutrients, except N [2]. Furthermore, deposition of
ash from the power plants as waste is expensive. Wood ash contains potentially harmful
heavy metals [2] and most countries have implemented legislation that restricts the amount
of ash to be recycled. In Denmark, the maximum amount of wood ash that may be legally
applied to a forest is 3 t ha−1 per 10 years, with an upper limit of three applications of 3 t
ha−1 per 75 years [3]. The recommendations in Sweden, Finland, and Lithuania are very
similar with respect to wood ash dose and frequency of ash application [4].
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Bryophytes are the main photosynthetic organisms on the forest floor in many, espe-
cially nutrient poor, plantations and forests [5]. Therefore, negative consequences of ash
application on the bryophytes may affect the forest ecosystem, including its recreational
and economic value; collection of mosses for decorations is a major source of income for
forest owners in some areas. Wood ash application affects the forest ecosystem in multiple
ways [6,7]. The plant nutrients, the oxides, and the heavy metals in the ash may all con-
tribute to these effects, but increased pH due to alkaline metal oxides is probably the most
important [7,8]. Hence, wood ash affects soil properties, soil organisms and vegetation
structure most pronouncedly in ecosystems with acidic soil [2].

Application of wood ash may reduce total bryophyte cover, and the effect increases
with increasing ash doses. Jacobson and Gustafsson [9] found that five years after ash
application in a pine stand, a dose of 3 t ha−1 caused no detectable reduction in bryophyte
cover, whereas 6 t ha−1 caused a weak, though not significant, reduction, and 9 t ha−1

caused a significant 25 percentage points reduction in cover. Ozolinčius et al. [10] reported
a significant decrease in cover in plots treated with 1.25, 2.5, and 5.0 t ha−1 two years after
application of raw wood ash. The largest reduction in moss cover was only 7.6 percentage
points, which is consistent with the lower ash doses used in this study compared to the
study by Jacobson and Gustafsson [9].

Different bryophyte species respond differently to ash application. Jacobson and
Gustafsson [9] reported that Pleurozium schreberi had a decreased relative cover five years
after treatment with 9 t ash ha−1, while its cover increased in treatments with 3 t ha−1 and
6 t ha−1. The relative cover of Dicranum polysetum was unaffected by 3 t ha−1, while 6 t
ha−1 and 9 t ha−1 decreased its cover. Also, when analysing visible damage, Jacobson
and Gustafsson [9] found more detrimental effects on D. polysetum than on P. schreberi
and Hylocomium splendens. Kellner and Weibull [11] likewise found P. schreberi to be less
negatively affected by ash than D. polysetum, in terms of cover and visible damage. The
effect of wood ash diminishes with time. Jacobson and Gustafsson [9] detected a visible
damage (“burning”) one year after application of 3–9 t ash ha−1, but this effect was already
reduced after two years, and no detectable visible damage could be observed after five
years. Similarly, Arvidsson et al. [12] concluded that bryophytes were unaffected five years
after application of 3 t ash ha−1. Furthermore, different wood ash types and different
preparations of the ash influence the effect [2,12,13].

The pH increase is probably a major reason for ash effects on bryophytes. In a study
of 28 moss- and 17 liverwort-species in Swedish spruce-dominated stands, Dynesius [14]
measured visible damage and growth response two months after treatment with 2 t ash
ha−1, and found bryophyte responses to be predictable from their pH-ecology. Bryophyte
species that normally grow in environments with relatively low pH showed a reduction in
growth after ash application, while those from environments with higher pH showed no
change in growth compared to controls. The effects on bryophytes of pH increase have
similarly been demonstrated in liming experiments. Duliere et al. [15] found a change in
bryophyte species composition after application of 5 t lime ha−1. In particular, dominant
species of Dicranaceae responded negatively, a response which corresponds to the high
susceptibility to ash in Dicranum spp. found by Dynesius [14]. Also, the mineral nutrients
in the wood ash likely have an effect on the bryophytes. Jäppinen and Hotanen [16] treated
peatlands planted with pine or spruce with different fertilizers containing N, P and K.
Sphagnum species were particularly sensitive to fertilizers, whereas Polytrichum commune
benefitted from the fertilization (measured as production/biomass ratio), but only where
the shoots had not been in direct contact with the fertilizer, in which case the shoots suffered
from “burning”.

Previous studies concerning wood ash effects on bryophytes have included only few
different levels of wood ash close to the legally allowed limit, which makes it difficult to
establish more detailed dose-response relationships. Here, we included a wide range of
different wood ash levels including some well above the legally allowed limit. In dose
response experiments, such an approach will provide a more complete picture of the
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effects [17]. Moreover, an experimental setup with application of high ash doses provides
a unique opportunity to study recolonization and succession in a bryophyte community;
subjects that are much less studied for bryophytes than for vascular plants. In this study, we
analysed the changes in the bryophyte community after application of doses corresponding
to 0, 3, 9, 15, 30, and 90 t wood ash ha−1. We followed the bryophyte community during a
three-year experimental period, where we regularly estimated total bryophyte cover using
image analysis and species composition using pinpoint analyses. We expected (1) that
harmful effects on the bryophyte cover would increase with increasing ash doses, (2) that
the ash treatments would replace the persistent K-strategists with ephemeral r-strategists
with higher Ellenberg R and N values, and (3) that the bryophyte community would
recover, at least partly, with time.

2. Materials and Methods
2.1. Study Site

We performed the study in a 57-year-old second-generation Norway spruce (Picea abies)
plantation (Gedhus, Central Jutland, Denmark, 56◦16.65′ N 9◦5.10′ E). Gedhus Plantation,
of about 300 ha, is part of a larger plantation area of about 1500 ha planted on old heathland.
The soil is a podzol with a high organic matter content in the O horizon (TOC = 422 g kg−1),
few available nutrients and a pH (w) of 3.2. More details on the soil characteristics at the
site can be found in [18]. Mean annual temperature and precipitation are 8.4 ◦C and
0.850 m3 m−2 [19]. Regarding tree species, soil type and precipitation, the plantation is
representative for plantation areas in Western Denmark [20]. Due to the soil conditions,
there are only few vascular plants, mostly Vaccinium vitis-idaea and Deschampsia flexuosa
(see also Supplementary Table S1), and the ground vegetation is dominated by mosses,
in particular Hypnum jutlandicum, Dicranum scoparium and Pleurozium schreberi, and a few
liverworts, mostly Lophocolea bidentata.

In April 2014, we established the experiment as a randomized block design with six
levels of wood ash application in five regularly distributed replicate rows, i.e., in total
30 2 m × 2 m plots, within a 25 m × 30 m area, with 2–3 m distance between plots. The
wood ash was a mixture of bottom and fly ash originating from the burning of spruce
bark chips at the nearby Brande heating plant. We applied the equivalent of 0, 3, 9, 15,
30, or 90 t wood ash ha−1 to the individual plots, where 3 t ha−1 represents the currently
maximum allowed dose, thus each treatment was applied in five replicates. The ash had
not been exposed to any stabilization treatment. Table 1 provides details of the wood ash.
The ash contained high amounts of the plant nutrients P and K and small amounts of some
heavy metals.

Table 1. Composition of the wood ash. Analyses are made by AnalyTech Miljølaboratorium A/S, March 2014.

pH Dry Mass
%

Conductivity
mS/m

Total-P
mg/kg

K
mg/kg

Cd
mg/kg

Hg
mg/kg

Pb
mg/kg

Ni
mg/kg

Cr
mg/kg

12.95 99.7 2040 11400 35600 5.51 0.1 13.8 23.9 10.0

2.2. Bryophyte Cover: Image Analysis

We estimated the bryophyte cover of the plots six times using image analysis. We took
photos of all plots just prior to application of wood ash (April 2014), and again 6 months
(October 2014), 1.5 years (October 2015), 2 years (April 2016), 2.5 years (October 2016), and
3 years (April 2017) after ash application (Figure 1). We used the “Color Threshold” func-
tion in the program ImageJ (imagej.net) to quantify the areas covered by moss vegetation.
In each photo we first excluded areas outside the plots by coloring these areas black and
marked all green areas inside the plots, while areas with other colors than green were left
unmarked. The marked areas were then colored red (Supplementary Materials Figure S1).
We adjusted the threshold for brightness to include only the area of the plot, by excluding
the black-colored area outside the plot. For half of the photos, prior to ash application, we
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assessed thresholds manually for each photo, while an adjusted threshold of intervals of
24–128, 6–255 for hue and saturation respectively, were used for remaining photos prior to
ash application and all the photos after ash application. Using a combination of thresholds
for hue and saturation, we then used the program ImageJ to quantify the number of pixels
representing the marked areas and the total number of pixels in each plot. Based on these
data, we estimated the percentage of coverage of green vegetation, which was almost
entirely constituted by bryophytes.

Figure 1. Timeline for a field experiment where bryophytes on a Norway spruce forest floor treated with wood ash were
monitored over a period of three years. At experimental onset in April 2014, we applied six levels of ash to 2 m x 2 m plots,
with five replicates of each treatment, i.e., 30 plots in total. Image analysis of bryophyte cover was performed in April 2014,
October 2014, October 2015, April 2015, October 2016, and April 2017. Pinpoint registration of species composition was
performed in October 2015, April 2016, October 2016, and April 2017.

2.3. Species Composition: Pinpoint Analysis

We used pinpoint analysis to determine the species composition in the 30 plots 1.5, 2,
2.5, and 3 years after ash application (October 2015, April 2016, October 2016, and April
2017). We applied pinpoints for every 20 cm, 11 pinpoints per row in 11 columns; i.e., a total
of 121 pinpoints covering the plot completely (Supplementary Materials Figure S2). For
each of the 121 pinpoints in each of the 30 plots, we recorded all bryophyte (i.e., mosses and
liverworts) species and bare soil; hence, one pinpoint might result in several registrations
depending on the number of species underneath it.

2.4. Soil pH vs. Ellenberg Reaction Values

In October 2016, 2.5 years after ash application, we collected three soil cores (diameter
6 cm, depth 3 cm) from each of the 30 plots to measure pH in the top organic layer. We
removed the living moss, and used material from the top 1 cm of the remaining soil core.
We measured pH (H2O) on a pH meter 240 (Radiometer Copenhagen). Concomitantly,
we calculated the Ellenberg Reaction values weighted by abundance, i.e., for each plot,
for each particular species, we multiplied its frequency with the Ellenberg values given
by [21].

3. Results
3.1. Soil pH and Ellenberg Reaction Values

The soil pH increased with increasing wood ash doses in an asymptotic fashion up
to a value of about 8 (Figure 2A). Weighted Ellenberg reaction values for the bryophytes,
2.5 years after ash application, correlated significantly with pH, but with a much steeper
slope for the high (15–90 t ha−1) than for the low (0–9 t ha−1) ash doses (Figure 2B).
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Figure 2. (A) Correlation between wood ash dose and soil pH 2.5 years after ash application in
30 plots treated with six different levels of ash. Soil pH values are based on mean values for three
samples in each of the 30 plots. (B) The relationship between pH and weighted Ellenberg reaction (R)
values 2.5 years after ash application. We used Ellenberg values from Hill et al. (2007) and calculated
the weighted Ellenberg reaction value in each plot by multiplying the Ellenberg reaction value with
the species frequencies in each plot. We divided the values into two groups, those corresponding to
the low ash doses (0–9 t ha−1) and those corresponding to the high ash doses (15–90 t ha−1). In both
cases, simple linear models showed a positive correlation between pH and Ellenberg reaction (R)
values, but for the higher values, the slope was steeper, which suggest that direct ash effect was more
prominent than the pH shift.

3.2. Total Bryophyte Cover: Image Analysis

In April 2014, before the ash was applied, the bryophyte cover did not differ signif-
icantly between plot types (p = 0.997) with an average cover of (64.6% +/− 1.7, mean
+/− SE) (Figure 3, Supplementary Table S2). The effect of ash was most pronounced six
months after ash application, here 90 t ash ha−1 reduced the total bryophyte cover to c. 5%
compared to c. 90% in the 0 t ha−1 treatment (Figure 3, October 2014). This corresponds to
93.9% decrease in cover. At the following analyses, the cover had started to re-establish,
and amounted to 54.3%, 55.5%, 45.8%, and 36.8% reductions, 1.5, 2, 2.5, and 3 years after
application of 90 t ash ha−1, respectively (Supplementary Table S2). We observed a higher
amount of dead bryophytes six months after application of 3 t ash ha−1 compared to
12 months after ash application while we observed almost no dead bryophytes 18 months
after application of 3 and 9 t ash ha−1 (data not shown). Still, all analyses, 0.5–3 years
after ash application showed significant correlations between bryophyte cover and ash
application (Figure 3, Supplementary Table S2). We notice that apparently bryophyte cover
varied between years independently of ash application, and in particular between seasons.
Thus, the cover in the 0 t ha−1 plots was significantly lower in spring (April, 0, 2, and
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3 years after ash application) compared to autumn (October 0.5, 1.5, and 2.5 years after ash
application) (one way ANOVA, p = 0.013).

Figure 3. Total bryophyte cover (%) in experimental 2 m × 2 m plots treated with different levels of wood ash in April
2014 and subsequently evaluated by photo image analysis. Ash doses corresponded to application of 0–90 t ha−1. Note
that, in addition to the strong negative relation between ash application and bryophyte cover, moss cover was significantly
more developed in autumn than in spring. Time 0 (April 2014) corresponds to bryophyte cover prior to ash application.
Dots represent individual measurements and the solid lines show data modelled by the simple three-parameter logistic
equation y = a [1 + exp(b(x − x 1

2
))]−1 often used for dose response relationships [22]. Here, “a” is the cover in untreated

plots (as suggested by the model), “b” indicates how strongly bryophyte cover decreases with ash dose, and “x 1
2
“is the

value suggested by the model that reduces cover by 50%. Thus, the ash dose predicted by the model to reduce cover by 50%
will be 10x 1

2 + 1.
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3.3. Species Composition: Pinpoint Analysis

We registered in total 28 moss species and three liverwort species in the sample area,
22 moss species and two liverwort species were recorded in the pinpoint analyses of the
30 plots (Table 2). Some bryophyte species dominated entire plots while others were only
found a couple of times. A few species were not recorded at every sampling. The species
composition changed gradually with increasing ash application, whereas total species
number remained almost constant for the different treatments, with a slight tendency for
increased species number at intermediate ash levels. (Figure 4). Although some species were
significantly affected by ash dose, species composition differed only slightly between the
four sampling times, and time and interaction between time and ash dose had no significant
effect (Table 3). Plots without ash were dominated by H. jutlandicum, D. scoparium and
P. schreberi, whereas F. hygrometrica, C. purpureus, and B. rutabulum dominated in the 90 t ash
ha−1 treatments. H. jutlandicum decreased when ash was applied (Figure 4). The abundance
of D. scoparium and L. bidentata also decreased with increasing ash application from doses
higher than 3 t ha−1. By contrast, F. hygrometrica and C. purpureus were absent in the 0 t ha−1

plots but increased in abundance with increasing ash application. P. schreberi was present
in all treatments, but with the highest abundance in plots treated with 3–15 t ash ha−1.
B. rutabulum was most abundant in treatments with 9–90 t ash ha−1.

Table 2. List of mosses and liverworts recorded during a three-year period in 2 m × 2 m plots treated
with wood ash in doses corresponding to 0, 3, 9, 15, 30, and 90 t ha−1. Species marked with an
asterisk (*) were registered in the sample area but not recorded in the pinpoint analyses.

Number of Registrations (Mean Pr. Analysis)

Mosses (Bryophyta)
Amblystegium serpens Schimp. 0.5

Aulacomnium palustre (Hedw.) Schwägr. 0.75
Brachythecium rutabulum (Hedw.) Schimp. 510.5

Bryum sp. Hedw. 0.5
Campylopus flexuosus (Hedw.) Bridel * 0

Ceratodon purpureus (Hedw.) Brid. 130
Dicranella heteromalla (Hedw.) Schimp. 0.5

Dicranella schreberiana (Hedw.) H.A.Crum and
L.E.Anderson 0.25

Dicranoweisia cirrata (Hedw.) Lindb. 0.25
Dicranum majus Turner 3.75

Dicranum montanum Hedw.* 0
Dicranum polysetum Sw. 43.5

Dicranum scoparium Hedw. 371.25
Dicranum spurium Hedw.* 0

Funaria hygrometrica Hedw. 295.5
Hylocomium splendens (Hedw.) Schimp. 10

Hypnum jutlandicum Holmen and Warncke 1600.75
Kindbergia praelonga (Hedw.) Ochyra 3.5

Plagiomnium cuspidatum (Hedw.) T.J. Kop. 0.5
Plagiothecium undulatum (Hedw.) Schimp. 54.75
Pleurozium schreberi (Willd. ex Brid.) Mitt. 633

Pohlia nutans (Hedw.) Lindb. 0.75
Polytrichum formosum Hedw. 9

Pseudoscleropodium purum (Hedw.) M. Fleisch. 3
Ptilium crista-castrensis (Hedw.) De Not.* 0
Rhytidiadelphus lóreus (Hedw.) Warnst.* 0

Rhytidiadelphus squarrosus (Hedw.) Warnst. 3
Thuidium tamariscinum (Hedw.) Schimp.* 0

Liverworts (Marchantiophyta)
Lophocolea bidentata (L.) Dumort. 173.75

Marchantia latifolia Gray 3
Ptilidium ciliare (L.) Hampe * 0
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Figure 4. Cover of the seven most abundant bryophytes and a compound group with the remaining
species after treatment with 0, 3, 9, 15, 30, and 90 t ash ha−1. The analyses were made 1.5 (October
2015), 2.0 (April 2016), 2.5 (October 2016), and 3.0 (April 2017) years after ash application. The cover
of each species was obtained using a pinpoint analysis with 121 pinpoints covering the 2 m × 2 m
plots. For each pinpoint we recorded all bryophyte species. Numbers above the columns indicate
how many species occurred in the particular treatments.
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Table 3. ANOVA table presenting F and p values from two-way analysis of variance (time, ash
dose and their interaction), of number of observations of the seven most abundant species, other
bryophytes and bare soil from pinpoint analyses. Ash dose (t ha−1) and time after ash application
(months) were considered quantitative variables. “Model” indicates the complete model (number
of observation = time + ash dose + time *ash dose) and “Ash dose” indicates the relationship
between observation and ash dose. The number of observations for each species were log(1 + obs.)
transformed. Time and time*ash dose were not significant for any of the tested species/parameters
and are not included.

Model Ash Dose

F p F p

Hypnum
jutlandicum 313 <0.0001 47 <0.0001

Dicranum
scoparium 85 <0.0001 15 0.0002

Lophocolea
bidentata 2.6 0.06 0.5 0.48

Pleurozium
schreberi 24 <0.0001 7.2 0.0083

Brachythecium
rutabulum 9.2 <0.0001 0.43 0.51

Ceratodon
purpureus 115 <0.0001 29 <0.0001

Funaria
hygrometrica 325 <0.0001 58 <0.0001

Other
bryophytes 7.19 0.0002 6.6 0.011

Bare soil 14 <0.0001 2.4 0.12

4. Discussion
4.1. Investigation of Harmful Effects on Bryophytes in the Field

We used two different methods to assess the ash effect on the bryophytes, (1) photos
taken of the plots and subsequent image analysis to measure total cover of bryophytes
and (2) in situ pinpoint analysis to obtain detailed information on the species composition.
Each of these two methods has advantages and drawbacks.

The image analysis method makes it possible to obtain data in a relatively easy manner,
also for persons without detailed knowledge on bryophyte identification. Thus, we could
analyse the bryophyte community from early on in the project. Moreover, the method
is quick and images gained in the field can be stored for later analysis. This is a great
advantage, especially in long-term studies, compared to direct estimation of cover in the
field. Total bryophyte cover is often estimated by eye [9,11,12]. This method however, is
highly subjective, and often difficult, especially for large plots with a patchy cover.

Pinpoint analysis yields more thorough knowledge of the bryophyte response than the
image analysis, as it provides estimates of total cover as well as the cover of each particular
species. However, it requires specialist knowledge and experience regarding bryophyte
identification, therefore we were unable to perform this analysis at the first time points. In
particular, measurements before ash application would have been desirable. However, we
consider this less important as the control plots were rather similar and changed little with
time. Even though pinpoint analysis is very time-consuming, it yields more exact results,
than semi-quantitative evaluation of individual bryophyte species cover by eye [9–11], and
it increases the chance of recording small species covered by larger species.

The combination of image analysis of total cover and analysis of species composition
provides a more complete picture of the moss cover than the two methods would do alone.
The pinpoint analysis of species composition is a necessity in more thorough investigations,
and in principle it also estimates the total cover. This is, however, less precise as the number
of data points reflects the number of pinpoints, while the analysis of total cover in ImageJ
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depends on the number of pixels in the photo, which is much larger than the number of
pinpoints. We observed a large change in species composition especially in plots treated
with 30 t and 90 t ash ha−1, with new species appearing. This aspect could not be covered
with the image analysis.

4.2. Ash Effects on Bryophytes

The ash effects on bryophytes fall into two categories. The first is the immediate,
direct effect on the bryophyte shoots exposed to ash. This effect, caused by the strongly
alkaline and osmotic properties of the ash, is described as visible damage or “burning” of
bryophytes [9]. The second response is the long-term effect on species composition caused
by a change in the physicochemical environment.

Depending on the ash dose, immediate ash effects include discoloration or death of
the bryophyte shoots. We observed burning effects on bryophytes after ash application in
all ash treatments, which resulted in lower cover and the effect increased with increasing
ash doses (Figure 3). At small ash doses the visible damage was mainly discoloration, and
the shoots recover within a few months to five years depending on the ash dose and type of
ash [9,11,13]. The differences in the total moss cover’s response to ash in different studies
also reflect the differences in species composition in the studied forests, as different species
respond differently to wood ash (as discussed below).

A limited period of discoloration followed by no visible damage may seem a non-
harmful effect, but Kellner and Weibull [11] found a decrease in photosynthetic activity with
increasing degree of visible damage. They found similar burning effects caused by liming.
Three years after liming, the shoots had fully recovered from visible damage, but Dicranum
polysetum still produced a reduced number of sporophytes. This decreased fertility could
affect the long-term persistence of a species, especially if large areas are treated.

The pinpoint analyses demonstrated a change in bryophyte species composition after
wood ash application (Figure 4). Most prominent was the decrease in Hypnum jutlandicum
with increasing ash dose and the appearance and dominance of Brachythecium rutabulum,
Ceratodon purpureus, and Funaria hygrometrica at high doses. The total cover of bryophytes in
the plots treated with high ash doses (9–90 t ha−1) increased from the analysis 6 months after
ash application to the subsequent analyses (Figure 3). This reestablishment of bryophyte
cover is partly due to recovery of initial species and partly due to emergence of new species,
with the new species being the main source of cover recovery at 30 and 90 t ha−1 (Figure 4).

It is obvious that the different bryophyte species respond differently to ash application,
with some species decreasing with increasing ash dose (H. jutlandicum, Dicranum scoparium,
Lophocolea bidentata), some increasing with increasing ash dose (C. purpureus, F. hygrometrica),
and some having optimum at intermediate ash doses (Pleurozium schreberi, B. rutabulum)
(Figure 4). Former studies also report a difference in response to ash for different bryophyte
species. This difference is mainly reported as D. polysetum being more susceptible to ash
than P. schreberi [9,11]. Equivalent to our study, Silfverberg [23] observed an appearance of
F. hygrometrica after application of ash (5 t ha−1), while it was not present in control plots.

The exact wood ash dose that causes increase/decrease in different species varies
between studies. This difference is most likely explained by the different properties of
ashes due to differences in wood type, combustion and physical form, which result in
difference in pH, neutral salts, nutrient composition and concentration, and the rate of
release of the chemical components in the ash to the soil [13,24,25]. Further, differences in
properties of the specific soil may also influence the bryophyte response.

4.3. pH

In line with Dynesius [14], we found that the bryophyte response to wood ash applica-
tion related to their pH ecology, i.e., their Ellenberg R-values (Figure 2B). Duliere et al. [15]
showed that lime application (5 t ha−1) to Pine and Oak stands both reduced the bryophyte
cover and changed the bryophyte species composition. Dicranaceae (Campylopus flexuosus,
Dicranum montanum, and Dicranella heteromalla) declined and B. rutabulum, C. purpureus,
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and F. hygrometrica emerged or expanded. These changes are in line with our finding of
bryophyte response to ash application. Thus, increased soil pH is probably an impor-
tant reason for the change in species composition after ash application with an overall
shift in bryophyte community from dominance of acidophilic to alkaliphilic species after
ash application.

However, this was more apparent for the higher ash levels (15–90 t ash ha−1). For
the lower, 0–9 t ha−1, the effect was slighter, despite the soil pH increase already at
3 t ha−1 (Figure 2A), which illustrates that the combination of pH effects and the immediate
“burning” paves the way for the ephemeral species with higher Ellenberg-R values. At
intermediate ash levels, (3–15 t ha−1) Hypnum jutlandicum was replaced by Pleurozium
schreberi (Figure 4), which both have Ellenberg R values of 2 [21]. Thus, the species list
provides a more detailed picture than the Ellenberg values alone. The weighted Ellenberg
R value increased conspicuously when Brachythecium rutabulum, Ceratodon purpureus, and
Funaria hygrometrica became abundant in the plots, as these species have high Ellenberg
reaction values (6, 5, and 6, respectively).

4.4. Nutrients

Wood ash contains the essential plant nutrients (Table 1 and [2]), except nitrogen.
However, wood ash stimulates microbial activity, which also increases soil nitrogen avail-
ability [7]. Ozolinčius et al. [10] measured the concentration of nutrients in Pleurozium
schreberi, and found a significant increase in P, Ca and Mg two years after application of
5 t ash ha−1. The increase in nutrients will affect different species differently, as some
bryophytes (just like tracheophytes) are adapted to nutrient rich conditions while others are
adapted to nutrient poor habitats. This is reflected in their Ellenberg-N values, which is a
general indicator of fertility [21]. Considering their response to ash application, P. schreberi
and C. purpureus have remarkably low Ellenberg N values (2 and 3, respectively), which
again illustrates that these values do not provide the full picture. The Ellenberg N values
for H. jutlandicum, D. scoparium, D. polysetum, B. rutabulum, and F. hygrometrica (2, 2, 2, 6,
and 7, respectively) correspond to their response to the increase in nutrients due to ash
application.

4.5. Reestablishment and Succession of Bryophytes after Ash Application

Treatment with wood ash resembles fire in terms of removal of vegetation, increase
in mineral nutrients and other metal ions and increase in pH. For example, Paquette
et al. [24] found a decreased cover of perennial bryophyte species and increased cover of
ephemeral colonists after forest fires. Likewise, Calabria et al. [26] found a greater biomass
of colonist mosses after fires on prairies, while the biomass of all other functional groups
of bryophytes decreased. Further, Rees and Juday [27] reported an almost complete shift
in bryophyte species composition from early successional stages (c. 10 years after fire) to
later stages (c. 40 years after fire). This shift in species composition was also observed by
Rydgren et al. [28] after removal of the vegetation and top soil. They predicted that the
reestablishment of the pre-disturbance community would take up to 30 years.

The increased soil pH after wood ash application may prevail for many years. Saarsalmi
et al. [29] found a higher soil pH even 16 years after application of 3 t ash ha−1. As pH is a
major driver of the changes in species composition following ash application, reestablish-
ment of the initial species composition may be slow. Furthermore, in forestry, application
of ash as fertilizer will be repeated up to three applications of 3 t ha−1 during 75 years [3].
Hence, the soil pH is likely to increase further with every ash application. Thus, a more
alkaliphilic bryophyte community will establish in plantations treated with ash. The shift
in bryophyte species composition after application of especially high doses of ash may be
explained by successional patterns as well as pH-ecology. When the ground vegetation has
been cleared by the ash, small opportunistic colonisers, e.g., the acrocarpous C. purpureus
and F. hygrometrica get a chance to establish.
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4.6. Effects on Diversity and Ecosystem Services

At the currently allowed maximum dose for wood ash application in Danish forests
of 3 t ash ha−1, and overall similar recommendations in Sweden, Finland, and Lithua-
nia [4], we found only minor changes in total bryophyte cover compared to the untreated
plots, when assessed 0.5−3 years after ash application (Figure 3). The composition of
the bryophyte community, though, was more susceptible to even small doses of ash and
changed, resulting in a lower abundance of H. jutlandicum and a higher abundance of
P. schreberi (Figure 4, Table 3). At ash doses ≥30 t ha−1, we observed a complete change in
bryophyte composition, where F. hygrometrica, C. purpureus, and B. rutabulum dominated
the plots.

The vegetation in production plantations in Central Jutland is usually not associ-
ated with high conservation value. Still, we found one species in our experimental area,
Dicranum spurium, which is categorised as Vulnerable (VU) in the Danish Red List [30],
though it occurred in low numbers and was not registered in the pinpoint analyses (Table 2).
D. spurium normally occurs in heathland and is presently known from less than 10 loca-
tions in Denmark. It prefers acidic conditions with an Ellenberg reaction value of 2 [21].
Thus, extensive wood ash application will most likely eliminate this, and possibly other,
vulnerable species.

The dominating species in the plots without ash (H. jutlandicum, P. schreberi, and
D. scoparium) make dense carpets (H. jutlandicum and P. schreberi) and/or are up to 15 cm
tall (P. schreberi and D. scoparium), resulting in a thick continuous and persistent moss layer
covering the ground. F. hygrometrica and C. purpureus on the other hand are small and
slender acrocarps that barely cover the ground and do not grow taller than a couple of
cm. A huge number of different invertebrates, collembolans, mites, earthworms, spiders
etc. that inhabit the bryosphere [25], will be affected by the change in species composition.
Furthermore, the thick bryophyte layer insulates the soil and retains humidity. Even at
relatively low ash applications (≤9 t ha−1), we observed a larger abundance of B. rutabulum,
which forms flatter and loser carpets, and thus makes up a poorer habitat for moss dwellers.
Still, if ash is only applied in plantations with regular clear-cuts and where especially slash
harvest affects the bryophytes [31,32], application of even relatively high (e.g., 9 t ha−1 or
15 t ha−1) ash doses will have minor effects compared to these radical actions.

Finally, the change in bryophyte species composition is a potential problem for com-
mercial harvesting of moss. In Denmark, most of the spruce plantations are on cultivated
heathland, where export of moss represents a large proportion of the income. Hypnum
jutlandicum is the key species when it comes to export of mosses from Denmark [33], and
the application of ash could be a problem in forests used for moss collection.

5. Conclusions

We used two complementary methods, image analysis and pinpoint registration, to
study the impact on the bryophyte biota of a wide range of levels of wood ash in a Danish
Norway spruce (Picea abies) plantation. To our knowledge, this is the first investigation
of such a combined effort, which provides a much more exhaustive description of the
effects that if the methods were used separately, and only few levels were tested. We
found that the maximum ash dose can be raised above the current legislation limits of
3 t ha−1 to between 3 t ha−1 and 9 t ha−1 without major impacts on the total bryophyte
cover. However, even the 3 t ha−1 dose affected species composition, and may likely harm
vulnerable species like Dicranum spurium. The change in species composition may also
affect the fauna living in the bryosphere. Finally, even application of ash in small doses
reduced H. jutlandicum, which is used commercially in some plantations.

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-4
907/12/2/178/s1, Figure S1: Measurement of total bryophyte cover, using the program ImageJ.
Left: picture of a 2 m × 2 m plot, two years after receiving 15 t ash ha−1. Right: The same picture,
where the area outside the plot is cut away and green areas are marked red, by adjusting saturation

https://www.mdpi.com/1999-4907/12/2/178/s1
https://www.mdpi.com/1999-4907/12/2/178/s1
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and hue in the program ImageJ. The percentage of green (red) area is based on the marked pixels,
Figure S2: Pinpoint analysis of a plot 1.5 years after receiving 90 t ash ha−1. On each string 11 knots,
with a mutual distance of 20 cm, mark the pinpoints. A total of 11 strings covered the plot, with
20 cm between each string. The vegetation was recorded under each of the 121 knots. Registrations
included mosses, liverworts, and bare ground. For one pinpoint, several registrations were possible,
hence the total number of registrations exceeded 121, Table S1: Vascular plants recorded in the
experimental area. No vascular plants were detected by the pinpoint analysis, Table S2: Total cover of
bryophytes (%), based on image analysis of photos, before (t = 0), and 0.5, 1.5, 2, 2.5, and 3 years after
ash application. Mean values, standard errors in brackets. N = 5. Values followed by similar letters
do not differ significantly (one way ANOVA on the particular years, Tukey two-way comparison).
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