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ABSTRACT
Afforestation is one of the widely used methods of reclamation in cutaway peatlands where spontaneous revegetation is not 
feasible, but fertilization or liming is usually required to encourage the development of vegetation cover. Wood ash applica-
tion increases planted tree biomass, but the role of spontaneously incoming species in early-stage biomass accumulation is 
lesser known. The amount of below-and aboveground biomass accumulation was evaluated in relation to the drainage ditch 
position (2 or 9 m from the ditch edge) and the amount of wood ash applied (0, 5, 10, or 15 megagrams ha−1) three years after 
fertilization. The biomass accumulation, species richness, and plant carbon and nitrogen ratio were positively impacted by 
wood ash treatment, but biomass allocation was species dependent: for all tree and herbaceous species with individual root 
systems, the proportion of biomass accumulated in roots was higher in the unfertilized group, but for Phragmites australis 
with a clonal root system, it was contrariwise. The application of 10 Mg ha−1 wood ash was the most productive, with an av-
erage of 485.0 g/m2 total plant dry biomass accumulation next to and 301.3 g/m2 further from the drainage ditch, compared 
to the unfertilized 36.8 g/m2 (2 m from ditch) and 13.9 g/m2 (9 m from ditch). During the initial vegetation establishment, 
herbaceous species comprised the majority of the biomass, primarily graminoids.

1   |   Introduction

Peat has long been recognized as a valuable natural resource 
and has been extracted for energy, horticulture, and other 
applications. Prior to peat extraction, peatlands are drained 
to ensure technical accessibility, resulting in severe ecosys-
tem alteration and degradation (Word et  al. 2022). Thus, in 
many countries, management of extracted peatlands is now 
legally required to minimize environmental risks (Triisberg 
et  al.  2013; European Commission  2020). In Latvia, the na-
tional legislation also determines that after the extraction of 

natural resources, the area must be recultivated within the 
time limit specified in the permit or license, covering the 
costs oneself (Law: On Subterranean Depths 1996). Using the 
previously developed guidelines, a full evaluation of the area 
from geological, economic, climatic and biological aspects 
should be carried out before peat extraction, thus choosing 
the purpose and type of further use of each territory, from the 
recommended ones: restoration, afforestation, establishment 
of arable land, cultivation of cranberries and blueberries, es-
tablishment of perennial grasses, creation of water reservoirs 
or establishment of paludiculture a.k.a. farming with high 

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.

© 2025 The Author(s). Land Degradation & Development published by John Wiley & Sons Ltd.

https://doi.org/10.1002/ldr.5676
https://doi.org/10.1002/ldr.5676
https://orcid.org/0000-0002-6939-8622
https://orcid.org/0000-0002-3207-6048
mailto:
https://orcid.org/0000-0003-0514-2174
https://orcid.org/0009-0005-1889-2849
https://orcid.org/0000-0001-8280-3912
mailto:austra.zusevica@silava.lv
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fldr.5676&domain=pdf&date_stamp=2025-08-07


2 Land Degradation & Development, 2025

water table (Priede and Gancone 2019). However, a large pro-
portion of extracted peatlands had already been abandoned 
before the regulations were introduced—around 18,000 ha in 
Latvia are degraded areas subject to recultivation (Priede and 
Gancone 2019).

Although peatland ecosystem restoration is the most profitable 
solution from an ecological perspective, it can be problematic due 
to the high costs of restoration activities and site-specific proper-
ties limiting the potential of restoration, including changed peat 
chemical structure and too thin peat layer (Glenk and Martin-
Ortega 2018). Besides restoration, peatlands may continue to be 
used for economic gains by implementing agriculture, paludi-
culture, or forestry practices (Räsänen et al. 2023). After peat ex-
traction, landowners usually turn to afforestation (Laasasenaho 
et al. 2017, 2023).

The primary limiting factor for natural revegetation in re-
stored and unmanaged cutaway peatland is low water 
availability, but if the area is reclaimed with afforestation 
method, peatland rewetting is not suitable (Orru et al. 2016). 
Regeneration of vegetation in drained extracted peatlands is 
slow and sparse due to unfavourable soil conditions—high 
soil acidity limits nutrient uptake, with initially low soil phos-
phorus and potassium levels (Orru et  al.  2016). Liming and 
soil fertilization are practised to create conditions suitable for 
afforestation and vegetation development (Derome et al. 2000; 
Huotari et al. 2008; Ots et al. 2024; Renou-Wilson et al. 2008; 
Silvan and Hytönen  2016). Liming mitigates the adverse ef-
fects of acidity (Hytönen 2005), increases nutrient availability 
(Arshad et al. 2012), and promotes the establishment of forest 
vegetation cover (Zuševica et al. 2022). Applying wood-ash, a 
by-product from cogeneration stations, provides cost-effective 
liming and supports circular economy principles. Additionally, 
wood ash serves as a source of minerals (Demeyer et al. 2001). 
Revegetation induced by liming can mitigate soil erosion 
(Campbell et al. 2002; Huotari et al. 2007), stabilize the water 
regime (Price et al. 2003), and promote carbon assimilation in 
afforested areas (Aguraijuja et al. 2015).

In the long term, woody species invest more in carbon stor-
age  than herbaceous species in the dominated ecosystem 
(Hytönen and Saarsalmi  2009). Therefore, afforestation 
and  regeneration research often focus on trees as carbon 
stores, but herbaceous plants can also have a significant 
role in  early ecosystem recovery and carbon accumula-
tion (Huotari et  al.  2009). Additionally, species accumulate 
biomass at different rates (Hytönen and Saarsalmi  2009) 
and have different  allocation proportions between the abo-
veground and belowground parts (Laganière et  al.  2015). 
Woody species store most of the carbon in the perennial parts; 
however, depending on the species, a significant proportion 
can be accumulated in the foliage (Laganière et al. 2015; Klein 
et al. 2016). Herbaceous species tend to store more biomass in 
roots, but this is influenced by plant form (e.g., annual species 
invest more in above-ground biomass), habitat, and nutrient 
availability (in poor growth conditions, plants allocate more 
biomass in roots) and competition (which enhance the above-
ground growth) (Gross et  al.  1983). Nevertheless, these pat-
terns can shift depending on the specific ecological strategy 
of the species.

This study evaluates biomass accumulation of spontaneous re-
vegetation in cutaway peatland treated with wood ash in doses 
of control (0), 5, 10, and 15 Mg ha−1. We address the following re-
search questions: (1) How do doses of wood ash and the distance 
from the drainage ditch affect the total accumulated biomass in 
vascular plants? (2) Does the allocation of biomass, carbon and 
nitrogen in dominant woody and herbaceous species change 
after fertilisation of wood ash? We hypothesized that increasing 
the dose of wood ash fertilizer would increase the production 
of biomass and accumulated carbon. Since the water regime is 
a growth limiting factor in cutaway peatlands, we expected to 
find a difference in biomass accumulation depending on the 
distance from a drainage ditch (Gagnon et  al.  2018). We also 
hypothesized that three years after the application of fertilizer, 
herbaceous plants would accumulate more carbon per unit area 
compared to woody plants.

2   |   Methods

2.1   |   Study Site and Experimental Design

The experimental field site, with a total area of 8 ha with 
0.96 ha of natural revegetation, is located in central Latvia 
(N 56°43′41.35″ E 23°34′39.61″) and was established within 
“LIFE Restore” project (LIFE14 CCM/LV/001103) (Priede 
and Gancone  2019) (Figure  S1). It was established in a cut-
away peatland with acidic (pH 3.5) Sphagnum peat, where 
restoration was hindered by active peat extraction, long-term 
drainage, and unsuitable primary habitat prior to anthropo-
genic distribution. The area was an undrained peatland for-
est until at least 1963, with the first record of drainage within 
500 m starting before 1986 when peat extraction also began 
at this site. Active peat extraction ended and drainage was 
not actively maintained any longer in 2014 with at least 0.5 
m of peat layer left. During the first three years after peat 
extraction, natural revegetation was very slow and formed 
sparsely (Figure S2). In spring 2017, vegetation was removed 
and contour ditches cleaned to ensure stable hydrological con-
ditions and optimal groundwater level for afforestation (20–40 
cm). Wood ash was applied and tilled into the upper layer of 
the topsoil (< 20 cm) in three replications of 20 × 245 m plots 
in the following doses: 0 (control), 5, 10, and 15 megagrams 
(Mg) ha−1. Each plot was divided into five 20 × 45 m subplots 
for afforestation with multiple tree species, with one subplot 
left for natural regeneration (Figure S1). Wood ash doses were 
chosen based on suitable tree fertilization doses in this region 
(Kikamägi et  al.  2013). Windborne dispersion of wood ash 
was prevented by mixing with water prior to application. Dry 
wood ash contained 6.6 g phosphorus, 24.7 g potassium, 18.2 g 
magnesium, and 120.4 g calcium per kg. All fertiliser applica-
tion doses were separated by drainage ditches. In each natural 
revegetation subplots, two sampling plots of 2 × 2 m were es-
tablished, together 24 sampling plots. One was placed beside 
the drainage ditch, with its centre 2 m from the ditch centre, 
and the other was located 9 m away from the ditch (Figure 1). 
Meteorological data during the study period was obtained 
from the nearest meteorology station, 12 km from the study 
site (Figures S3–S5) (Data from nearest meteorological station 
“Jelgava”, (Source: VSIA “Latvijas Vides, ģeoloģijas un meteo-
roloģijas centrs” (2024) https://​vides​centrs.​lvgmc.​lv/​)).
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2.2   |   Plant Parameters Sampling

Woody and herbaceous plants that had naturally recolonized 
the area were counted and collected from each sampling plot 
in August 2019, two years after fertilisation. Plant species were 
determined by botanist using a species identification guide from 
Latvian plant species (Priedītis  2014). Number of individuals 
per species was counted, and plants were separated into: abo-
veground and belowground parts for herbaceous plants and 
stem (including branches), root, and foliage for woody plants. 
Fresh and dry biomass was weighed (0.01 g precision). Before 
weighing fresh biomass, roots were carefully cleaned from peat, 
washed, and dried with paper towels. Prior to weighing dry 
mass, all plants were oven-dried at 40°C until a constant weight. 
Samples were milled, and the nitrogen and carbon contents 
were measured using an ‘Elementar El Cube’ elemental anal-
yser (Elementar, Langenselbold, Germany) according to LVS 
ISO 10694 (2006) and LVS ISO 13878 (1998). All Woody species 
parts were combined together for chemical analyse. The five 
most abundant herbaceous species [Calamagrostis epigejos (L.) 
Roth, Carex cinerea Pollich (syn. C. canescens L.), Eupatorium 
cannabinum L., Phragmites australis (Cav.) Trin. ex Steud., and 
Carex vesicaria L.] were analysed separately, but others were 
analysed from a composite sample. Due to the low number of 
individuals and biomass of some species, plants from three rep-
licates were combined to obtain the minimum sample weight 
required for the chemical analysis (this resulted in a maximum 
of 16 samples per species: four treatments, two distances, and 
separate samples for above and belowground parts). Plant chem-
ical composition was analysed only in one replicate.

2.3   |   Soil Properties

The remaining peat layer after extraction comprised acidic, 
moderately decomposed raised bog peat. Soil sampling was con-
ducted at the end of the 2018 and 2019 growing seasons, two and 
three growing seasons after wood ash application. In 2018, three 
soil samples were collected per wood ash treatment ata depth 
of 0–10 cm in three repetitions. In the 2019 soil sampling, the 
distance from the drainage ditch was considered, with samples 
taken from each plot at soil layers of 5–10, 15–20, 25–30, 35–40, 
and 45–50 cm. The soil samples were collected using a soil core 
sampler with a volume of 100 cm3 for collecting undisturbed 
core samples. Samples were prepared for analyses according 

to the Latvian Standard (LVS) ISO 11464 (2005) standard. The 
fine fraction of soil (D < 2 mm) was used for chemical analyses. 
The dry soil bulk density was determined according to LVS 
ISO 11272  (2017), and the soil pH was determined according 
to LVS ISO 10390  (2002) L/NAC:2005L. The total carbon (C) 
and nitrogen (N) contents were determined with an elemen-
tal analyser according to LVS ISO 10694  (2006) and LVS ISO 
13878 (1998); the HNO3 extractable potassium (K), magnesium 
(Mg), and calcium (Ca) contents were determined by inductively 
coupled plasma optical emission spectrometry according to LVS 
European Standard (EN) ISO 11885 (1997), and phosphorus (P) 
content was determined using spectrophotometry according to 
LVS EN 14672 (2006).

2.4   |   Data Analyses

Data analysis and visualization (ggplot2 package) were con-
ducted using R version 4.3.2 (Core Team  2023). Species rich-
ness differences between treatments was tested using ANOVA, 
as data did not differ significantly from normal distribution 
(p = 0.279). The sample size per treatment was low (n = 3), but 
a large plot size was used to limit possible type 1 error. Non-
parametric methods were applied to data that differed signifi-
cantly from normal distribution, which could be due to the small 
sample size. A Kruskal-Wallis test (stats package) followed by 
Dunnett's test (DescTools package) was applied to assess signif-
icant differences in accumulated plant biomass between treat-
ment groups.

Linear mixed-effects models (lmer) (lme4 package) were used to 
assess the effect of treatment on biomass partitioning between 
plant parts (woody plants: stem, roots, foliage, herbaceous: abo-
veground, belowground) (n = 6). Biomass investment percent-
age was calculated for each plant part of individual plants, and 
mean values were then determined. Percentage biomass invest-
ment was a response variable, with repetition as a random fac-
tor. Based on Akaike information criterion (AIC; stats package) 
values, we selected a model with wood ash treatment and plant 
part as fixed factors, excluding distance from the drainage ditch. 
Although residuals from the lmer model significantly differed 
from normal distribution (p = 0.007), only one value (total n of 
data points = 162) fell outside of the 95% confidence interval, and 
data was homogeneously dispersed (Figures S6–S8). We created 
separate models for conifers (pine) and deciduous (aspen, birch, 

FIGURE 1    |    Aerial photo of study site design, showing one replicate of natural revegetation (white rectangles) after wood ash treatment (Control 
(0), 5, 10, or 15 Mg ha−1) and the location of sample plots (yellow square) in relation to drainage ditches (LGIA 2019). [Colour figure can be viewed at 
wileyonlinelibrary.com]
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willow) species due to their different biomass allocation trade-
offs. Lmer was also used to analyze the C:N ratio in plant abo-
veground and belowground parts, with location and wood ash 
treatment as fixed effects and species as random effects, due to 
the insufficient representation of each species in fertilization 
groups. The analyses focused on C:N ratio and total accumu-
lated biomass (AIC values: both treatments = 127.4, only dis-
tance = 146.2, only wood ash application = 130.1).

Multiple linear regression was used to determine the relation-
ship between soil parameters (pH, soil bulk density, and K and P 
contents) at different soil depths (5–10, 15–20, 25–30, 35–40, and 
45–50 cm) and the accumulated total, herbaceous, and woody 
plant biomass. The multicollinearity was assessed using the 
variance inflation factor (VIF) (car package). Since the pH was 
strongly correlated with the soil P and K contents, we selected 
best-fitting models based on the AIC values, comparing different 
fixed factor combinations (pH, P, K). Assumptions were assessed 
by plotting quantile-quantile (Q–Q) plots, residuals versus fitted 
values, scale location, and Cook's distances. All analyses were 
performed at a significance level of 0.05. Although the study de-
sign limits full randomization, the plot structure with large fer-
tilized areas (20 × 245 m), separated by drainage ditches under 
similar conditions (peat layer depth, water table level), helps 
mitigate confounding effects related to fertilization.

3   |   Results

3.1   |   Biomass Accumulation

Willow (Salix spp.), Eurasian aspen (Populus tremula), birch 
(Betula pendula and Betula pubescens), Scots pine (Pinus syl-
vestris), and Norway spruce (Picea abies) were the naturally re-
generating woody species in the study area. The woody species 
richness and abundance were significantly lower in the con-
trol plot (ANOVA results (n = 6)—Species richness control vs. 
5 Mg ha−1 p = 0.001, control vs. 10 Mg ha−1 p = 0.001, control vs. 
15 Mg ha−1 p < 0.001; Abundance control vs. 5 Mg ha−1 p = 0.037). 
Willow was the most abundant tree species in wood ash treat-
ment, while pine dominated the control plots. Herbaceous 
species diversity was higher, with a total of 30 species in the 
sampling plots, including the most abundant Calamagrostis 
epigejos, Phragmites australis, and Carex vesicaria (Table 1).

Among the woody species, willow and aspen accumulated the 
most biomass, with willow accumulating 0.3, 71.9, 48.2, and 
42.5 g/m2 and aspen accumulating < 0.01, 37.7, 4.2, and 58.0 g/
m2 of biomass under control, 5, 10, and 15 Mg ha−1 wood ash 
treatment, respectively. Total woody species biomass per unit 

area was significantly higher under all wood ash treatment 
doses: 117.6 g/m2 more in 5 Mg ha−1 (p = 0.002), 94.8 g/m2 more 
in 10 Mg ha−1 (p = 0.018), and 137.6 g/m2 more in 15 Mg ha−1 
(p = 0.003) compared to the control group. No significant differ-
ences were found in accumulated woody biomass between dis-
tances from the ditch, although mean values suggested greater 
biomass accumulation under 5 Mg ha−1 further from the ditch 
(Figure 2).

Only the 10 Mg ha−1 treatment resulted in significantly higher 
herbaceous biomass accumulation (Dunn's test: p = 0.001) 
compared to the control. Under this treatment, Calamagrostis 
epigejos produced 179.3 g/m−2, Phragmites australis 61.2 g/m−2, 
Carex vesicaria 58.3 g/m−2, Carex canescens 3.1 g/m−2, and 
Eupatorium cannabinum 6.6 g/m−2 of dry biomass (Figure  3). 
Contrary to woody species, herbaceous species were more abun-
dant and productive near the ditch, except at the highest wood 
ash dose. Most of the biomass in sampling plots was from herba-
ceous species, with woody species having a smaller investment. 
This pattern is more applicable with smaller wood-ash doses 
(5 and 10 Mg ha−1) and closer to the drainage ditch (Table A1). 
Total plant accumulated biomass was 12.3 times higher in 
5 Mg ha−1, 15.8 times higher in 10 Mg ha−1, and 9.6 times higher 
in 15 Mg ha−1 treatment compared to the control.

3.2   |   Biomass Allocation

Based on AIC values, the model explaining biomass alloca-
tion under different doses was better than the model based 

TABLE 1    |    Number of species by ash treatment and distance from the ditch.

Treatment (Mg ha−1) 0 5 10 15

Distance from drainage ditch 2 m 9 m 2 m 9 m 2 m 9 m 2 m 9 m

Herbaceous species 10 1 14 11 15 7 13 13

Woody species 4 1 4 4 4 4 5 4

Total per treatment 15 22 20 23

FIGURE 2    |    Average plant biomass accumulated by woody species 
per unit area depending on the wood ash treatment dose (0 (control), 5, 
10, 15 Mg ha−1) and sampling plot location in relation to drainage ditch. 
Error bars represent standard error (SE) for total woody biomass (n = 3). 
[Colour figure can be viewed at wileyonlinelibrary.com]
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on distance from the ditch (AIC values: wood-ash fertiliser 
787.64, distance from the drainage ditch 817.44). For decid-
uous trees, biomass allocation to roots was higher in the 
control compared to fertilised groups, though the difference 
was not statistically significant when species were analysed 
separately (lmer test—control vs. 5 Mg ha−1, p = 0.050; con-
trol vs. 10 Mg ha−1, p = 0.088; control vs. 15 Mg ha−1, p = 0.042) 
(Figure 4). Willow had the smallest proportion of biomass in 
foliage and showed a significant difference between root and 
foliage proportion (p = 0.004), but aspen (p = 0.006) and birch 
(p = 0.003) stored significantly more biomass in root than in 
stem. Wood ash application did not affect biomass partitioning 
for pine, but in all groups, biomass in foliage was significantly 
greater than in stem (p < 0.001) or roots (p < 0.001, Figure 4).

The allocation was species-dependent, therefore, species 
were analysed separately. Both Carex species (except Carex 
vesicaria in the control plots), located most biomass to the 
aboveground parts (lmer results: C. canescens p = 0.022, 
C. vesicaria P = NS), whereas Eupatorium cannabinum located 
more biomass to belowground parts (lmer results: E. can-
nabinum p = 0.002). The only significant fertilisation impact 

was observed for C. vesicaria, which allocated significantly 
higher biomass proportion to roots in the control compared 
to the fertilised groups (lmer results—control (0) vs. 5 Mg ha−1 
p = 0.001, control (0) vs. 10 Mg ha−1 p = 0.003, control (0) vs. 
15 Mg ha−1 p = 0.012) (Figure 5).

3.3   |   C and N Content

The moisture content of all woody species was significantly 
higher (p < 0.001) in plots treated with the highest (15 Mg ha−1) 
fertilizer dose (7.5% SE = 1.57 in 0 Mg ha−1, 35.7% SE = 1.82 
in 5 Mg ha−1, 34.1% SE = 3.5 in 10 Mg ha−1, 52.6% SE = 0.81 
in 15 Mg ha−1). Distance from the drainage ditch did not sig-
nificantly affect the macronutrient content of woody species. 
However, the C and N contents in dry woody biomass de-
creased with increasing wood ash dose (Table A2). Treatment 
dose also increased the C:N ratio in aboveground plant parts 
under all doses compared to the control (lmer results—con-
trol vs. 5 Mg ha−1 p = 0.013, SE = 4.82; control vs. 10 Mg ha−1 
p = 0.001, SE = 5.15; control vs. 15 Mg ha−1 p = 0.002, SE = 4.93; 
Table A3). Belowground parts did not differ from the control 
at 5 and 10 Mg ha−1 doses, but the 15 Mg ha−1 dose significantly 
increased the C:N ratio compared to the control and other 
treatment doses (lmer results—p = 0.016, SE = 11.87). These 
results have limitations; due to the sparsity of vegetation in 
the sample plots, the treatment effect was analyzed on all 
woody species biomass combined.

Also in herbaceous species, the treatment significantly in-
creased the C:N ratio (lmer results—control vs. 5 Mg ha−1, 
p < 0.001; control vs. 10 Mg ha−1, p < 0.001; control vs. 
15 Mg ha−1, p = 0.001), but negatively affected the N con-
tent (lmer results—control vs. 5 Mg ha−1, p < 0.001; control 
vs. 10 Mg ha−1, p < 0.001; control vs. 15 Mg ha−1, p < 0.001; 
Table  A4). The effect on the C content was significant only 
in the aboveground parts, where plants growing under 10 
and 15 Mg ha−1 treatments stored relatively less C (lmer re-
sults—control vs. 10 Mg ha−1, p = 0.004; control vs. 15 Mg ha−1, 
p < 0.001) (Table A5). Neither the C and N storage nor the C:N 
ratio was significantly affected by the distance from the drain-
age ditch, and the differences between belowground and abo-
veground parts were also not significant.

FIGURE 3    |    Average biomass accumulated by herbaceous species 
per unit area depending on wood ash treatment dose (0 (control), 5, 
10, 15 Mg ha−1) and sampling plot distance from drainage ditch. Error 
bars represent standard error between a sum of all woody biomass 
in three repetitions (n = 3). [Colour figure can be viewed at wileyon-
linelibrary.com]

FIGURE 4    |    Relative distribution of accumulated biomass in woody plant parts depending on treatment, distance from drainage ditch, and spe-
cies. nmax = 6, the numbers in stacked bar charts indicate the number of sample plots. [Colour figure can be viewed at wileyonlinelibrary.com]
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3.4   |   Soil Properties

Wood ash application decreased soil C and N, but increased the 
pH and other nutrient content (Table 2). The highest doses (10 
and 15 Mg ha−1) also increased soil bulk density. There were no 
correlations between woody species biomass and soil K and P 
contents, pH and bulk density (K, R = 0.11; P, R = −0.06), and the 
relationship strength decreased with depth (AIC values of mod-
els: 0 cm AIC = 341.65, 20 cm AIC = 358.95).

The total biomass accumulation was best explained by the K 
content (multiple R2 = 0.26, P = 0.01, F-statistic = 7.46 on 1 and 
21 DF), which was also true for herbaceous biomass (multiple 
R2 = 0.33, p < 0.01, F-statistic = 10.46) (Figure  6). The relation-
ship was stronger at 0–20 cm soil depth and decreased with in-
creasing depth. P content did not significantly affect biomass 
accumulation.

4   |   Discussion

4.1   |   Biomass Accumulation

Following wood ash application, a rapid increase of woody and 
herbaceous biomass accumulation was observed in all fertilised 
groups. Conversely, the control group exhibited a sparse, un-
even growth of low-productivity plants, with extensive open 
peat areas. Even after three years, the peat surface remains sus-
ceptible to strong wind erosion and solar radiation. The dom-
inant herbaceous species—Calamagrostis epigejos, Phragmites 
australis, and Carex vesicaria—were the same across all treat-
ments and locations. Thus, the total biomass was mainly deter-
mined by the species abundance and individual plant biomass, 
both significantly affected by the wood ash application. The 
highest biomass accumulation in woody species was observed 
in willow and aspen, which primarily occurred with wood ash 
fertilization. This suggests that wood ash doses ranging from 5 
to 15 Mg ha−1 are sufficient to support the initial development 
of these species. Successful aspen and willow plantations have 
been achieved earlier on cutaway peatlands with proper drain-
age and adequate soil fertilisation for selected planted species 
(Hytönen and Saarsalmi 2009). This study shows that at an early 
stage, cutaway peatland left to natural revegetation accumulates 

more biomass in herb species than in woody species. Therefore, 
when assessing the impact of cutaway peatland natural affor-
estation on climate and ecology, understory vegetation devel-
opment and biomass, especially in the early stages, must be 
included in the calculations (Huotari et al. 2009).

Woody species allocate most biomass to their perennial parts, 
serving as a long-term carbon store both above and belowground. 
However, most aboveground and some belowground biomass 
of herbaceous plants turns into necromass at the end of the 
growing season. It continues to interact with the environment, 
promoting vegetation cover development by enriching topsoil 
with nutrients, supporting microbial development, mitigating 
wind erosion, providing shade, and limiting water evaporation 
(Campbell et al. 2002; Huotari et al. 2011; Leung et al. 2015). In 
this study, biomass allocation was more affected by wood ash 
treatment and species. A difference existed between pine and 
deciduous tree species, with pine allocating more biomass to fo-
liage under all treatments. Other studies have also found that 
conifers have greater relative foliar biomass than deciduous 
species (Grote 2002; Weigt 2010); however, the foliar proportion 
decreases with age (Hu et al. 2020). Herbaceous plant biomass 
partitioning was mainly species-specific.

4.2   |   Response to Wood Ash Treatment

The wood ash treatment promoted vegetation cover development 
in the first three growing seasons, but it is unclear whether the 
growth will be sustained in the long term. Our results confirm 
previous researches (Silvan and Hytönen 2016; Ots et al. 2024), 
that wood-ash-treated plots produced more biomass and had 
higher species richness and abundance than untreated cutaway 
peatland. Kikamägi et  al.  (2013), applying the same dose of 
wood ash to planted silver birches in cutaway peatlands, con-
cluded that the highest biomass could be obtained with either 10 
or 15 Mg ha−1 treatment. In earlier studies conducted at the same 
experimental site, we concluded that the wood-ash doses (5, 10, 
and 15 Mg ha−1) accelerated the ecosystem development by pro-
viding optimal conditions for greater species richness (Zuševica 
et al. 2022). This study indicated that the most productive wood 
ash dose from ecological, economic, and climate perspectives is 
10 Mg ha−1.

FIGURE 5    |    Relative distribution of accumulated above and below ground biomass in herbaceous plant parts depending on treatment and species. 
nmax = 6, the numbers in stacked bar charts indicate the number of sample plots. [Colour figure can be viewed at wileyonlinelibrary.com]
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4.3   |   Effect of Drainage Ditch

The importance of drainage ditches in vegetation patterns has 
long been recognized, as they influence moisture distribu-
tion (Fisher et al. 1996; Jutras et al. 2006; Sarkkola et al. 2010; 
Sinclair et al. 2020). A limitation of this study is the lack of water 
table data, which is speculated to vary with the distance from 
the ditch and precipitation, as the ditch can shift between influ-
ent (gaining water from groundwater) and effluent (loss water to 
groundwater; Winter et al. 1998). The distance from the drain-
age ditch minimally affected the vegetation development, prob-
ably due to relatively dry summers when water was absent from 
the ditches for most of the growing season. It is also known that 
vegetation affects the moisture content of the soil by evapotrans-
piration (Sarkkola et  al.  2010). While denser vegetation cover 
reduces evaporation from the soil surface, it promotes water loss 
through evapotranspiration (Fay and Lavoie 2009).

4.4   |   C and N Content

The total carbon accumulation per unit area was also higher in 
plots treated with 10 Mg ha−1. Given that the carbon content in 
both woody and herbaceous plants was 42%–53%, herbaceous 
plants sequestrate more carbon. At the plant level, the proportional 
carbon and nitrogen content was higher in plants growing under 
control. Additionally, access to other elements was limited, affect-
ing the relative chemical composition of the plants. Subsequently, 
the C:N ratio was lower in these plots. Biomass mainly comprises 
carbon (C), oxygen (O), and hydrogen (H) (Sánchez et  al.  2019; 
Vassilev et al. 2010), and these nutrients are mainly absorbed from 
water and air (Mahler 2004). Low C:N ratios have been found in 
plants growing in drier areas (Zhang et al. 2020). The N content 
contributes to regulating stomatal conductance as a mechanism to 
improve water use efficiency (Mata and Lamattina 2001; Zangani 
et al. 2021). Thus, a low C:N ratio could result from limited water 
uptake caused by a lack of soil moisture or possibly short roots and 
dense root tissue (Comas et al. 2013; Verelst et al. 2013). This co-
incides with our findings of higher plant moisture contents under 
higher treatment doses. The soil C and N contents two years after 
fertilisation were highest in the control plots, decreasing with 
higher wood ash doses, indicating that wood ash addition and 
vegetation development enhanced decomposition processes, in-
creasing C and N lability. Increasing pH has been shown to reduce 
methane (CH4) emission (Putkinen et al. 2018); however, raising 
the soil pH can initially increase CO2 emissions by creating more 
favourable conditions for microorganisms and vegetation growth, 
which promotes the decomposition of organic material and CO2 re-
lease from respiration (Lazcano et al. 2020; Mäkiranta et al. 2007; 
Silvan and Hytönen 2016; Waddington and Warner 2001).

4.5   |   Soil Properties

The difference in vegetation cover between the control and treated 
plots confirms that the lack of plant emergence in the control 
plots is not due to a lack of seeds or propagules, but rather un-
favorable germination conditions (Salonen  1994; Salonen and 
Laaksonen  1994). Although fertilization affected overall herba-
ceous species emergence, no difference was found between the 
applied wood ash doses. This suggests that in the control plots, T
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nutrient availability was below the critical level required for seed 
germination and early plant development. Other studies have 
found that mineral fertilizer has an inconsistent effect on species 
occurrence (Triisberg et al. 2013); thus, the higher number of spe-
cies in treated plots may have been primarily due to the changes 
in soil pH rather than the soil nutrient status. However, the stron-
gest relationship between herbaceous plant biomass accumula-
tion and soil K content suggests that K is the main factor affecting 
plant growth. Fertilizers rich in K could be applied to enhance 
herbaceous species productivity, as K contributes to only around 
0.3%–5% of plants dry weight, and has a crucial role in stress re-
sistance (Amtmann and Rubio 2012; Pandey and Mahiwal 2020; 
Sánchez et al. 2019; Trolldenier 1971). Under K-limited conditions, 
plant growth is restricted, and cell size is reduced, particularly in 
the aboveground parts, which could explain the higher root-to-
shoot ratios observed in the control of this study (Amtmann and 
Rubio 2012; Padan and Landau 2016). Interestingly, soil P did ex-
hibit a significant linear relationship with plant biomass accumu-
lation. The decreases in soil P and K contents between two and 
three years after fertilization were small and inconsistent, suggest-
ing limited plant uptake and leaching. Under similar conditions, 
soil fertilization with P, PK, and wood ash increased accumulated 
biomass of silver birch and Scots pine (Aro et al. 2020; Hytönen 
and Aro 2012; Ots et al. 2017).

5   |   Conclusions

Wood ash application aids natural vegetation recovery on cut-
away peatlands, supplying nutrients and pH for initial growth. 
However, its long-term effects and influence on species com-
position are unclear. In the early years of recultivated cutaway 
peatlands, herbaceous species dominate biomass accumula-
tion and carbon assimilation, driven by the performance and 
abundance of Calamagrostis epigejos, Phragmites australis, 
and Carex vesicaria. Biomass allocation in herbaceous species 
varies by species, while woody plants primarily allocate bio-
mass to perennial parts, acting as long-term carbon stores and 
contributing more in later ecosystem stages. No clear patterns 
were observed in plant biomass accumulation, allocation, C 
and N contents, or C:N ratio based on the distance from the 
drainage ditch. Differences in plant moisture, C and N con-
tents, and C:N ratio under wood ash treatments suggest these 
parameters are influenced more by species- and nutrient-
driven water use efficiency than soil moisture availability. 

This research shows, that during the initial vegetation devel-
opment, herbaceous species comprised the majority of the bio-
mass, compared to woody species.
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Appendix A

TABLE A1    |    Biomass (g per m2, ±standard error) accumulated in woody and herbaceous species depending on wood ash treatment (0 (control), 
5, 10, and 15 Mg ha−1) and distance from the drainage ditch (N = 3).

Treatment 
(Mg ha−1) 0 5 10 15

Distance from 
drainage ditch 2 m 9 m 2 m 9 m 2 m 9 m 2 m 9 m

Herbaceous species 34.5 ± 34.5 13.8 ± 13.8 231.9 ± 22.8 123.3 ± 59.0 451.5 ± 128.3 214.1 ± 105.8 129.9 ± 47.9 130.4 ± 40.5

Woody species 2.3 ± 1.9 0.04 ± 0.03 25.1 ± 18.6 205.7 ± 65.9 33.5 ± 20.2 87.2 ± 37.4 126.5 ± 12.6 81.3 ± 26.13

Total 36.8 13.9 257.1 ± 3.0 329.0 ± 137.9 485.0 ± 125.1 301.3 ± 68.3 256.4 ± 44.1 211.7 ± 36.3

TABLE A2    |    Proportional mean N and C contents in woody plant aboveground and belowground parts depending on the wood ash treatment (0 
(control), 5, 10, and 15 Mg ha−1), values present average ± standard error, sample size in parentheses.

Treatment

N % C %

0 5 10 15 0 5 10 15

Aboveground 2.0 ± 0.2 (2) 1.4 ± 0.3 (7) 1.3 ± 0.2 (5) 1.2 ± 0.2 (2) 51.6 ± 2.0 (2) 50.9 ± 1.3 (7) 50.5 ± 1.6 (5) 49.7 ± 1.6 (7)

Aspen 1.3 ± 0.5 (2) 1.3 (1) 1.0 ± 0.1 (2) 49.7 ± 0.2 (2) 49.2 (1) 49.1 ± 0.4 (2)

Birch 1.5 (1) 1.4 (1) 1.4 (1) 52.1 (1) 52.4 50.4 (1)

Pine 2.1 (1) 1.7 ± 0.2 (2) 1.4 (1) 1.4 ± 0.1 (2) 53.1 (1) 52.3 ± 0.5 (2) 51.9 (1) 51.5 ± 0.2 (2)

Willow 1.9 (1) 1.1 ± 0.1 (2) 1.1 ± 0.1 (2) 1.0 ± 0.4 (2) 50.2 (1) 50.0 ± 6 (2) 49.5 ± 0.9 (2) 48.2 ± 1.4 (2)

Belowground 1.4 ± 0.1 (2) 1.0 ± 0.2 (7) 1.1 ± 0.4 (5) 0.8 ± 0.3 (7) 50.3 ± 2.1 (2) 49.1 ± 1.7 (7) 48.4 ± 1.5 (5) 48.9 ± 1.8 (7)

Aspen 0.8 ± 0.1 (2) 0.7 (1) 0.6 ± 0.1 (2) 47.6 ± 0.8 (2) 47.0 (1) 47.1 ± 1.2 (2)

Birch 1.17 (1) 1.8 (1) 0.6 (1) 50.2 (1) 49.1 (1) 49.6 (1)

Pine 1.37 (1) 1.2 ± 0.1 (2) 0.9 (1) 0.9 ± 0.1 (2) 51.8 (1) 51.2 ± 0.6 (2) 50.7 (1) 50.9 ± 0.4 (2)

Willow 1.43 (1) 0.8 ± 0.1 (2) 1.0 ± 0.1 (2) 1.0 ± 0.4 (2) 48.8 (1) 48.1 ± 0.1 (2) 47.7 ± 0.3 (2) 48.3 ± 1.4 (2)

Whole woody 
biomass

1.7 ± 0.4 (4) 1.2 ± 0.4 (14) 1.2 ± 0.3 (10) 0.98 ± 0.3 
(14)

51.0 ± 1.9 (4) 50.0 ± 1.7 
(14)

49.5 ± 1.8 
(10)

49.31 ± 1.7 
(14)
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TABLE A3    |    C:N ratios in different woody species depending on 
wood ash treatment (0 (control), 5, 10, and 15 Mg ha−1), values present 
average ± standard error, sample size in parentheses.

Treatment 
(Mg ha−1)

C:N ratio

0 5 10 15

Aboveground

Aspen — 34 ± 7 (2) 37 (1) 49 ± 0.1 (2)

Birch — 35 (1) 37 (1) 36 (1)

Pine 25 (1) 32 ± 2 (2) 37 (1) 36 ± 1 (2)

Willow 27 (1) 44 ± 3 (2) 44 ± 1 (2) 47 ± 5 (2)

Belowground

Aspen — 59 ± 1 (2) 71 (1) 88 ± 10 (2)

Birch — 43 (1) 28 (1) 78 (1)

Pine 38 (1) 43 ± 1 (2) 59 (1) 58 ± 1 (2)

Willow 34 (1) 66 ± 2 (2) 48 ± 2 (2) 61 ± 12 (2)

TABLE A4    |    C:N ratios in different herbaceous species depending 
on wood ash treatment (0 (control), 5, 10, and 15 Mg ha−1), values present 
average ± standard error, sample size in parentheses.

Treatment 
(Mg ha−1)

C:N ratio

0 5 10 15

Aboveground

Calamagrostis 
epigejos

35 (1) 52 ± 4 (2) 63 ± 0.4 (2) 46 ± 14 (2)

Phragmites 
australis

29 ± 2 (2) 44 ± 3 (2) 44 ± 1 (2) 32 (1)

Carex vesicaria — 53 ± 1 (2) 45 ± 2 (2) 47 (1)

Carex 
canescens

— 43 ± 6 (2) 38 (1) 33 (1)

Eupatorium 
cannabinum

— 44 (1) 47 ± 13 (2) 40 (1)

Other species 28 (1) 48 ± 3 (2) 54 (1) 40 ± 11 (2)

Belowground

Calamagrostis 
epigejos

29 (1) 50 ± 6 (2) 55 ± 8 (2) 56 ± 5 (2)

Phragmites 
australis

27 ± 2 (2) 39 ± 1 (2) 35 ± 1 (2) 42 (1)

Carex vesicaria — 39 ± 2 (2) 43 ± 3 (2) 53 (1)

Carex 
canescens

— 36 ± 1 (2) 32 (1) 40 (1)

Eupatorium 
cannabinum

— 62 (1) 42 ± 3 (2) 56 (1)

Other species 22 (1) 45 ± 7 (2) 86 (1) 55 ± 1 (2)
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TABLE A5    |    Proportional N and C contents in herbaceous plant aboveground and belowground parts depending on wood ash treatment (0 
(control), 5, 10, and 15 Mg ha−1), values present average ± standard error, sample size in parentheses.

Treatment 
(Mg ha−1)

N % C %

0 5 10 15 0 5 10 15

Aboveground 1.6 ± 0.2 (4) 1.0 ± 0.1 (11) 1.0± 1.2± 49.3 ± 0.7 (4) 48.3 ± 0.7 (11) 47.5± 46 ± 2

Calamagrostis 
epigejos

1.4 (1) 0.9 ± 0.1 (2) 0.7 ± 0.1 (2) 1.1 ± 0.4 (2) 49.28 (1) 47.9 ± 0.8 (2) 46.9 ± 1.1 (2) 46.5 ± 1.5 (2)

Phragmites 
australis

1.7 ± 0.1 (2) 1.1 ± 0.1 (2) 1.1 ± 0.1 (2) 1.5 (1) 49.8 ± 0.1 (2) 49.4 ± 0.7 (2) 48.6 ± 1.3 (2) 48.3 (1)

Carex 
vesicaria

0.9 ± 0.1 (2) 1.1 ± 0.1 (2) 1.0 (1) 48.0 ± 0.3 (2) 46.9 ± 1.0 (2) 46.0 (1)

Carex 
canescens

1.2 ± 0.2 (2) 1.3 (1) 1.4 (1) 48.2 ± 0.4 (2) 48.0 (1) 47.7 (1)

Eupatorium 
cannabinum

1.1 (1) 1.0 ± 0.3 (2) 1.1 (1) 48.1 (1) 48.0 ± 0.1 (2) 45.1 (1)

Other species 1.7 (1) 1.0 ± 0.1 (2) 0.9 (1) 1.2 ± 0.4 
(2)

48.38 (1) 48.3 ± 0.5 (2) 46.2 (1) 44.6 ± 3.1 (2)

Belowground 1.9 ± 0.2 (4) 1.1 ± 0.2 
(11)

1.1 ± 0.3 
(11)

1.0 ± 0.2 (9) 48.3 ± 1.7 (4) 48.4 ± 1.7 (11) 46.8 ± 1.7 (11) 47.4 ± 1.4 (9)

Calamagrostis 
epigejos

1.7 (1) 1.0 ± 0.1 (2) 0.9 ± 0.2 (2) 0.9 ± 0.1 (2) 49.5 48.5 ± 0.2 (2) 48.1 ± 0.3 (2) 48.2 ± 0.3 (2)

Phragmites 
australis

1.8 ± 0.2 
(2)

1.3 ± 0.1 (2) 1.3 ± 0.1 (2) 1.2 ± 0.1 (1) 48.9 ± 0.5 (2) 49.2 ± 0.8 (2) 47.6 ± 0.3 (2) 48.2 ± 0.2 (2)

Carex 
vesicaria

1.2 ± 0.1 (2) 1.1 ± 0.2 (2) 0.9 (1) 48.3 ± 1.0 (2) 45.8 ± 4.2 (2) 48.3 (1)

Carex 
canescens

1.4 ± 0.1 (2) 1.5 (1) 1.2 (1) 50.6 ± 1.9 (2) 47.7 (1) 48.8 (1)

Eupatorium 
cannabinum

0.7 (1) 1.1 ± 0.1 (2) 0.8 (1) 45.5 (1) 45.9 ± 0.8 (2) 46.2 (2)

Other species 2.1 (1) 1.0 ± 0.2 (2) 0.9 ± 0.5 (2) 0.8 ± 0.1 (2) 45.9 (2) 46.8 ± 0.8 (2) 46.3 ± 0.2 (2) 45.4 ± 0.6 (2)

Whole 
herbaceous 
biomass

1.8 ± 0.2 (4) 1.1 ± 0.2 
(11)

1.1 ± 0.3 
(11)

1.1 ± 0.2 (9) 48.8 ± 1.7 (4) 48.4 ± 1.7 (11) 47.1 ± 1.7 (11) 46.8 ± 1.4 (9)
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