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1  |  INTRODUC TION

Peatlands, defined as peat accumulating wetlands, are facing 
growing pressure from both land use and climate change (United 
Nations Environment Programme,  2022). In Europe, this is seen 

as increased exploitation and drainage since the 1800s (Swindles 
et al., 2019), where about 60% of peatlands have been subjected 
to agricultural use, forestry and peat extraction (United Nations 
Environment Programme,  2022). Especially in Northern Europe, 
forestry has had the major role in peatland degradation; in Finland, 
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Abstract
1.	 Ecological restoration of forestry-drained peatlands is an increasingly acknowl-

edged mean to halt the biodiversity loss, yet little is known on the long-term re-
sponses of vegetation—a key factor in judging the success of various restoration 
measures.

2.	 In this study, we follow long-term succession in vegetation composition from a 
year before through 11 years after peatland rewetting by ditch filling. Tree har-
vesting as a part of restoration was conducted by removing the whole trees or 
stems only.

3.	 For both restoration approaches, the restoration trajectory of vegetation was 
non-linear, and the recovery time differed between plant functional groups. We 
first observed an initial loss of species, followed by increases in species indicative 
of undrained peatlands and an increase in trait heterogeneity. Additionally, we 
observed that sedges responded to restoration faster than Sphagnum mosses.

4.	 Synthesis and applications: Here we show that restoration increases the resem-
blance to undrained peatlands, with little differences between the tree harvest-
ing methods. We suggest that Sphagnum moss cover could be used in monitoring 
the success of restoration of nutrient poor peatlands. Our results highlight the 
necessity of long-term monitoring. The difference between strip and near former 
ditch lines showed spatial variability long after the restoration, which should be 
accounted for in monitoring.
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around 4.8 million hectares of the 9.1 million hectares' total peat-
land area have been drained to promote timber growth (Natural 
Resources Institute Finland [Luke],  2017) at the expense of bio-
diversity and nature conservation values (Elo et  al.,  2024; Laine 
et al., 1995). Altogether, forestry drainage contributes to the on-
going global biodiversity crisis (e.g. Carroll et  al.,  2011; Dohong 
et al., 2017; Fraixedas et al., 2017). Hence, ecological restoration 
of drained peatlands, aiming to return communities and functions 
characteristic of undisturbed peatlands, is urgently needed to en-
hance biodiversity and safeguard peatland functions and services 
(Aapala et  al.,  2013; Gann et  al.,  2019). This is acknowledged in 
the Kunming-Montreal Global Biodiversity Framework, European 
Union's (EU) Biodiversity Strategy for 2030 (CBD, 2022), and the 
newly adopted EU's Nature Restoration Law, which obligates res-
toration of 30% of the EU's directive habitats by the year 2030 
(EU Regulation 2024; EU 2022/869).

In Finland, the restoration of forestry-drained peatlands, which 
began in the early 1990s, typically includes the removal of trees 
and blocking or filling in the drainage ditches (Aapala et al., 2013). 
The approach often results in an elevated water table (WT) and re-
establishment of peatland species soon after restoration (Jauhiainen 
et al., 2002; Komulainen et al., 1999; Laine, Leppälä, et al., 2011). Yet, 
to confirm the direction of ecosystem changes and the suitability of 
the technical approach (i.e. are the dams holding, is the WT still high), 
the initial surveys need to be followed by long-term studies. The 
few existing long-term studies covering the first 10 years or more 
(e.g. Haapalehto et al., 2011, 2017; Hancock et al., 2018; Maanavilja 
et al., 2014; Strobl et al., 2020) encouragingly report continued im-
provement of peatland conditions, although the biological commu-
nities still differ from the natural reference sites that represent the 
target state.

Restoration success is commonly defined by the abundance of 
indicator plant species, for example Sphagnum and Eriophorum spe-
cies (e.g. Hancock et al., 2018), or by comparing the species compo-
sition to a target state (e.g. Laine, Leppälä, et al., 2011). However, 
these approaches focus on the return of communities, while the re-
turn of ecosystem functions could be better assessed via changes in 
functional composition (Gann et al., 2019; Lavorel & Garnier, 2002). 
Incorporating trait-based ecology (Moor et al., 2017) into restoration 
monitoring could offer a means for a more mechanistic understand-
ing of whether the communities established shortly after restoration 
fill the same functional niche as the communities of the long-term 
target state, even if the species composition is not exactly the same. 
Trait databases that provide species-specific data provide a means 
for this (e.g. the TRY database, Kattge et  al.,  2020) and are com-
monly used in trait-based studies (Hedberg et  al.,  2013; Piqueray 
et  al.,  2015). In plant ecology, commonly used traits include spe-
cific leaf area (SLA, the ratio of leaf area to leaf dry mass) and leaf 
dry matter content (LDMC, the ratio of leaf dry mass to leaf fresh 
mass) that are associated with plant resource acquisition strategies 
and provide information on plants' capacity to respond to changed 
environmental conditions that alter nutrient, water and/or light 
availability (Laine, Korrensalo, et al., 2021; Lavorel & Grigulis, 2012). 

Plant functional traits have rarely been used in the restoration mon-
itoring of forestry-drained peatlands. However, those few existing 
studies have reported a decrease in SLA during the first decades 
following restoration (Hedberg et al., 2013; Konings et al., 2018) in 
line with the difference between drained and undrained areas. Yet, 
we still know very little about functional trait responses to peatland 
restoration.

The aim of this study was to assess the long-term succession 
in plant species and trait composition following the restoration of 
forestry-drained peatlands. We followed >12 years of vegetation 
changes in oligotrophic pine fens in response to rewetting by ditch 
filling with (a) standard tree harvesting, where only stems were re-
moved from the sites and (b) whole-tree removal, where both stems 
and branches were removed from the sites, comparing these to 
undrained control sites. The tree harvesting methods have been 
shown to lead to differences in mineralization and decomposition 
rates after restoration (Tarvainen et  al.,  2013), which may be re-
flected in vegetation composition. As noted above, earlier findings 
have shown that a decade after restoration the vegetation composi-
tion still differs from the target state. We thus hypothesized that (i) 
vegetation community composition and community-weighted mean 
traits have continued to shift towards plant species, functional types 
and traits that benefit from the newly restored open and high-WT 
level conditions, like sedges and Sphagnum mosses. Additionally, we 
hypothesized there would be (ii) an initial increase in species rich-
ness, functional richness and functional dispersion driven by the 
presence of both forest and peatland species and (iii) a subsequent 
decrease in species richness, functional richness and functional dis-
persion when peatland species outcompete forest species. For the 
functional traits, we hypothesized that (iv) SLA will first increase as 
restoration measures release nutrients (forest residue, mechanical 
disturbance to peat) and then decrease later as nutrient availability 
decreases. An opposite pattern is expected for LDMC and leaf thick-
ness. In addition, we expect plant height to decrease in response 
to tree removal and decreased light competition. For Sphagnum 
mosses, the restoration causes two opposing pressures affecting 
their trait composition: While tree removal alters microclimate by 
removing the humid conditions that favour loose moss stands, ditch 
blocking increases the availability of water that is likely to favour 
loose moss stand characteristics in lawns and hollows. Therefore, it 
is possible that Sphagnum moss traits are not strongly impacted by 
restoration.

2  |  METHODS

2.1  |  Research areas and restoration arrangements

The study was carried out in 21 undrained and originally forestry-
drained oligotrophic pine fen sites located in three protected Natura 
2000 areas: Elimyssalo (64°10′ N 30°20′ E), Iso-Palonen (64°20′ N 
30°10′ E) and Teerisuo-Lososuo (63°50′ N 29°20′ E) in Kainuu, 
Eastern Finland (Table S1.1). The mean annual temperature of the 
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region is 2.2°C and the mean annual precipitation is 674 mm (period 
2006–2018, Finnish Meteorological Institute [FMI], 2024).

The eight undrained fen sites are characterized by sparse cover of 
Scots pine (Pinus sylvestris) with an understory vegetation dominated 
by Sphagnum mosses, mire dwarf shrubs such as Ledum palustre and 
Andromeda polifolia and sedges (mainly Eriophorum vaginatum; Laine, 
Leppälä, et al., 2011).

The 13 restored sites were drained for forestry in the 1970s 
and 1980s, and mean tree volume had increased to 26.0 ± 4.3 m3 ha 
compared to 8.5 ± 2.9 m3 ha in the undrained sites (Laine, Leppälä, 
et al., 2011). Restoration of the sites began with felling and removing 
the trees in winter 2007. Trees were harvested with two different 
treatments. In the stem-only treatment, stems of trees (diameter 
>10 cm at breast height) were harvested, and the slash was left at 
the site. In the whole-tree harvest, stems and slash were removed 
from the site, but root systems were left intact. In both treatments, 
ditches were filled with peat in autumn 2007 (Laine, Leppälä, 
et al., 2011; Tarvainen et al., 2013).

Within each of the three protected areas, the sites next to each 
other were clustered into subareas typically including one undrained 
and one restored stem only harvested site. However, two subareas 
included one restored whole tree harvested site and one restored 
stem only harvested site, while one subarea included both tree har-
vest methods next to the control (undrained) area.

Before restoration in 2006, WT was on average 13, 20 and 24 cm 
below the surface at undrained sites and 25, 34 and 32 cm below 
the surface at drained sites of Elimyssalo, Iso-Palonen and Teeri-
Lososuo, respectively. Soon after the ditch filling, the WT at the 
drained sites rose to a similar level and resembled the WT of the 
undrained sites (Figure S1.1).

2.2  |  Vegetation inventories

For vegetation inventories, 8–18 permanent sample plots (size 1 m2) 
were established at even distances 20–30 m apart along transects 
in each study site (Table  S1.1). At the restored sites, half of the 
transects and sample plots were located at a 5 m distance from the 
ditches (referred to as ‘near ditch’), whereas the other half were in 
the middle of the 40 m wide strip between ditches (referred to as 
‘strip’) (see also Laine, Leppälä, et al., 2011). Vegetation surveys were 
carried out in the middle of the growing season in the years 2006 
(before restoration), 2009, 2012 and 2018, by visually estimating the 
percentage cover (0–100) of each plant species. This field work did 
not require permission.

2.3  |  Grouping of plants, and calculation of 
community-weighted functional traits

Based on their growth form and ecology, plant species were grouped 
into the following plant functional types (PFTs): forest dwarf shrubs, 
mire dwarf shrubs, forbs, sedges, tree seedlings and bushes, forest 

mosses, lichens, liverworts as well as hummock, lawn and hollow-
associated Sphagnum mosses (Table S1.2).

Community-weighted mean (CWM) functional traits for each 
sample plot were obtained by combining the species cover data 
with species traits using the R package BAT (Cardoso et al., 2022). 
Vascular plant traits included SLA (cm2/g), LDMC (mg/g), plant 
height (cm) and leaf thickness (mm), whereas Sphagnum traits in-
cluded capitulum diameter (mm), fascicle density (number per cm), 
capitulum dry weight (g), capitulum water content (g) and stand 
density (number of shoots per cm2). Trait values were taken from 
published sources, mostly measured from Fennoscandian peat-
lands (Laine, Korrensalo, et al., 2021; Laine, Lindholm, et al., 2021) 
and complemented from the TRY database (Kattge et  al.,  2020) 
or by estimating trait values based on close relative species 
(Table S1.2).

2.4  |  Vegetation data analysis

Variation in plant species cover across the undrained and restored 
peatlands was visualized with non-metric multidimensional scaling 
(NMDS) of Hellinger-transformed cover data using package vegan (v. 
2.6-4, Oksanen et  al.,  2022). The impact of the year and restora-
tion on the community composition was tested with a permutational 
multivariate ANOVA (adonis) using Bray–Curtis distance and 999 
permutations.

To limit the evaluation of plant species and groups to the most 
responsive and indicative ones, we (1) assessed the changes of spe-
cies and PFTs indicative of the undrained and drained peatlands 
(Table S1.3) using multivariate analyses to detect the species/PFTs 
responsive to restoration (Tables S1.4 and S1.5). Using the package 
indicspecies (De Cáceres & Legendre, 2009), we identified indicator 
species and PFTs in the undrained or drained peatlands using only 
the cover data during the first survey, that is prior to restoration. 
The identified groups were used to count the cumulative cover of 
undrained and drained peatland indicator species and PFTs for each 
plot on each studied time point. We used the package mvabund (v. 
4.2.1, Wang et al., 2022) to assess the influences of restoration on 
the cover of each species/PFT with a generalized linear model (glm) 
using negative binomial distributions. For the analysis, species pres-
ent in less than three plots were omitted, and prevailing cover data 
were assessed as integers, re-coding cover values between 0 and 1 
to 1. The models were constructed to assess the individual and in-
teracting effects of Year (as a factor) and Restoration (undrained vs. 
restored), taking into account the repeated and nested study design 
by setting the sample plot, nested within the site, subarea and area 
as a random factor.

To gain a quantitative measure of the changes in species cover 
over time, we followed Legendre  (2019), where a temporal beta-
diversity index (TBI, D%diff) and its components—species losses 
and species gains—were calculated for each plot using the pack-
age adespatial (v. 0.3-21, Dray et al., 2023). We used species cover 
data and counted the annual change between each measurement 
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occasion, correcting the obtained values for the duration of each 
interval. As one subarea (stem only harvest, Iso-Palonen) and three 
plots (one in whole tree harvest site, two in stem only harvest site, 
Elimyssalo) were not assessed in 2006, they were removed from this 
analysis.

To assess the impacts of restoration on functional diversity, we 
used the following functional diversity indices: number of species, 
functional richness (Fric), functional evenness (Feve), functional 
divergence (Fdiv), functional dispersion (Fdis) and Rao's quadratic 
entropy (see definitions in Table  S1.6) using the dbFD function 
of package FD (v. 1.0-12.1, Laliberté & Legendre,  2010). Due to 
Sphagnum moss communities being naturally quite homogeneous 
and species-poor, we obtained estimates for Sphagnum functional 
richness, functional evenness and functional diversity for only 
595 data points out of 1014 and therefore assessed the functional 
diversity indices separately for vascular plants and Sphagnum 
mosses.

To assess the impact of restoration, tree harvest method or 
the sample plot location (near ditch or strip) on the vegetation tra-
jectories (indicative and responsive species and PFTs), their tem-
poral turnover (TBI), traits (CWMs) and functional diversity, we 
used model selection based on Akaike's information criteria (AICc, 
package AICcmodavg v. 2.3-4, Mazerolle, 2023). For this approach, 
nine alternative mixed-effect models (package nlme, Pinheiro 
et al., 2022) were constructed to explain the influence of year only, 
year and restoration and their potential interaction on each of the 
three variables. In this approach, the added value of tree harvest 
method or sample plot location was assessed by dividing restored 
plots into these categories and comparing the explanatory value 
of the model to restoration only. The influence of restoration/
tree harvest method/location was further assessed in compari-
son to the null model (impact of Year only), without and with in-
teraction to assess whether the impact persisted throughout the 
years (no interaction) or changed with time (interaction included). 
Thus, the models were (1) x ~ Year, (2) x ~ Year + Restoration, 
(3) x ~ Year × Restoration, (4) x ~ Year + Tree harvest method, 
(5) x ~ Year × Tree harvest method, (6) x ~ Year + Location, (7) 
x ~ Year × Location, (8) x ~ Year + Location within tree harvest 
methods and (9) x ~ Year × Location within tree harvest methods 
(where x = assessed variable). In all alternative models, Year was 
treated as a factorial variable, and the repeated and nested study 
design was accounted for by setting the sample plot, nested within 
the site, subarea and area as a random factor. Before running the 
model comparisons, each explanatory variable was checked for 
normality, applying square-root and log-transformations when 
necessary. Variance of the residuals was visually assessed and col-
linearity between Year and Restoration was checked with package 
performance (Lüdecke et  al.,  2021). All variance inflation factors 
were <6.09, allowing us to keep all nine alternative models. This 
model comparison approach (Tables  S1.7–S1.10) identified the 
best explanatory models for each variable, which we report in 
Tables 1–5 and Table S1.11, testing the pairwise differences with 
Tukey's Post hoc tests (package emmeans; Lenth, 2023).

All analyses were performed in RStudio version 2022.07.2 
(RStudio Team,  2022) in R version 4.2.2. Package ggplot2 
(Wickham, 2016) was used for data visualization.

3  |  RESULTS

3.1  |  Change in species composition and diversity

Prior to restoration, forestry-drained peatlands had a higher abun-
dance of forest and mire shrubs, such as Betula nana, Vaccinium uli-
gonosum and Empetrum nigrum, and forest mosses when compared 
to the undrained control sites, characterized by Sphagnum mosses 
and sedges such as Eriophorum vaginatum (Figure 1).

During the 10-year period, restoration shifted vegeta-
tion composition towards that of undrained sites (Figure  1b). 
Altogether, the cover of species indicating undrained conditions 
increased rapidly after restoration and was similar to undrained 
sites after 5 years (Figure  2a; Table  1). The change was faster, 
and the cover of species indicating undrained conditions was 
higher near the prior ditches five and 11 years after restoration 
than that in undrained peatlands (Figure 2a). Despite the general 
trend, we observed differences between the responses of indica-
tor species (Table S1.3; Table 2): E. vaginatum cover first showed 
exponential increase leading to significantly higher amounts than 
in undrained sites, but with time it decreased to a similar level 
as in undrained sites (Figure  3a). The increase of E. vaginatum 
was most pronounced near the former ditches (Figure  3a). For 
Sphagnum angustifolium, the trajectory was more linear, although 
again steeper closer to former ditches than in strips (Figure 3c). 
The cover of species indicating drained conditions decreased at 
a clearly slower pace, and the difference between restored and 
undrained sites persisted throughout the observation period 
(Figure 2c).

Restoration did not impact the temporal beta-diversity index 
(TBI), which remained at a higher level in the restored than in the 
undrained peatlands (Figure  4a; Table  3) and showed the high-
est temporal turnover during the first years after restoration 
(2006–2009), after which it steadily declined across all treatments 
(Figure 4a). During the early years after restoration (2006–2009), 
changes in TBI were driven by species losses, whereas the species 
gains were highest later, between 2009 and 2012 (Figure 4b,c). In 
general, the pattern in TBI was similar within the restored sites, 
yet the differences were more prominent near ditches (Figure  4; 
Table 3).

The tree stand harvesting method had no additional impact on 
the species composition.

3.2  |  Change in plant functional types

The cover of PFTs indicative of undrained peatlands increased to 
a level similar to undrained sites within 5 years after restoration 
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(Figure 2b; Table S1.3). Accordingly, sedges and Sphagnum mosses dis-
played a significant response to restoration (Table S1.5; Figure 3b,d; 
Table 2). Following the development of E. vaginatum cover, the sedge 
cover in restored sites peaked near the former ditches 5 years after 
restoration, when it was significantly higher than in the undrained 
sites (Figure 3b). The Sphagnum cover, which originally was higher 
at strips than near ditches, took more time to increase to a level 
similar to the undrained site (Figure 3d). The changes in the cover 
of PFTs indicative of drained peatlands were marginal; restored sites 
with stem-only harvest treatment had higher cover of PFTs indica-
tive of drained peatlands throughout, whereas restored sites with 
whole-tree harvest treatment did not differ from undrained sites 
(Figure 2d).

3.3  |  Change in functional plant traits and 
functional diversity indices

There was no clear indication that the vascular plant traits in re-
stored sites increased resemblance to undrained sites with time 
since restoration (except for leaf thickness at whole tree harvested 
sites) (Figure  5b; Table  4). Conversely, vascular plant height in-
creased as time passed from restoration, especially near the former 
ditches (Figure 5a). Additionally, SLA in whole-tree harvested sites 

decreased after restoration to a level similar to undrained sites, al-
though the difference between restored and undrained sites was 
not significant in the beginning (Figure S1.2a).

None of the CWM trait values of Sphagnum mosses differed 
significantly between undrained and restored sites (Table  4). 
However, in restored sites capitulum dry weight significantly 
increased after restoration both near former ditches and on 
strips, with constantly higher values near the former ditches 
(Figure S1.2b). A similar pattern was observed for fascicle density; 
Sphagnum mosses growing on strips had denser fascicle growth 
than mosses growing near to former ditches and after restoration 
fascicles were growing significantly less densely in both locations 
(Figure S1.2c).

The vascular plant functional diversity (measured as functional 
divergence and functional dispersion) at the restored sites increased 
during the first 5 years to a higher level than in undrained sites and 
then slowly decreased over the next 5 years (Figure 6a; Figure S1.3; 
Table 5). The response of Sphagnum moss functional diversity to res-
toration was more subtle (Figure 6b; Table 5). At strips, the functional 
divergence decreased to a similar level as in undrained peatlands, 
while near the former ditches it decreased to a significantly lower 
level over time (Figure  6b). The other aspects of Sphagnum moss 
functional diversity showed only modest temporal trends over the 
study period (Table S1.10).

F I G U R E  1  Plant species composition (a) and temporal trends within sites (b) as indicated by non-metric multidimensional scaling (NMDS) 
of plant cover data across the studied years (2006, 2009, 2012, 2018; stress of the NMDS plot: 0.233). In (a), the cover of plant functional 
groups are indicated by arrows lain over the most abundant species (for species full names, see Table S1.2). (b) Displays study site and 
treatment centroids and their shifts over time, with the arrow indicating the direction of change from 2006 to 2018. Blue arrows represent 
restored sites, whereas undrained control sites are represented with green arrows. Vegetation communities differed among the years 
(adonis, p = 0.001), and depending on the initial drainage (p = 0.001), yet the impact of restoration did not vary with years (Year:Restoration: 
p = 0.132).
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4  |  DISCUSSION

Our results support our first hypothesis as well as the earlier find-
ings (e.g. Elo et  al.,  2024; Haapalehto et  al.,  2011, 2017; Hancock 
et al., 2018; Maanavilja et al., 2014; Strobl et al., 2020), demonstrating 

that during the 10 years after restoration, the species community 
is still undergoing a change towards the composition of undrained 
peatlands. The restoration trajectory was, however, non-linear; at 
the beginning, high species turnover was characterized by a net loss 
of species, while peatland species increased in abundance later. This 

F I G U R E  2  Trends in species cover and plant functional type (PFT) groups indicative of undrained (a, b) and drained peatlands (c, d) in the 
restored and undrained peatlands. In (a, b) the restoration trajectory is presented separately based on plot location (near ditch vs. strips). In 
(d) the restoration trajectory separates the two tree harvest methods. Figure presents mean ± 95% confidence interval of cover (counted 
as the sum of cover percentages of indicator species/PFTs on each sample plot, Table S.1.3) for each observation year; lines between years 
have been smoothed using locally estimated scatterplot smoothing (loess). When the impact of restoration differed among years (interaction 
in Table 1) here (a, b), the pairwise differences indicated by Tukeys' post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001) are shown, comparing 
the plot location within drained to the undrained peatlands separately in each year. Black stars indicate a significant difference between the 
plots near ditches and the plots on strips (a, b).
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TA B L E  1  Summary of the best explanatory model results for indicator species and PFTs, where the impact of year, restoration and their 
potential interaction was assessed with a mixed repeated measures model.

Year Location Year × location Tree harvest
Year × tree 
harvest Restoration

F p F p F p F p F p F p

log(Indic species cover) 54.94 <0.001 4.09 0.018 11.03 <0.001

log(Indic PFTs cover) 31.13 <0.001 3.02 0.051 8.40 <0.001

log(Drained species cover) 14.56 <0.001 22.61 0.001

log(Drained PFTs cover) 22.21 <0.001 11.87 0.003 3.85 0.001

Note: Location refers to the sample plot's location in undrained sites in general or within restored sites near ditches or the middle of the strips.
Abbreviation: PFT, plant functional type.
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indicates that reduced competition from the previously dominating 
species is needed for peatland species to take advantage of the more 
favourable, wetter conditions.

4.1  |  Change in species composition

We observed only a moderate decrease in the cover of species 
typical of drained conditions, reflecting the rather small change 

following drainage typical of nutrient-poor peatlands (Laine 
et  al.,  1995). Most of the species indicating drainage stage in 
this study (like B. nana, V. uliginosum, E. nigrum) commonly occur 
also on the hummock surfaces of undrained peatlands (Eurola 
et  al.,  2015; Laine et  al.,  2018). Particularly, considering such 
nutrient-poor systems, it seems evident that both drainage and 
restoration succession generally alter the proportions of the spe-
cies instead of leading to high species turnover (Laine, Leppälä, 
et al., 2011). Although we expected to see a decrease in the cover 

Year Location Year × location

F p F p F p

log(Sedges) 105.83 <0.001 2.04 0.133 10.14 <0.001

log(Erio vag) 140.06 <0.001 4.26 0.015 10.67 <0.001

log(Sphagnum mosses) 40.15 <0.001 7.27 0.001 8.01 <0.001

log(Spha ang) 33.46 <0.001 3.03 0.05 9.08 <0.001

Note: Location refers to the sample plot's location in undrained sites in general or within restored 
sites near ditches or the middle of the strips.

TA B L E  2  Summary of the best 
explanatory models for species and plant 
functional type groups responsive to 
restoration.

F I G U R E  3  Temporal changes in the cover of (a) Eriophorum vaginatum, (b) PFT sedges, (c) Sphagnum angustifolium and (d) PFT Sphagnum 
mosses in the restored and undrained peatlands, presenting the restoration trajectory separately based on sample plot location (near ditches 
vs. in the middle of the strips in the drained sites). Figure presents mean ± 95% confidence interval for each observation year and smoothed 
(using loess) trendlines between years. When the impact of restoration differed among years (interaction in Table 2), the pairwise differences 
indicated by Tukeys' post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001) have been added to the upper panel of each frame, comparing the plot 
location within drained to the undrained peatlands in each year. Black stars indicate a significant difference between the plots near ditches 
and the plots on strips. Note the different scale in y-axis in subplots.
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of plant functional type groups indicating drainage such as forest 
dwarf shrubs and forest mosses after restoration, the decrease in 
their cover was small. Most of the species' losses that occurred 

during the first years after restoration (2006–2009) can be ex-
plained by the rapid change in moisture and light conditions (Laine, 
Leppälä, et al., 2011).

More species' gains occurred only after the peak in the loss 
of species. The difference in the cover of species indicative of 
undrained conditions between restored and undrained sites had 
vanished within 5 years. However, when looking in more detail into 
species-level changes, some species indicating undrained condi-
tions, like Scheuchzeria palustris and Trichophorum cespitosum, did 
not re-establish after restoration. Similar patterns of missing vas-
cular species with narrow ecological niches and limited dispersal 
abilities have been reported long after restoration (e.g. Haapalehto 
et  al.,  2011; Hedberg et  al.,  2013). Unlike vascular species, some 
of the Sphagnum mosses typical of the lawn or hollow surfaces of 
undrained peatlands, but missing in our survey plots, like Sphagnum 
pulchrum, Sphagnum squarrosum and Sphagnum balticum, were actu-
ally found in the former ditches of restored peatlands studied here 
(Table S1.12). These wetter depressions with disturbed surfaces pro-
vide habitat heterogeneity for Sphagnum diversity, as also found by 
Haapalehto et al. (2017). The different return success between vas-
cular plants and mosses with a narrow niche might relate to different 
dispersal potential, but solving the mechanism behind this observa-
tion calls for experimental studies. Successful immigration requires 
many successfully performed steps one after another: dispersal of 
propagules, establishment of individuals, survival until reproductive 
state and continued reproduction (Jackson & Sax, 2010).

4.2  |  Two winners in early restoration succession

One of the species indicating undrained conditions and quickly in-
creasing in cover after restoration was the sedge E. vaginatum, align-
ing with findings from earlier studies (e.g. Komulainen et al., 1999, 
Tuittila, Vasander, & Laine, 2000, Jauhiainen et al., 2002, Haapalehto 
et  al.,  2011, Laine, Leppälä, et  al.,  2011, Laine et  al., 2016). The 
rapid increases of E. vaginatum may be explained by its opportun-
istic nature and efficient use of open space, and increased nutri-
ent and light levels created by restoration activities (Komulainen 
et al., 1999; Laiho, 2006; Tuittila, Vasander, et al., 2000). In rewet-
ted cutaway peatlands, E. vaginatum has been shown to facilitate 
initiation of peatland vegetation, such as Sphagnum mosses (Tuittila, 
Rita, et al., 2000; Tuittila, Vasander, et al., 2000). Our decade long 
monitoring was able to show that the high abundance of the E. vagi-
natum cover was not permanent but started to decrease after peak-
ing 5 years after restoration, which may be an indication that also 
in restored forestry-drained peatlands E. vaginatum facilitates the 
recovery of other peatland species.

We hypothesized that Sphagnum moss cover, in general, will 
keep increasing a decade after restoration. Based on our study, 
a large share of this increase was due to S. angustifolium, a spe-
cies clearly benefiting from restoration and indicating undrained 
conditions. Whereas the cover of E. vaginatum increased rapidly 
and in quite a non-linear manner, S. angustifolium cover increased 

F I G U R E  4  Change in annualized temporal beta-diversity (a) 
and its components, species losses (b) and gains (c), over the 
course of the study in the restored and undrained peatlands. In 
(a, b), the restoration trajectory is presented separately based on 
plot location (near ditch vs. strips). Figure presents mean ± 95% 
confidence interval on each occasion; lines between years 
have been smoothed (using loess). The y-axis in the plots has 
been square-root-transformed. When the impact of restoration 
differed among years (interaction in Table 3), the pairwise 
differences indicated by Tukey's post hoc test (*p < 0.05, **p < 0.01, 
***p < 0.001) have been added to the upper panel of each frame, 
where plots near ditches and in the middle of strips are compared 
to the undrained peatlands (b) and restored plots to undrained plots 
(c) separately in each year. In (a), both plots near ditches and in the 
middle of strips differ from the undrained control plots throughout 
the studied time.
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TA B L E  3  Summary of the best explanatory models for temporal beta-diversity and its components; species losses and species gains.

Year Location Year × location Restoration Year × restoration

F p F p F p F p F p

sqrt(Species losses) 54.84 <0.001 10.95 <0.001 2.58 0.037

sqrt(Species gains) 172.11 <0.001 27.37 <0.001 8.22 <0.001

sqrt(TBI) 137.51 <0.001 14.88 <0.001

Note: Location refers to the sample plot's location in undrained sites in general or within restored sites near ditches or the middle of the strips.

F I G U R E  5  Changes in community-weighted mean of vascular plants' height (a) and leaf thickness (b). Figure presents mean ± 95% 
confidence interval for each observation year; trendlines between years have been smoothed (using loess). In (a), the restoration trajectory 
is presented separately based on plot location, whereas in (b), the restoration trajectory separates the two tree harvest methods. When the 
impact of restoration differed among years (interaction in Table 4), the pairwise differences indicated by Tukeys' post hoc test (*p < 0.05, 
**p < 0.01, ***p < 0.001) have been added, comparing the influence of plot location within drained (a) or tree harvest method (b) to undrained 
control plots with the colour coding of location/tree harvest method. Black stars indicate significant differences between the two sample 
locations or tree harvest methods.
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TA B L E  4  Summary of the best explanatory models for community-weighted mean traits (CWM).

Year Location Year × location Tree harvest Year × tree harvest

F p F p F p F p F p

log(Height) 19.03 <0.001 11.18 <0.001 3.97 0.001

log(Leaf thickness) 23.94 <0.001 4.20 0.057 4.07 0.001

LDMC 8.14 <0.001

SLA 7.07 <0.001 0.62 0.564 2.32 0.032

Capitulum dry weight 16.36 <0.001 7.28 0.001 3.02 0.006

Stand density 3.71 0.011 7.78 0.001 2.10 0.051

Fascicle density 16.72 <0.001 6.48 0.002 2.73 0.013

Capitulum diameter 8.03 <0.001 6.53 0.002

Capitulum water content 22.31 <0.001 3.35 0.037

Note: Location refers to sample plot's location in undrained sites in general or within restored sites near ditches or the middle of the strips.
Abbreviations: LDMC, leaf dry matter content; SLA, specific leaf area.
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more steadily. S. angustifolium has a wide niche (Bengtsson 
et al., 2016), making it tolerant of different conditions and capa-
ble of persisting after drainage. When conditions improved (WT 
rise, mechanical disturbance to peat layer), the moss was able 
to start spreading. This capability of S. angustifolium to rapidly 
spread from remnant populations is important for peatland recov-
ery and has been noted in earlier studies (Haapalehto et al., 2017; 
Maanavilja et al., 2014).

4.3  |  Change in plant functional traits and 
functional diversity

We observed changes in vascular plant traits after restoration, yet 
the direction of change did not always follow our hypotheses. In 
contrast to our hypothesis, SLA decreased in whole-tree harvested 
sites after restoration, and an initial increase, following expected in-
creased nutrient availability, was not observed. Experimental work 
with light-level manipulations (Eskelinen et al., 2022) demonstrated 
that species with low SLA are more likely to benefit from additional 
light, and increased light availability might also explain the trend in 
our study. Additionally, vascular plant height increased instead of 
our hypothesized decrease, likely resulting from the ability of taller 
plants to capture light more efficiently (Westoby et al., 2002) after 
tree removal. Observed change in vascular plant leaf thickness was 
connected to changes in E. vaginatum cover, first strongly increasing 
and later decreasing.

Sphagnum moss traits did not significantly differ from 
undrained sites before or after restoration. However, there was 
a slight increase in capitulum dry weight and a decrease in fasci-
cle density following restoration, which may indicate a shift to-
wards a higher resource acquisition growth strategy (Bengtsson 
et al., 2016; Laine, Juurola, et al., 2011; Mazziotta et al., 2019; Rice 
et al., 2008). Loose stands allow light to penetrate to deeper lev-
els, enabling a higher rate of photosynthesis, which in turn means 
faster growth. The observed trend was stronger near the former 
ditches than on strips. As Sphagnum cover also significantly in-
creased during the study period, it seems that restoration activ-
ities initiated the Sphagnum spreading.

F I G U R E  6  Development of functional divergence of vascular 
plant (a) and Sphagnum mosses traits (b). Figure presents 
mean ± 95% confidence interval under each observation year; 
lines between years have been smoothed (using loess). In (b), 
the restoration trajectory is presented separately based on plot 
location. When the impact of restoration differed among years 
(interaction in Table 5), the pairwise differences indicated by 
Tukeys' post hoc test (*p < 0.05, **p < 0.01) have been added to the 
upper panel of each frame, comparing the influence of restoration 
(a) or plot location within drained (b) to undrained control plots 
using the colour coding of location. The black stars in (b) indicate a 
significant difference between the two sample locations in 2018.
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TA B L E  5  Summary of the best explanatory models for functional diversity indices.

Year Location Year × location Restoration Year × restoration

F p F p F p F p F p

Vascular plants

Functional divergence 34.21 <9.001 2.27 0.163 11.96 <0.001

Functional dispersion 30.74 <0.001 3.14 0.045 7.65 <0.001

Sphagnum mosses

Functional divergence 3.37 0.019 4.38 0.014 4.89 <0.001

Note: Location refers to sample plot's location in undrained sites in general or within restored sites near ditches or the middle of the strips.
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Functional divergence (i.e. trait heterogeneity) showed a steep 
increase soon after the initiation of restoration. This resulted from 
an increase in species cover from the opposing ends of the functional 
trait range, reflecting different trait values in forest and peatland 
species. The increased trait heterogeneity may also have resulted 
from ongoing differentiation between wetter and drier parts of the 
peatland, as observed in an earlier study by Hancock et al.  (2018). 
These two explanations may be related to each other: drier parts, 
such as strips between former ditches, can provide suitable habitat 
for forest species, while ditches and their surroundings provide wet-
ter habitats.

One reason behind the moderate response in functional traits 
and functional diversity could be that traits were not measured 
from the plants present at the site, but, as is common in trait studies 
(Moor et al., 2017), database averages were used. Accordingly, trait 
values come from various soil and climatic conditions, and potential 
for intraspecific trait variation is not accounted for. In future studies, 
the response of traits and trait diversity could be better captured by 
measuring site-specific traits directly.

5  |  CONCLUSIONS

Here we show that the restoration of drained peatlands (oligo-
trophic pine fens) by rewetting with ditch filling and using either 
the harvesting of whole trees or tree stems only increased resem-
blance to undrained peatlands over a period of 11 years. The res-
toration trajectory was, however, non-linear and characterized by 
an asynchronous pattern in species losses and species gains. We 
observed that indicator species covers behaved differently after 
restoration; the peatland sedge Eriophorum vaginatum had first a 
rapid increase and later a decrease of cover, whereas the cover 
of a common peatland moss, Sphagnum angustifolium, increased 
more linearly.

The significant difference before restoration and rather straight-
forward development of Sphagnum moss cover towards that of 
undrained peatlands after restoration suggests that Sphagnum cover 
is an effective indicator of restoration success of nutrient-poor 
peatlands. Sphagnum cover monitoring does not necessarily have to 
include species-level identification and could potentially be evalu-
ated with remote sensing methods, making it an efficient tool for 
restoration monitoring (Lees et al., 2020; Salko et al., 2023; Wolff 
et al., 2024).

Additionally, the non-linear trends in many of the monitored 
variables indicate the need for long-term (more than 10 years) mon-
itoring. Furthermore, the observed spatial variability within the re-
stored peatlands suggests that monitoring should cover the habitats 
developing on (i) former strips, (ii) next to former ditches and (iii) in 
the former ditches.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Figure S1.1. The average difference ± 95% confidence interval in 
growing season (May–October) water table level between undrained 
and restored peatlands of each study area.
Figure S1.2. Trends in those community-weighted mean (CWM) 
traits that showed significant interaction between year and location 
or tree harvest method (a–c) and in those traits that show retained 
difference between the two locations within the restoration area 
but not interaction between location and year (d–f).
Figure S1.3. Trend in vascular plants functional dispersion.
Table S1.1. Number of study sites and permanent sample plots (in 
brackets) per management type in the three study areas.
Table S1.2. List of species observed in the study area, their grouping 
to functional types and references for the used trait information.
Table S1.3. Indicative species and plant functional types of undrained 
and drained peatlands, prior to restoration in 2006, as indicated by 
the indicspecies analysis.
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different plant functional types in multivariate generalized linear 
mixed model.
Table  S1.6. Functional diversity indices' definitions based on 
Schleuter et al. (2010) and Laliberté and Legendre (2010).
Table S1.7. Model comparison results, based on Akaikes' Information 
Criterion (AICc) values, for the cumulative weighted means of 
vascular and moss traits.
Table S1.8. Temporal beta-diversity AIC. Model comparison results, 
based on Akaike Information Criterion (AICc) values, for the temporal 
diversity index (TBI), and its' components species losses and species 
gains.
Table S1.9. Model comparison results, based on Akaike Information 
Criterion (AICc) values, for functional diversity indices (FD indices).
Table S1.10. Model comparison results, based on Akaike Information 
Criterion (AICc) values, for species and PFT groups that had 
Year × Treatment interaction when running multivariate generalized 

linear mixed model (Tables S1.4 and S1.5) and for species and PFT 
groups indicative on undrained and drained peatlands (see also 
Table S1.3).
Table S1.11. Summary of the best explanatory models for functional 
diversity indices (FD indices).
Table S1.12. Species list from vegetation survey carried out in 2018 
(10 years since restoration).
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