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Abstract

Peatland restoration aims to restore hydrology and peat-forming vegetation,

supporting other ecosystem functions. However, the time required for com-

plete vegetation recovery is generally unknown. Here, we investigate this in an

experimentally restored, formerly afforested blanket bog in northern Scotland,

which was plowed, fertilized, and planted with non-native conifers in the

mid-1980s. Plowing created three “microforms”: Ridges, Original surface, and
Furrows. Restoration management took place in two stages: trees were felled

and drains blocked in 1998 (Standard treatment); then parts of the area were

further rewetted with additional drain-blocking in 2015/2016 (Enhanced treat-

ment). We recorded plant species composition in permanent quadrats 0, 5,

13, and 24 years after the start of restoration. Here we use an ordination-

regression-based approach (ORBA) to predict time to plant species composi-

tional recovery compared with a reference (comparable nearby intact blanket

bog). For the first 13 years, plant species composition diverged from the refer-

ence, then later started to converge. If the current speed and direction of

vegetation change were maintained, predicted time to recovery varies between

50–100 years and 120–285 years applying a relaxed or strict criterion for resto-

ration success, respectively. Seven growing seasons after Enhanced treatment,

recovery speed increased only for the driest microform, Ridge. Surprisingly,

this microform was not predicted to take longer to recover than other micro-

forms under either treatment. On the landscape scale, sloping areas were

harder to restore than flatter areas, having longer predicted times to recovery.

Complete vegetation restoration may take a long time because of legacies from

the afforestation (e.g., increased nutrient availability) and the time taken to

fully restore surface morphology and water table. On the other hand, other

research has already demonstrated that the site is currently acting as a net car-

bon sink, despite the incomplete vegetation recovery. We argue that functions

may be restored without full recovery of species composition. However,

Received: 4 March 2025 Revised: 23 July 2025 Accepted: 21 August 2025

DOI: 10.1002/eap.70138

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2025 The Author(s). Ecological Applications published by Wiley Periodicals LLC on behalf of The Ecological Society of America.

Ecological Applications. 2025;35:e70138. https://onlinelibrary.wiley.com/r/eap 1 of 21
https://doi.org/10.1002/eap.70138

https://orcid.org/0000-0001-8910-2465
https://orcid.org/0000-0001-6437-7278
mailto:knut.rydgren@hvl.no
http://creativecommons.org/licenses/by-nc/4.0/
https://onlinelibrary.wiley.com/r/eap
https://doi.org/10.1002/eap.70138
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feap.70138&domain=pdf&date_stamp=2025-12-08


approaching the full suite of species may be desirable to support long-term

resilience. Successful peatland restoration needs a strong science-practice part-

nership, where learning gained from monitoring both damaged and compara-

ble intact peatlands can be used to adapt management interventions.
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INTRODUCTION

Restoration ecology and ecological restoration are becoming
increasingly important due to accelerating human-induced
land degradation and climate change (Díaz et al., 2019;
Suding, 2011). This increased importance is reflected in
the United Nations Decade on Ecosystem Restoration
2021–2030 (Farrell et al., 2022) and the Kunming-
Montreal Global Biodiversity Framework which includes a
target for 30% of degraded areas of the planet to be under
effective restoration by 2030 (CBD, 2022). This presents a
major challenge for several reasons, including the fact
that restoration ecology is a young discipline needing
methodological development (Bertuol-Garcia et al., 2023;
Brudvig, 2017; Rydgren et al., 2019). Two major methodo-
logical challenges are the long timeframes typically
involved in restoration (Jorgenson et al., 2010) and the ten-
dency for successional trajectories to sometimes diverge
from restoration targets (Matthews & Spyreas, 2010;
Suding, 2011). A practical obstacle is that restoration mon-
itoring, if undertaken, often ends before the restoration
outcome is clear (Andersen et al., 2017). This reduces
learning opportunities, either from successful or unsuc-
cessful restorations. It also causes the practice and science
of ecological restoration to be poorly aligned, reducing
overall cost-effectiveness and making strategic decisions
more difficult to achieve and implement (Castillo et al., 2016;
Rochefort & Andersen, 2017).

Methods for predicting time to recovery of key attributes
of ecosystems, such as species composition (Gann
et al., 2019), can play important roles in restoration ecology
by guiding the entire restoration process (Evju et al., 2023;
Gonz�alez et al., 2013; Rydgren et al., 2020). The recently
introduced ordination-regression-based approach (ORBA)
uses quantitative assessments of species compositional
change to predict time to recovery (Rydgren et al., 2019).
This approach has shown promising results (Auestad
et al., 2020; Evju et al., 2023; Iwachido et al., 2023;
Kreyling, 2025; Rydgren et al., 2020), but more tests, from
a wider range of ecosystems, are needed to fully evaluate
its potential. Peatlands are ecosystems of high restoration
priority for both climate regulation and biodiversity

(Andersen et al., 2017; Gewin, 2020; Vasander et al., 2003),
particularly in Europe, the continent with the largest pro-
portional loss of peatlands (Tanneberger et al., 2021).
Hence, peatlands offer good opportunities for combining
methodological development with the evaluation of practi-
cal restoration measures.

Restoring peatlands is a complex process that involves
the reestablishment of hydrological, mechanical and eco-
logical processes that are related by intricate feedback
mechanisms (Bacon et al., 2017; Holden et al., 2004;
Vasander et al., 2003; Waddington et al., 2015). Accord-
ingly, peatland restoration may achieve a range of accept-
able goals. These might vary depending on the degree of
degradation, or stage of restoration (e.g., with interim tar-
gets in earlier stages). For example, in heavily degraded
peatlands such as cutover bogs or peat-mining land-
scapes, the restoration aim may simply be to establish a
bryophyte carpet dominated by the key genus Sphagnum
(Gonz�alez & Rochefort, 2014) or with more than 50%
cover of targeted species (Borkenhagen et al., 2024). In
less degraded peatlands, a more ambitious aim may be to
restore an ecosystem with a species composition and eco-
logical processes that closely resemble a reference ecosys-
tem, that is considered largely undisturbed. This aim
represents the highest restoration standard, “five stars” in
the terminology of Gann et al. (2019).

Plant species composition plays a key role in peatlands—
and indeed in most other ecosystems—by forming the basic
trophic level that strongly influences all other ecosystem
attributes (Clewell & Aronson, 2013). Successful restora-
tion of the native, specialist plant species composition
will likely also imply that other key ecological functions
of the peatland, such as the formation of peat, have been
successfully restored (Allan et al., 2024). However, moni-
toring programs often use simple metrics across various
ecosystems such as species richness or vegetation cover
(of single species or genera) to assess restoration progress
and success (e.g., Ruiz-Jaén & Aide, 2005; Waldén &
Lindborg, 2016). Whole-community responses are rarely
monitored (Allan et al., 2024). And yet, species composi-
tion is arguably a more ecologically relevant indicator of
ecosystem condition and, hence, ecosystem recovery,
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than simpler attributes (cf. Matthews, Spyreas, &
Endress, 2009; Rydgren et al., 2020). For peatlands, sim-
pler metrics have often suggested rapid initial recovery, for
example, within a decade (Alderson et al., 2019), while
post-restoration recovery of species composition and asso-
ciated processes may take much longer (Anderson &
Peace, 2017; Haapalehto et al., 2011; Hancock et al., 2018;
Kreyling et al., 2021). We need to better understand the
temporal scale of full recovery of these low-productivity
and slow-responding ecosystems. We believe that predic-
tive approaches such as ORBA are useful to fill such
knowledge gaps (Evju et al., 2023; Kreyling, 2025; Rydgren
et al., 2020).

The Flow Country of Caithness and Sutherland, in
northern Scotland, is covered by extensive blanket bogs,
a globally rare type of peatland limited to cool and/or
coastal regions at high latitudes (Joosten et al., 2016;
Lindsay et al., 1988; Lindsay & Clough, 2017). Due to its
“outstanding universal value,” approximately 190,000 ha
of the 400,000 ha of the Flow Country was designated in
2024 as the first and only peatland UNESCO World Heri-
tage Site. However, in the Flow Country, as in other parts
of Western Europe (particularly Ireland), over 67,000 ha
of peatlands were deep-plowed, fertilized, fenced
(to exclude wild deer) and planted with non-native coni-
fers in the 1970s–1980s (Andersen et al., 2017; Lindsay
et al., 1988). This fundamentally changed the hydrology,
light, and litterfall conditions (Gaffney et al., 2018;
Howson et al., 2021, 2023) and vegetation (Hancock
et al., 2018). Deep plowing also radically changed the sur-
face topography of the peatland, creating three different
“microforms”: plow ridges, the original surface (a strip
remaining between the plow ridges), and plow furrows
(Hancock et al., 2018).

Following a recognition of the negative impact of
afforestation on the biodiversity of the Flow Country
(Lindsay et al., 1988; Warren, 2000), restoration attempts
were initiated in the late 1990s (Anderson & Peace, 2017;
Wilkie & Mayhew, 2003). These included early experi-
mental restoration areas, with permanent vegetation
quadrats (Anderson & Peace, 2017; Hancock et al., 2018).
Initial “standard” forest-to-bog restoration efforts of
felling trees into plow furrows and dam collector drains
(Wilkie & Mayhew, 2003) were supplemented with an
additional “enhanced” blocking of plow furrows for parts
of the area from the winter of 2015/2016 onward.

In this study, we use ORBA (Rydgren et al., 2019) to
predict time to recovery of the plant species composition
in one of these areas, after Standard treatment and
Enhanced treatment were initiated, that is, 24 and
6.5 years after restoration respectively. Our experimental
setup addresses two treatments in a factorial manner: two
restoration measures (Standard and Enhanced) × three

microforms (Ridge, Original surface, and Furrow). Given
that the hydrological conditions had already improved
after 13 years (Hancock et al., 2018), we hypothesize that
the plant species composition would have started converg-
ing toward the reference after 24 years, regardless of treat-
ment. Furthermore, we hypothesize that the rate of
change would be highest for quadrats within Enhanced
restoration areas, and lowest for the (driest) Ridge micro-
form. More specifically, we aim to evaluate the following
hypotheses:

H1. During the 11 years between the two
vegetation surveys of quadrats in the experi-
mental area (pre- and post-Enhanced restora-
tion), the pattern of species compositional
change has shifted, from diverging from the
reference, to converging toward the reference.

H2. The Enhanced restoration reduces the
predicted time to recovery compared to
the Standard restoration, for all microforms.

H3. The predicted time to recovery is longer
for Ridge than for the two other microforms
(Furrow and Original surface), for both resto-
ration treatments.

METHODS

Study area

The study was conducted in the Talaheel restoration
area (Figure 1a,b), formerly a conifer plantation (58�250 N,
3�490 W, 160–200 m asl) within Forsinard Flows National
Nature Reserve (NNR), now managed by the Royal Society
for the Protection of Birds. Forsinard Flows NNR is situ-
ated centrally in the Flow Country (Joosten et al., 2016;
Lindsay et al., 1988) where the topography is gently undu-
lating with peat ranging in depth from <50 cm to >6 m
(Chapman et al., 2009) over syenite and granite (Searle
et al., 2019). The climate is cool and oceanic, with mean
annual (1991–2020) precipitation of 949 mm, days with
≥1 mm rainfall of 183, air temperatures maximum and
minimum of 11.7 and 3.6�C respectively, taken at
Kinbrace station (Met_Office, 2023), approximately 20 km
southwest of the study site.

The Flow Country peatlands were more or less tree-
less from c. 4000 BP (Charman, 1994) until the 1970s and
1980s, when the American conifer species, Pinus contorta
Douglas ex Loudon and Picea sitchensis (Bong.) Carrière,
were widely planted in the area (Lindsay et al., 1988;
Warren, 2000). These plantings included the establishment
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of the 150-ha Talaheel plantation during 1983–1985.
Before planting, as was typical of these plantations, the
Talaheel site was plowed to c. 1 m depth with c. 2.5 m
spacing of furrows. This resulted in the creation of three
“microforms” (Figure 1e,f): plow ridges (hereafter Ridge),
Original surface, and plow furrows (hereafter Furrow).
“Collector drains,” typically longer, wider and deeper than
furrows, were plowed alongside afforested compartments,
approximately perpendicular to furrows, to remove water
draining from multiple furrows. After site preparation,
conifer saplings were planted on plow ridges. At that time
and in later years, fertilizers were added to enhance coni-
fer establishment. The area was fenced to exclude native
wild red deer Cervus elaphus and roe deer Capreolus
capreolus. Nevertheless, over time deer found their way
into the fenced area; hence, some deer browsing occurred

in the afforested area but less than in the surrounding
blanket bog landscape.

In 1998, restoration started (Figure 1c), with felling
the (relatively small) trees well before harvesting age;
depositing stems and other logging residues in furrows,
which to some extent impeded drainage; and damming
of collector drains (Hancock et al., 2018) (hereafter, Stan-
dard treatment). Conifer seedlings that colonized the area
from seed sources nearby were manually cleared in
2003–2004 and 2010–2012. In the winter of 2015/2016,
parts of the study area were subjected to additional resto-
ration treatments to accelerate rewetting, hereafter
referred to as the Enhanced treatment (Figure 1c,d). In
Enhanced areas, additional peat dams were placed every
c. 20 m along furrows, further impeding drainage. Dams
were staggered on alternate furrows. A limited amount of

F I GURE 1 (a, b) Location of the Talaheel study site in northern Scotland with restoration plots 1–9 (blue and pink), and their matched

reference (bog control) plots (yellow) with corresponding numbers. (c) An illustration showing the restoration history of the study site.

(d) Aerial photo showing an area in 2019, with Standard treatment (left) and Enhanced treatment (right). In the latter, pools formed behind

dams are visible from the seed heads of Eriophorum vaginatum (white patches). Note the alternate dams in adjacent furrows. (e) A sketch

showing a cross section of the three microforms. (f) An example from an earlier stage of restoration in a different ex-forestry area, of the

three microforms Ridge, Original surface, and Furrow, resulting from the afforestation. Photo credits: (c) Robert D. Hughes, using licensed

stock image from Canva (Canva Pro, licensed for commercial and academic use) (d) Paul Turner; (f) Robert D. Hughes.
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surface re-profiling was also achieved by driving a low-
ground-pressure excavator along the furrow ridges while
constructing the peat dams, reducing the height of the
ridges and the width of the furrows.

Sampling design and data collection

In 1998, an experimental area was established in the
blanket bog landscape centered on the former Talaheel
forestry plantation, to monitor the effects of the restora-
tion measures. Within this area, nine plots (Figure 1a)
were randomly selected, stratified by planting year,
that varied in size between 1.6 and 4.8 ha (Hancock
et al., 2018). The plots encompassed different topographic
positions and probably also different initial hydrological
conditions: from more strongly sloping, concave valley
sides adjacent to the River North Burn in the southwest
(plots 8 and 9), to very gently sloping, plane or convex
topography west of Lake Talaheel (plots 3 and 7).

In each plot, nine recording locations, each approxi-
mately 2 × 2 m (Hancock et al., 2018), were selected at
random. Within each location, three permanent quadrats
of 0.5 × 2 m were established to represent the three
microforms: Ridge, Original surface (hereafter referred to
as Original), and Furrow. Of the nine plots, four, chosen at
random, were subjected to the Enhanced treatment in win-
ter 2015–2016 (Figure 1a,c). Thus, the quadrats in these
plots experienced seven growing seasons following the
Enhanced treatment before being resurveyed in 2022.

The plant species composition of the quadrats was
recorded shortly before tree felling in 1998, which consti-
tutes our year 0, and again 5, 13 and 24 years later, that
is, in 2003, 2011 and 2022. In 2011–2015, nine plots were
selected in intact blanket bog, 100 m to several km from
the forestry fence surrounding the experimental area at
Talaheel (Figure 1a). These plots were situated in very
gently sloping, plane or convex terrain. They were used
as bog controls by Hancock et al. (2018) and are used in
our study as a dynamic reference (Rydgren et al., 2019)
for intact blanket bog vegetation. In each reference plot,
five permanent 1 × 1 m quadrats were established. The
species composition of the 45 quadrats in the nine control
plots was surveyed at establishment in 2011–2015, and
again in 2022. The nine reference plots and the nine resto-
ration plots had similar peat depths (mean ~2.7 m, range
1.3–4.8) and slopes (mean ~1.9–2.1�, range 0.88–3.7)
(Hancock et al., 2018).

The total dataset comprised 1062 quadrat × time com-
binations (QTCs) with a total of 100 recorded plant taxa.
The nomenclature of vascular plants and mosses follows
Clapham et al. (1987) and Smith (2004), respectively.
Of these, 90 QTCs represented the reference quadrats,

Reference 2011–2015 (n = 45) and Reference 2022
(n = 45). The remaining 972 QTCs represented the six
combinations of restoration measure and microform,
hereafter referred to as Microform × Treatment combina-
tions (MTCs) (Table 1): Furrow Standard (n = 180), Fur-
row Enhanced (n = 144), Original Standard (n = 180),
Original Enhanced (n = 144), Ridge Standard (n = 180),
and Ridge Enhanced (n = 144).

The plant species composition of the QTCs was
recorded from July to December in each monitoring year.
The abundance of each taxon was visually estimated as
percentage cover. Most taxa were determined to the spe-
cies level, and some to the genus level. Ferns, liverworts,
and lichens were aggregated to a group.

Data analyses

All statistical analyses were performed in R version 4.3.0
(R Development Core Team, 2023). The vegan package
version 2.6-2 (Oksanen et al., 2022) was used for all ordi-
nation analyses. Prior to analyses, we modified the rela-
tive weight given to qualitative and quantitative
information (Økland, 1990b) by applying a power func-
tion to each percentage cover value in each QTC (van
Son & Halvorsen, 2014). A value w = 0.5 was used for
the weighting parameter as suggested by Rydgren
(1993), to set the range of the abundance scale, that is,
the ratio between the highest and lowest abundance
value, to 10.

Ordination analyses were used to extract gradients in
species composition from the 1062 QTC × 100 species
data matrix with weighted abundances for all taxa.
Detrended correspondence analysis (DCA; Hill &
Gauch, 1980) and global nonmetric multidimensional
scaling (GNMDS; Minchin, 1987) as implemented in
the vegan package version 2.6-2 (Oksanen et al., 2022)
were used in parallel to confirm that the ordina-
tion axes were structure axes (Økland, 1999). See
Appendix S1: Section S1 for ordination specifications
(options and settings) and other details of the analyses.
The two- and three-dimensional GNMDS ordinations
were relatively similar to each other and to the corr-
esponding axes of the DCA ordination (Appendix S1:
Section S1), except for a more distinct outlier QTC in the
DCA ordination. We therefore used the three-dimensional
GNMDS solution for all subsequent statistical analyses.
Estimates of the relative positions of species optima in
GNMDS ordination space were obtained as weighted
mean sample scores using the function wascores in
vegan (Oksanen et al., 2022). These “relative species
optima” are not expressed on the same scale as QTC
scores, because weighted averaging places them within
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the range spanned by QTC scores along the axes
(Økland, 1990b).

We conducted two different tests of QTC positions in
the GNMDS ordination. First, we tested whether the cen-
troids of the six MTCs differed from the reference (data
from 2011 to 2015) along each of the three GNMDS axes
at the start of the restoration in 1998. Next, we tested if
the centroids of the six MTCs differed between the four
periods (1998, 2003, 2011 and 2022) for each of the three
GNMDS axes. Tests were done using generalized linear
mixed models (GLMMs; Bates et al., 2015) with an iden-
tity link and Gaussian error distribution, in the R pack-
ages lme4, version 1.1.21 (Bates et al., 2015) and lmerTest
(Kuznetsova et al., 2016). In the first test, the random fac-
tor was location nested within plot. In the second test, to
account for repeated measurements, quadrat number was
included as an additional random factor. We followed the
principle of parsimony and simplified the models into a
minimal adequate model, using a backward elimination
procedure with likelihood ratio tests (Crawley, 2013).

We used ORBA to predict time to species composi-
tional recovery (Rydgren et al., 2019). We first obtained a
consensus ordination (the three-dimensional GNMDS)
by the procedures described above. Secondly, for each
MTC and time point, we used QTC positions along each
GNMDS axis to calculate successional distance (djt,0)
(Rydgren et al., 2019), or successional displacement when
it holds negative values, from an appropriate reference.
For the first three time points (0, 5, and 13 years after res-
toration began), we used the mean position of the refer-
ence QTCs in 2011–2015 as reference for all restored
QTCs, while the mean position of the reference QTCs in
2022 was used as reference for QTCs analyzed in 2022.
Thus, we used reference data that were collected
nearest in time, as our comparator for the restoration
data. The variation of the reference for each GNMDS
axis was calculated as the SD of distances along each

axis from single QTC positions to the centroid of appro-
priate reference QTCs at the time point in question.
The variation of the reference for three-dimensional
GNMDS was calculated as the SD of variance for the
sum of three variables:

var a1+ a2+ a3ð Þ¼var a1ð Þ+var a2ð Þ+var a3ð Þ
+2cov a1, a2ð Þ+2cov a1, a3ð Þ
+2cov a2, a3ð Þ

where a1 = GNMDS axis 1, etc.
Finally, we modeled the successional distances in

three-dimensional GNMDS ordination space (because no
single axis represented the strongest successional gradi-
ent) at the two time points, 13 and 24 years after restora-
tion, as a function of time since restoration, for each of
the six MTCs, and each of the nine plots and the three
microform combinations (n = 27). The response was log-
arithmically transformed because successional rates gen-
erally decrease over time (Anderson, 2007; Myster &
Pickett, 1994; Rydgren et al., 2004; Rydgren et al., 2019).
The spatially nested sampling structure was accounted
for by specifying quadrats nested within locations (but
not for the plot data where all quadrats come from the
same plot) and plots as random intercepts. All models
were parameterized with an identity link and a Gaussian
error distribution using the R package lme4, version
1.1.21 for GLMM (Bates et al., 2015). From the model, we
derived two different time-to-recovery predictions for
each MTC (Rydgren et al., 2019): TRAs+1 (restoration tar-
get: predicted successional distance = +1 SD off the cen-
troid of reference QTC scores) and TRAf+0.01 (restoration
target: predicted successional distance = +0.01 SD off the
centroid of reference QTC scores). The terms “Relaxed”
and “Strict” are used for the “+1 SD model” and the
“+0.01 SD” model, respectively.

TAB L E 1 The distribution of quadrats among treatments, microforms, and time periods.

Restoration measure Microform

Years since restoration began

0 5 13 (−17) 24

Standard Ridge 45 45 45 45

Original 45 45 45 45

Furrow 45 45 45 45

Enhanced Ridge 36 36 36 36

Original 36 36 36 36

Furrow 36 36 36 36

Reference Original 0 0 45 45

Note: Numbers in bold indicate that, at these time points, the quadrats had not yet been subjected to Enhanced restoration, which was conducted in the winter
of 2015/2016, 17.5 years after restoration. Reference quadrats in nearby intact blanket bog were surveyed 13–17 years and 24 years after restoration. “Original”
means “original blanket bog surface.”
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RESULTS

Overview of species compositional change
during restoration

In 1998, at the start of restoration, prominent taxa of
intact blanket bogs such as dwarf shrubs Calluna
vulgaris, Erica tetralix, and lichens were frequent in all
MTCs (Figure 2; Appendix S2: Table S1). Subsequently,
in all MTCs, C. vulgaris declined considerably from year
0 to year 13 but then increased, from year 13 to year 24.
In contrast, the graminoids Eriophorum angustifolium
(Figure 2) and Eriophorum vaginatum were initially
concentrated in the Furrow microform but later became
approximately equally distributed among microforms.
Considering the commonest species of peat mosses,
Sphagnum spp. (Figure 2), Sphagnum cuspidatum, and
Sphagnum capillifolium tended to be most abundant in
furrows and original surfaces, respectively, with some
decline later in the study; meanwhile, Sphagnum subnitens
was rarer but increased later in the study across all
microforms. Sphagnum spp. were generally rare in
Ridge microforms. Differences between Enhanced and
Standard treatments appeared modest.

Taxa that were found in the restoration area but infre-
quent or lacking in the reference area showed a wide
spectrum of temporal patterns. The endpoints of this
spectrum comprised conifer seedlings of P. sitchensis and
P. contorta which were largely found in early years, and
the grass Deschampsia flexuosa (Figure 2) which
increased over the study period to become one of the
most prominent species in most restored treatments.
Between these extremes, the grass Agrostis spp. and the
mosses Dicranum/Campylopus spp. tended to decline in
the restoration area during the study. Meanwhile, the
mosses Hylocomium splendens and Pleurozium schreberi
(Figure 2), the grass Molinia caerulea and the moss
Polytrichum spp. increased across all treatments.

Gradients in species composition

The ordination results revealed that the complex spatial
and temporal variation in species composition in the
study area was structured along three interpretable com-
positional gradients.

GNMDS axis 1 separated reference from treatment
QTCs (Figure 3). At the start of restoration, all MTCs
except Furrow Enhanced (note, however, this was prior
to Enhanced treatment) differed significantly from the
reference along GNMDS axis 1 (Appendix S2: Table S2).
Thereafter, QTCs from all six MTCs increasingly trended
toward lower scores on this axis, that is, away from the

reference, until the last period, 13–24 years after restoration.
At that point, this trend was halted with a slight reversal,
that is, displacement toward the reference, for the Standard
treatment (Figure 3; Appendix S2: Table S5). No consis-
tent temporal ordering of treatments was observed along
GNMDS axis 1. The reference vegetation showed only
minor temporal change.

Considering GNMDS axis 1 at the individual plot
level, this also showed relative stability across time points
(Figure 4). The most striking pattern was found for the
Original microform (Figure 4; Appendix S2: Figures S1–S3),
for which the plot centroids made up three distinct groups.
The sloping plots 5, 8, and 9 scored low on the axis, and the
flatter plots 3, 6, and 7 scored high, and the other plots
were intermediate (Figure 4). Among the remaining
microforms, the more sloping plots, that is, 5, 8, and
9, were differentiated from all other plots concerning
their GNMDS 1 centroids. In contrast, the other six
plots made up one big cluster (Figure 4). The more
sloping plots (5, 8, and 9) also showed greater dynam-
ics, trending more markedly away from reference
conditions early in the study, then back toward the
reference later.

The relative species optima along GNMDS axis 1 (Fig-
ure 5) formed two groups that were separated by a dis-
tinct gap. Species with optima to the left of the gap were
rare in reference QTCs and much more frequent in resto-
ration QTCs. The converse was true for species with
optima to the right of the gap (Figure 5; Appendix S2:
Table S1). The contrast in abundance between restoration
and reference QTCs increased from this gap, outward
toward the two gradient extremes. Thus, the forbs and
graminoids with the lowest axis 1 optima, Juncus effusus,
Agrostis spp., and Galium saxatile, were largely characteris-
tic of the restoration area rather than the reference. The spe-
cies with the highest optima, Racomitrium lanuginosum,
Trichophorum cespitosum, and Sphagnum tenellum showed
an opposite pattern. GNMDS axis 1 thus reflected a gradient
from species with low values that were rare in blanket bogs
but frequent in restoration areas, to species with higher
values that were most typical of intact blanket bogs.

GNMDS axis 2 tended to separate the three micro-
forms in the order Ridge (low scores)–Original–Furrow
(high scores) (Figures 3 and 4). This implied that higher
scores reflected wetter conditions. At the start of restora-
tion, Ridge and Original microforms differed significantly
from the reference along this axis (Appendix S2:
Table S3). Over time, the centroids of all treatments consis-
tently shifted toward higher GNMDS 2 scores, indicating
increased wetness, with Ridge experiencing significantly
higher rates of change compared to Furrow (Appendix S2:
Table S6). The centroids of Original and Ridge QTCs
reached the level of reference scores along GNMDS 2 in
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F I GURE 2 The changes in mean percentage cover over the years since restoration for a selection of the most common species in the six

microform-treatment combinations. The cover changes in the reference quadrats (Ref) between 13 and 17 and 24 years since restoration are

shown on the right-hand side of each figure.

8 of 21 RYDGREN ET AL.

 19395582, 2025, 8, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.70138 by K

nut R
ydgren - H

ogskulen Pa V
estlandet , W

iley O
nline L

ibrary on [08/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



5–13 and 24 years, respectively (Figure 3), implying that
recovery had been achieved, by this measure. Displace-
ment patterns in the last period (13–24 years) differed
between treatments for the Furrow and Ridge microforms:
while Furrow Enhanced moved out of the range spanned
by reference QTCs, to significantly higher (i.e., wetter)
scores, Ridge Standard had still not fully caught up with
reference scores after 24 years (Figure 3). Contrasting with
the dynamics of the restoration area, the reference vegeta-
tion showed only minor change.

At the level of individual plots (Figure 4), the tempo-
ral displacement patterns along GNMDS axis 2 did not
differ strongly, except for the more sloping plots 5, 8, and
9 for Furrow, which had lower (drier) GNMDS 2 scores
in early years (Figure 4; Appendix S2: Figures S1–S3).

Species with optima near the low-score (dry) end of
GNMDS axis 2 were either absent from intact blanket
bog in our reference areas (J. effusus and seedlings of
P. sitchensis and P. contorta) or typical of drier microsites
(C. vulgaris and Hypnum spp.). In contrast, all Sphagnum
species had optima near the high-score (wet) end of
GNMDS axis 2 (Figure 5). This also supports the interpre-
tation that GNMDS axis 2 reflected variation from less to
more hydrophilous vegetation, and hence from drier
to wetter microsites.

Along GNMDS axis 3, all microforms except Original
had significantly lower scores than the reference at the
start of restoration (Appendix S2: Figure S4 and
Table S4). Moreover, all MTCs showed the same displace-
ment patterns over time (Appendix S2: Table S7): weak

0
.0

1
.0

2
.0

Ridge Standard
Time (years)

0

5

13

24

Reference

2011–2015

2022

Ridge Enhanced
Time (years)

0

5

13

24

Reference

2011–2015

2022
0

.0
1

.0
2

.0

Original Standard
Time (years)

0

5

13

24

Reference

2011–2015

2022

Original Enhanced
Time (years)

0

5

13

24

Reference

2011–2015

2022

0.0 1.0 2.0 3.0

0
.0

1
.0

2
.0

Furrow Standard
Time (years)

0

5

13

24

Reference

2011–2015

2022

0.0 1.0 2.0 3.0

Furrow Enhanced
Time (years)

0

5

13

24

Reference

2011–2015

2022

GNMDS axis 1 (H.C. units)

G
N

M
D

S
 a

x
is

 2
 (

H
.C

. 
u

n
it
s
)

rd restorationrr Enhanced restoration

R
id

g
d

e
O

ri
g

in
a

l
F

u
rr

orr
w

F I GURE 3 Quadrat level data and displacement vectors in global nonmetric multidimensional scaling (GNMDS) ordination space

(gradient lengths 3.33 and 2.32 H.C. units for axes 1 and 2, respectively), joining centroids (large dots) for combinations of microform (Ridge,

Original, and Furrow), treatment (Standard or Enhanced), and year since restoration (0, 5, 13, and 24 years). Positions of the 1062

quadrat × time combinations (QTCs) are shown by small symbols. The reference quadrat data (QTCs and centroids) is also shown in all

graphs; its vector is very short, indicating little change in reference vegetation.
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displacements away from the reference QTCs in the first
two periods (0–5, and 5–13 years) and then significant dis-
placement toward the reference later (13–24 years). On
this axis, the reference vegetation (as indicated by its cen-
troid) did not change over time. Except for the low scores
of graminoids J. effusus and Agrostis spp., little segregation
of species optima was observed along GNMDS axis
3 (Appendix S2: Figure S5). The different ordering of
microform centroids along GNMDS axis 3 (Furrow–
Ridge–Original) compared to GNMDS axis 2 (Furrow–
Original–Ridge) and the larger spread of optima for species
not typical of bogs (low GNMDS 1 scores) suggested that
GNMDS 3 expressed differences in the temporal dynamics
of species, that were unrelated to hydrological conditions
(which were instead expressed on GNMDS axis 2).

Time to recovery

The patterns of displacement from the reference in each
of the three-dimensional GNMDS ordination axes

(Figures 6 and 7; Appendix S2: Figure S6) can be charac-
terized as initial divergence followed by slight conver-
gence (axes 1 and 3) or simply convergence (axis 2).
Combining all these into the three-dimensional ordina-
tion space (Figure 8), the average successional distance to
the reference peaked around 5–13 years after restoration
and thereafter decreased considerably, reaching a mini-
mum at the most recent survey, 24 years after restoration
began. The strongest decreases in successional distance
in the last period were observed for the Furrow Standard
and the Ridge Enhanced; the smallest decrease was
observed for Furrow Enhanced.

The six MTCs differed considerably in time-to-recovery
predictions, with more than a twofold difference between
the lowest and highest values. These ranged between
47–99 and 122–283 years for the “Relaxed” and “Strict”
criteria, respectively (Figure 8). The rank order of time-
to-recovery predictions for the six MTCs followed almost
the same pattern for the two recovery criteria. Overall, the
shortest time to recovery was consistently predicted for
Ridge Enhanced followed by Furrow Standard. The two
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Furrow treatments differed markedly. Furrow Enhanced
always had the longest predicted time to recovery. The
Original treatments had similar predictions, irrespective
of whether Standard or Enhanced restoration methods
were used. Surprisingly, the results did not always show
a positive effect of Enhanced restoration: for Ridges, the
Enhanced treatment was predicted to lead to faster
recovery, but for Furrows, the converse was true
(Figure 8).

At the plot level, the median of the time-to-recovery
predictions for each microform, based on successional

distance in the last period (13–24 years) in the ordination
(Table 2) is similar to predictions at the MTC level. How-
ever, there were large differences between the plots
(Table 2): the more sloping plots 5, 8, and 9 generally had
the longest predicted time to recovery. These plots’
median predictions (over the three microforms) ranged
between 99–148 and 255–392 for the “Relaxed” and
“Strict” criteria, respectively (Table 2). The other plots
had median predictions around half these values, in the
range 43–59 and 110–175 for the “Relaxed” and “Strict”
criteria, respectively.
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and QTC scores of Figure 3 are expressed on different scales.
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DISCUSSION

Our results show that the recovery of plant species com-
position in forest-to-bog restoration sites at Talaheel ini-
tially followed a trajectory away from comparable intact
bog (reference) vegetation for approximately a decade.
Later, a reversal of this trajectory started to take place.
This supports our first hypothesis, that after initially
diverging from the reference, the trajectory of species
composition of all MTCs will eventually converge back
toward the reference conditions of an intact bog. Fur-
thermore, without additional restoration measures,
time-to-recovery predictions suggest that 50–100, or
120–285, years will be needed to fully restore blanket
bog vegetation at this site, using the “Relaxed” or
“Strict” recovery criteria, respectively. Our second

hypothesis, that the Enhanced treatment, applied
17.5 years after restoration began, would reduce the
predicted time to recovery, is, apparently, not supported
during this study period. The Enhanced treatment does
indeed reduce predicted time to recovery in the Ridge
microform; however, the opposite appears to be the case
for the Furrow microform, perhaps because this latter
microform trended toward even wetter conditions than
those found in our reference areas (see below). Simi-
larly, our third hypothesis is also not supported, that is,
that the predicted time to recovery is longer in Ridge
than in the other microforms. Instead, we found, for the
Standard treatment, no difference between microforms.
Meanwhile, for the Enhanced treatment, surprisingly,
Ridges had lower predicted recovery times than Original
and Furrow microforms.
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F I GURE 6 Global nonmetric multidimensional scaling (GNMDS) axis 1: Successional displacement for each quadrat-by-time

combination (QTC). These are plotted as slightly jittered points across time for the six microform-treatment combinations (MTCs). The red,

violet, and blue-colored points joined by trendlines show mean successional displacement at each time point for the different MTCs. The

green-dotted horizontal line represents the centroid of reference QTC scores along the successional gradient with +1 SD indicated by light

green shading. SD was 0.24 for the first three time points and 0.18 for 2022. The gray vertical line shows the time point at which the

Enhanced treatment was carried out.
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Time to recovery of blanket bogs at
Talaheel (H1)

The initial phase of restoration, which ends when the dif-
ference from intact blanket bog peaks, is primarily char-
acterized by increasing abundance and/or frequency of
plants typical of non-wetland and/or nutrient-enriched
conditions such as G. saxatile, Agrostis spp., D. flexuosa,
M. caerulea, and J. effusus. This reflects the legacy and long-
term response to the drastic environmental changes
resulting from the attempt to convert the bog to a produc-
tion forest by deep plowing, fencing to reduce grazing, tree
planting, and fertilization. These measures impact all four
fundamental requirements of plants: soil nutrient concen-
trations are increased, and soil moisture, incoming radia-
tion, and, hence, temperatures at ground level are all
reduced (e.g., Anderson et al., 2016; Gaffney et al., 2018;
Howson et al., 2023; Waddington et al., 2015). In contrast,
intact blanket bogs are characterized by low nutrient con-
centrations and a high and stable water table. Hence, they

are typified by specifically adapted vascular plants like
sedges and ericaceous shrubs and a bottom layer (mosses
and lichens) dominated by Sphagnum species (Sottocornola
et al., 2009; Tallis, 1998; Wheeler & Proctor, 2000). The res-
toration plots on steepest slopes (5, 8, and 9) were conspicu-
ous in their consistent differentiation from the flatter sites,
notably with higher covers of D. flexuosa and M. caerulea.
While this may reflect initial compositional differences, it is
more likely that these plots were more heavily impacted by
drainage, afforestation, fertilization, and/or deforestation
and were hence more difficult to rewet.

There are several reasons why the effect of 13–15 years
of conifer plantation on a blanket bog could take far lon-
ger to reverse. Plowing prior to tree planting immediately
lowers the water table. Thereafter, the growing trees
increase evapotranspiration and rainfall interception, con-
tributing further to drying out the peat (Farrick &
Price, 2009; Payne & Jessop, 2018), also causing compac-
tion (Sloan et al., 2019). The developing presence of a tree
canopy radically impacts light, temperature, and moisture
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F I GURE 7 As Figure 6, for global nonmetric multidimensional scaling (GNMDS) axis 2 except that the SD was 0.27 for the first three

time points and 0.24 for 2022 (note that the GNMDS axis 2 scores were inverted for visualization purposes, compared to Figure 3).

ECOLOGICAL APPLICATIONS 13 of 21

 19395582, 2025, 8, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.70138 by K

nut R
ydgren - H

ogskulen Pa V
estlandet , W

iley O
nline L

ibrary on [08/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



at ground level. The application of fertilizer when trees
were planted (Hancock et al., 2018) contributes to long-
lasting species compositional legacies by enhancing decom-
position and mineralization (Ojanen & Minkkinen, 2019).
This in turn further increases N and P and reduces cation
concentrations in the peat (Holden et al., 2004; Sundström
et al., 2000). The legacy of the fertilization may be
prolonged when felled trees are rolled into furrows rather
than removed, because nutrients retained in the deposited
biomass are slowly released (Konings et al., 2019). This is
also illustrated by the legacy effect of excess N in pore and
surface waters in forest-to-bog sites being restored toward
blanket bog (Gaffney et al., 2018).

The three main axes in our GNMDS ordination analy-
sis of the plant species composition reflect different
aspects of environmental and temporal change. Axis 2 is
related to increases in hydrophilous species and clearly
shows that reestablishment of the water table close to the
peat surface—a prerequisite for successful restoration—is
achieved by both restoration treatments within 24 years.
Thus, restoring the hydrology is the first phase in a
forest-to-bog restoration (after tree felling). Axis 3 is
related to mid-successional increases in species that are
rare in intact bogs. The main vegetation gradient
expressed by axis 1 is characterized by a slow recovery of
the species composition. Due to legacies inherited from
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F I GURE 8 Time to species compositional recovery after restoration as predicted by ordination-regression-based approach (ORBA).

Time estimates are given using a “Relaxed” and a “Strict” recovery criterion, these being the smallest and largest value, respectively, as

indicated by arrows. The slightly jittered points represent successional distances for each quadrat × time combination (QTC), calculated for

the three-dimensional global nonmetric multidimensional scaling (GNMDS) ordination space. The colored points show the mean

successional distance at each time point. Fitted asymptotic models with 95% CIs are shown by red lines and red shading, respectively.

All models were significant at p level <0.001, except Furrow Enhanced with p = 0.002. The green dashed horizontal line and light green

shading (successional distance = 0) show the centroid of reference QTCs +1 SD (standard deviation of the distance between reference QTCs

and their centroid). The SD differed slightly between years 0, 5, and 13 (SD = 0.302) (based on the 2011–2015 survey) and year

24 (SD = 0.252) (based on the 2022 survey). The gray vertical line at year 17.5 shows the time point when the Enhanced treatment was

carried out.
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non-native conifer afforestation, including changes in
peat properties and increased nutrient loads, the second
phase in peatland restoration—the gradual replacement of
species that are not present in intact bogs with typical mire
species—proceeds slowly (e.g., Jauhiainen et al., 2002;
Kokkonen et al., 2019; Kyrkjeeide et al., 2024). Moreover,
the steeper parts of the landscape are more challenging to
restore, even if only ~3–4� (Hancock et al., 2018). Thus,
restorations including more sloping areas may require
repeated management interventions or more time to
recover, while relatively flat degraded peatlands may rep-
resent a “low-hanging fruit” where lower effort restoration
could deliver large gains quickly.

Successional rates are influenced by a combination of
abiotic and biotic factors such as dispersal, establishment,
and interspecific interactions (Anderson, 2007). Thus,
restoration of local conditions alone may not be sufficient
for restoring species composition (Matthews, Peralta,
et al., 2009). The establishment and prolonged persis-
tence after afforestation of graminoids that are either
absent or very sparse in nearby intact blanket bogs
(e.g., Agrostis spp., D. flexuosa, and M. caerulea) and the
difficulties that many typical mire species seem to meet
during restoration (e.g., Eric. tetralix, Drosera species, and
Narthecium ossifragum) are major reasons for the slow
recovery of the damaged blanket bog at Talaheel. The
long-term presence of graminoids suggests that certain
areas within such restoration sites tend to retain nutri-
ent levels above those of intact bogs. Species such as
M. caerulea take advantage of increased nitrogen
levels (Limpens et al., 2003), and its dense sward may

suppress Sphagnum through light deprivation and
litterfall (Pilkington et al., 2021).

The time-to-recovery predictions obtained here using
ORBA indicate that full species compositional recovery is
proceeding slowly with the restoration techniques that
have been applied, but the trajectories are now trending
toward reference conditions, implying that a species com-
position resembling intact bog vegetation will ultimately
be achieved. This contrasts with the more uncertain out-
comes of restoring more nutrient-rich fens in Europe,
which are often affected by helophytization (Kreyling
et al., 2021). However, predictions for a distant future are
always uncertain. The recovery process may accelerate,
take longer, or diverge from the intended target, for
example, due to external drivers such as climate warming
(Andersen et al., 2024; Moore, 2002; Swindles et al., 2019;
Weltzin et al., 2003), nutrient enrichment (Konings
et al., 2019), atmospheric pollution (Levy et al., 2019;
Noble et al., 2018), or Enhanced restoration management
(Allan et al., 2024).

The effect of the Enhanced restoration
treatment (H2)

Our second hypothesis was apparently not supported.
The Enhanced restoration with its additional dams along
the furrows, established seven growing seasons before
the last vegetation survey, did not accelerate the recovery
of the species composition in all three microforms
compared to their Standard restoration counterparts, at

TAB L E 2 Predicted time to species compositional recovery (TR) for different plots, microforms, and recovery criteria.

Treatment
Plot
no.

Ridge Original Furrow Median

TR
(relaxed)

TR
(strict)

TR
(relaxed)

TR
(strict)

TR
(relaxed)

TR
(strict)

TR
(relaxed)

TR
(strict)

Standard 2 55 172 56 183 47 131 55 172

Standard 4 45 114 43 110 42 99 43 110

Standard 5 252 704 148 392 97 250 148 392

Standard 7 40 96 44 138 51 145 44 138

Standard 9 113 291 100 255 80 186 100 255

Enhanced 1 37 92 53 175 72 210 53 175

Enhanced 3 36 90 60 264 59 170 59 170

Enhanced 6 53 144 45 152 762 2380 53 152

Enhanced 8 99 269 78 193 129 337 99 269

Note: The table shows estimates for each plot (1–9) × Treatment (Standard or Enhanced) × microform (Ridge, Original, or Furrow) combination, measured in
years, as obtained from an ordination-regression-based approach (ORBA) models. TR (Relaxed) is the time to recovery (TR; years since restoration) for an

asymptotic model at predicted successional distance +1 SD off the centroid of reference plot scores, and TR (Strict) is TR at distance 0.01 off the centroid of
reference plot scores. All ORBA models are based on data from the two last time points, that is, 13 and 22 years since restoration. Each plot had nine
observations for each time point. Values in boldface indicate significant models (p < 0.05), that is, successional distance decreases significantly over time.
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least not during the current study period. The Ridge
microform—previously identified as the most challenging
microform to restore (Hancock et al., 2018)—did, how-
ever, respond to the Enhanced treatment. This microform
showed significantly increased rates of change in species
composition (displacement along GNMDS axis 2, which
we considered to be related to depth to the water table).
Accordingly, there were reduced time-to-recovery predic-
tions for this microform, compared to the Standard resto-
ration. Most likely, this was a combined effect of further
raising the water table due both to additional dams and
slight re-profiling of the peat surface, which flattened the
ridges, bringing their surfaces closer to the water table.

In contrast, the Furrow Enhanced MTC showed the
highest time-to-recovery predictions among all MTCs.
Our results indicate that this microform exhibited a spe-
cies composition that diverged from and appeared even
more hydrophilous than the reference. Most likely, this
reflects the formation of multiple small pools in the fur-
rows, due to the creation of these additional dams. In
general, dams were located at some distance from the
quadrats, but on flatter terrain, water backing up from
the dams would inundate some of the quadrats and
create very high water table conditions, different from
the typical reference bog controls used in this study.
Concentrations of many small pools (“pool systems”) are
characteristic features of flat or nearly flat blanket bogs
(Belyea & Lancaster, 2002; Boatman, 1983; Lindsay
et al., 1988) but were absent from our reference data,
which were collected on gently sloping peatlands (averag-
ing around ~2�) to match the terrain of the restoration
area. The ex-forestry restoration area in turn reflected the
fact that forestry tended to be established in gently slop-
ing areas, being impossible in the very wettest—flattest—
parts of the bog. The Original Enhanced MTC was also
affected by the raised water table as shown by the stron-
ger reduction of the successional distance (steeper slope)
than its Standard counterpart. Accordingly, the longer
recovery times predicted for the Furrow Enhanced MTC
may result from lack of correspondingly wet sites in the
reference data. This pinpoints the importance of ensuring
that the reference data cover the entire breadth of rele-
vant environmental variation.

Our results show that unless targeted management
actions are taken, the legacies of previous ditching, affor-
estation, and artificial microtopography may remain for a
long time. Importantly, the techniques and machinery
used in the restoration of formerly afforested blanket
bogs in Scotland have evolved since the start of such res-
toration work at Talaheel in 1998 (Hancock et al., 2018).
Felling and leaving conifers in furrows is no longer prac-
ticed. Instead, timber, and where possible, brash, is
extracted, and furrow blocking and/or various surface re-

profiling techniques have become standard practice
(Gaffney et al., 2022; NatureScot, 2024). Re-profiling, which
markedly reduces artificial post-forestry microtopography,
has become widely used for blanket bog restoration in
Forsinard Flows Reserve and the wider Flow Country over
the last 10–15 years. The techniques have evolved further to
include the use of more specialized equipment, completely
removing the ridges and infilling the furrows. A further
recent development reuses the furrow vegetation (which
would otherwise have been buried by ridge re-profiling) to
re-turf bare peat areas created by the re-profiling manage-
ment. All these changes in restoration measures are
expected to result in higher successional rates and markedly
shorter times to species compositional recovery.

Variation between microforms (H3)

Our third hypothesis was not supported. Surprisingly, the
predicted time to recovery was not longer for Ridge than
for the two other microforms. Indeed, the shortest time-
to-recovery predictions among all MTCs were found for
the Ridge Enhanced. A plausible explanation for this is
that the ground water table had been raised to a level
allowing reestablishment of mire species, after the ridges
had been flattened out. Once again this demonstrates the
challenges, and a solution, for restoring a more natural
hydrology when the peat surface had been profoundly
changed by plowing. Furthermore, the patterns observed
for Ridge Enhanced add to previous indications that prep-
aration of restoration sites (Grand-Clement et al., 2015)
using modern techniques like surface re-profiling reduces
the time to recovery by better restoring more natural
microtopographic relief and surface position in relation to
the ground water table. Supporting this idea, in the Flow
Country, satellite data suggest that areas under restoration
by the older (here termed Standard) restoration techniques
tend to have higher water table depth fluctuations than
areas restored by newer restoration techniques, including
surface smoothing (Toca et al., 2023).

ORBA in a broader perspective

Restoration ecology requires methodological improve-
ments (Brudvig, 2017; Urban, 2006). Better predictions of
recovery times for key attributes such as species composi-
tion are particularly needed (Gann et al., 2019). ORBA
may fill this methodological gap, estimating timescales
involved in species compositional recovery. When multi-
variate techniques are used to summarize successional
patterns, for example, during restoration of ecosystems,
the first ordination axis often captures the compositional
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change during succession (Auestad et al., 2020;
Matthews & Spyreas, 2010; Rydgren et al., 2020). Our
study reveals that the restoration of a blanket bog at
Talaheel led to a more complex successional pattern,
unfolding across three ordination dimensions.

The time-to-recovery predictions from ORBA (Rydgren
et al., 2019) depend on dataset properties (Auestad
et al., 2020) such as thematic and geographic resolution
and data quality. We based our recovery predictions on
two time points only; more time points would improve
these predictions (Rydgren et al., 2019). The time-
to-recovery predictions would likely have become shorter
if our reference data had distinguished between micro-
forms, the key gradient in bogs that accounts for most of
the variation in species composition (Økland, 1990a;
Rydin et al., 1999). On the other hand, a better taxonomic
resolution, that is, fewer frequent taxa determined to gen-
era or broader groups such as lichens and liverworts, may
have the opposite effect on time-to-recovery predictions.
Observer errors, such as misidentification and overlooking
of species (Milberg et al., 2008; Morrison, 2016), will also
impact the predictions but with an unpredictable outcome.
These issues should be considered when designing long-
term restoration monitoring programs, provided they can
be addressed at a reasonable cost, because they add preci-
sion to the guidance provided by analytic tools like ORBA.

ORBA uses clear goals for species compositional
recovery, and our “Strict” criterion specifies (for the plant
community) the highest standards of full recovery of
Gann et al. (2019). We recommend using ORBA with two
threshold criteria for recovery—“Strict” and “Relaxed,”
as we have done here (see Methods). The “Relaxed” crite-
rion is most relevant when ecosystems are severely
degraded or where recovery of some functionality may
take precedence over complete species recovery.
Although the choice of threshold criterion is arbitrary,
the use of common, standard criteria facilitates compari-
son across studies. With enough data, ORBA can be
applied at different spatial scales. In the present study,
we revealed that plots belonging to more sloping areas
had the largest restoration challenges, and we also
pinpointed large restoration challenges in specific parts
of the landscape, that is, the Furrow microforms in plot
6. Such information at a relatively early stage can be
valuable for adapting the management for peatland
recovery at specific sites.

Our time-to-recovery predictions for Talaheel may
seem long, particularly using the “Strict” criterion, but
we know little about the timescales involved in species
compositional recovery after restoration of peatlands and
other ecosystems. A large review of fen peatlands showed
that, after many decades, even the most successful long-
term restorations still only resulted in a pale shadow of

the natural systems they hoped to recreate (Kreyling
et al., 2021). Similar observations have been made for res-
torations of other ecosystems (Mori & Isbell, 2024) imply-
ing high “recovery debt” (Moreno-Mateos et al., 2017).
The few studies done so far, which use ORBA with an
asymptotic model and “Strict” criteria, predict a range of
times to species compositional recovery to that of rem-
nant more natural habitats. Examples include 46–
143 years after removal of alpine roads (Evju et al., 2023),
91–1030 years for boreal and alpine spoil heaps (Auestad
et al., 2020; Rydgren et al., 2020), 100–200 years for subal-
pine forest (Kreyling, 2025), and 130 years for developed
habitats in Tokyo, Japan (Iwachido et al., 2023). While
ORBA is now established as an approach that can
inform the effectiveness of restoration (Elo et al., 2024),
which focuses on one of the most important attributes
of ecosystems—the species composition (Clewell &
Aronson, 2013), and from early phases in the restoration
process, the method still needs to be tested on more data
sets. In particular, tests are needed on long-term
data with many repeated surveys performed throughout
the restoration process, with later surveys allowing ear-
lier predictions to be evaluated.

ORBA sets clear goals for species compositional
restoration—one of the key attributes of an ecosystem
(Gann et al., 2019), but there may be other restoration
targets, and some of them can begin to accrue much ear-
lier in the restoration journey. For example, at our
Talaheel restoration site, after just 16 years of restoration,
the area became a net sink for greenhouse gases
(Hambley et al., 2019). Another example, from a very dif-
ferent ecosystem, is the significant nature conservation
benefits that tropical secondary forests can provide, even
if their vegetation differs substantially from that of intact,
primary reference conditions (Chazdon et al., 2009). With
pristine sites becoming increasingly rare, these consider-
ations highlight the potential value of protecting and
restoring impacted sites.

CONCLUSIONS

Peatland restoration has been conducted for almost four
decades (Rochefort & Andersen, 2017), but we still lack
precise knowledge about the timescales at which plant
species compositional recovery takes place; our study
helps to redress this balance. Our results, analyzing plant
species compositional data from the restoration of
afforested blanket bogs in northern Scotland, suggest that
decadal or even centennial timescales (under the strictest
criteria) may be required for the complete restoration of
plant species composition. There is no quick fix or rapid
solution to complete forest-to-bog restoration because of
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the legacies left from the forestry; both innovation and
patience are needed, most notably because the species
replacement process is slow. On the other hand, there is
increasing empirical evidence demonstrating that
peatland restoration, including forest-to-bog, has other
immediate benefits, including the reduction in green-
house gas emissions, increased resilience to wildfires,
improved water quality in receiving watercourses and
biodiversity benefits—as some specialist species do
indeed return readily and quickly, across a range of
taxa. Restoration practices should be continuously
improved in parallel with monitoring and research,
learning from outcomes and adapting management
accordingly (Gann et al., 2019), such as is being done in
Talaheel (Hancock et al., 2018; this study). The biodi-
versity and climate crises have brought a renewed focus
on peatlands, with their essential carbon stores and cli-
mate regulation function (Günther et al., 2020), their
specialist flora and fauna (Guilfoyle et al., 2025), and
their rich cultural values (Byg et al., 2017; Heindorf
et al., 2024); for all these reasons, peatland restoration
is more important than ever.
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