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a  b  s  t  r  a  c  t

The  moss  layer  transfer  technique  has  been  used  since  the  1990s  to restore  bogs  in North  America  after
peat  extraction.  This  article  assesses  the influence  of drainage-related,  peat  physicochemical,  meteo-
rological,  management  and  landscape  factors  on  the  vegetation  of extracted  peatlands  that  have  been
restored  in  this  manner.  It draws  upon  data  from  a unique  long-term  monitoring  programme  covering
53  restoration  projects  spanning  600  km  across  eastern  Canada.  The  time  since  restoration  ranged  from
3  to  15 years,  and  the  rehabilitated  peatlands  had  on average  three  permanent  plots  where  vegetation
was  recorded  every  two  years.  Overall,  the  study  included  246  permanent  plots  and  946  observations
(plots*year  of  survey).  Redundancy  and  cluster  analyses  showed  that successful  restoration,  defined  by
the dominance  of  a Sphagnum  carpet  (54%  of all  plots  at the  most  recent  observation),  was  mainly  associ-
ated  with  effective  blocking  of the  former  secondary  drainage  network  within  the  restored  sector,  while
plots  dominated  by bare peat  (24%  of  all plots)  occurred  more  often  if  a hot  summer  followed  restoration
works  and  where  higher  proportions  of  the  surrounding  land  were  subject  to  peat  extraction.  Manage-
ment  decisions,  such  as the season  when  restoration  work  was  carried  out,  also  substantially  influenced

restoration  outcomes.  For  example,  restoring  in  spring  increased  the likelihood  of initiating  an  alternative
successional  trajectory  characterised  by  dominance  of  the pioneer  moss  Polytrichum  strictum  (22%  of  all
plots).  However,  a  tendency  towards  Sphagnum  colonisation  and the  development  of  Sphagnum  carpets
was  observed  over  time  in  practically  all plots.  These  results  will inform  future  restoration  efforts  using
the  moss  layer  transfer  as a peatland  restoration  method.

©  2014  Elsevier  B.V.  All  rights  reserved.
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. Introduction

In North America, peatland restoration has so far focused on
utover bogs where peat has been vacuum extracted (Rochefort
t al., 2003). Cutover peatlands are rarely re-colonised sponta-
eously by plants (Poulin et al., 2005; Triisberg et al., 2011) or, if
hey are re-colonised, they tend to become dominated by a single
pecies and can remain in that state for several decades (Poschlod
t al., 2007). This is the result of harsh environmental filters such as
ltered hydrology (Price et al., 2003; Price and Whitehead, 2004),

ind erosion, frost heaving (Campbell et al., 2002; Groeneveld and
ochefort, 2002) and unsuitable physical properties of the resid-
al peat (Price and Whitehead, 2001). Consequently, since the first

Abbreviation: RDA, Redundancy Analysis.
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orth American trials in the early 1990s, efforts to restore peat-
ands from peat harvesting have included active re-introductions
f vegetation and various management options (Rochefort et al.,
995; Rochefort and Lode, 2006).

For bog ecosystems in the northern hemisphere, the main
bjective is usually to re-establish a plant community dominated
y Sphagnum (Rochefort, 2000), a typical bog bryophyte that is
ble to initiate self-regulatory mechanisms that tend to reinstate
he process of peat accumulation (van Breemen, 1995). The first
ttempts to re-introduce Sphagnum on abandoned cutover peat-
ands consisted of transplanting nuclei of Sphagnum shoots or
ragments into wet  hollows and water-filled ditches, in the futile
ope that they would expand naturally over the rest of the aban-
oned peat fields (Rochefort and Lode, 2006). Another focus of early
xperimental work was  to match Sphagnum species to the phys-

cochemical conditions of the bare residual peat (Wind-Mulder
t al., 1996), but this approach also failed because regeneration
iches were later shown to differ from habitat niches and to be
ore important for Sphagnum establishment (Rochefort and Lode,

dx.doi.org/10.1016/j.ecoleng.2014.03.051
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006). Trials that improved the microclimatic environment proved
o be the turning point for successful establishment of introduced

oss diaspores on residual peat surfaces (Rochefort and Bastien,
998). Graf et al. (2012) summarise the sequence of restoration
ctions that was subsequently designed to alleviate the severe
nvironmental constraints found on bare peat, and which ulti-
ately led to development of the moss layer transfer technique.

his relatively simple yet robust restoration method consists of:
1) re-shaping field topography and blocking drainage ditches to
stablish suitable hydrological conditions; (2) spreading plant dias-
ores including fragmented Sphagnum previously collected from

 donor site; (3) spreading a straw mulch to protect the plant
ragments from desiccation; and (4) in some cases fertilising with
hosphorus to favour colonisation by ‘nurse plants’ for the devel-
ping Sphagnum shoots (Rochefort et al., 2003). More than ten
ears of monitoring cutover peatlands across eastern Canada where
he moss transfer technique has been applied have shown that
he method has frequently been successful in re-creating moss
arpets typical of natural bogs within a decade (Boudreau and
ochefort, 2008; Poulin et al., 2012). On this basis, its application
as recently been extended into several other Canadian provinces
nd American states. However, monitoring has also shown that it
eads to unwanted successional trajectories in around 40% of cases
González et al., 2013a, in press).

Why  Sphagnum species do not colonise all restored sites remains
n open question. Of all the factors that could potentially affect
ow readily Sphagnum colonises vacuum-harvested peat fields,
he hydrological conditions on the restored site are amongst the

ost important (Price et al., 2003; Holden et al., 2004). The estab-
ishment of Sphagnum requires special hydrological conditions,
amely high water table (generally <40 cm below the peat sur-

ace), soil moisture > 50% and soil water pressure > −100 mb  (Price
nd Whitehead, 2001). However, simply raising the water table
nd re-wetting the peat may  not be sufficient to ensure success-
ul restoration (Aapala et al., 2008). For example, the introduced

aterial may  be flushed away by floods occurring before the plants
ecome established (Rochefort and Lode, 2006). Various techniques
an be applied to improve the distribution of water within an area
hat is to be restored, including blocking of former drainage sys-
ems, re-profiling of peat fields, building of berms and excavation of
hallow basins (Bugnon et al., 1997; Price, 1997; Price et al., 2002,
003; Quinty and Rochefort, 2003; Campeau et al., 2004; Landry
nd Rochefort, 2011), but their relative effectiveness across dif-
erent restored bogs has rarely been evaluated (Armstrong et al.,
009). Furthermore, water drainage may  interact with other envi-
onmental factors that could also be key drivers of restoration
uccess. This is the case for degree of decomposition of the resid-
al peat, which determines physical properties such as porosity
nd hydraulic conductivity that ultimately control the rate of water
ovement through the peat layer (Schlotzhauer and Price, 1999).
lso, frost heaving is a physical process that frequently impedes the
ecolonisation of bare peat by plants (Groeneveld and Rochefort,
002); and residual peat depth has been identified as an important
river for the trajectory of plant succession in spontaneously regen-
rating cutover peatlands in Estonia (Triisberg et al., 2013). The peat
hemistry of the residual peat is variable among post-harvested
ites and may  also play a role as driver of success (Andersen et al.,
011).

Among other factors that may  help to explain outcomes, the
eteorological conditions during the first growing season after

estoration are of particular concern, as Sphagnum fragments can-

ot survive under conditions of extremely low humidity (Sagot and
ochefort, 1996; Campeau et al., 2004). Attempts to re-introduce
phagnum by the moss layer transfer technique in dry years lead
o incomplete development of the moss carpet, and the delay in
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oss establishment persists for years even if the weather con-
itions subsequently improve (Chirino et al., 2006). Success may
lso be affected by management and technical aspects of practice,
uch as commercially driven constraints on the availability of man-
ower or machinery for restoration work; for example, if they
esult in a prolonged interval between spreading of the transferred
oss layer and application of the protective mulch. Moreover, it

as been questioned whether phosphorus fertilisation is necessary
or restoration under all conditions or should be limited to sites
hat are prone to frost heaving (Groeneveld and Rochefort, 2002;
ottocornola et al., 2007). Finally, as for other ecosystems, plant
ssemblages on bogs are affected by human activities in the sur-
ounding landscapes (Pellerin and Lavoie, 2000, 2003; Lachance
nd Lavoie, 2004). Land uses may  influence succession in vegeta-
ion that is re-establishing on previously extracted bogs (González
t al., 2013b, 2014), and thus affect restoration outcomes.

Our study is one of the first attempts to evaluate success in bog
estoration at regional scale, and draws upon data from a unique
ong-term monitoring programme covering 53 restored sites across
astern Canada. The primary objective of this work is to assess the
elative importance of a range of factors in controlling the success
f bog restoration by the moss layer transfer technique. In par-
icular, we examine the effects of drainage, peat physicochemical,

eteorological, management and landscape factors on the vegeta-
ion of restored sites. It is of paramount importance to know how
uch factors have affected the success of past restoration projects
n order to inform the adaptation of management strategies for
uture restoration actions (Herrick et al., 2006; Walker et al., 2007;
hafroth et al., 2008; Bernhardt and Palmer, 2011). A secondary
bjective is to describe the trajectories of different restoration out-
omes, and thus enable practitioners to recognise them easily in
he field and to assess restoration success within a short period of
ime.

. Materials and methods

.1. Study sites

We  monitored bog sites where peat had been vacuum extracted
or horticultural use, which had subsequently been restored using
he moss layer transfer technique (PERG, 2013) by the peat indus-
ry in collaboration with the Université Laval (Quebec) Peatland
cology Research Group. The 53 sites included in this study are
ll located within an area of 166,400 km2 spanning the provinces
f New Brunswick and Quebec in eastern Canada, where 12 peat-
and complexes have been monitored for periods of 3–15 years
ost-restoration (Fig. 1). Most of these peatlands originally devel-
ped over lowland sand, silt and marine clay deposits. Classified
s Atlantic boreal peatlands and Maritime Atlantic boreal peat-
ands, they are primarily rain-fed ombrotrophic bogs (National

etlands Working Group, 1988) and span three major Canadian
limatic regions, namely: the Atlantic region, the Great Lakes Low-
and/St. Lawrence region and the Inland of Northeastern Forest
egion (Environment Canada, 2012, Table 1).

For the peat extraction process, bogs are divided into sectors
f a few hectares delimited by large (primary) drainage ditches.
ectors are close to production when the quality of the exposed
eat falls below the required commercial standard, but the chem-

stry of the residual peat surfaces at all sites included in this study

as still within the range that characterises ombrotrophic condi-

ions. Individual abandoned sectors are spatially and temporally
omogeneous, and are restored as units. Hereafter we shall use
he term sector to denote a single site restored in a given year.
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ig. 1. Locations of the 12 peatlands and 53 restoration sectors (number of sector
eastern Canada) that are included in this study.

ifferent monitored sectors may  be located 2–5 km apart within
he same peatland complex, or in different peatland complexes.

The post-restoration monitoring programme covered 53 sec-
ors, and documented the changes of plant communities in 246
ermanent 5 m × 5 m plots (Table 1). The number of permanent
lots per sector varied with sector size, the topographical hetero-
eneity created during the first phase of restoration works, and
ocal constraints.

.2. Vegetation survey

Vegetation was first surveyed at each permanent plot during the
utumn of the third growing season after restoration and, normally,
iannually thereafter. The third year was chosen as the starting
oint of the monitoring programme because it is difficult to iden-
ify some species (especially developing mosses) at earlier stages,
nd to ensure that only well established plants rather than loose
ropagule fragments were recorded. For vascular plant cover, four

 m × 1 m quadrats were placed systematically within each perma-
ent plot. All vascular plants (trees, ericaceous and other shrubs,
erbs) within each quadrat were identified to species level, and the
round covered by their vertical projections, as well as bare peat
nd litter cover, were estimated visually. Cover of all bryophyte and
ichen species was recorded in 20 smaller (25 cm × 25 cm)  quadrats
hat were also systematically distributed within the permanent
lots.

.3. Potential drivers of restoration success
The variables that could have roles in determining the success of
estoration were classified into five groups, namely: (1) drainage,
2) peat physicochemistry, (3) meteorology, (4) management and
5) landscape (see Appendices). We  did not consider time since

e
c
e
a

in each peatland in parentheses) in the provinces of New Brunswick and Quebec

estoration as a potential driver for two reasons. First, exploratory
nalyses showed that differences between the sectors outweighed
lapsed time in determining the assemblages of plant species
ecorded. Secondly, we  expected better outcomes from younger
estorations than from older ones because our practical expertise
n implementing the moss layer transfer technique increased from
ear to year, and this would invalidate any ecological interpretation
f time as a factor controlling success.

(1) The drainage at each restored sector was  assessed
sing three surrogates (primary blockage, secondary blockage,
lockage effectiveness), which were estimated visually on a semi-
uantitative basis during the summer of 2012 (Appendix A). The
egree of blockage within primary and secondary ditches was  esti-
ated on two different four-point scales, and its effectiveness was

stimated on a five-point scale.
(i) For blockage of primary ditches (Fig. 2) the scoring system

as as follows: 1 – the primary ditch defining the sector was active;
 – the ditch was active but situated several metres beyond an inter-
ening buffer feature, such as a berm or strip of residual forest that
ould tend to reduce drainage from the sector; 3 – the ditch was

nly partially blocked, e.g. by peat dams (usual) or infilling (occa-
ional) along only one side of the restored sector; 4 – the primary
itch was fully blocked.

(ii) For blockage of secondary ditches, all secondary ditches (see
ig. 2) within the sector were blocked, but their condition was: 1 –
lean; 2 – less than 50% collapsed; 3 – more than 50% collapsed; or
–completely infilled or not identifiable.

(iii) The effectiveness of ditch blocking within each sector was
stimated from signs of recurrent flooding. These were: the pres-

nce of bare peat and accumulated water in depressions, the surface
rusting that is noticeable once water has receded, and the pres-
nce of plants typical of wetter micro-habitats (mainly Sphagnum
nd Carex spp.). The spatial distribution of these signs within the
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Table 1
Attributes of the 53 restored sectors on 12 bogs in eastern Canada that were included in this study.

Sector code Bog Restoration
year

Size (ha) Age of the restored
sector at latest
vegetation survey

Latitude and
longitude

Number of
permanent
plots

Restoration
outcome at time of
the most recent
vegetation survey
(% of plots)a

Atlantic region (province of New Brunswick)
1  Baie-Sainte-Anne 2000 12 10 47◦01′05′′ N

64◦52′46′′ W
7 B (57) P (29) S (14)

2  Inkerman Ferry 1997 3 9 47◦42′12′′ N
64◦49′02′′ W

28 B (71) S (29)

3  Inkerman Ferry 2008 7 3 47◦42′21′′ N
64◦49′07′′ W

5 B (60) S (40)

4  Kent 2001 5 10 46◦18′32′′ N
65◦08′11′′ W

5 S (100)

5  Kent 2007 8 4 46◦18′42′′ N
65◦08′36′′ W

4 B (50) S (50)

6  Kent 2008 7 3 46◦18′40′′ N
65◦08′09′′ W

4 B (75) S (25)

7  Kent 2008 4 3 46◦18′28′′ N
65◦08′04′′ W

3 B (66) S (33)

8  Kent 2008 2 3 46◦19′03′′ N
65◦08′16′′ W

2 B (100)

9  Kent 2008 3 3 46◦18′55′′ N
65◦08′22′′ W

1 B (100)

10  Kent 2008 7 3 46◦18′51′′ N
65◦08′16′′ W

4 S (100)

11  Maisonnette 2000 11 10 47◦49′43′′ N
65◦02′02′′ W

26 S (62) B (35) P (4)

12  Maisonnette 2006 9 5 47◦49′37′′ N
65◦01′50′′ W

6 S (66) P (33)

13  Pokesudie 2006 14 5 47◦48′47′′ N
64◦46′20′′ W

5 S (60) B (40)

14  Pokesudie 2008 9 3 47◦48′42′′ N
64◦46′02′′ W

4 S (100)

Lowland of Great Lakes/St. Lawrence region (province of Quebec)
15  Bois des Bel 2000 12 9 47◦58′03′′ N

69◦25′44′′ W
32 S (100)

16  Chemin du Lac 1995 4 15 47◦46′06′′ N
69◦31′37′′ W

6 S (100)

17  Chemin du Lac 1997 3 11 47◦45′47′′ N
69◦31′34′′ W

6 S (83) P (17)

18  Chemin du Lac 1999 1 10 47◦45′42′′ N
69◦31′36′′ W

2 S (100)

19  Chemin du Lac 2000 2 10 47◦45′39′′ N
69◦31′35′′ W

4 S (100)

20  Chemin du Lac 2001 3 10 47◦45′37′′ N
69◦31′30′′ W

3 S (100)

21  Chemin du Lac 2002 5 7 47◦45′51′′ N
69◦31′31′′ W

4 S (75) B (25)

22  Chemin du Lac 2003 11 7 47◦45′41′′ N
69◦31′09′′ W

4 S (75) B (25)

23  Pointe-Lebel 2004 4 7 49◦07′03′′ N
68◦11′25′′ W

8 P (100)

24  Saint-Charles-de-Bellechasse 1999 1 10 46◦44′53′′ N
70◦59′46′′ W

4 S (60) B (40)

25  Saint-Modeste 1997 1 9 47◦50′01′′ N
69◦27′51′′ W

4 B (50) P (50)

26  Saint-Modeste 1997 1 9 47◦50′02′′ N
69◦27′50′′ W

2 S (100)

27  Verbois 2005 9 5 47◦50′24′′ N
69◦26′41′′ W

6 S (66) P (33)

28  Verbois 2006 7 5 47◦50′16′′ N
69◦26′22′′ W

4 P (75) S (25)

Inland  of Northeastern Forest region (province of Quebec)
29  Sainte-Marguerite (Section A) 1994 6 15 48◦49′15′′ N

72◦10′15′′ W
3 P (100)

30  Sainte-Marguerite (Section A) 1995 6 15 48◦49′13′′ N
72◦10′13′′ W

3 P (100)

31  Sainte-Marguerite (Section B) 1995 6 15 48◦49′07′′ N
72◦10′30′′ W

3 S (33) B (33) P (33)

32  Sainte-Marguerite (Section B) 1996 6 15 48◦49′05′′ N
72◦10′29′′ W

3 P (66) B (33)

33  Sainte-Marguerite (Section H) 1997 2 15 48◦48′40′′ N
72◦10′17′′ W

3 S (66) P (33)

34  Sainte-Marguerite (Section H) 1998 2 9 48◦48′36′′ N
72◦10′27′′ W

2 B (100)
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Table  1 (Continued)

35 Sainte-Marguerite (Section AA) 1999 2 10 48◦49′37′′ N
72◦10′41′′ W

2 P (100)

36  Sainte-Marguerite (Section H) 1999 1 10 48◦48′36′′ N
72◦10′21′′ W

1 P (100)

37  Sainte-Marguerite (Section AA) 2000 4 10 48◦49′36′′ N
72◦10′39′′ W

2 P (100)

38  Sainte-Marguerite (Section E) 2000 15 10 48◦48′29′′ N
72◦10′57′′ W

1 S (100)

39  Sainte-Marguerite (Section K) 2000 10 10 48◦48′23′′ N
72◦10′48′′ W

2 S (100)

40  Sainte-Marguerite (Section L) 2000 11 4 48◦48′15′′ N
72◦11′04′′ W

1 B (100)

41  Sainte-Marguerite (Section AA) 2001 10 10 48◦49′29′′ N
72◦10′47′′ W

3 P (100)

42  Sainte-Marguerite (Section E) 2001 10 10 48◦48′45′′ N
72◦11′13′′ W

1 S (100)

43  Sainte-Marguerite (Section G) 2001 10 10 48◦49′06′′ N
72◦10′52′′ W

2 S (100)

44  Sainte-Marguerite (Section K) 2001 17 10 48◦48′11′′ N
72◦10′38′′ W

1 S (100)

45  Sainte-Marguerite (Section L) 2001 17 10 48◦48′07′′ N
72◦10′54′′ W

1 S (100)

46  Sainte-Marguerite (Section AA) 2002 10 10 48◦49′28′′ N
72◦10′46′′ W

3 P (100)

47  Sainte-Marguerite (Section H) 2002 12 7 48◦48′33′′ N
72◦10′12′′ W

2 P (100)

48  Sainte-Marguerite (Section J) 2002 27 7 48◦48′21′′ N
72◦10′27′′ W

3 P (100)

49  Sainte-Marguerite (Section AA) 2003 21 7 48◦49′24′′ N
72◦10′37′′ W

2 P (100)

50  Sainte-Marguerite (Section DD) 2003 30 7 48◦48′45′′ N
72◦10′51′′ W

3 P (100)

51  Sainte-Marguerite (Section F) 2003 15 7 48◦48′36′′ N
72◦11′31′′ W

2 S (100)

52  Sainte-Marguerite (Section L) 2003 1 7 48◦48′04′′ N
72◦10′52′′ W

2 S (100)

53  Sainte-Marguerite (Section AA) 2004 21 7 48◦49′22′′ N
72◦10′22′′ W

2 P (100)

Total = 246

Regions corresponding to major Canadian climatic regions: Atlantic region: mean annual temperature = 4.5 ◦C, total annual precipitation = 1059 mm,  precipitation as
snow  = 318 mm.  Lowland of Great Lakes/St. Lawrence region: mean annual temperature = 3.2 ◦C, total annual precipitation = 963 mm,  precipitation as snow = 270 mm.  Inland
of  Northeastern Forest region: mean annual temperature = 2.3 ◦C, total annual precipitation = 887 mm,  precipitation as snow = 296 mm (Environment Canada, 2012).
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a S – Sphagnum-dominated, B – bare peat-dominated, P – Polytrichum-dominated

ector was assessed as a composite indicator of the extent of recur-
ent flooding, and classed as: 1 – absent (no signs of recurrent
ooding); 2 – very heterogeneous; 3 – heterogeneous; 4 – homo-
eneous; or 5 – very homogeneous.

(2) Physicochemical properties of peat (Appendix A) were deter-
ined on composite samples made up from peat collected near all

f the permanent plots within each restored sector. A sub-sample
as saturated with distilled water (ratio 1:10) for measurement of

lectrical conductivity (EC), which was then corrected according
o Sjörs (1952). Peat pH was measured on the same 1:10 solu-
ion. Degree of decomposition on the von Post scale (Von Post and
ranlund, 1926) was assessed manually in the field. The thickness
f the residual peat layer (peat depth) was measured by probing
ith a threaded steel rod at three random locations nearby each
ermanent plot and was averaged per sector.

(3) Weather data for each restored peatland were obtained from
he closest meteorological station (Environment Canada, 2012;
ppendix B). We  used mean monthly temperature (◦C) and total
onthly precipitation (mm)  data to calculate mean temperature

nd cumulative precipitation for the spring (May–June), summer
July–August) and autumn (September–October) of the first grow-

ng season after restoration works. The first growing season was
hosen because Chirino et al. (2006) showed that the weather in
ubsequent years has a minor effect on Sphagnum establishment
nd development. In cases where restoration was  carried out in

t
r

e

ation.

pring or summer rather than in autumn (Appendix C), weather
ata for the growing season of the same year were used. Addi-
ional meteorological variables calculated were the “rain days”:
umbers of days with precipitation during the growing season
May–October) and in summer (July–August) only. For the summer
eriod, we  also calculated the “effective rain days”: the number of
ays with effective rain, i.e., days with precipitation ≥2 mm;  and,
s a proxy for summer drought, the maximum number of consec-
tive days with no effective rain (i.e., <2 mm). Two millimetres is
he amount of rain that is estimated to be absorbed by the mulch
efore any water penetrates to the plant diaspores beneath (Price
t al., 1998).

(4) Management was  represented by the following five vari-
bles: season of restoration works, delay in restoration, sector size,
onor site ratio, and delay in P fertilisation (Appendix C).

(i) Season of restoration works was  a qualitative variable
ith three possible values (spring, summer, autumn). It was  not

ntended to represent a phenological or climatic variable, but rather
o reflect the different levels of site disturbance that may  have
risen from working on it with heavy machinery at different times
f year; for example, when the ground (bare peat) was more likely

o be wet  and thus especially prone to mechanical disturbance (e.g.
utting by caterpillar tracks or tires).

(ii) Delay in restoration was  the number of years that had
lapsed between the sector was closed to production and restored.
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Fig. 2. Degree of blockage within primary ditches. Buffer features are berms or strips
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rubellum and S. magellanicum from those dominated by the pio-
f  residual forest that existed between the restored sector and primary drainage
etwork to reduce drainage.

(iii) Sector size was the area of the restored sector in ha.
(iv) The donor site ratio (donor area: restored area) was  the ratio

f the area of donor site from which diaspores were collected to the
rea over which they were spread.

(v) Delay in phosphorus fertilisation was a semi-qualitative vari-
ble reflecting the time that had elapsed since restoration when
and if) this treatment was applied, scored as: 0 – no delay, 1 –
ne-year delay, 2 – two-year delay, 3 – three-year delay, 4 – four-
ear delay, 5 – no fertiliser application. Phosphorus fertiliser is most
ommonly applied where serious frost heaving is observed, to pro-
ote colonisation by the moss Polytrichum strictum, which can help

o stabilise the peat substrate (Sottocornola et al., 2007).
Other management variables that could potentially influence

estoration outcomes were recorded, but were not included in the
nalyses because there were either too many missing data or severe
eviations from normality in their distributions. These variables

ncluded the time delays between collecting plant material from
he donor site and spreading it on the restored sector, and between
preading the plant material and applying the protective mulch.

(5) Landscape was characterised in terms of land uses on areas
djacent to the restored sites, which were identified using aerial
hotographs obtained from the satellite view of Google Maps and
erified in the field during the summer of 2012. Using GIS (ArcMap
0) a rectangle was drawn around each sector in turn, such that its
ides ran north-south and east-west and the distance between each
ide and the closest point on the edge of the sector was 500 m.  Then,
alculations were made of the relative areas (%) of the rectangle
hat belonged to each of the following five land use categories:
atural (mainly forest, water bodies and peatlands); current peat
xtraction; previously extracted and restored peatland; previously
xtracted and abandoned peatland; and anthropic land uses other
han peat extraction (mainly agriculture) (Appendix C). The area
ccupied by the sector itself was excluded from these calculations.

.4. Data processing and statistical analyses
Cover values for all vascular plant species, non-vascular plant
pecies and bare peat were averaged for each permanent plot to

n
F
m

ngineering 68 (2014) 279–290

enerate a vegetation matrix with one row per plot for each survey
ear, and one column per species (dimensions: 946 × 88).

A Redundancy Analysis (RDA) was  run on the Hellinger trans-
ormed vegetation matrix to assess the role of each of the five driver
roups (drainage, peat physicochemistry, meteorology, manage-
ent, landscape) in determining vegetation composition on the

estored bogs.
As multi-collinearity between driver variables was expected,

e used forward selection of variables before implementing the
DA (Blanchet et al., 2008). We  also removed variables that were
ighly correlated (Spearman coefficient > 0.7). Even if there is some
egree of correlation between variables belonging to different
river groups, practitioners need to consider each group inde-
endently when taking decisions. Therefore, we  were especially

nterested in the capacity of each of the five groups, considered
lone, to explain restoration success. For this reason, we restricted
he control of multi-collinearity to variables within the same group
y running five independent forward selections, one for each of the
ve groups of drivers, and the Spearman tests only for variables
ithin the same group. This enabled us to avoid removing vari-

bles with high predictive power that were redundant amongst
he five driver groups. Even though this approach reduced the par-
imony of our models, it was preferable because it allowed us to
rovide practitioners with a better assessment of the importance
f each group as a driver of success. The significance of the RDA
as assessed using a permutation test with 9999 randomised runs

Legendre and Legendre, 2012).
To facilitate the interpretation of the RDA results, the Hellinger

ransformed vegetation matrix was also subjected to a k-means
artitioning. This analysis allowed us to classify the observations
plots × year of survey) into k groups that were interpreted in terms
f their restoration success (i.e., recovery of a Sphagnum carpet,
onzález et al., 2013a). Following Milligan’s (1996) recommenda-

ion, the Calinski-Harabasz criterion was used to determine the
ost appropriate number of clusters. The restoration trajectories

or the plots were assessed by exploring the temporal changes of
he observations into the canonical space, and changes in group

embership over time.
All analyses were carried out using R software (version 2.15.2).

ore precisely, RDA and k-means partitioning employed the func-
ions rda and cascadeKM of the vegan package (Oksanen et al.,
011); and the forward selection procedure used forward.sel in the
ackfor package (Dray et al., 2009).

. Results

.1. Possible outcomes of restoration in extracted peatlands

An RDA model incorporating the chosen drainage, peat physi-
ochemical, meteorological, management and landscape variables
xplained 30.3% of the variability of the Hellinger’s transformed
egetation matrix (adjusted r2 = 0.303, F = 20.566, P < 0.001). The
rst gradient of the RDA separated the observations (i.e., plot in

 given year) where moss carpets (mainly Sphagnum rubellum,
. fuscum and Polytrichum strictum) had successfully established
rom those dominated by bare peat and, to a lesser degree,
etula trees and the bryophyte Dicranella cerviculata (RDA1 of

species scores’ graph, Fig. 3). The second gradient separated
he observations dominated by typical bog species such as the
ussock-forming cottongrass Eriophorum vaginatum,  Sphagnum
eer moss Polytrichum strictum (RDA2 of ‘species scores’ graph,
ig. 3). According to the first two axes of the RDA, the k-
eans partitioning divided the 946 observations satisfactorily into



E. González, L. Rochefort / Ecological Engineering 68 (2014) 279–290 285

Fig. 3. RDA triplot (scaling = 1) for the 246 plots distributed across 53 restored bogs in eastern Canada. Species and variables scores were scaled by dividing by 20 and 7,
respectively. A total of 87 species plus bare peat were identified, but only the 10 with the highest scores are represented. The groups obtained by k-means partitioning
are  represented by ellipses that include 90% of the plots belonging to each category. The contribution of each group of variables was the adjusted r2 of respective RDAs
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scores’ graph, Fig. 3). Higher precipitation in autumn and summer
mplemented for each group of variables and, therefore, includes independent and
ariables with more and less importance in the model were divided into the lower
he  sites that have the description “spring” or “summer”for season of restoration w

hree groups. These groups, defined in terms of species compo-
ition, reflected the following three classes of restoration status:
phagnum-dominated (402 observations), Bare peat-dominated
359 observations); and Polytrichum-dominated (185 observa-
ions).

.2. Factors controlling restoration outcomes

All five driver groups were significant in explaining
lant community composition on the restored sites and
ere ranked, in decreasing order of importance, as follows:
anagement > meteorology > landscape > peat physicochem-
stry > drainage (“Group contribution” in ‘variables scores’ graph,
ig. 3). Bare peat-dominated status was more common when the
rst summer following restoration was relatively warm, and where

(
a
t

d explained variance. To improve the visual clarity of the variables scores graph,
nd lower right subplots of the figure, respectively. Stars represent the centroid of

eat extraction occupied higher proportions of the surrounding
and (left-hand side of RDA1 axis in ‘variables scores’ graph,
ig. 3). Higher donor site ratios (i.e., larger quantities of plant
aterial introduced to the restored sector), within the range 1:5

o 1:15, were more commonly associated with better vegetation
stablishment (right-hand side of RDA1 axis in ‘variables scores’
raph, Fig. 3). Among plots that had been colonised by typical bog
egetation, Sphagnum-dominated observations were distinguished
rom Polytrichum-dominated observations mainly by the former
aving more effective blockage of secondary ditches and by the

atter being restored in spring (extremes of RDA2 axis in ‘variables
the latter expressed as number of rain days) and higher temper-
tures in spring seemed to favour the Sphagnum-dominated over
he Polytrichum-dominated restoration outcome.
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Fig. 4. RDA site scores (scaling = 1) for the 246 plots distributed across 53 restored bogs in eastern Canada. Left – trajectories of restored sectors over time. To improve the
visual  clarity of the diagrams, only the centroid (site score mean) for each restored sector was drawn; each line indicates the temporal trajectory of a sector, with colours
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left in the ‘variables scores’ graph, Fig. 3), but the correlation of
epresenting the success category of the most recent observation and the sector co
artitioning are represented by ellipses that include 90% of the plots belonging to eac
rom  the first to the most recent observation. Arrows were drawn proportional to t

.3. Temporal changes of vegetation in restored peatlands

Even though the differences between sectors outweighed
ime since restoration in determining species composition, the
egetation in the plots exhibited some changes between succes-
ive observations. In fact, the number of years after restoration
xplained 4.7% of the variability of the Hellinger transformed vege-
ation matrix (RDA not shown, F = 46.148, P < 0.001). Plots generally

oved rightwards along the first RDA gradient (RDA1 of ‘site
cores’ graph, left of Fig. 4), that is, from Bare peat-dominated
nto either of the other two categories. Indeed, of the 146 plots
hat were classified as Bare peat-dominated in the third year
fter restoration, 50% later changed to Sphagnum-dominated and
1% to Polytrichum-dominated, so that only 43 were still classi-
ed as Bare peat-dominated in the final year of survey (right of
ig. 4). Conversely, only two of the 75 plots that were Sphagnum-
ominated or Polytrichum-dominated at the first observation had
volved to Bare peat-dominated by the end of the monitoring
eriod. Sectors evolved less dramatically along RDA2. Half of the
3 plots initially defined as Polytrichum-dominated had changed to
phagnum-dominated by the final year of survey, and 84% of the 32
lots initially classified as Sphagnum-dominated retained this status
t the end of the observation period (RDA2 of ‘site scores’ graph in
ig. 4). Nevertheless, sectors exhibited a tendency to move upwards
long RDA2. As a result, the number of Sphagnum-dominated plots
n the last year of survey was 134, which is almost three times
he number of either Bare peat-dominated (54) or Polytrichum-
ominated (58) plots at that stage (Table 1). The changes of vascular
nd non-vascular plant cover in the 246 plots, categorised accord-
ng to the most recent observations, is summarised in Fig. 5. In
phagnum-dominated plots, Sphagnum species covered almost 50%
f the peat surface 9–10 years after restoration and this, in conjunc-
ion with the vigorous development of herb (23%) and shrub (22%)
over, reduced bare peat to only 13%. In Polytrichum-dominated
lots, bryophytes other than Sphagnum dominated the moss carpet
nd occupied more than half of the peat surface. However, because

ascular plants developed poorly in this group, almost one third
f the peat surface was still devoid of vegetation 9–10 years after
ompletion of the restoration work. In Bare peat-dominated plots,

t
t
i

dicating its final position in the canonical space. The groups obtained by k-means
gory. Right – percentage of permanent plots changing success category membership
centages; note that success reversal (green arrows) was rarely observed.

ore than 10% cover was rarely attained by any plant stratum, and
are peat cover remained high (∼60%) and stable across the years.

. Discussion

.1. Multifactorial control of restoration success

Success in restoration of bogs after horticultural peat extrac-
ion (i.e., recovery of a Sphagnum carpet, González et al., 2013a,
n press) is controlled by a combination of factors. Considering
hese in groups, the most important role is assigned to manage-

ent of the restoration procedure (Group contribution of 19% in
variables scores’ graph, Fig. 3). This highlights the skill of the prac-
itioner as an essential ingredient of a successful restoration project
Boudreau and Rochefort, 2008). For example, simple decisions
uch as the quantity of plant material to spread on the restoration
ite (donor site ratio) and the season in which restoration work
s carried out, which we  interpret as a proxy for ground wetness,
an substantially influence the eventual outcome. We  observed
ere that small deviations from this the optimum donor site ratio
f 1:10 (Rochefort et al., 2003) down to 1:12 or 1:15 can nega-
ively affect the degree of success achieved. Restoring in spring

ay  favour the development of P. strictum moss carpets because
his species, unlike Sphagnum,  grows well in the singular micro-
opography that is created by heavy machinery operating on the
et peat surfaces that are encountered most consistently during

he snowmelt period in spring. Tire tracks (in the order of 20 cm
r more deep) drain enough water to impede Sphagnum establish-
ent (Price et al., 1998) by causing slight drying of the peat surface,

specially at the uppermost edges of ruts, which makes it most suit-
ble for colonisation by P. strictum (Rochefort, field observations).
ur results showed that the delayed application of phosphorus also
ontributed to averting restoration failure whilst favouring P. stri-
tum development (“Delay Fertilization” pointing upwards to the
his factor with the main gradients of plant community composi-
ion was  weaker than expected. Moreover, it may  be unsound to
nvoke a causal relationship with vegetation development because
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Fig. 5. Temporal changes of vascular and non-vascular plant cover, and % bare peat, on Sphagnum-dominated (134 plots), bare peat-dominated (54 plots) and Polytrichum-
dominated (58 plots) restored peatlands. For this analysis, plots were assigned to the categories indicated by k-means partitioning at the most recent vegetation survey. Data
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ollected more than 10 years after restoration are not shown because there were f
elonging to genera other than Sphagnum.

hosphorus was frequently applied a posteriori in locations where
estoration had resulted in bare peat prevalence.

As expected, meteorological factors during the first growing
eason after restoration also notably influenced the outcome of
estoration (Group contribution of 17% in ‘variables scores’ graph,
ig. 3). As noted by Chirino et al. (2006), warm weather during the
ear when propagules were introduced did not favour recolonisa-
ion by plants. Higher spring and, especially, summer temperatures
“Temp spring” and “Temp summer” in Fig. 3), which were pos-
tively correlated with summer droughts (Spearman correlation
oefficient = 0.39, P < 0.001), were most closely associated with Bare
eat-dominated restoration status; presumably due to reduced air
umidity, which must be maintained at high levels for successful
stablishment of newly introduced moss fragments (Rochefort and
ode, 2006). Higher autumn precipitation totals and more frequent
ummer rainfall were both associated with better performance of
phagnum relative to P. strictum (‘variables scores’ graph, Fig. 3).
his is consistent with the results of Chirino et al. (2006), who high-
ighted the importance of both the quantity of precipitation and its
omogeneous distribution through time for developing Sphagnum
oss carpets.
Drainage as a group of factors contributed less (6%) to the

odel than we initially expected. However, drainage included the
actor that correlated most strongly with the second main gra-
ient of vegetation variability, in that more complete blockage
f secondary ditches greatly favoured Sphagnum over P. strictum
‘variables scores’ graph, Fig. 3) and, thus, successful restoration.
lthough further detailed studies are needed to clarify the effects

f ditch blocking on the surface water balances of restored sec-
ors, our direct assessments of secondary ditch blockage correlated
ather well with our ‘blockage effectiveness’ observations, which
eflected the spatial homogeneity of signs of flooding (Spearman

t
o
F
a

mples (only 27 plots on 6 peatlands) (Table 1). ‘Bryophytes’ indicates bryophytes

orrelation coefficient = 0.71, P < 0.001). In general, well-blocked
econdary ditches promoted more homogeneous re-wetting, and
his in turn resulted in the development of more extensive Sphag-
um carpets. Surprisingly, however, better blockage of the primary
itches did not especially favour the establishment of moss car-
ets (‘variables scores’ graph, Fig. 3) and was not associated with
ffective re-wetting of the sectors (Spearman correlation coeffi-
ient = −0.32, P < 0.001). A plausible explanation for this apparent
aradox may  arise from the fact that a requirement for drainage
o support ongoing peat extraction on adjacent and upstream peat
elds often continues after a specific sector has been abandoned
nd restored. Although the drainage network is usually re-designed
o accommodate the restoration, it must frequently still be routed
ast the restored sector (upper and left sides of the sector, Fig. 2).
ur finding that one of the most important variables in explain-

ng bare peat prevalence in restoration is the proportion of land
ubject to peat extraction in the surroundings of restored sectors
left-hand side of RDA1 axis in ‘variables scores’ graph, Fig. 3) is
onsistent with the hypothesis of active drains in adjacent peat
xtractions counteracting primary blockage in restored sectors.
or future studies we recommend that hydrological processes in
estored bogs should be monitored more systematically, for exam-
le using submersible pressure transducers that can register water

evel on a continuous basis, as we believe that hydrology is likely to
lay a much more important role in controlling vegetation estab-

ishment than we  were able to demonstrate in this study.
In addition to the possible contribution of drainage serving

ectors to the failure of restoration projects, ongoing peat extrac-

ion nearby could be interacting negatively with the establishment
f bryophytes in ways that were not investigated in this study.
or example, through deposition of windblown dry peat (Faubert
nd Rochefort, 2002), reduced supply of plant propagules (Poulin
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t al., 1999), etc. For these reasons, and also because our analysis
inks longer delays between abandonment of peat extraction units
nd restoration with more successful establishment of Sphagnum
right-hand side of RDA1 in ‘variables scores’ graph, Fig. 3), we
ecommend that practitioners should, in future, consider delay-
ng the implementation of single-sector restoration projects until
t becomes practical to restore a larger multi-sector area that can be

anaged as a discrete hydrological unit. Support for this suggestion
s provided by Girard et al. (2002), who observed that large aban-
oned sectors re-vegetated more readily because better re-wetting
as achieved than on small sectors surrounded by active peat
elds. Accordingly, they concluded that it is preferable to cease peat
xtraction activities simultaneously across large areas. Although
he correlation was weak, we also noted that larger sectors were

ore strongly associated with Sphagnum-dominated restoration
han were smaller ones (“Size” in ‘variables scores’ graph, Fig. 3).

.2. Lessons learned from the long-term monitoring of vegetation
n restored bogs

Succession in restored peatlands is slow (Haapalehto et al.,
011). However, we observed substantial changes in plant com-
unities over the relatively short recovery period considered in

his study (∼10 years; Figs. 4 and 5). The main temporal trend
ecorded was a decline in the extent of bare peat as vegetation
eveloped. This caused 71% of the plots that were initially clas-
ified as Bare peat-dominated to change to Sphagnum-dominated
nd Polytrichum-dominated over subsequent years (Fig. 4). In fact,
e believe that most of the Bare peat-dominated observations dur-

ng the early years following restoration (∼60% of plots after 3
ears, ∼40% of plots after 5 years) were classified in this way
imply because insufficient time had elapsed for the vegetation
o develop. According to this hypothesis, in many cases our Bare
eat-dominated category would be only a temporary state within
he framework of a longer successional trajectory. Indeed, detailed

onitoring of vegetation recovery in a whole-ecosystem experi-
ent (Bois-des-Bel peatland; Rochefort et al., 2013) showed that,

lthough Polytrichum was the dominant moss 2–4 years after
estoration, it was superseded in this role by Sphagnum when 6–8
ost-restoration years had elapsed. The next problem is that some
lots will move to a different restoration status more slowly than
thers, and this raises the question of when is the best time to
valuate success. The work of Rochefort et al. (2013) indicated
hat evaluation should be delayed until a decade or more post-
estoration and, at that stage, success in achieving goals should
e measured against regional reference ecosystems (Poulin et al.,
012; Rochefort et al., 2013). Considering structural attributes,
owever, Pouliot et al. (2011) found that a minimum period
f 10–30 years is required for the recovery of typical hollow-
ummock microtopography on restored cutover bogs. On the
ther hand, practitioners need to evaluate success shortly (≤5
ears in eastern Canada) after project implementation, either for
nvironmental certification or to meet legislative obligations. As
estoration is, essentially, the acceleration of natural succession
Walker et al., 2007), we think that it is legitimate to regard “early”
are peat-dominated cases as truly failed restoration experiments,
ven if they represent a temporary state of affairs. On this basis,
ailure would be defined as the absence of the desired vegeta-
ion after an agreed minimum period has elapsed post-restoration.
n this study, similarities in the vegetation matrix between years
ncreased with time; in other words, the rate of vegetation change

eclined dramatically between successive observations (data not
hown, but see Fig. 5). Similarly, at the Bois-des-Bel peatland,
ochefort et al. (2013) observed that the cover of different species
nd plant strata did not stabilise until approximately six years

C
a
S
M

ngineering 68 (2014) 279–290

ost-restoration. Therefore, we  suggest that success in bog restora-
ion should not be definitively evaluated until at least five years
fter project implementation. This recommendation does not
xclude the possibility that success might be predicted earlier
n the basis of retrospective analyses of the vegetation records
ssigned to each success category. For example, using data collected
rom 34 bog sectors, González et al. (2013a, in press) have identified
ndicator species and key environmental and management factors
hat could have been used to anticipate the success of restora-
ion in the third year after project implementation. This approach
ould allow practitioners to evaluate success and identify needs

or adaptive management at a relatively early stage.
Important conclusions to inform future restoration strategies

ay also be drawn from the observed temporal changes of restored
ites along the second gradient of vegetation variability (RDA2).
lots that were initially classified as Polytrichum-dominated were
ore resistant to changes towards another category than were

are peat-dominated examples, but half of them had changed to
phagnum-dominated status by the time of the last vegetation
urvey (Fig. 4). A Polytrichum-dominated to Sphagnum-dominated
ransition fits well with the role of P. strictum as a nurse species for
phagnum establishment that is already described in the literature
Groeneveld and Rochefort, 2002; Groeneveld et al., 2007). Recent
ork suggests that this nursing function can operate only below

ome time-varying thresholds of P. strictum cover, for example,
30% in the third year post-restoration (34 restored sites across
astern Canada including Bois-des-Bel, González et al., 2013a).
n any case, once these thresholds are exceeded, we regard the
olytrichum-dominated condition as an alternative stable state
sensu Beisner et al., 2003). If the goal of applying the moss layer
ransfer technique is always to achieve Sphagnum abundance simi-
ar to that in regional reference ecosystems, Polytrichum-dominated
tatus might be classified as a second category of ‘Failed’ out-
ome, indicating a requirement for additional human intervention
o accelerate the development of the desired Sphagnum carpet. On
he other hand, it might be viewed as a successful outcome if the
oal is to stabilise the bare peat surface in order to prevent erosion
nd sedimentation of water bodies, or as the first step in establish-
ng an alternative use of the peatland such as cranberry production
r plantation forestry.

Even though a variety of failures occurred, the moss layer trans-
er technique led to successful ecological restoration in most cases,
pecifically in 54% of the plots at the times of the most recent
egetation surveys (51% of the sectors had the majority of their
lots classified as successful, Table 1). Moreover, the assessment of
uccessional trajectories showed a tendency for this percentage to
ncrease over the years and that, once established, a trajectory of
phagnum colonisation and development was rarely diverted (see
ig. 4). These are promising results towards endorsing the moss
ayer transfer technique as a method for enhancing the recovery of
phagnum-dominated ecosystems whose long-term peat accumu-
ation function will eventually resume. With careful management
f the variables controlling restoration success identified in this
tudy, the prospect of developing a capability to systematically
chieve ecological restoration of extracted peat bogs looks increas-
ngly realistic.
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Appendix A. Hydrological and peat physicochemical characteristics of the restored sectors. See Materials and Methods for 

explanation of variables. Missing data in some sectors were replaced with the median value of all sectors to perform RDA analyses. 

EC - Peat electrical conductivity, VP – von Post peat decomposition (H) index. N.D.=no data 

   Hydrology  Peat physicochemistry 

Sector code Bog Restoration year Primary blockage Secondary blockage Blockage effectiveness  EC (µS cm
-1

) pH VP Depth (cm) 

          
Atlantic region          

1 Baie-Sainte-Anne 2000 3  4 3  199 3.2 3 72 
2 Inkerman Ferry 1997 2 4 4  69 3.5 5 250 
3 Inkerman Ferry 2008 1 4 1  98 4.2 5 250 
4 Kent 2001 3  3 5  177 3.2 4 74 
5 Kent 2007 3 4 5  145 3.1 3 128 
6 Kent 2008 3 2 2  32 3.8 5 91 
7 Kent 2008 1 4 2  13 3.8 5 149 
8 Kent 2008 1 1 1  0 3.2 5 89 
9 Kent 2008 1 1 1  0 3.4 5 50 
10 Kent 2008 4 4 1  0 3.3 4 33 
11 Maisonnette 2000 4 3 3  279 3.1 5 53 
12 Maisonnette 2006 3 4 4  184 2.8 4 27 
13 Pokesudie 2006 3 4 5  201 3.4 2 140 
14 Pokesudie 2008 2 4 4  80 4.2 4 224 
          
Lowland of Great Lakes / St. Lawrence region          

15 Bois des Bel 2000 3 4 4  91 3.5 4 203 
16 Chemin du Lac 1995 2 4 4  55 4.6 7 63 
17 Chemin du Lac 1997 2 4 4  56 3.7 5 63 
18 Chemin du Lac 1999 1 4 4  69 4.0 4 87 
19 Chemin du Lac 2000 1 4 4  151 3.2 4 105 
20 Chemin du Lac 2001 1 4 4  160 3.4 4 70 
21 Chemin du Lac 2002 2 4 3  0 3.5 6 75 
22 Chemin du Lac 2003 3 4 3  59 4.2 5 111 
23 Pointe-Lebel 2004 2 3 1  49 3.7 5 50 
24 Saint-Charles-de-Bellechasse 1999 1 2 1  63 3.8 4 65 
25 Saint-Modeste 1997 4 4 2  67 4.0 5 94 
26 Saint-Modeste 1997 4 4 2  67 4.0 5 99 
27 Verbois 2005 4 4 4  0 3.8 5 91 
28 Verbois 2006 4 4 5  80 3.8 4 61 
           
Inland of Northeastern Forest region          

29 Sainte-Marguerite (Section A) 1994 4 1 1  83 3.9 3 205 
30 Sainte-Marguerite (Section A) 1995 4 1 1  83 3.9 3 179 
31 Sainte-Marguerite (Section B) 1995 3 1 1  89 3.9 4 156 
32 Sainte-Marguerite (Section B) 1996 3 1 1  89 3.9 4 165 
33 Sainte-Marguerite (Section H) 1997 4 2 2  0 4.7 3 188 
34 Sainte-Marguerite (Section H) 1998 4 2 2  0 3.4 4 193 
35 Sainte-Marguerite (Section AA) 1999 4 1 1  83 4.2 4 123 
36 Sainte-Marguerite (Section H) 1999 4 2 2  78 4.5 3 202 
37 Sainte-Marguerite (Section AA) 2000 4 1 1  108 3.8 4 116 
38 Sainte-Marguerite (Section E) 2000 3 4 5  0 3.4 3 138 
39 Sainte-Marguerite (Section K) 2000 4 2 4  83 3.7 2 150 
40 Sainte-Marguerite (Section L) 2000 1 2 4  83 3.7 2 150 
41 Sainte-Marguerite (Section AA) 2001 4 1 1  27 3.9 4 104 
42 Sainte-Marguerite (Section E) 2001 4 3 3  0 3.5 3 N.D. 



43 Sainte-Marguerite (Section G) 2001 3 N.D. N.D.  0 3.1 2 150 
44 Sainte-Marguerite (Section K) 2001 1 3 3  83 3.7 2 150 
45 Sainte-Marguerite (Section L) 2001 1 2 3  83 3.7 2 150 
46 Sainte-Marguerite (Section AA) 2002 4 1 1  0 3.6 4 116 
47 Sainte-Marguerite (Section H) 2002 1 3 4  0 3.3 3 187 
48 Sainte-Marguerite (Section J) 2002 3 2 3  90 4.7 2 150 
49 Sainte-Marguerite (Section AA) 2003 4 1 1  0 3.4 4 112 
50 Sainte-Marguerite (Section DD) 2003 1 1 1  0 3.2 3 152 
51 Sainte-Marguerite (Section F) 2003 4 2 3  0 3.1 3 110 
52 Sainte-Marguerite (Section L) 2003 1 3 3  83 3.7 3 241 
53 Sainte-Marguerite (Section AA) 2004 4 1 1  0 3.6 4 139 

 

Appendix B. Meteorological variables for the first growing season after restoration; i.e., for the same year as restoration works if 

implemented in spring or summer, and for the following year if the sector was restored in autumn. See Materials and Methods for 

explanation of variables. Missing data in some sectors were replaced with the median value of all sectors to perform RDA analyses. 

N.D.=no data 

                
     Temperature (ºC)  Precipitation 

Sector 
code 

Bog Restoration 
year 

Station Distance 
from 

sector 
(km) 

Spring 
(May–Jun) 

Summer 
(Jly–Aug) 

Autumn 
(Sep–Oct) 

 Spring 
(mm) 

Summer 
(mm) 

Autumn 
(mm) 

Rain 
days 
(year) 

Rain 
days 

(summer) 

Effective 
rain days 
(summer) 

Longest 
effective 
drought 
(days) 

               
Atlantic region               

1 Baie-Sainte-Anne 2000 Kouchibouguac 44 14.7 20.1 12.7  240 137 136 72 23 11 23 
2 Inkerman Ferry 1997 Bas Caraquet 22 12.6 18.7 10.8  217 183 212 99 30 14 14 
3 Inkerman Ferry 2008 Bas Caraquet 22 11.4 18.0 9.8  226 135 254 88 31 13 16 
4 Kent 2001 Moncton 74 12.1 18.4 10.4  173 162 243 85 23 14 12 
5 Kent 2007 Moncton 74 12.6 19.3 10.6  191 181 204 101 33 18 14 
6 Kent 2008 Moncton 74 13.3 18.7 9.4  206 326 310 96 33 20 13 
7 Kent 2008 Moncton 74 13.3 18.7 9.4  206 326 310 96 33 20 13 
8 Kent 2008 Moncton 74 13.3 18.7 9.4  206 326 310 96 33 20 13 
9 Kent 2008 Moncton 74 13.3 18.7 9.4  206 326 310 96 33 20 13 
10 Kent 2008 Moncton 74 13.3 18.7 9.4  206 326 310 96 33 20 13 
11 Maisonnette 2000 Bas Caraquet 32 13.8 19.7 12.8  145 114 191 60 21 16 17 
12 Maisonnette 2006 Bas Caraquet 32 11.3 18.0 11.3  119 201 190 66 27 19 9 
13 Pokesudie 2006 Bas Caraquet 9 11.3 18.0 11.3  119 201 190 66 27 19 9 
14 Pokesudie 2008 Bas Caraquet 9 11.4 18.0 9.8  226 135 254 88 31 13 16 
               
Lowland of Great Lakes / St. Lawrence region               

15 Bois des Bel 2000 Rivière du Loup 30 13.2 17.1 10.4  N.D. 195 N.D. N.D. 33 15 13 
16 Chemin du Lac 1995 Rivière du Loup 13 12.1 16.1 7.8  88 296 163 81 28 20 14 
17 Chemin du Lac 1997 Rivière du Loup 13 11.3 16.7 8.8  115 148 151 88 27 14 18 
18 Chemin du Lac 1999 Rivière du Loup 13 11.1 16.6 8.1  95 181 98 72 28 21 9 
19 Chemin du Lac 2000 Rivière du Loup 13 13.2 17.1 10.4  N.D. 195 N.D. N.D. 33 15 13 
20 Chemin du Lac 2001 Rivière du Loup 13 10.9 17.6 8.6  109 95 N.D. N.D. 29 15 25 
21 Chemin du Lac 2002 Rivière du Loup 13 11.9 16.5 10.0  96 204 N.D. N.D. 35 20 7 



22 Chemin du Lac 2003 Rivière du Loup 13 10.5 16.8 9.4  662 669 260 127 46 39 7 
23 Pointe-Lebel 2004 Baie Comeau 23 8.9 16.3 8.8  162 212 110 76 28 21 10 
24 Saint-Charles-de-Bellechasse 1999 Honfleur 28 12.6 17.5 8.5  280 176 125 78 28 22 10 
25 Saint-Modeste 1997 Rivière du Loup 11 11.3 16.7 8.8  115 148 151 88 27 14 18 
26 Saint-Modeste 1997 Rivière du Loup 11 11.3 16.7 8.8  115 148 151 88 27 14 18 
27 Verbois 2005 Rivière du Loup 12 13.1 16.8 8.7  183 118 256 105 35 16 12 
28 Verbois 2006 Rivière du Loup 12 12.1 16.7 10.4  141 284 224 85 37 15 12 
                
Inland of Northeastern Forest region               

29 Sainte-Marguerite (Section A) 1994 Normandin 52 11.8 14.4 8.5  186 109 93 93 15 10 N.D. 
30 Sainte-Marguerite (Section A) 1995 Normandin 52 11.8 17.4 8.0  189 77 126 74 20 10 14 
31 Sainte-Marguerite (Section B) 1995 Normandin 52 11.8 17.4 8.0  189 77 126 74 20 10 14 
32 Sainte-Marguerite (Section B) 1996 Normandin 52 11.5 16.5 8.0  136 250 224 92 38 23 8 
33 Sainte-Marguerite (Section H) 1997 Normandin 52 10.6 16.1 7.6  142 173 139 86 30 16 14 
34 Sainte-Marguerite (Section H) 1998 Normandin 52 13.9 16.4 8.3  N.D. 105 107 N.D. 23 15 13 
35 Sainte-Marguerite (Section AA) 1999 Normandin 52 14.4 16.3 8.8  121 272 180 75 31 25 14 
36 Sainte-Marguerite (Section H) 1999 Normandin 52 10.6 16.0 7.1  135 135 97 73 27 19 10 
37 Sainte-Marguerite (Section AA) 2000 Normandin 52 10.6 16.0 7.1  135 135 97 73 27 19 10 
38 Sainte-Marguerite (Section E) 2000 Normandin 52 13.7 16.7 9.0  106 210 185 84 28 23 17 
39 Sainte-Marguerite (Section K) 2000 Normandin 52 13.7 16.7 9.0  106 210 185 84 28 23 17 
40 Sainte-Marguerite (Section L) 2000 Normandin 52 13.7 16.7 9.0  106 210 185 84 28 23 17 
41 Sainte-Marguerite (Section AA) 2001 Normandin 52 13.7 16.7 9.0  106 210 185 84 28 23 17 
42 Sainte-Marguerite (Section E) 2001 Normandin 52 13.7 16.7 9.0  106 210 185 84 28 23 17 
43 Sainte-Marguerite (Section G) 2001 Normandin 52 13.7 16.7 9.0  106 210 185 84 28 23 17 
44 Sainte-Marguerite (Section K) 2001 Normandin 52 10.2 17.2 7.1  155 140 109 78 27 20 13 
45 Sainte-Marguerite (Section L) 2001 Normandin 52 10.2 17.2 7.1  155 140 109 78 27 20 13 
46 Sainte-Marguerite (Section AA) 2002 Normandin 52 10.2 17.2 7.1  155 140 109 78 27 20 13 
47 Sainte-Marguerite (Section H) 2002 Normandin 52 12.6 16.7 8.3  68 159 210 69 26 17 19 
48 Sainte-Marguerite (Section J) 2002 Normandin 52 12.6 16.7 8.3  68 159 210 69 26 17 19 
49 Sainte-Marguerite (Section AA) 2003 Normandin 52 12.6 16.7 8.3  68 159 210 69 26 17 19 
50 Sainte-Marguerite (Section DD) 2003 Normandin 52 9.3 16.2 8.3  197 142 128 78 31 26 9 
51 Sainte-Marguerite (Section F) 2003 Normandin 52 12.6 16.7 8.3  68 159 210 69 26 17 19 
52 Sainte-Marguerite (Section L) 2003 Normandin 52 12.6 16.7 8.3  68 159 210 69 26 17 19 
53 Sainte-Marguerite (Section AA) 2004 Normandin 52 9.3 16.2 8.3  197 142 128 78 31 26 9 

 

Appendix C. Data relating to the management of restoration works and human use of the land adjacent to the restored sectors. See 

Materials and Methods for explanation of variables. Missing data in some sectors were replaced with the median value of all sectors to 

perform RDA analyses. N.D.=no data 

   Management  Landscape 

Sector 
code 

Bog Restoration year Season of 
restoration works 

Delay in 
restoration 

(years) 

Sector size 
(ha) 

Ratio 
Donor:Restored 

Delay in P 
fertilisation 

(years) 

 Natural 
(%) 

Extracted 
(%) 

Restored 
(%) 

Abandoned 
(%) 

Anthropic 
(%) 

             
Atlantic region             

1 Baie-Sainte-Anne 2000 Autumn 1 12 1 : 12 5  43 37 0 0 20 
2 Inkerman Ferry 1997 Autumn 11 3 1 : 15 1  50 26 6 0 18 
3 Inkerman Ferry 2008 Autumn N.D. 7 1 : 10 5  41 49 3 0 7 
4 Kent 2001 Autumn 3 5 1 : 15 0  44 25 18 13 0 
5 Kent 2007 Summer 9 8 1 : 12 5  52 15 13 20 0 
6 Kent 2008 Summer 6 7 N.D. 5  29 40 18 13 0 
7 Kent 2008 Summer 13 4 N.D. 5  55 22 12 11 0 
8 Kent 2008 Summer 21 2 N.D. 5  42 36 10 7 6 



9 Kent 2008 Summer 21 3 N.D. 5  39 32 16 13 0 
10 Kent 2008 Summer 1 7 N.D. 5  28 44 20 8 0 
11 Maisonnette 2000 Autumn 0 11 1 : 10 2  64 30 2 3 2 
12 Maisonnette 2006 Autumn 3 9 1 : 5 0  60 28 7 2 2 
13 Pokesudie 2006 Autumn 6 14 1 : 15 0  63 0 5 32 0 
14 Pokesudie 2008 Autumn 7 9 1 : 12 0  80 0 13 7 0 
             
Lowland of Great Lakes / St. Lawrence region             

15 Bois des Bel 2000 Autumn 19 12 1 : 10 0  54 0 0 3 44 
16 Chemin du Lac 1995 Autumn 5 4 1 : 10 4  42 27 8 20 3 
17 Chemin du Lac 1997 Autumn 5 3 1 : 10 2  29 27 24 7 13 
18 Chemin du Lac 1999 Autumn 7 1 1 : 5 5  31 19 25 4 20 
19 Chemin du Lac 2000 Autumn 8 2 1 : 10 5  29 19 28 4 20 
20 Chemin du Lac 2001 Autumn 9 3 1 : 10 5  34 16 27 3 20 
21 Chemin du Lac 2002 Autumn 3 5 1 : 10 5  34 30 24 11 1 
22 Chemin du Lac 2003 Autumn 4 11 1 : 10 5  36 23 21 0 21 
23 Pointe-Lebel 2004 Spring 6 4 1 : 10 0  63 34 0 1 2 
24 Saint-Charles-de-Bellechasse 1999 Autumn 23 1 1 : 10 0  60 30 0 4 6 
25 Saint-Modeste 1997 Autumn 10 1 1 : 10 5  44 15 2 39 0 
26 Saint-Modeste 1997 Autumn 10 1 1 : 10 0  44 15 2 39 0 
27 Verbois 2005 Autumn 7 9 1 : 10 5  21 11 5 56 7 
28 Verbois 2006 Autumn 7 7 1 : 10 5  33 1 7 45 14 
              
Inland of Northeastern Forest region             

29 Sainte-Marguerite (Section A) 1994 Spring N.D. 6 1 : 15 5  6 42 51 0 0 
30 Sainte-Marguerite (Section A) 1995 Spring N.D. 6 1 : 12 5  6 42 51 0 0 
31 Sainte-Marguerite (Section B) 1995 Spring N.D. 6 1 : 12 5  12 25 62 0 0 
32 Sainte-Marguerite (Section B) 1996 Spring N.D. 6 1 : 10 5  11 26 63 0 0 
33 Sainte-Marguerite (Section H) 1997 Spring 0 2 1 : 10 5  31 12 57 0 0 
34 Sainte-Marguerite (Section H) 1998 Spring 1 2 1 : 10 5  24 12 64 0 0 
35 Sainte-Marguerite (Section AA) 1999 Spring 0 2 1 : 5 0  49 15 23 0 13 
36 Sainte-Marguerite (Section H) 1999 Autumn 3 1 1 : 10 5  33 9 59 0 0 
37 Sainte-Marguerite (Section AA) 2000 Spring 0 4 1 : 5 0  48 15 24 0 12 
38 Sainte-Marguerite (Section E) 2000 Autumn N.D. 15 1 : 12 0  20 14 66 0 0 
39 Sainte-Marguerite (Section K) 2000 Spring N.D. 10 1 : 12 0  12 19 68 0 0 
40 Sainte-Marguerite (Section L) 2000 Autumn N.D. 11 1 : 12 1  17 28 55 0 0 
41 Sainte-Marguerite (Section AA) 2001 Spring N.D. 10 1 : 12 0  46 17 26 0 11 
42 Sainte-Marguerite (Section E) 2001 Spring N.D. 10 1 : 12 0  43 9 45 0 2 
43 Sainte-Marguerite (Section G) 2001 Spring N.D. 10 1 : 12 0  34 9 54 0 2 
44 Sainte-Marguerite (Section K) 2001 Autumn N.D. 17 1 : 12 0  20 34 46 0 0 
45 Sainte-Marguerite (Section L) 2001 Autumn N.D. 17 1 : 12 0  11 52 37 0 0 
46 Sainte-Marguerite (Section AA) 2002 Spring N.D. 10 1 : 12 0  42 20 29 0 10 
47 Sainte-Marguerite (Section H) 2002 Autumn 6 12 1 : 12 1  43 12 45 0 0 
48 Sainte-Marguerite (Section J) 2002 Autumn N.D. 27 1 : 12 5  31 21 48 0 0 
49 Sainte-Marguerite (Section AA) 2003 Spring N.D. 21 1 : 12 0  33 28 32 0 7 
50 Sainte-Marguerite (Section DD) 2003 Summer N.D. 30 1 : 12 0  32 10 58 0 0 
51 Sainte-Marguerite (Section F) 2003 Spring N.D. 15 1 : 12 0  44 4 40 0 12 
52 Sainte-Marguerite (Section L) 2003 Spring N.D. 1 1 : 12 0  11 52 37 0 0 
53 Sainte-Marguerite (Section AA) 2004 Spring N.D. 21 1 : 12 0  19 37 42 0 2 
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