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Abstract
This study aims to understand the effects of recent tree encroachment on plant richness and diversity of Sphagnum-dominated
bogs isolated in an agricultural landscape. A nested paired sampling design was used to compare plant species richness and beta
diversity between open and forested habitats of 14 bogs in southern Québec, Canada. We evaluated the impact of tree encroach-
ment at regional and local scales (between and within bogs, respectively). Tree basal area, canopy openness and stand age were
evaluated in forested habitats. We used permutation paired sample t-tests to compare species richness between open and forested
sites. Beta diversity was calculated as between-site similarities in composition, and differences were evaluated using tests for
homogeneity in multivariate dispersion. Forested habitats had greater species richness than open habitats due to enrichment by
facultative and non-peatland species as well as bymid- and shade-tolerant vascular plants. At both scales, this species enrichment
was associated with flora differentiation (increase of beta diversity), although at regional scale, this was true for bryophytes only.
Tree basal area had a positive influence on forested habitats species richness. These compositional changes are expected to
increase similarity between bog flora and upland vegetation, and consequently decrease regional diversity.

Keywords Beta diversity . Biotic homogenization . Multivariate dispersion . Species richness . Species turnover . Tree
encroachment

Introduction

Woody encroachment, i.e., the increase of tree or shrub den-
sity, cover or biomass in naturally open ecosystems, has be-
come a major concern worldwide. First reported in grasslands
and savannas of arid and semi-arid biomes (Van Auken 2000;
Eldridge et al. 2011), it has been documented increasingly in
wetlands including salt marshes (Shirley and Battaglia 2006;
Osland et al. 2013; Saintilan and Rogers 2015), floodplains

(Warren et al. 2007; Bowman et al. 2008) wetland prairies
(Bruce et al. 1995; Clark and Wilson 2001), fens (Peringer
and Rosenthal 2011; Bart et al. 2016) and Sphagnum-domi-
nated bogs (Frankl and Schmeidl 2000; Pellerin and Lavoie
2003a; Berg et al. 2009; Lee et al. 2017). In wetlands, woody
encroachment has mostly been attributed to anthropogenic
disturbances, notably drainage, modification in grazing or fire
regimes, nitrogen deposition, elevated CO2 levels or climatic
changes (e.g., Berendse et al. 2001; Pellerin and Lavoie
2003b; Middleton et al. 2006; Berg et al. 2009; Talbot et al.
2010; Saintilan and Rogers 2015; Lee et al. 2017). Irrespective
of its causes, woody encroachment has been shown to alter
resource levels (e.g., temperature, light, water and nutrient
availability), threaten plant and animal diversity and pro-
foundly modify ecosystem functions and services (e.g.,
Eldridge and Soliveres 2014; Lachance et al. 2005; Warren
et al. 2007; Pasquet et al. 2015).

The impacts of woody encroachment on species abundance
and richness in bogs are rather well understood. Tree invasion
in bogs usually hampers Sphagnum growth and reduces their
cover and richness (Laine et al. 1995; Ohlson et al. 2001;
Limpens et al. 2003). For example, Ohlson et al. (2001)

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s13157-018-1122-6) contains supplementary
material, which is available to authorized users.

* Stéphanie Pellerin
stephanie.pellerin.1@umontreal.ca

1 Institut de recherche en biologie végétale, Université deMontréal and
Jardin botanique de Montréal, Montréal, QC, Canada

2 Québec Centre for Biodiversity Science, McGill University,
Montréal, QC, Canada

3 Department of Phytology, Université Laval, QC, Québec, Canada

Wetlands (2019) 39:841–852
https://doi.org/10.1007/s13157-018-1122-6

http://crossmark.crossref.org/dialog/?doi=10.1007/s13157-018-1122-6&domain=pdf
http://orcid.org/0000-0002-5148-1065
https://doi.org/10.1007/s13157-018-1122-6
mailto:stephanie.pellerin.1@umontreal.ca


examined surface peat cores collected near 151 pines in a
Norwegian bog and found that pine establishment caused
the disappearance of Sphagnum mats in 39% of samples.
The shift from open bog to bog woodland is also associated
with a decrease in the cover and richness of other bog-
specialist plant species (often heliophilic) and a concomitant
increase of shade or drought-tolerant forest species (Laine
et al. 1995; Gunnarsson et al. 2002; Lachance et al. 2005;
Pellerin et al. 2009; Tousignant et al. 2010; Kapfer et al.
2011; Pasquet et al. 2015). For example, in 16 peatlands of
southeastern Québec subjected to recent spruce and pine cover
expansion, the presence of bog specialist plants was highly
negatively associated with an increase in forest cover (R2 =
0.63; Lachance et al. 2005). Although an overall gain of spe-
cies richness is often observed in bogs following woody en-
croachment (Pellerin et al. 2009; Woziwoda and Kopeć 2014;
Dyderski et al. 2015), it has been hypothesized that the
resulting flora is less valuable for conservation purposes due
to its increased similarity with surrounding forest plant com-
munities, which simplifies regional diversity (e.g., Laine et al.
1995; Calmé et al. 2002; Lachance et al. 2005; Pasquet et al.
2015). This could be of particular concern in temperate re-
gions where bog plant communities and richness contrast
sharply with surrounding forests (Ingerpuu et al. 2001;
Moore 2002). Despite numerous studies published on the im-
pacts of woody encroachment on bog flora, beta diversity has
been overlooked.

Biotic homogenization (reduced beta diversity) is the pro-
cess by which the similarity of species, traits or genetic com-
position of communities increases across space over time
(McKinney and Lockwood 1999; Olden and Poff 2003). This
process is usually the result of the simultaneous extinction of
native, specialized species and introduction of exotic or ruderal
native ones (McKinney and Lockwood 1999; Beauvais et al.
2016; Brice et al. 2017). Wetlands are expected to be particu-
larly prone to homogenization following degradation, as wet-
land plants usually spread more widely than forest ones
(Santamaría 2002; Ricklefs et al. 2008) and have been shown
to contribute to the homogenization of state-level floras in
North America (Santamaría 2002; Qian and Guo 2010).
Wetlands are also highly susceptible to invasion by exotic spe-
cies (Galatowitsch et al. 1999; Zedler and Kercher 2004). On
the other hand, several wetland types are species poor, which
could leave themmore vulnerable to differentiation (increase of
beta diversity) following environmental changes and subse-
quent species invasion (Olden and Poff 2003).

In this study, we investigated the effects of recent tree en-
croachment on plant richness and diversity of Sphagnum-
dominated bogs isolated in an agricultural landscape in south-
ern Québec (Canada), using a space-for-time substitution ap-
proach (Pickett 1989). More specifically, we evaluated wheth-
er tree encroachment induced biotic homogenization at re-
gional and local scales (i.e., between and within bogs,

respectively). We also explored how tree stand characteristics
(tree basal area, canopy openness and age) influenced richness
and diversity of forested habitats. We hypothesized local flora
enrichment with tree encroachment, with the magnitude of the
changes related to tree stand characteristics. More specifically,
we predicted an increase of species richness in forested habi-
tats resulting from the co-occurrence of peatland shade-
intolerant and forest shade-tolerant species, and that this en-
richment induces a biotic differentiation (increase of beta di-
versity) at the local scale. Inversely, at the regional scale, we
predicted a biotic homogenization (decrease of beta diversity)
due to the spread of a few generalist forest species throughout
the study area. Finally, we predicted that the changes will be
greater in older stands characterized by higher tree basal area
and lower canopy openness.

Methods

Study Area

The study area is located in the western portion of the St.
Lawrence Lowlands in southern Québec, and extends from
45°N to 47°N latitude and 71°W to 74°W longitude (Fig. 1).
The area is enclosed by the Canadian Shield to the north and
the Appalachian Mountains to the south and east. The
Lowlands have a flat topography and are characterized by
deep arable soils derived from glacial and marine deposits.
The rich soils support intensive agriculture over large areas.
More precisely, the landscape is composed of about 50% ag-
ricultural fields, 30% woodlands, 10% urbanized areas and
10% wetlands (Statistics Canada 2010). Bogs represent about
35% of wetlands (Poulin et al. 2016). The mean annual

Fig. 1 Location map of the 14 sampled bogs (triangle) characterized by
recent tree encroachment, southern Québec (Canada)
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temperature of the study area fluctuates from 4.1 °C in the
northeast to 6.7 °C in the southwest (Environment Canada
2011). Average precipitation ranges from a high of 1120 mm
in the northeast to a low of 965 mm in the southwest, of which
23% and 17% respectively falls as snow (Environment
Canada 2011).

Bogs of the study area are mostly dominated by ericaceous
shrubs, Sphagnum mosses and Picea mariana thickets. Over
the last few decades, 56,681 ha, or 19% of the region’s wet-
lands have been lost or disturbed by human activities (Poulin
et al. 2016). The proportion of disturbed bogs is estimated to
be equivalent, and tree encroachment has been reported in
many of the remaining peatlands (Pellerin and Lavoie
2003a, Pasquet et al. 2015; Pellerin et al. 2016; Beauregard
2017). For instance, the reconstruction of tree encroachment
in 28 temperate bogs of southern Québec showed a 138%
increase of forest habitats (1353 ha) since ca. 1930
(Online Resource 1). In most of these bogs, tree encroachment
(mostly Betula populifolia, Piceamariana, Larix laricina, and
Pinus banksiana) began at the margins and spread over the
expanse. According to multi-proxy historical reconstructions,
tree encroachment in these sites resulted from the interaction
of multiple factors, notably drainage (in situ and in the sur-
rounding agricultural catchment) and dry climatic periods that
both induced gradual drying of the peat surface as well as fires
(Pellerin and Lavoie 2003a; Pasquet et al. 2015; Pellerin et al.
2016). Nitrogen deposition may also have exacerbated the
phenomenon, but only in a few sites of the southernmost por-
tion of the study area (Pasquet et al. 2015), as most sites are
located in areas where these deposits are very low (Pellerin
and Lavoie 2003a; Turunen et al. 2004; Pellerin et al. 2016).

Site Selection

Based on information in previous studies on tree encroach-
ment in bogs (Online Resource 1) and recent Google Earth
Digital Globe satellite imagery, we identified all peatlands in
the study area with at least a quarter of their area characterized
by dense forest cover (N = 35 bogs). To ensure we surveyed
only bogs that have been recently colonized by trees (i.e., in
the last 50 years), the evolution of tree cover in these bogs was
assessed by comparing past aerial photographs (1960) to re-
cent satellite imagery. Tree encroachment occurred mostly
after 1960 in all of the 35 pre-selected bogs. We then selected
only bogs in which present-day forest cover was dominated by
coniferous trees (Picea mariana or Larix laricina), and elim-
inated all sites with signs of tree cutting or other intensive
human disturbances (e.g., peat mining, cranberry farming) or
that were inaccessible. From among the 20 remaining bogs,
we selected 14 that were spaced widely across the study area
(Fig. 1; Online Resource 2). These bogs ranged in size from 5
to 369 ha and did not show visible sign of human disturbances
although some, or all of them, may be affected by indirect

disturbances (e.g., change in the hydrology of the surrounding
catchment, nitrogen deposition) or may have burnt in the past.

Sampling Design

A nested paired sampling design was used to compare plant
species richness and beta diversity between open and forested
habitats of the 14 selected bogs (Online Resource 3). The
paired sampling design was used as a space-for-time substitu-
tion, assuming paired open and forested habitats had a similar
flora before encroachment. Using the 1960s aerial photo-
graphs and the most recent Google Earth Digital Globe satel-
lite imagery, we identified the sector with the seemingly dens-
est recent forest cover for each bog. The coordinates of the
central portion of these sectors were retrieved from Google
Earth and relocated in the field using a GPS. We ensured the
sampling quadrat was located in a homogeneous plant com-
munity with a cover of at least 50% of trees taller than 3 m and
at least 25 m from any edge. The closest open habitat charac-
terized by less than 5% cover of trees taller than 3 m, and also
located at least 25 m from any edge, was then selected. We
validated that its environmental characteristics (peat thickness,
pH and electrical conductivity) were similar to those of the
paired forested quadrat (MANOVA where bogs were treated
as an error term: F(3,11) = 2.56; p = 0.108). Consequently, the
main difference within pairs of quadrats was the extent of the
tree cover. Distances between paired open and forested quad-
rats ranged from 246 to 1774 m.

In each habitat, we delineated a 625 m2 quadrat (25 m ×
25 m) with nine nested plots of 25 m2 (5 m × 5 m) for sam-
pling vascular plants and 18 nested circular subplots of
0.38 m2 (0.35 m radius) for bryophytes. The nine 25 m2 plots
were systematically located in the quadrat and spaced equally
5 m apart, while two subplots were randomly located within
each of the nine plots (Online Resource 3).

Field Sampling

Vegetation was sampled between June and August 2016.
Percentage cover of each species was estimated using 7 clas-
ses: 1: <1%, 2: 1–5%, 3: 6–10%, 4: 11–25%, 5: 26–50%, 6:
51–75%, 7: >75%. Species nomenclature followed VasCan
(Brouillet et al. 2017) for vascular plants and Faubert (2012,
2013, 2014) for bryophytes.

In the center of each forested quadrat, we evaluated tree
basal area using a wedge prism (factor 2). We also estimated
canopy openness (%) by averaging 36 readings (4 by plot) on
a Lemmon’s model C spherical densiometer (Lemmon 1956).
Finally, to estimate forest stand age, the ten trees with the
largest diameter at breast height were cored as closely as pos-
sible to the collar using an increment borer. In laboratory,
cores were dried, finely sanded, and annual growth rings were
counted under a low-power (50×) binocular microscope.
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Data Analysis

Species Richness

For each quadrat, total richness was assessed as the number of
species in all plots and subplots. Vascular richness was eval-
uated using only plots, and bryophyte richness using subplots.
The richness of vascular plants, bryophytes, and both plant
groups together (total) was compared between open and for-
ested quadrats using permutation paired sample t-tests (9999
permutations).

In addition, we took into account species’ habitat prefer-
ences by comparing richness of preferential, facultative and
non-peatland species between open and forested quadrats.
Species habitat preference follows Garneau (2001),
Tousignant et al. (2010), Faubert (2012, 2013, 2014) and the
New England Wild Flower Society (2017). Species that most-
ly grow in peatlands (either bogs or fens) were classified as
Bpreferential^, those that can grow in either peatlands or other
ecosystems as Bfacultative^, while species seldom found in
peatlands were classified as Bnon-peatland species^
(Online Resource 4). Linear mixed-effect models were used
to compare the number of species between habitat types (open
or forested) and between habitat preferences (preferential,
facultative, non-peatland) as well as the interaction between
both factors. Bogs were treated as a random factor, therefore
allowing us to control for pairing between quadrats and de-
pendence between the numbers of species of different prefer-
ences in the same quadrat. Because a significant interaction
was found between habitat types and habitat preferences, we
tested the individual effect of each factor with linear mixed-
effect models for each level of the other factor and then con-
ducted post hoc Tukey tests to further investigate if the num-
ber of species of each habitat preference differed for open and
forested habitats. We verified that model residuals followed a
normal distribution.

We also compared the richness of intolerant, mid-tolerant
and shade-tolerant species between open and forested quad-
rats. Species tolerance follows Lapointe (2014), Brice et al.
(2016) as well as USDA and NRCS (2018).We only took into
account vascular species shade tolerance, as the information
was not as reliable or available for all bryophyte species
(Online Resource 4). The same linear mixed-effect model
procedure described above was used.

Beta Diversity

Prior to evaluating beta diversity, we computed a site-by-
species matrix for each group of species (total, vascular and
bryophytes) at both spatial scales (regional and local). The
site-by-species matrices at the regional scale used the quadrat
as unit (28 units: 14 quadrats × 2 habitats) and each entry
corresponds to the mean cover of a species in a quadrat

(calculated from the median of cover classes in each plot).
The site-by-species matrices at the local scale used the plot
as unit (252 units: 9 plots × 14 quadrats × 2 habitats) and each
entry corresponds to the mean cover of the two subplots (cal-
culated from the median of cover classes in each subplot).

Differences in beta diversity between open and forested
quadrats were analysed using a distance-based test for homo-
geneity of multivariate dispersions (PERMDISP; Anderson
2006). PERMDISP calculates the distance of each site to the
centroid in ordination space (principal coordinates analysis)
and then tests whether these distances are different between
groups (i.e., open VS forested habitats) through permutation
tests. More precisely, a site-by-site distance matrix (using
Hellinger distance; Legendre and De Cáceres 2013) was first
used to compute the centroid of each group of sites (two
groups at the regional scale: open or forested habitats; 28
groups at the local scale: 14 quadrats × 2 habitats). Then, the
distance of each site to its associated group centroid was cal-
culated, and the dispersion of these distances (within-group
variance) was used as an estimate of beta diversity (the greater
the within-group variance, the higher the beta diversity). For
the regional scale, the site distances to centroid were subjected
to t-tests with 9999 permutations to determine whether disper-
sion differed between groups. For the local scale, the site
distances to centroid were compared by fitting a linear
mixed-effect model where the sites were treated as a random
factor, therefore allowing us to control for pairing between
plots of the same bog.We verified that model residuals follow-
ed a normal distribution.

To detect species shifts (turnover) between habitats at the
regional scale, we tested for location differences between cen-
troids using PERMANOVAs with a pseudo-F ratio (9999
permutations; Anderson 2001). Because this test is sensitive
to differences in multivariate dispersions (Anderson and
Walsh 2013), data visualization was used to support interpre-
tation of the statistical test. The differences in multivariate
dispersion and composition were illustrated in principal coor-
dinates analysis ordinations (PCoA) based on their respective
distance matrices.

Effects of Tree Stand Characteristics

We used multiple linear regressions to evaluate the relation-
ships between tree stand characteristics (age of the forest
stands, canopy openness and tree basal area) and total richness
and beta diversity of forested quadrats. For beta diversity, we
used site distance to group centroid (see above) as response
variable. All explanatory variables were standardized to z-
scores (μ = 0 and σ = 1). We ensured all model residuals
followed a normal distribution.

All statistical analyses were performed using R 3.3.2 (R
Core Team 2016). Permutation t-tests and permutation paired
sampled t-tests were done using paired.perm.test() and
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perm.test(), respectively, from the broman package (Broman
and Broman 2017). Linear mixed-effect models were fitted
with lme() in nlme. Tukey tests were done with the lsmeans()-
function in the lsmeans library (Lenth 2016). Hellinger trans-
formations were done using decostand(), multivariate disper-
sion analyses were performed using betadisper() and centroid
locations were tested using adonis2(), all from the vegan pack-
age (Oksanen et al. 2017). Multiple linear regressions were
performed with the lm()function in stats (R Core Team 2016).

Results

Species Richness

Overall, 117 species (87 vascular, 30 bryophytes) were
inventoried in the 14 bogs. Of these, 58 species (45 vascular,
13 bryophytes) were found in open habitats and 100 (72 vas-
cular, 28 bryophytes) in forested habitats, while 41 species (30
vascular, 11 bryophytes) where shared between the two hab-
itats. Only two exotic species were found (Frangula alnus and
Sorbus aucuparia; Brouillet et al. 2017). Mean total and vas-
cular richness were significantly higher in forested habitats
than in open habitats, while mean bryophyte richness was
similar between both habitats (Fig. 2).

The numbers of preferential, facultative and non-peatland
species varied differently between open and forested habitats
(Fig. 3; Online Resource 5). There were more preferential
species in open than in forested habitats, but when only vas-
cular species were considered, open and forested habitats

remained similar. On the other hand, facultative and non-
peatland species were always more abundant in forested than
in open habitats. Within open habitats, the number of species
generally decreased from preferential to facultative to non-
peatland species, although, for bryophytes, facultative and
non-peatland species were almost absent.Within forested hab-
itats, the numbers of preferential and facultative species were
similar and both were higher than the number of non-peatland
species when considering the total flora and vascular plants.
For bryophytes, the numbers of preferential and non-peatland
species were similar and both were higher than the number of
facultative species.

The numbers of shade-intolerant, mid-tolerant and shade-
tolerant vascular species varied significantly between open
and forested habitats (Fig. 4; Online Resource 6). There were
more intolerant species in open than in forested habitats, while
mid-tolerant and tolerant species were more abundant in for-
ested than in open habitats. Within open habitats, there were
more intolerant species than mid-tolerant and tolerant ones.
Within forested habitats, the number of tolerant species was
greater than that of mid-tolerant species, while the number of
intolerant species was transitional between both. Overall, the
number of species associated with forested habitats, either
shade-tolerant, facultative or non-peatland species, was more
variable between quadrats than the number of peatland species
(larger box plots; Figs. 3 and 4).

Beta Diversity

At the regional scale, beta diversity of the total species pool
and of vascular species was similar between open and forested
habitats, but was greater in forested than in open habitats for
bryophytes (Table 1a; Fig. 5), meaning that bryophyte com-
munities were more different from quadrat to quadrat in for-
ested than in open habitats. Furthermore, a clear species turn-
over occurred between open and forested habitats, as centroid
locations were significantly different for all groups of species
(Table 1c; Fig. 5). At the local scale, beta diversity was lower
in open than in forested habitats for the total species pool and
for vascular species, but no difference was found for bryo-
phytes (Table 1b; Fig. 6).

Relationship between Tree Stand Characteristics
and Diversity

Mean tree stand age was 64 years (SE = 20 years), with the
oldest stand estimated to be 106 years old. Canopy openness
was 20% on average (SE = 17%), and average basal area was
14 m2 (SE = 5 m2). Total species richness was only positively
related to tree basal area (t(10) = 2.354; p = 0.04), meaning that
the number of species increased with tree biomass. No other
significant relation was found between richness or beta diver-
sity and tree stand characteristics (Online Resource 7).

Fig. 2 Total, vascular and bryophyte species richness for open and
forested habitats in bogs characterized by recent tree encroachment,
southern Québec (Canada). Provided are mean species richness (black
dot), median (line), 25–75% quartiles (boxes) and ranges (whiskers).
Different letters indicate a significant difference (p ≤ 0.05) determined
by paired permutation t-tests
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Discussion

In this study, we predicted that tree encroachment in temperate
Sphagnum-dominated bogs isolated in an agricultural

landscape would engender floral differentiation (increase of
beta diversity) within peatlands (local scale) following enrich-
ment by non-peatland species, whereas we expected homog-
enization between peatlands (regional scale) due to the spread
of generalist forest species across sites. As expected, forested
habitats had greater species richness than open habitats, most-
ly related to enrichment by facultative and non-peatland spe-
cies as well as by mid- and shade-tolerant vascular plants. At

Fig. 3 Richness of preferential, facultative and non-peatland species in
open and forested habitats for the total species pool, vascular plants and
bryophytes in bogs characterized by recent tree encroachment, southern
Québec (Canada). Provided are mean species richness (black dot), medi-
an (line), 25–75% quartiles (boxes) and ranges (whiskers). Different

lower case letters indicate a significant difference (α = 0.05; linear
mixed-effect models) between open and forested habitats, whereas differ-
ent upper case letters indicate a significant difference (α = 0.05; Tukey’s
test) within open or forested habitats

Fig. 4 Richness of shade-intolerant, mid-tolerant and shade-tolerant vas-
cular species in open and forested habitats in bogs characterized by recent
tree encroachment, southern Québec (Canada). Provided are mean spe-
cies richness (black dot), median (line), 25–75% quartiles (boxes) and
ranges (whiskers). Different lower case letters indicate a significant dif-
ference (α = 0.05; linear mixed-effect models) between open and forested
habitats, whereas different upper case letters indicate a significant differ-
ence (α = 0.05; Tukey’s test) within open or forested habitats

Table 1 Differences in beta diversity and composition between open
and forested habitats in bogs characterized by recent tree encroachment,
southern Québec (Canada)

Numerator
d.f.

Denominator
d.f.

T- value p value

a) Beta diversity at regional scale
All species 26 −1.67 0.121
Vascular plants 26 −1.72 0.106
Bryophytes 26 −2.12 0.044

b) Beta diversity at the
local scale
All species 1 237 47.56 <0.001
Vascular plants 1 237 82.31 <0.001
Bryophytes 237 1.26 0.262

c) Species composition at the regional scale
All species 1 26 8.03 <0.001
Vascular plants 1 26 10.21 <0.001
Bryophytes 1 26 5.01 <0.001

Difference in beta diversity was tested with multivariate tests of disper-
sion around the centroid using permutation t-tests (9999 permutations) at
the regional scale (a) and linear mixed-effect models at the local scale (b).
Centroid location was used to detect differences in species composition
(regional scale only) and was tested with PERMANOVA. Bold indicates
significant differences (p ≤ 0.05)
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the local scale, this species enrichment was, as predicted, as-
sociated with floral differentiation, because beta diversity
(measured as variance of compositional turnover within
group) was higher in forested than in open habitats. On the
other hand, and contrary to our prediction, tree encroachment
did not foster homogenization at a regional scale. Bryophyte
beta diversity at this scale was even higher among forested

habitats than open habitats. Finally, and also contrary to ex-
pectation, tree stand characteristics had no influence on for-
ested quadrat richness or beta diversity, with the exception of
tree basal area, which was positively correlated to species
richness.

Tree Encroachment and Species Richness

The comparison of species richness between open and forest-
ed habitats suggests that tree encroachment fosters plant spe-
cies richness in bogs. This finding concurs with that of previ-
ous studies conducted in peatlands (e.g., Pellerin et al. 2009;
Woziwoda and Kopeć 2014; Dyderski et al. 2015), but con-
trasts with studies on grasslands, in which woody encroach-
ment mostly induces species impoverishment (Price and
Morgan 2008; Ratajczak et al. 2012; Guido et al. 2017).
Grasslands represent one of the richest habitats on earth
(Wilson et al. 2012), and most species composing their ex-
tremely rich graminoid communities have high light require-
ments and are therefore often excluded following tree en-
croachment (Lett and Knapp 2003). Contrary to grasslands,
Sphagnum-dominated bogs are species-poor ecosystems
(Wheeler 1993; Vitt et al. 1995; Warner and Asada 2006),
due to high abiotic stressors such as a high water table as well
as low mineral and nutrient content (Wheeler 1993; Zoltai and
Vitt 1995); historical legacy through evolutionary time scale
represents another potential explanation (Pärtel 2002). Trees
likely lessen these strong environmental filters, and foster the
establishment of terrestrial species while engendering the loss

Fig. 5 Influence of habitat type (open = black circles; forested = grey
triangles) on beta diversity of total, vascular and bryophyte species at
the regional scale in bogs characterized by recent tree encroachment,
southern Québec (Canada). Beta diversity was measured as the distance
of sites to their group centroid, here represented on the first two axes of a

PCoA and using boxplots of the sites-to-centroid distance. Provided are
mean distance to centroid (black dot), median (line), 25–75% quartiles
(boxes) and ranges (whiskers). Different letters indicate a significant dif-
ference (p ≤ 0.05) determined by t-tests. Circles are ellipses of standard
deviation

Fig. 6 Influence of habitat type on beta diversity of total, vascular and
bryophyte species at the local scale in bogs characterized by recent tree
encroachment, southern Québec (Canada). Beta diversity was measured
as the average distance of sites to their group centroid, here represented
using boxplots of the sites-to-centroid distance. Provided are mean dis-
tance to centroid (black dot), median (line), 25–75% quartiles (boxes) and
ranges (whiskers). Different letters indicate a significant difference (p ≤
0.05) determined by linear mixed-effect models
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of light-demanding and waterlogging-tolerant typical bog spe-
cies. In this regard, it has been shown that tree encroachment
in drained peatlands often accelerates soil dehydration through
interception of precipitation and increased evapotranspiration
(Frankl and Schmeidl 2000; Sarkkola et al. 2010; Holmgren
et al. 2015). It may also increase soil nutrient availability by
litter fall, and reduce solar radiation at the soil level (Limpens
et al. 2003; Wertebach et al. 2014; Paradis and Rochefort
2017; Ratcliffe et al. 2017). All these environmental changes
have been shown to be detrimental to Sphagnum growth
(Laine et al. 1995; Ohlson et al. 2001; Limpens et al. 2003),
but to have positive effects on tree seedling establishment and
growth (Ohlson et al. 2001; Eppinga et al. 2009; Holmgren
et al. 2015), which could further facilitate a persistent shift
towards forested communities (Heijmans et al. 2013).

According to our results, the increased richness following
tree encroachment was associated with the increase of facul-
tative and non-peatland species richness, mostly for vascular
plants but also for bryophytes, while it either did not affect
(vascular plants) or lowered (bryophytes) the richness of
peatland preferential species (see Fig. 3). Furthermore, the
enrichment of vascular species was linked to an increase of
mid-tolerant and shade-tolerant ones, despite a concomitant
decrease of shade-intolerant species (see Fig. 4). This loss of
peatland endemics and heliophilic plants was also observed in
previous studies (e.g., Gunnarsson et al. 2002; Pellerin et al.
2009; Kapfer et al. 2011; Pasquet et al. 2015). For example, in
one bog of the same study area, but characterized by Betula
populifolia instead of coniferous encroachment, Pasquet et al.
(2015) demonstrated that non-peatland species were 15 and
five times more abundant in old (≥ 30 years) and new bog
woodlands than in open Sphagnum-dominated habitats, re-
spectively. As well, in a Sphagnum-dominated bog in south-
ern Sweden, all of the ten species negatively impacted by the
increase in trees and dwarf shrubs over 54 years were bog
species, whereas forest species increased in frequency
(Kapfer et al. 2011). Of the species that experienced a shift
of their optimum value, 67% simultaneously shifted towards
lower light values, which represents an increase in shade-
tolerant species. This species turnover likely indicates that
flora of peatlands subjected to tree encroachment tend to be-
come more similar to upland ecosystems, which could induce
regional floral homogenization. Although this phenomenon
has frequently been mentioned (e.g., Laine et al. 1995;
Calmé et al. 2002; Lachance et al. 2005; Pasquet et al.
2015), it remains to be documented.

Tree Encroachment and Beta Diversity

Aswith species richness, beta diversity at the local scale (within
peatlands) was higher in forested than in open habitats and was
still mostly associated with vascular species (see Fig. 6). At the
regional scale, we found no evidence of reduced beta-diversity

(see Fig. 5). Bryophyte beta diversity was even higher for for-
ested than for open habitats, suggesting a differentiation of
bryophyte communities from one bog to another with tree
encroachment.

Species turnover and changes in species richness are the
two main mechanisms inducing changes in beta diversity
(Olden and Poff 2003; Legendre 2014). In our study, both
mechanisms are likely involved, as species richness was
higher in forested than in open habitats and because there
was an important turnover from preferential to facultative
and non-peatland species following tree encroachment, as
well as from shade-intolerant to shade-tolerant species. Tree
encroachment likely induced more variable environmental
conditions within the open Sphagnum-dominated bogs, which
have in turn fostered species richness and turnover. In our
case, light availability and microhabitat diversity were certain-
ly more variable in forest than in open habitats. In fact, the tree
canopy is unlikely to develop uniformly, which has allowed
the co-occurrence of light-demanding bog species and shade-
tolerant forest species in forested habitats (see Fig. 4).
Furthermore, the presence of trees in peatlands likely created
new niches via stump bases, the aerial part of root systems or
decaying woody debris, as such microhabitats have indeed
been associated with species richness in swamps (Pollock
et al. 1998; Flinn et al. 2008). As well, the fact that woody
debris increases with the volume of living trees in a stand
(Siitonen et al. 2000) could explain the positive relationship
obtained between species richness and basal area. Actually,
most of the bryophyte species observed only on forested sites
(e.g., Brachythecium plumosum, Hypnum pallescens,
Plagiothecium laetum, Tetraphis pellucida) are known to be
associated with decaying wood debris, stumps or forest litter
(Faubert 2013, 2014). Although microhabitat variability is
clearly evident in open bogs with the development of hum-
mocks and hollows microtopography, Sphagnum communi-
ties are usually quite similar among bogs at a scale larger than
the hummock-hollow gradient (Poulin et al. 2002; Vitt 2006).
This was the case in our study sites, where open quadrats were
usually dominated by the same four species (Sphagnum
capillifolium, S. fuscum, S. rubellum or S. magellanicum).
Although both phenomena are likely involved in the differen-
tiation observed at both spatial scales, we believe that light
variability was mostly responsible for the differentiation of
vascular plants at the local scale, and that microhabitat vari-
ability mostly induced the differentiation of bryophytes at the
regional scale.

The absence of biotic homogenization at the regional scale
may be related, in part, to a time lag between ecosystem
changes and plant community response (e.g., Lindborg and
Eriksson 2004; Helm et al. 2006; Savage and Vellend 2015).
In fact, although tree encroachment began, on average,
60 years ago in the studied peatlands, the high tree canopy
established more recently on most sites (about 20 years ago
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according to aerial photographs). This might explain the ab-
sence of a significant relationship between stand age and ei-
ther species richness or beta diversity, at both local and region-
al scales. In fact, tree growth in peatlands that are not inten-
tionally drained for forestry purposes is slow and very variable
in area, due, among other factors, to the high water table and
poor soil aeration (Lieffers and Rothwell 1986; Macdonald
and Lieffers 1990). Consequently, tree encroachment may
not have been impacting bogs for long enough for the changes
in their magnitude to be observable, a phenomenon referred to
as Bextinction debt^ (Tilman et al. 1994).

Issues Relevant to Space-for-Time Substitution
Studies

In this study, we investigated the effects of recent tree encroach-
ment on plant richness and diversity of bogs using a space-for-
time substitutionmethodology. This method has been criticized
for not taking into account the historical level of similarity
between the communities studied and the possibility that it
may reflect a spatial rather than temporal species turnover
(Rooney et al. 2007). In our study, for example, plant commu-
nities of sites affected by tree encroachment may have been
already different from those in the portions of the sites still
open, or trees may have been more susceptible to establishing
in a certain type of open bog. However, previous studies that
resampled historical plots in bogs of southern Québec did not
find that tree encroachment tended to occur in certain plant
communities (Pellerin et al. 2009; Pasquet et al. 2015). On
the other hand, encroachment often began at the margins,
where peat deposits are thinner (Pellerin and Lavoie 2003a;
Pasquet et al. 2015), or near drainage ditches (Pellerin et al.
2016). Here, we found no significant difference between peat
thickness, pH and conductivity of paired forested and open
quadrats. Recently, it has been demonstrated that space-for-
time substitution may underestimate the effects of disturbances
on species diversity and community turnover compared to a
before/after sampling approach, but that both approaches often
reveal similar tendencies (França et al. 2016). Because our
results are consistent with those of other studies on the impacts
of tree encroachment on plant communities of bogs (e.g.,
Frankl and Schmeidl 2000; Gunnarsson et al. 2002; Lachance
et al. 2005; Pellerin et al. 2009; Pasquet et al. 2015), we believe
our results are valid but may represent a conservative assess-
ment of changes.

Conclusion

In conclusion, our study showed that tree encroachment may
induce important changes in richness and diversity in temperate
bogs isolated in an agricultural landscape.Most of the observed
changes were associated with an increase in facultative and

non-peatland shade-tolerant species in forested habitats, at the
expanse of peatland shade-intolerant species. This species shift
could result in increased similarity between bogs and upland
vegetation, and therefore decrease regional diversity. The ob-
served compositional change could also have major impacts on
the diversity of other trophic groups as Sphagnum-dominated
bogs provide refuge for a variety of endemic birds, inverte-
brates and protists (Warner and Asada 2006). This is especially
true for bogs of temperate regions, where plant and bird assem-
blages contrast more with the surrounding landscape than bogs
of boreal regions (Moore 2002; Calmé et al. 2002). In this
sense, our work highlights the importance of establishing con-
servation buffer zones in peatlands isolated in an anthropized
matrix when designing reserves. These buffers should benefit
from clear legislation aiming at reducing drainage or land con-
version, which in turn affect the water balance of bogs. This is
particularly important as tree encroachment is increasing
worldwide, and because tree growth could generate a feedback
loop leading to further tree encroachment (Frankl and Schmeidl
2000; Eppinga et al. 2009; Ireland and Booth 2012), inducing a
persistent alternative stable state.
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