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Institut de Recherche sur les Forêts, Université du Québec en Abitibi-Témiscamingue, 445 Boulevard de l’Université,
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Abstract. Why are plant species found in certain locations and not in others? The study of
community assembly rules has attempted to answer this question, and many studies articulate
the historic dichotomy of deterministic (predictable niches) vs. stochastic (random or semi-
random processes). The study of successional sequences to determine whether they converge,
as would be expected by deterministic theory, or diverge, as stochastic theory would suggest,
has been one method used to investigate this question. In this article we ask the question: Do
similar boreal bryophyte communities develop in the similar habitat created by convergent
succession after fires of different severities? Or do the stochastic processes generated by fires of
different severity lead to different communities? Specifically we predict that deterministic
structure will be more important for large forest-floor species than stochastic processes, and
that the inverse will be true for small bryophyte species. We used multivariate regression trees
and model selection to determine the relative weight of structure (forest structure, substrates,
soil structure) and processes (fire severity) for two groups of bryophyte species sampled in 12
sites (seven high-severity and five low-severity fires). Contrary to our first hypothesis,
processes were as important for large forest-floor bryophytes as for small pocket species. Fire
severity, its interaction with the quality of available habitat, and its impact on the creation of
biological legacies played dominant roles in determining community structure. In this study,
sites with nearly identical forest structure, generated via convergent succession after high- and
low-severity fire, were compared to see whether these sites supported similar bryophyte
communities. While similar to some degree, both the large forest-floor species and the pocket
species differed after high-severity fire compared to low-severity fire. This result suggests that
the ‘‘how,’’ or process of habitat generation, influences community composition in this system
and that a snapshot of habitat conditions taken at only one point in time is insufficient to
explain species distribution.

Key words: biological legacies; black spruce forest; deterministic habitat niche; founder effects;
liverworts; mosses.

INTRODUCTION

The study of community assembly rules has been an

area of significant interest, with many studies articulated

around the historic dichotomy of deterministic vs.

stochastic. Deterministic theory held that species are

found in predictable realized niches (Hutchinson 1959),

based on both their abiotic/habitat (e.g., temperature,

precipitation) and biotic (competitiveness) limitations

(Götzenberger et al. 2012). In contrast, stochastic theory

suggests that species’ presence within a community is

unpredictable, and based on stochastic processes such as

priority effects during species colonization (e.g., Trow-

bridge 2007, Fukami et al. 2010). In addition to the

stochastic effects associated with dispersal and coloni-

zation, the differential presence of biological legacies

(habitat or propagules) generated by or retained after

disturbance may affect community assembly in a

stochastic manner (e.g., Foster et al. 1998, Turner et

al. 2003, Pharo and Lindenmayer 2009). Despite the fact

that biological legacies are in fact habitat structures, and

thus at a small spatial scale a deterministic factor, at a

larger scale their presence, absence, and abundance may

be associated with stochastic factors stemming from

weather patterns. The unified neutral theory of biodi-

versity and biogeography proposed by Hubbell (2001),

which integrates speciation and ecological neutrality

into MacArthur and Wilson’s theory, is an extreme

example of stochastic theory.

One avenue for examining the relative importance of

deterministic vs. stochastic processes in community

assembly is the study of successional sequences (i.e.,

species replacement sequences over time). Successional

sequences should converge under deterministic theory,

as competition and habitat factors become dominant.

However, successional sequences would be expected to

diverge under stochastic theory as there has been a

longer period of time during which random events
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associated with colonization order can accumulate

within a site (e.g., McCune and Allen 1985, Lepš and

Rejmánek 1991, Inouye and Tilman 1995, Samuels and

Drake 1997, Fukami et al. 2005, Trowbridge 2007).

Boreal forests have been described as systems in which

succession is generally absent, as the rapid return

interval of large disturbances (stand-replacing fire in

North America; Johnson 1992, Payette 1992) results in

the selection of vascular plant species that tolerate a

wide variety of habitat conditions, and that rapidly

recolonize available space from underground rhizomes

(e.g., Shafi and Yarranton 1973, Rowe 1983, Schimmel

and Granström 1996). Consequently most species

present before disturbance return almost immediately

after disturbance, with the exception of a few short-lived

early successional species such as grasses. Therefore the

tree layer and the understory vascular layer were not

historically seen to experience succession in the classical

sense of species replacement. Bryophytes frequently

dominate the understory and the species can be broadly

split into large species growing across the forest floor

and small species occupying discreet habitat patches

(Frisvoll 1997, Økland et al. 2003). In contrast to the

vascular plants, bryophytes do experience successional

shifts postfire in the boreal forest (Black and Bliss 1978,

Foster 1985). However, research over the last 20 years

has shown that both the vascular plant and the

bryophyte communities experience some successional

shifts following disturbance (Foster 1985, Taylor et al.

1987, DeGrandpré et al. 1993, Fenton and Bergeron

2006). Furthermore, convergent succession is seen in

some stands initiated by disturbances of different

intensities (e.g., high- and low-severity fires) and with

different initial colonizing tree species. In these systems

the forest structure and the vascular plant communities

converge on a typical old growth black spruce (Picea

mariana (Mill.) B.S.P.) stand (Harper et al. 2005,

Lecomte et al. 2005, Belleau et al. 2011; c.f. Taylor

and Chen 2011) despite their different origins. This

would suggest that deterministic processes, such as the

realized niche (habitat structure and competition), are

the dominant components of the assembly rules for this

community. Stochastic processes appear to play little

role, particularly in old growth forests, as would be

predicted by traditional plant ecology theory (Lepš and

Rejmánek 1991, Campetella et al. 2011).

In this article we ask the question: Do the similar

habitats generated by convergent succession after fires of

different severities support similar bryophyte communi-

ties? Or do the stochastic processes related to these

different origins lead to different communities? Bryo-

phytes are an interesting group as they influence many

ecosystem functions in boreal forests and represent a

significant proportion of the plant diversity (Fenton and

Bergeron 2008, Turetsky et al. 2012). Despite the

response of bryophytes to habitat structure (Fenton et

al. 2003, Mills and MacDonald 2005), previous studies

have suggested that stochastic processes, such as

dispersal and establishment, may play a significant role

in determining bryophyte community composition (e.g.,
Økland et al. 2003, Fenton and Bergeron 2008, Ellis and

Ellis 2010). Furthermore the bryophyte community
includes a diversity of life-forms, including large

forest-floor mosses, peat mosses, and small pocket
species (physically small species colonizing small pock-

ets of specialized habitat; Frisvoll 1997, Økland et al.
2003). Large forest-floor species and peat mosses are
generally believed to be structured by niche differenti-

ation (light availability and moisture) and competition
as they compete for space on the forest floor (Økland

1990, Slack 1990, Rydin 1997; but see Frego 1996). In
contrast the smaller species are more dependent on the

availability of pockets of habitat, and consequently
stochastic dispersal, priority effects, and biological

legacies may be more important in determining com-
munity structure (Slack 1990, Söderström and Herben

1997, Økland et al. 2003, Laaka-Lindberg et al. 2006,
Fenton and Bergeron 2008). Therefore, we hypothesize

that structure will be more important than process for
large forest-floor species, and that in contrast stochastic

processes (fire severity) will be more important than
habitat structure for pocket species. The convergent

succession of the habitat variables in this system makes
time since fire a complex variable, as in addition to the

deterministic habitat variables, it also incorporates time
for stochastic or rare events to occur (Fenton and
Bergeron 2008). Consequently time since fire is not

treated explicitly in the hypotheses but is included in the
analyses.

MATERIALS AND METHODS

Study area

The study area is located within the Clay Belt of
northeastern Ontario and northwestern Québec (Fig. 1).

The northern portion is dominated by black spruce–
feather moss (Pleurozium schreberi (Brid.) Mitt.) forests,

and is particularly prone to paludification between fires,
due to its poorly drained and clay dominated soil, low

topographic relief, and moderately humid and cold
climate (889.9 mm of precipitation annually; annual

mean temperature 0.78C; Environment Canada 2004).
Large fires that kill aboveground vegetation are the
dominant disturbance type. Between 1850 and 1920 the

fire cycle was about 135 years, and it has since increased
to about 398 years (Bergeron et al. 2004). Consequently

the average age of the forests is in excess of 100 years.

Sampling

A chronosequence approach was used to address

successional change. In order to ensure that the initial
conditions were the same for all stands, sites were

validated via comparison of slope and soil texture, stem
analysis (dating and measurement of tree rings along the

stem to determine growth patterns; Simard et al. 2007),
and in situ analysis of the forest floor (analysis of

macrofossils in the organic forest floor to determine
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successional changes in understory composition; Le-

comte et al. 2006). Finally, a previous study indicated

that older forests have escaped fire by chance, and are

not permanent topographic escapes (Cyr et al. 2005).

Eighteen black spruce stands, ranging in age from 50

to 350 years since fire, were chosen based on a stand

initiation map of the area (Bergeron et al. 2004). They

were selected in the field based on: road proximity, the

presence of a mild slope, and clay-dominated soil. Time

since fire (TSF) was established by verification of stand

initiation dates by dating basal cross sections of a few

dominant trees (Simard et al. 2007). However, C14

dating of charcoal particles obtained in some of the

oldest stands (.200 years TSF) suggests that the oldest

trees were established considerably after a stand-

replacing fire. While these dates suggest that the stands

are considerably older than first believed (by 300–1000

years), they did not alter the order or the groupings of

the sites.

Sites were classified as originated after either high- or

low-severity fire based on whether the most recent

charcoal layer was within 5 cm of the mineral : organic

interface evaluated in either soil trenches or soil pits.

High-severity fire sites had a mean residual thickness of

1–3 cm while low-severity fires had a mean residual

thickness of 7–50 cm. The use of the 5-cm cutoff is

reasonable as Greene et al. (2007) have shown that this

is approximately the limit at which the radical can reach

the mineral soil during seed germination. Consequently

there is a high success rate of seed germination, and a

dense stand is developed. A more detailed description of

the determination of fire severity at the sites is given by

Lecomte et al. (2006).

During the summer of 2003, five 100-m2 plots were

installed in each stand, each with four nested quadrats of

25 m2. The initial 100-m2 plot was randomly placed at

least 50 m from the nearest road, and subsequent

quadrats were placed at least 10 m apart along a

randomly chosen bearing. Within each 25-m2 quadrat all

bryophyte species and Cladina species (reindeer lichens)

were identified and their percent cover was visually

estimated. As large Cladina species occupy space on the

forest floor in the same way as forest-floor bryophytes,

they are included with the bryophytes for this study, for

simplicity. Samples of all species that were not easy to

identify were collected for identification in the labora-

tory with voucher specimens stored at the Université du

Québec en Abitibi-Témiscamingue. A series of habitat

variables (both abiotic and biotic) affecting substrate

availability and microclimate were measured in each 25-

m2 quadrat in order to interpret the bryophyte pattern

(Table 1).

Data from all 18 sites were analyzed to confirm the

convergent succession in the habitat variables. Subse-

quently, when specifically addressing convergent species

succession after high- and low-severity fires, 12 of the 18

FIG. 1. The location of the Clay Belt within eastern North America and of the study sites within the Clay Belt.
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sites were included in order to compare only the sites

with similar habitats, as indicated by the initial habitat

analyses. Therefore all of the sites established after high-

severity fire that were at least 200 years postfire (seven

sites), and all of the low-severity fire sites (five sites) were

included in the bryophyte community analyses.

Analyses

Convergent habitat variables.—Habitat variables were

analyzed by principal component analysis (PCA) to

confirm the convergent succession in the habitat

variables. Specifically, habitat variables of the 25-m2

quadrats after high-severity fire were analyzed with PCA

and the low-severity fire quadrats were passively placed

over the pattern generated by the high-severity plots (N

¼ 256 high-severity quadrats in 13 sites and N¼ 98 low-

severity quadrats in five sites). This technique permitted

us to determine which part of the high-severity fire

successional sequence the low-severity quadrats most

resembled. CANOCO version 4.02 (ter Braak and

Šmilauer 1998) with default settings was used for the

PCA. While young (100–150 year time since fire)

high- and low-severity sites differed in their structure,

the low-severity sites of all ages completely overlapped

with the older (.180 years time since fire) high-severity

sites (Appendix A). This confirmed the results in

Lecomte et al. (2006), and the basic premise of our

study, that the available habitat converges over time,

and that the available habitat after low-severity fire was

the same as in sites over 180 years after high-severity fire.

Bryophyte community composition.—The bryophyte

community data were split into two groups, which were

analyzed separately. Forest-floor bryophytes and pock-

et species (sensu Frisvoll 1997, Økland et al. 2003)

represent two different life strategies within the

bryophyte community. While forest-floor bryophytes

grow over the forest floor competing for space, pocket

species occupy small spatially and temporally distinct

habitat patches that require regular dispersal to new

habitat patches. As such they fit respectively into the

perennial stayer or dominant (forest-floor species) and

colonist and shuttle strategies (pocket species) of

During (1992). The mechanisms driving these commu-

nities are not believed to be identical, and specific

hypotheses for each group were made. Furthermore,

the types of analyses possible for the two groups differ,

as the pocket species are much less common and

abundant, rarely having an abundance greater than

trace (defined as covering less than 1% of the 25-m2

quadrat). Therefore, many statistical analyses looking

at individual pocket species, or pocket species commu-

nities, generally explain a very small amount of the

variation. Consequently we adopted different analytic

strategies for the two groups.

Forest-floor species.—Forest-floor species (feather-

mosses, peat mosses, and Cladina; for a complete list

see Appendix B) data were analyzed by multivariate

regression trees (MRT; De’ath 2002, Larsen and Speck-

man 2004). MRT permits the analysis of an entire

community of species and multiple explanatory vari-

TABLE 1. Abiotic and biotic variables, classified as an indicator of structure or process, measured in order to interpret patterns in
bryophyte species composition.

Variable name Description

Forest structure/habitat

Organic layer thickness (cm) depth from the moss surface to the organic–mineral interface, which is clearly
defined on the Clay Belt

Percent coniferous canopy cover percent canopy cover occupied by coniferous trees, measured on a densiometer
Percent cover without canopy percentage of canopy that is not covered by coniferous or deciduous trees and is

therefore open to the sky
Percent cover of coarse woody debris,

decay class 2
percentage of the forest floor covered by coarse woody debris .5 cm in diameter

decay class 2 (CWD2), bark loosening
Percent cover of coarse woody debris,

decay class 3
percentage of the forest floor covered by coarse woody debris .5 cm in diameter

decay class 3 (CWD3), bark falling, softening of wood
Percent cover of coarse woody debris,

decay class 4
percentage of the forest floor covered by coarse woody debris .5 cm in diameter

decay class 4 (CWD4), very soft, shape collapsed
Percent cover peat pits exposed peat and water holes formed in the organic layer
Mean tree diameter (cm) mean diameter of all trees .8 cm in the quadrat
Live crown ratio black spruce mean percentage of black spruce stems with living foliage, measured as a visual

estimate
Live crown ratio balsam fir mean percentage of balsam fir stems with living foliage, measured as a visual

estimate
Percent cover of ericaceous species percentage of the forest floor covered by the canopy of ericaceous species,

primarily Rhododendron groenlandicum, Kalmia angustifolia

Process

Fire severity severity of the last fire, binomial, with high-severity fires classified as 1 and low-
severity fires as 0

Residual organic layer thickness (cm) thickness of the organic layer between the most recent charcoal layer and the
mineral–organic interface: high-severity fires, 1–3 cm mean residual thickness;
low-severity fires, 7–50 cm residual thickness

TSF (years) time since fire, determined by dendrology or C14; see Materials and methods

Note: Classes of coarse woody debris decomposition were modified from Söderström (1987).
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ables within one model or tree (Larsen and Speckman

2004), and is a form of constrained clustering where the

data are recursively partitioned to minimize the dissim-

ilarity within the resulting groups using different levels

of the explanatory variables. MRT is a robust method

that makes no assumptions as to the form of the

relationship between species and the explanatory vari-

ables. Trees are typically described by their fit, as the

inverse of relative error (RE) and their predictive

accuracy estimated via the cross-validated error

(CVRE), which varies from 1 for poor prediction to

close to zero for good prediction (De’ath 2002). In this

study MRT was applied to the forest-floor species data

set (19 species and 118 quadrats in 11 sites, seven high

severity and four low severity; one low-severity site [N5

in Appendix A: Table A1] was eliminated as it was

dominated by a different species and may have been

subject to a different moisture regime), to determine

whether variables associated with structure or process

accounted for a larger proportion of the explained

variance in the model, and whether quadrats in high-

and low-severity fires were discriminated. As such in

relation with our hypotheses, if fire severity, or residual

organic layer thickness accounted for significant pro-

portions of the variability explained, stochastic process

would be more important than deterministic structure.

The species data were normalized with a chord

transformation (Borcard et al. 2011); sites were included

as dummy variables to take into account the nested data;

and the size of the tree was determined by examining the

relationship between CVRE and the number of groups

over 1000 iterations. Subsequently the average cover of

the different bryophyte species and the environmental

variables for each leaf (end group) were calculated. The

amount of variation explained by the tree overall and by

each branch were also determined.

Pocket species.—The species richness of different

pocket species guilds was analyzed after high and low-

severity fire to determine the relative importance of

structure and process for this group. Richness was

analyzed rather than composition or a diversity index as

almost all species had very low cover. Composition of

the community was taken into account by analysis of the

different guilds. Mosses (bryopsida or ‘‘true mosses’’;

Buck and Goffinet 2000) in this data set were primarily

species occupying spatially and temporally discrete

habitats most commonly found in forests (e.g., tree

trunks or coarse woody debris, CWD). The liverworts

(Hepatophyta), which were almost exclusively pocket

species, were divided into ‘‘forest liverworts,’’ which

occurred in habitats primarily found in forests and ‘‘bog

liverworts’’ that occurred in habitats primarily found in

bogs. Classification of species into taxonomic/habitat

guilds was based on Crum and Anderson (1981) for the

mosses and Ley and Crowe (1999) for the liverworts, as

well as personal observations. A species list is available

in Appendix B.

The following questions were addressed through

mixed-model analyses with model selection and model

averaging (Burnham and Anderson 2002): (1) Is species

richness of the different guilds the same after high- and

low-severity fire? (2) Does fire severity (processes) or

habitat structures (CWD of different decay states,

exposed peat, and exposed mineral soil; see Table 1) best

explain this species richness? CWD and exposed peat are

the two main substrates for pocket species in these forest

types, and have been shown to be important drivers in

species richness for these groups (Fenton and Bergeron

2008). While the creation of these habitats may seem

stochastic on small spatial or temporal scales, their

generation within the forest stand over time is predictable

(Lecomte et al. 2005). Time since fire in this habitat is a

complex variable, as it incorporates many of the habitat

changes seen via succession but also time for stochastic or

rare events to occur (Fenton and Bergeron 2008). Because

of this dual role, and subsequent correlation with the

habitat variables, it could not be used as a process

variable in the analyses for pocket species.

We used mixed models to analyze the data because of

the structured (nested) data. Mixed models permit the

separation of the variability associated with the spatial

factors (site) and the factors of interest (structure and

process; Pinheiro and Bates 2000). Here, we considered

the site variable as a random effect, as the data were

agglomerated to the plot level (i.e., the richness for each

plot, including the four nested quadrats, was calculated).

Consequently the N for each model was 60 plots, nested

in seven high-severity sites and five low-severity sites.

Each model represented a biological hypothesis, to test

the importance of fire severity, and exposed peat and

CWD abundance in determining the species richness of

the three groups (Table 2). Interactions were also

included in the set of models, along with a null model,

which represents the effect of the structured data alone.

We contrasted these different hypotheses based on

Akaike’s information criteria corrected for small sample

size (AICc). Model selection is better suited to hypoth-

esis testing in observational studies compared to

traditional variable selection as it better incorporates

both Occam’s razor (simplicity and parsimony) and

uncertainty in model building (Burnham and Anderson

2002, Mazerolle 2006). Species richness was square-

root-transformed for normality. The fit and residuals of

the most complex models (global models) were evaluat-

ed. We ranked models by their AICc, and computed

associated measures (delta AICc, Akaike weights) as well

as model-averaged estimates for the variables in the

models with a delta AICc less than four, using the

AICcmodavg package (Mazerolle 2012). In order to

illustrate the effect of each explanatory model, the model

predicted values of guild richness was calculated using

the modavgpred function of the AICcmodavg package

and subsequently plotted against values of the explan-

atory variables. All analyses were completed using R

version 2.15.0 (R Development Core Team 2012).
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RESULTS

Forest-floor species

The best model was the five-split, six-group model

that explained 27% of the variation within the data set.

The first split was based on time since fire (Fig. 2; 8.9%),

splitting the oldest sites (high and low severity) from the

old high-severity sites and the young–old low-severity

sites. The second level splits, representing over 10% of

the variability were based on residual organic layer

thickness. Finally, quadrats from low-severity fires were

found in only two groups (groups 3 and 5), while

quadrats from high-severity fires were found in five

groups.

Species composition varied among the groups (Table

3) with a higher percent cover of Sphagnum fuscum and

Cladina stellaris in both low-severity groups (groups 3

and 5). Other species varied among the groups shifting

with time since high-severity fire. Explanatory variables

also varied among the groups with minor but clear shifts

in groups with time since fire, except for three of the four

low-severity sites that were grouped together despite

their age range of 50–275 years after fire (Table 4).

Finally, while all but one site was grouped in the same

leaf, the dummy site variables were not selected,

indicating that the spatial structure of the data was

not the primary driver of the species pattern.

Pocket species

For all three data sets, the relationship between the

predictions based on the global model and the observed

values were linearly correlated (Fig. 3; Spearman’s rho,

mosses, 0.39; forest liverworts, 0.46; bog liverworts,

0.42). However, for both the mosses and the forest

liverworts (Table 5) the null model ranked highly among

the candidate models. Indeed, the ‘‘best’’ model for

mosses (Sev þ Peat þ Sev : peat interaction) was only

1.03 times more parsimonious than the null model

(evidence ratio, 0.31/0.30). Similarly, the Sev model for

forest liverworts was only 1.65 times better than the null

model (0.33/0.20). Consequently there is weak evidence

for an effect of any variable for these two data sets. In

the case of the bog liverworts, two models were clearly

better than the null model, the model including both

decomposition states of CWD and their interactions

with severity, and the global model.

However, if the null models are excluded, the model-

averaged estimates of the coefficients for the different

parameters indicate that severity and its interactions

with habitat factors had the greatest impact on all three

data sets (Table 5, Figs. 4–6). For the forest liverworts,

species richness was higher after high-severity fires,

(coefficient greater than 0.1 and the 95% confidence

interval did not contain zero). As can be seen in Fig. 4,

the slopes are small for both CWD and peat, and there is

little difference in slope between high- and low-severity

fires; therefore there is little interaction between severity

and habitat.

For mosses, both severity and the interaction between

severity and peat were greater than j0.1j, and only the

interaction between peat and severity excluded 0 from

the 95% confidence interval (Table 6, Fig. 6). This

interaction results in higher moss richness at a given

abundance of peat after low-severity fires. Similarly for

TABLE 2. Models, by data set, parameters included, biological hypothesis, and the number of parameters estimated (K; includes
random effects).

Data set Model Biological hypotheses K

Mosses þ bog
liverworts

Sev þ CWD3 þ CWD4 þ Peat þ Sev : CWD3
þ Sev : CWD4 þ Sev : Peat (global)�� process, structure, and the interaction 10

Sev þ CWD3 þ CWD4 process and structure, no interaction 6
Sev þ CWD3 þ CWD4 þ Sev :CWD3
þ Sev :CWD4

process, deadwood structure and interaction with process 8

Sev þ Peat þ Sev : Peat process, peat structure and interaction with process 6
CWD3 þ CWD4 deadwood structure 5
Sev process 4
Peat peat structure 4
Null nested data structure alone 3

Forest
liverworts

Sev þ CWDTot þ Peat þ Sev : CWDTot
þ Sev : Peat (global)§

process, structure, and the interaction 8

Sev þ CWDTot þ Peat process and structure, no interaction 6
Sev þ Sev : Peat process, peat structure, and interaction with process 5
Sev þ Sev :CWDTot process, deadwood structure, and interaction with process 5
Sev process 4
CWDTot deadwood structure 4
Peat peat structure 4
Null nested data structure alone 3

Notes: ‘‘Sev’’ refers to fire severity; ‘‘Peat’’ refers to peat abundance. See Table 1 for explanations of coarse woody debris
(CWD) classes.

� A ‘‘þ’’ indicates that both parameters were included in the model.
� A ‘‘:’’ indicates that the interaction between the two parameters was included in the model.
§ In the forest liverwort model, CWD3 and CWD4 were combined as CWDTot. For mosses and bog liverworts this

simplification resulted in considerably poorer models, so the original data were maintained.
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the coefficients of bog liverworts (Table 6, Fig. 6),

severity, and the interactions between severity and peat,

CWD3 and CWD4 were greater than j0.1j. The

coefficient for severity alone does not exclude 0; however

the interactions between severity and CWD3 and CWD4

do exclude 0. As a result, as seen in Fig. 6, there is a

substantial difference in slope between high- and low-

severity fires resulting in differences in bog liverwort

species richness after high and low-severity fires for a

given amount of habitat. Interestingly after high-severity

fire, bog liverwort richness increases with CWD3

abundance while it decreases with CWD3 abundance

after low-severity fire. The inverse is true for CWD4,

and to a lesser degree peat.

TABLE 3. Species composition of the groups determined by multivariate regression tree (MRT).

Group 1 2 3 4 5 6

Pleurozium schreberi 45.5 31.7 45.6 14.1 27.9 18.5
Hylocomium splendens 0.7 2.8 0.7 0.1 0.1 4.8
Ptilium crista-castrensis 1.0 2.1 2.2 0.05 0.02 1.7
Ptillidium ciliare 12.0 7.1 5.3 5.1 6.4 4.2
Polytrichum commune 0.1 0.7 0.2 3.3 0.2 0.4
Sphagnum girgensohnii 0.1 1.0 3.4 0.1 0.1 1.5
Sphagnum capillifolium 12.3 7.6 17.6 0.1 9.8 7.1
Sphagnum russowii 0.8 29.3 2.0 0.1 2.6 11.5
Sphagnum rubellum 9.5 8.2 1.2 0.9 0.7 7.1
Sphagnum magellanicum 0.1 1.2 0.5 3.7 0.8 17.9
Sphagnum fallax (sensu lato) 0.8 5.4 2.9 58.6 16.2 13.8
Sphagnum warnstorfii 0.1 0.1 0.1 0.1 0.1 0.3
Sphagnum wulfianum 0.5 0.1 0.1 0.1 0.1 5.3
Sphagnum fuscum 0.1 0.1 6.9 3.3 20.0 2.0
Cladina rangiferina 10.4 0.8 3.4 6.9 9.3 1.2
Cladina mitis 0.25 0.1 0.1 0.1 0.02 0.1
Cladina stellaris 0.1 0.1 0.8 0.05 0.4 0.1

Note: The mean percent cover of each species for each group is listed.

FIG. 2. Multivariate regression tree (MRT) of forest-floor species. The five-split, six-group model was the best model as selected
by parsimony and cross-validated error (CVRE). Factors generating the split with their mean amounts are listed at each split. The
amount of variation explained by the entire tree is the inverse of the error, in this case 27.31%. This total is decomposed into the
percentage explained by each split. The CV error indicates the potential for the unsuccessful classification of additional samples
(i.e., 21% chance of successful classification). Each leaf is assigned a group number (indicated beneath the leaf on the graph) and the
number of plots within each group or ‘‘leaf’’ is indicated.
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DISCUSSION

In this study sites with nearly identical forest

structures, generated via convergent succession after

high- and low-severity fire, were compared to see

whether these sites supported similar bryophyte com-

munities. While similar to some degree, both the large

forest-floor species and the pocket species differed after

high- compared to low-severity fire. This result suggests

that the ‘‘how,’’ or process of habitat generation,

influences community composition in this system and

that a static portrait of habitat conditions taken at one

time is not sufficient to explain species distribution. As

in other systems where deterministic effects are not

sufficient to predict species composition (e.g., Frego

1996, Pharo and Vitt 2000), biological legacies left by the

preceding disturbance event and subsequent founder or

establishment history result in founder effects (Herben

1995) and may be the explanation for this pattern.

Biological legacies

The different biological legacies (Foster et al. 1998,

Turner et al. 2003, Pharo and Lindenmayer 2009) left by

the two types of fires resulted in different colonization

patterns. After low-severity fire, the remaining layer of

organic material (Lecomte et al. 2006) may have been

primarily composed of partially consumed hummocks,

as both observational studies (Benscoter and Wieder

2003, Shetler et al. 2008) and in situ macrofossil analysis

(Benscoter et al. 2005, Benscoter and Vitt 2008) have

demonstrated that there is greater combustion of

hollows and lawns than hummocks. Furthermore the

results of Simard et al. (2007) and Greene et al. (2007)

indicate that this thick remnant organic layer suppresses

tree regeneration resulting in an open stand with fewer

and smaller trees than after high-severity fire.

This biological legacy (remnant organic layer) and its

effect on tree regeneration profoundly influenced bryo-

phyte community composition. After low-severity fire

the initial environment consisting of a relatively thick

layer of organic material primarily composed of

hummock peat mosses provided a good environment

for rapid sphagnum recruitment via dispersal from

unburned zones (or true moss facilitators followed by

peat mosses; see Robert et al. 1999 and Benscoter 2006).

Alternatively, the prefire species could have resprouted

postfire from surviving meristems within the hummock

(Clymo and Duckett 1986, Benscoter et al. 2005), or

from within unburned patches (Hylander and Johnson

2010). This would explain the higher cover of Pleuro-

zium schreberi and hummock peat mosses (particularly

Sphagnum capillifolium and S. fuscum; Table 3), species

that typically grow in drier, thicker areas within peat-

lands (Heinselman 1963, Gignac 1992). In contrast after

high-severity fire, the dry burned humus layer or

exposed mineral soil provided no ‘‘fast track’’ for peat

moss establishment, and after canopy closure feather

mosses were able to establish and dominate the forest

floor (Foster 1985, Taylor et al. 1987, Fenton and

Bergeron 2006).

Similarly, the conditions created by the biological

legacies and the resultant forest stand affected the

suitability of the available substrates for pocket species.

Low-severity sites do not go through the dense

developmental stage that high-severity fire sites do

(mature forest stage 50–200 years postfire; Simard et

al. 2007). Consequently CWD generated in low-severity

sites are exposed to a less humid environment for part of

their development than CWD generated in high-severity

sites. As a result CWD in low-severity sites may have

been a less suitable substrate for forest liverworts than

CWD in high-severity sites, or in the case of bog

liverworts, CWD of a higher decomposition class (and

therefore more humid) was needed to satisfy habitat

requirements. Similarly, the loss of epixylic liverworts in

TABLE 4. Environmental variables of the groups determined by multivariate regression tree
(MRT).

Group 1 2 3 4 5 6

Mean TSF (yr) 182 700 200 2000 1000 1500
Severity� 1 1 0 1 0.3 1
Exposed peat (%) 1.9 2.1 0.5 2.9 1.1 5.5
CWD2 (%) 7.0 10.8 1.5 0.0 0.7 1.8
CWD3 (%) 15.0 10.2 4.3 10.9 5.0 15.3
CWD4 (%) 9.1 5.6 3.0 4.2 4.6 7.5
Ericaceous shrubs (%) 57.9 67.3 66.8 75.0 78.6 56.3
Organic layer thickness (cm) 31.0 52.3 51.8 51.5 146.0 67.9
Residual organic layer thickness (cm) 2.0 2.7 24.9 3.2 70.0 2.7
Open canopy (%) 57.4 65.6 64.7 72.6 78.1 70.4
Coniferous canopy (%) 42.6 36.4 34.9 27.5 21.9 29.3
Black spruce live crown ratio (%) 37.8 39.5 44.2 17.7 20.7 38.8
Balsam fir live crown ratio (%) 1.5 9.2 0 0 0 5.9
Mean tree diameter at breast height (cm) 14.6 13.3 11.5 8.7 7.8 12.8

Notes: The mean value for each group is given. See Table 1 for explanation of abbreviations.
� A value of 1 indicates that all of the quadrats were high severity while a value of 0 indicates

that all of the quadrats were low severity. Fractions indicate the proportion of quadrats in
high- and low-severity fires.
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managed forests is partially attributed to lower humidity

(Söderström 1988), and a difference in vascular plant

colonization patterns of logs after harvest and wildfire

may have been driven by differences in the logs

themselves (Lee and Sturgess 2001, Schmalholz et al.

2011).

Legacies after low-severity fire may have influenced

pocket species via a second mechanism. Trees grow to

larger sizes when established in the mineral soil,

compared to the organic layer (Simard et al. 2007).

These larger trees generate larger diameter CWD that

may have offered a larger target for spores and

diaspores, both spatially (larger surface area) and

temporally (slower decomposition and slower over-

growth; Dynesius et al. 2010). This could have resulted

in richer pocket species communities. Similarly Brown-

ing et al. (2010) found that forest structure and

stochastic processes had a greater impact on the

successional pattern of bryophytes in wet eucalypt

forests than substrate availability.

Founder effect

Several studies have shown that the order in which

species arrive in a community influences the community

pattern (e.g., McCune and Allen 1984, Fastie 1995,

Fukami et al. 2005, Trowbridge 2007), in many cases

resulting in a form of preemptive competition (Rydin

1997) where the occupation of the available space by

established species prevents better competitors from

establishing (although within a species see Cronberg

2002 for the opposite pattern). In the low-severity sites

this seems to be occurring as this community seems

remarkably stable for several hundred years, as all the

low-severity sites, except one, grouped together. Fur-

thermore, lower hummock and hollow species (e.g., S.

magellanicum, S. fallax (senso lato)) that are typically

considered to be better competitors are less abundant

after low-severity fire, compared to high-severity fire

sites with similar habitat.

Vascular plants vs. bryophytes

In this study, bryophyte communities after high- and

low-severity fire were not the same. This is in contrast to

the vascular plant communities that experienced con-

vergent succession (Lecomte et al. 2005). In the

coniferous boreal forest, most vascular plants have

typically been found to be generalists, capable of rapidly

regenerating after disturbances via either in situ or ex

situ propagules (Shafi and Yarranton 1973, Schimmel

and Granström 1996, Jonsson and Esseen 1998,

Rydgren et al. 1998). The boreal bryophyte community

is in contrast to this, and studies that have attempted to

explain bryophyte community composition have typi-

cally been only partially successful, as the weak

relationships between composition and habitat variables

in most studies attest (e.g., Pharo and Vitt 2000, Økland

et al. 2003, Fenton and Bergeron 2006, Evans et al.

2012). Perhaps the smaller size of sexual and asexual

FIG. 3. Observed vs. predicted values for the global model
of (A) mosses, (B) forest liverworts, and (C) bog liverworts.
Note that the x- and y-axes are not identical in the three graphs
and that species richness is square-root-transformed.
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propagules in bryophytes compared to vascular plants,

with fewer resources attributed to propagules to ensure

their success (During 1992), results in an inherently

more stochastic establishment process. However, the

better dispersal capacity of small spores compared to

larger seeds may overcome this limitation.

Conclusion

The results of this study suggest that, in boreal

bryophyte communities, assembly is driven more by

processes rather than deterministic habitat characteris-

tics. This conclusion supports the growing body of

evidence that indicates that stochastic processes play a

fundamental role in dictating community assembly.

Consequently models of species distribution based solely

on habitat may in many cases be in fact poor facsimiles

of reality (Huntley et al. 2010). Similarly the implica-

tions for restoration ecology and conservation biology

in general, of this and other studies highlighting the

important role of biological legacies, establishment

history, and other stochastic elements in community

assembly, are significant. These results indicate that both

the coarse filter approach to conservation and the ‘‘build

it and they will come’’ approach to restoration is not

guaranteed to succeed as subtle processes dictate

substrate suitability and the order of species establish-

ment may ultimately determine species composition. As

such, attention needs to be paid to conserve or create not

TABLE 5. Model selection results for the species richness of mosses, forest liverworts, and bog liverworts.

Data set Model Log-likelihood K AICc DAICc wi

Mosses Sev þ Peat þ Sev : Peat �16.04 6 45.66 0.00 0.31
Null �19.66 3 45.75 0.09 0.30
Sev �18.29 4 46.57 0.91 0.20
Peat �19.40 4 47.52 1.86 0.12

Forest liverworts Sev �46.04 4 100.80 0 0.33
Null �47.68 3 101.79 0.99 0.20
Sev þ CWDTot þ Sev : CWDTot �45.54 5 102.20 1.40 0.16
Sev þ Peat þ Sev : Peat �46.03 5 103.18 2.38 0.10
Peat �47.31 4 103.35 2.55 0.09
CWDTot �47.60 4 103.94 3.14 0.07

Bog liverworts Sev þ CWD þ Sev : CWD� �68.39 8 155.59 0.00 0.44
Global �66.60 10 157.70 2.10 0.15
Null �75.69 3 157.81 2.22 0.14
Peat �74.80 4 158.32 2.73 0.11
Sev �75.19 4 159.11 3.52 0.08

Notes: Species richness was modeled as a function of fire severity (process) and habitat availability (exposed peat and well
decomposed CWD; i.e., structure). Only models with DAICc ,4 are presented, with the number of parameters included (K ), the
second-order Akaike information criterion (AICc), the distance from the best model (DAICc), and Akaike weight (wi ).

� The full model description was: CWD3þ CWD4þ Sev : CWD3þ Sev : CWD4.

TABLE 6. Model-averaged estimate for the coefficients of the parameters in the models, including
the unconditional standard error and the lower and upper 95% confidence interval obtained
from multimodel inference explaining species richness in mosses, forest liverworts, and bog
liverworts.

Data set Parameter Estimate SE Lower CI Upper CI

Mosses Sev 0.17 0.13 �0.09 0.43
Peat 0.01 0.02 �0.02 0.04
Sev : Peat �0.2 0.08 �0.37 �0.04

Forest liverworts Sev 0.4 0.21 �0.01 0.81
Peat 0.02 0.03 �0.03 0.07
CWDTot 0 0.01 �0.01 0.02
Sev : Peat �0.05 0.12 �0.28 0.18
Sev : CWDTot �0.01 0.01 �0.01 0.03

Bog liverworts Sev 0.4 0.39 �0.37 1.17
Peat 0.06 0.04 �0.03 0.14
CWD3 �0.02 0.02 �0.06 0.01
CWD4 0.04 0.04 �0.03 0.11
Sev :CWD3 0.12 0.03 0.05 0.19
Sev :CWD4 �0.2 0.08 �0.35 �0.05
Sev : Peat �0.23 0.21 �0.63 0.18

Notes: Parameters in italics do not include zero in the 95% confidence interval. See Tables 1 and
2 for explanations of abbreviations.
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only the structures but also the processes. Results from

some large scale experiments in Fennoscandia have been

only partially successful (e.g., de Chantal et al. 2009,

Kouki et al. 2012), particularly in the treatments that did

not mimic processes as closely (e.g., partial cut vs.

prescribed fire for deadwood generation; Toivanen and

Kotiaho 2010). Similarly, studies that have shown

similar bryophyte communities in regenerating stands

after forest management and old growth stands have all

stressed the importance of biological legacies left by the

forest management treatments (Lõhmus and Lõhmus

2008, Pharo and Lindenmayer 2009, Madžule et al.

2012). Therefore when considering the use of silviculture

to create old growth attributes (Bauhus et al. 2009),

special attention should be paid to not only the presence

of a structure, but of its generation.
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Lepš, J., and M. Rejmanek. 1991. Convergence or divergence:
What should we expect from vegetation succession? Oikos 62:
261–264.

Ley, L. M., and J. M. Crowe. 1999. An enthusiast’s guide to the
liverworts and hornworts of Ontario. Lakehead University,
Thunder Bay, Ontario, Canada.
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SUPPLEMENTAL MATERIAL

Appendix A

Convergent succession in habitat variables (Ecological Archives E094-182-A1).

Appendix B

Species classifications by guild (Ecological Archives E094-182-A2).
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