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Abstract
Plant communities are sensitive to external perturbations and may display
alternative recovery pathways depending on disturbance history. In central interior
British Columbia, fire and logging are two widespread landscape disturbances that
overlap in many regions and little is known about how these cumulative, short-interval
disturbances affect ecological communities. Using field-collected data, I compared the
taxonomic and functional trait composition of communities that were either logged or
unlogged prior to being burned in a large stand-replacing fire. The taxonomic
composition diverged between the two treatments, driven primarily by differences in a
few key indicator species. The functional diversity of these plant communities did not
differ overall between the two treatments. Most species in these communities shared
many of the same life-history traits though some species exhibited differences in
competition-related morphological traits. My data suggest that pre-fire logging leaves a
subtle footprint on post-fire ground-layer plant communities at early stages of
succession.
Keywords:

disturbance history; multiple disturbance effects; wildfire; clearcut logging;
understory species composition; plant functional traits
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Chapter 1.
Introduction
Ecological disturbances are natural processes of many ecosystems and
vegetation communities are generally well adapted to the prevailing disturbance regimes
on their systems. However, in the central interior of British Columbia, changing climate
and land use are creating novel ecological disturbance patterns that may affect plant
community structure and dynamics. Two major disturbances that the forest communities
of central British Columbia experience are fire and logging. Fire is a natural part of the
disturbance regime in central interior BC with return intervals that can be as short as 50200 years in the drier regions of the sub-boreal spruce zone, depending on climate and
environmental conditions (Wong, Sandmann & Dorner 2004). Logging has become
increasingly widespread in BC over the past century. Today, logging is a major industry
in British Columbia with an extensive footprint contributing to the disturbance mosaic of
the province (Ministry of Forests, Lands and, Natural Resource Operations 2013). The
aggregate area covered by these disturbance types is sufficiently vast that many
landscapes are experiencing multiple short-interval disturbances. These complex
disturbance histories may act cumulatively and result in compounding ecological effects
on ground-layer plant communities. Community assembly may be influenced by different
disturbance histories resulting in differences in community composition. While the effects
of individual disturbances have been extensively studied, comparatively little research
has been done on the effects of multiple disturbances in this region.
Severe fire events can indirectly affect ground-layer plant communities by
altering environmental conditions such as soil hydrology and nutrient availability as well
as directly by combusting plants and removing seed sources or below ground
regenerative structures. Wildfires can alter the local hydrological properties of soils
though the specific changes can vary with fire severity and soil characteristics. Soils in
severely burned areas may become hydrophobic (Huffman, MacDonald & Stednick
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2001) due in part to the accumulation of hydrophobic organic compounds in the upper
parts of the soil (Knicker 2007). The effects of fire on nutrient availability in the soil may
vary for different types of nutrients. Some studies have reported increases in soil pH and
cation (such as Ca, Mg, Mn, K, Na) availability following fire (Arocena & Opio 2003;
DiTomaso et al. 2006) whereas others have reported decreased availability of more
volatile nutrients such as nitrate and ammonia (Driscoll, Arocena & Massicotte 1999;
Turner et al. 2007). The effects of fire on soil organic matter and the subsequent
changes to nutrient availability may, however, differ according to fire severity (Knicker,
2007). Fire can also directly affect the composition of ground-layer plant communities.
The severity of the fire will determine the depth of soil combustion, which has a direct
effect on the reproductive dynamics of the plant community (Rowe 1983). The greater
the depth of burn, the more likely it is that the fire will kill seeds, roots, rhizomes or other
regenerative or reproductive structures. The composition of post-fire vegetation
communities is thought to be heavily influenced by surviving underground plant
structures or seed banks and the site characteristics of the pre-fire community
(McKenzie & Tinker 2012). A sufficiently severe burn may damage these propagule
sources resulting in a greater emphasis on colonization from outside sources.
In contrast to fire, logging typically results in mechanical disturbances to the local
environment and plant communities rather than combustion and chemical changes.
Logging is a major part of the economy of British Columbia and, at an allowable cut of
approximately 65,000,000 m3 per year (Ministry of Forests, Lands and, Natural Resource
Operations, 2013) for the province it is a major recurrent disturbance to many of the
forested regions of the province. The effects of logging that are of primary interest in my
study system are the removal of standing forest structure, the increased light availability
due to the removal of the forest overstory (Lewis-Murphy, Adams & Ferguson 1999), and
the potential for localized drying and other local scale climatic changes (Brooker et al.
2008) relative to unlogged areas. The accumulation of slash during the logging process
may also influence the severity of future fire events by increasing fuel loads on the
ground.
Individually, fire and logging can result in characteristic changes to the
composition of plant communities. Fire alters community composition by removing or
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filtering out species that are sensitive to fire and logging will similarly remove species
that are sensitive to the logging disturbance (Johnson, Strengbom & Kouki 2014).
Communities that assemble after a fire tend to be dominated by early successional fireassociated species. In contrast, communities that experienced logging generally appear
to begin succession with a greater proportion of species associated with mature forests
than burned areas (Rees & Juday 2002; Kurulok & Macdonald 2007). In regions where
the fire and logging overlap, compound disturbance effects can manifest. Previous work
on the combined effects of these two disturbances indicates that communities that were
burned after being logged are very different from communities that experienced only fire
or only logging (Pidgen & Mallik 2013). These differences were found to be persistent 15
years after disturbance, even after the communities that experienced single disturbances
converged. Work in plant communities that were salvage logged after being burned
showed broadly similar patterns to communities that were logged before being burned in
terms of relatively reduced understory abundance, richness, and diversity (Purdon, Biais
& Bergeron 2004; Johnson et al. 2014). These patterns suggest that the removal of trees
plays a role in structuring ground-layer plant communities in addition to the effects of fire.
Environmental filters, including fire and logging, embody the selective forces that
act to constrain the membership of any given ecological community (Diaz, Cabido, &
Casanoves, 1998). Given some potential species pool, different aspects of the
environment act to remove species that lack traits required for persistence under the
given set of conditions (Keddy, 1992). Different aspects of the environment can act as
filters, including disturbance, climate and weather, site productivity, biotic interactions,
and soil properties (Diaz et al., 1998; Keddy, 1992). Though filtering effects are often
discussed in terms of taxonomic changes to the community, these filters act on the
functional traits of the different individuals rather than on the species per se (Collier &
Mallik, 2010). Disturbances are discrete events in time that disrupt community structure
and change resources, substrate availability, or the physical environment (White &
Pickett 1985). Filtering effects imposed by disturbances can act immediately, for
example through direct combustion of plant biomass by fire, and over time through
changes to environmental conditions and community structure (Diaz et al., 1998).
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Functional traits are traits of an organism that are considered relevant to its
response to its environment (Diaz and Cabido 2001). These often include quantifiable
traits such as leaf area or maximal adult height (Diaz et al. 1998, Violle et al. 2007) or
can be a function, such as an ability to vegetatively resprout. Trait differences among
species can result in interspecific differences in response to disturbances (Mouillot et al.
2012). Species that are suited for certain conditions will often have similar traits if those
traits confer an advantage in their local environment. As a result, communities may end
up being quite functionally similar despite being taxonomically different. The persistence
of a species in a community requires both that the individuals of the species are able to
survive (physiology and competition related traits) and that the individuals are then able
to reproduce (reproductive traits). These two functions, and the traits associated with
them, are at least partially decoupled (Leishman & Westoby 1992; McIntyre, Lavorel &
Tremont 1995)
In this thesis we characterized the taxonomic and functional trait composition of
ground-layer plant communities three years after fire in treatments with different
disturbance histories. The communities that we sampled were either logged or unlogged
prior to being burned at high severity. Our research explores the effects of disturbance
history on early seral plant communities by addressing two questions: 1) do differences
in disturbance history affect the taxonomic composition of ground-layer plant
communities? And 2) do differences in disturbance history result in differences in the
functional trait composition of ground-layer plant communities? We investigated these
questions by collecting field data from recently disturbed plant communities in the subboreal spruce zone of central interior British Columbia.
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Chapter 2.
The effects of disturbance history on ground-layer
plant community composition in British Columbia
2.1. Introduction
Plant communities are complex aggregations of many species and are structured
in part by the disturbances that they experience. Ground-layer plant communities in
British Columbia’s (BC) central interior sub-boreal spruce forests experience a complex
suite of disturbance regimes, primarily in the form of wildfire, logging, and insect
outbreak. Wildfire is the most prominent abiotic disturbance type in central interior BC
(Clark et al. 2003) and plays an essential role in the ecology of forest communities. It is
particularly important for recruitment of fire-adapted trees such as lodgepole pine (Pinus
contorta var. latifolia) (Clark, Antos & Bradfield 2003) and contributes to the maintenance
of heterogeneity in ground-layer communities (De Grandpre, Gagnon & Bergeron 1993;
Hart & Chen 2008). Logging is a relatively new disturbance to the region but has
become increasingly prominent since industrial logging began rapidly intensifying in the
late 1970’s. Mechanical disturbance and changes in light availability resulting from
logging can influence community composition by promoting species that benefit from
disturbance (Selmants & Knight 2003; Kurulok & Macdonald 2007). The frequency and
spatial extent of fire and logging in BC result in a high likelihood that many areas will be
affected by multiple disturbances close in time.
Landscape disturbance from fire and logging have distinct effects on the
biophysical characteristics of the forested landscape and will differentially affect the
species composition of early seral communities. The effects of fire on vegetation vary
with fire intensity, and depth of burn into the soil. Burn severity can be described by the
degree to which the biotic landscape has been affected by fire (Key & Benson 2006) and
5

high severity burns can result in the consumption of seeds, roots, rhizomes or other
regenerative and reproductive plant structures. This removal of residual community
components may result in greater emphasis on outside colonization during community
recovery (Cuddington 2012). Severe fire can also alter the physical and chemical
properties of soils such as pH (Macadam 1987; Arocena & Opio 2003), nutrient
availability (Knicker 2007) and hydrophobicity (Huffman, MacDonald & Stednick 2001)
thereby altering the ecological theatre in which communities reassemble. In contrast,
logging can mechanically damage or cover, e.g. cover with logging slash, ground-layer
plant communities but generally doesn’t result in direct chemical changes to the
environment such as combustion of organic matter, though site preparation or
management may facilitate processes such as soil leaching (Mannerkoski et al. 2005;
Piirainen et al. 2007). Logging in central interior BC is generally accomplished by
clearcutting with post-harvest treatments of either restocking from nursery trees or
allowing for natural regeneration (DeLong, Tanner & Jull 1993). The harvest of timber
involves the use of heavy machinery and may result in soil compaction and damage of
above-ground vegetative structures but should otherwise leave most non-merchantable
species, below-ground vegetative structures, and soil seed banks relatively intact,
resulting in higher initial post-disturbance ground-layer richness and cover relative to fire
(Reich et al. 2001; Hart & Chen 2008). Broadcast burning has been used in the past for
site preparation following forest harvest, with the assumption that it mimics the natural
disturbance regime of the system (Parminter 1991; Kranabetter & Macadam 1998). The
main focus of broadcast burning was often on maximizing the recruitment of
merchantable timber species, however, and little is known about whether or not fire
burning through recently logged areas will result in ground-layer communities different
from those that were not logged prior to being burned.
Early seral communities exhibit distinct responses to different disturbance types.
For example, ground-layer plant communities in post-logged areas are compositionally
distinct from understory plant communities in post-fire areas (Hart and Chen 2008).
Communities that have experienced logging begin succession with a greater proportion
of species associated with mature understory communities while burned sites begin
succession with more specialized fire-associated plants (Rees & Juday 2002).
Communities that experience multiple successive disturbances before being able to fully
6

recover may experience compound disturbance interactions (sensu Paine et al. 1998)
where the outcome of a prior disturbance affects the ecological outcome of a
subsequent disturbance. Buma & Wessman (2011) found that, in subalpine forests,
blowdown can interact with fire to increase fire severity (linked disturbances) and can
negatively impact conifer seedling regeneration (a compound disturbance effect).
Similarly, Harvey et al. (2013) found that in coniferous montane forests, although beetle
outbreak severity was not directly linked to fire severity in their study, the two
disturbances had compounding effects that could result in either increased or decreased
tree regeneration depending on the severity and interactions of the two treatments.
Pidgen & Mallik (2013) studied the effects of fire and logging on ground-layer
communities in boreal forests and found that communities that were burned and
communities that were logged were more similar to each other than to communities that
experienced both burning and logging. Kurulok & Macdonald (2007) found that boreal
forest communities that had been salvage logged after fire contained more weedy,
shade intolerant species compared to communities that were not salvage logged after
fire.
Plant community reassembly following major disturbance events involves pioneer
species establishing in the community through three main colonization mechanisms:
vegetative resprouting from surviving structures such as rhizomes, germination of seeds
from an existing seed bank, and germination of seed input from outside propagule
sources (Weiher et al. 1999; Leibold et al. 2004). Species that attempt to colonize a
community are subject to environmental filters; selective forces that constrain the
membership of any given ecological community (Diaz, Cabido & Casanoves 1998).
Different aspects of the environment such as microclimate and soil properties can act as
filters (Keddy 1992; Diaz et al. 1998) and can potentially be modified by ecological
disturbances, leading to differing community compositions. Filtering effects imposed by
disturbances can act both immediately, through direct combustion by fire for example,
and over time through their impact on environmental conditions and community
structure. For instance changes in light availability to the forest floor following overstory
removal may release understory vegetation and enable more robust ground-layer
communities. The nature of the disturbance event can determine the relative importance
of the different colonization mechanisms for community reassembly. For example,
7

severe fire can damage and reduce the contribution from in situ colonization sources
and thereby increase the importance of outside propagule sources to early successional
communities. Similarly, in the case of multiple disturbances, the antecedent disturbance
may affect the response of the community to future disturbances. For example Pidgeon
and Mallik (2013) found that, in the case of logging followed by fire, communities that
experienced multiple disturbance strongly favoured species with disturbance-adapted
strategies such as wind-dispersed seeds or rosette growth forms.
Here, we explore the effects of disturbance history on the composition of early
seral plant communities after a severe wildfire event. We compare communities that had
been logged (LOGGED) prior to being burned to communities that were unlogged
(UNLOGGED) prior to being burned. The forests of central interior British Columbia have
an extensive history of wildfire and logging and communities with complex disturbance
histories are not uncommon. We examine the effects of disturbance history on early
seral communities by exploring two alternative hypotheses: 1) Disturbance history has
an effect on the composition of early seral plant communities following high severity fire
because of differences in environmental conditions that these disturbance histories
impose. We predict communities that establish in sites that were UNLOGGED prior to
being burned will have a greater abundance of species that are considered shadetolerant or are more closely associated with forest interiors three years post-fire. In
comparison, communities that develop in sites that were LOGGED prior to burning will
have a greater abundance of ruderal and shade-intolerant species. 2) The disturbance
history of the region does not have a strong effect on the composition of early seral plant
communities after fire. In this scenario, the fire acts to “reset” the landscape and plant
communities that develop after the fire do not differ between the LOGGED and the
UNLOGGED sites.
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2.2. Methods
2.2.1.

Study Area
The study was conducted in central interior British Columbia within the sub-

boreal spruce mc3 variant biogeoclimatic zone (Pojar, Klinka & Meidinger 1987) that
generally experiences short, temperate summers with relatively low precipitation
(Picketts, Werner & Murdock 2009) . The study area is situated in the active Prince
George Timber Supply Area, and in a region dominated by lodgepole pine forests that
had been severely affected by the mountain pine beetle (Dendroctonus ponderosae)
outbreak that peaked in 2004/2005. This region was burned in a 39 000 ha lightningcaused, stand-replacing fire, called the Binta fire, in the summer of 2010 (Figure 2.1).
The fire burned from late July to late August and was allowed to burn out naturally
following initial suppression (MFLNRO 2010). Prior to the fire, forest stands in the study
region were dominated by dead, grey-phase mountain pine beetle -killed lodgepole pine
interspersed with interior white spruce (Picea glauca) and sub-alpine fir (Abies
lasiocarpa). Hardwood species, such as trembling aspen (Populus tremuloides), are also
present in the region though are generally uncommon and sparse. The forests in our
study region have an extensive history of logging and human management; primarily
done through clear-cutting followed by allowing for natural regeneration when possible or
otherwise through restocking of lodgepole pine and interior white spruce from nursery
trees in subsequent years following harvest (Delong 1993). Some of our sample points
may have been replanted following the Binta fire. Forests that were replanted following
the Binta fire did not receive chemical or mechanical treatment before or after planting
(C. Harris, personal communication). We collected our sample data three years after fire,
between June 17 and August 5 of 2013.
The complex mosaic of disturbances in this region provides us with a natural
experiment that has two “treatments” with which we can test our hypotheses. Our
LOGGED treatment comprises sites that had been logged prior to being burned in the
Binta fire and our UNLOGGED treatment comprises sites that had not been logged prior
to being burned in the Binta fire. Although our study focuses on the effects of
9

disturbance history in the context of fire and logging, it is important to note that the
disturbance history in our study area is more complex than that. The sample sites in our
UNLOGGED treatment were not ‘undisturbed’ prior to the fire; they were affected by the
recent mountain pine beetle outbreak and experienced extensive lodepole pine mortality
before being burned. The mountain pine beetle is native to western North America
(Taylor & Carroll 2004) and, at endemic levels, mountain pine beetle attack usually
results in low levels of lodgepole pine mortality across the landscape. The recent
outbreak, however, is unprecedented in its extent and severity and has resulted in >90%
adult lodgepole pine mortality in our study region, based on aerial observation data
(MFLNRO 2012). The mountain pine beetle primarily kills lodgepole pine trees and the
main impacts of infestation on the surrounding plant communities include local changes
such as increased light to the forest floor when the dead pine drop their needles in the
red-to-grey phase of kill and open up the canopy (Jenkins et al. 2008), as well as
broader regional changes such as warmer seasonal temperatures and drier climates
associated with reduced evapotranspiration in heavily affected stands (Vanderhoof &
Williams 2015). There are few direct impacts of mountain pine beetle on non-target
organisms and as such, the effects of mountain pine beetle infestation on forest floor
community composition are expected to act indirectly. Ground-layer vegetation remains
intact and in some cases certain species may do better, in terms of increased size or
abundance, in light of the increase in available resources (Kovacic, Dyer & Cringan
1985; Stone & Wolfe 1996). Previous research in mountain pine beetle affected forests
suggests that increased light availability can increase the abundance of some well
adapted ground layer plant species, but otherwise there are few changes in community
composition in terms of species presence or absence (Edwards, Krawchuk & Burton
2015). This means that the MPB outbreak could have appreciably influenced the groundlayer communities in our study prior to the Binta fire. The spatial extent of the recent
outbreak, however, means that non- mountain pine beetle affected areas are much less
common than affected ones; mountain pine beetle-affected forests are the new norm.
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Figure 2.1

The Binta fire study area located in central interior British Columbia (A). The red box in the BC map (B) indicates
where the study area was in the province. There are 32 sample points in the WEST (C) sample site (16 LOGGED
paired with 16 UNLOGGED) and 30 sample points in the EAST (D) sample site (15 LOGGED paired with 15
UNLOGGED).
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2.2.2.

Data Collection

Site and Sample Point Selection
The study design consisted of 31 pairs of sample points; 31 LOGGED sample
points paired with 31 UNLOGGED points. The paired points were distributed across two
sample sites, hereafter referred to as the EAST and the WEST sample sites
respectively, that were approximately 15 km apart (Figure 2.1). Location data were
collected using a Garmin GPSMAP 78s handheld GPS unit.
Suitable potential sample sites in the LOGGED and UNLOGGED treatments
were selected a priori using a Geographic Information System (GIS) (ArcGIS 10.2.1;
Environmental Systems Research Inst., Redlands, Ca, USA) with supporting data layers
including burn severity, logging history, and mountain pine beetle kill. Burn severity was
estimated using the difference in normalized burn ratio (dNBR; Key & Benson 2006) and
sampling was restricted to areas classified as having experienced “high” burn severity.
The dNBR calculates burn severity using remotely sensed data from before and after the
fire. The difference in reflectance values pre- and post-fire is used to estimate the
amount of biomass consumed and classify pixels based on these estimates. The dNBR
calculations for the Binta fire were done using images from Landsat Thematic Mapper 5
and 7 (WRS2 Path 50 Row 22) taken on July 23, 2010 and August 3, 2011. Logging
history for the region was extracted from the Ministry of Forest, Lands and Natural
Resource Operations (MFLNRO) Vegetation Resources Inventory (MFLNRO, 2013) and
used in conjunction with a 1-km harvest history raster layer (provided by Marvin Eng, BC
Forest Practices Board, 2013). Estimates of mountain pine beetle kill were obtained from
the Ministry of Forest, Lands and Natural Resource Operations (MFLNRO) infestation
project (Walton 2013). Sampling sites were restricted to areas that experienced >75%
cumulative mountain pine beetle kill.
Sample points were selected in the field within the pre-selected sample sites. We
sampled 15 paired points in the EAST site and 16 paired points in the WEST site. To
maintain broadly comparable data points in this “natural experiment”, sample points
were restricted to areas with a slope of <5 degrees, that were generally south-facing. We
confirmed that all sample points had been burned under high severity conditions and
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had 100% adult tree mortality at the time of sampling. We used a systematic sampling
design where the location of an initial pair of LOGGED and UNLOGGED points was
arbitrarily selected at each sample area and the placement of all subsequent sample
points were constrained by the location of the previous sample points. All subsequent
sample points were selected as the next suitable location from the previous point that
met all environmental criteria, was at least 50m from all other points, and at least 100m
from the boundary between the LOGGED and UNLOGGED treatments. Point centers
were selected by throwing a flag in an arbitrary direction once standing at least 50m
away from the previous sample point. By necessity sampling was done in areas with
relatively well maintained logging roads.

Plant Community Data
The community composition at each sample point was measured using 3m
radius circular plots. Paired points were sampled on the same day to minimize
differences due to seasonal growth. Vegetation data were collected from June 16 – July
25, 2013. All vascular plants and bryophytes within each plot were identified to the
species level and recorded, with the exception of Salix spp. and graminoids. Salix was
identified to the genus level and grasses and sedges (there were no rushes) were
combined into one group because we were not able to reliably identify these organisms
to the species level. Lichens were generally absent from our study areas. Species
abundance was estimated using a line intercept method with three, 3m transects each
running North, South-East and South-West from the center of each sampling point.
Species abundance was recorded as the length along the measure line that each
species crossed the transects.

Lodgepole pine regeneration
We tracked lodgepole pine regeneration by counting the number of seedlings
that were present in each 3m radius sample point. We distinguished between natural
regeneration and seedlings that were likely planted based on seedling age and whether
or not the seedling appeared to be regularly spaced relative to other lodgepole pine
seedlings in the sample point and the surrounding area.
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Environmental Variables
We characterized the environment at each sample point based on six biophysical
attributes in addition to our treatment-level characterization of LOGGED versus
UNLOGGED. Canopy cover, slope, and aspect measurements were taken at the time of
vegetation sampling. Wind speed, soil moisture, and soil temperature for all sample
points were measured within a span of 10 days from July 27 – August 5, with a goal to
collect a snapshot of pair-wise comparable characteristics with minimal seasonal
variation. Points that were paired together were sampled on the same day.
We used canopy cover as a proxy to describe the amount of exposure to winds,
rain, and sun and other climate effects that each plot was subject to. We measured
canopy cover by taking a photograph at the center of each sample point with a camera
held 1m off the ground and pointed straight up. Canopy photos were analysed using
imageJ (Schneider, Rasband & Eliceiri 2012) to determine the percentage of the sky that
was obstructed by the canopy. Slope and aspect at each point was estimated using a
compass with built-in clinometer and were primarily used to ensure that the difference in
slope and aspect between sample points was minimized. Elevation was extracted from
waypoint data taken using a handheld GPS unit.
We collected wind and soil data to explore potential environmental differences
between the two treatments. We measured the wind speed at each sample point using a
Kestral 3500 Weather Meter at ground level, oriented east-west. We recorded the
maximum wind speed and the average wind speed over a 30-minute interval. We
collected wind speed data on the same day from paired sites to test for differences
between paired LOGGED and UNLOGGED points however the wind data overall was
sampled at different times of day on different days, limiting their utility for broader
comparisons across the study region. Soil samples were taken by creating boreholes
1.5m away from the centre of each sample point in the south, north-east, and north-west
directions, for a total of three boreholes, using a soil auger and collecting the soil from
approximately 5cm – 20cm depth. For each sample point, we took 30g of soil from each
of the three boreholes and combined them to create an aggregate point-level sample for
analysis. Soils were air-dried and stored for Nitrogen and pH analysis in the lab. Soil
Nitrogen was reported in terms of both ammonium (NH4N) and nitrate (NO3N) levels.
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Soil pH was measured using 0.01M CaCl2 solution (Murray 2011). Soils were processed
in February 2014 and analyzed by BC MFLNRO Analytics Lab in Victoria, BC. Soil
Nitrogen levels are generally stable after they have been dried and have insufficient
moisture to facilitate biological activity or chemical transformations (Clive Dawson,
personal communication). Soil moisture and temperature were sampled by inserting a
Hanna 99121 pH/Temperature probe parallel to the surface into each borehole 5-10cm
down for a total of three estimates at each sample point.
Some environmental attributes are dynamic and can fluctuate throughout the
day. In order to correct for this effect in some of our soil attributes we collected data on
how soil temperature and moisture varied diurnally in our study area. A Decagon Em50
datalogger was set up to record soil temperature and moisture at 15-minute intervals at
one LOGGED and one UNLOGGED point between July 11 and August 5. This data was
used in an attempt to calibrate the soil data that was collected at our sample points, to
account for differences due sampling at different times of the day. We used this data to
estimate the average diurnal variation in soil temperature and moisture. For soil
temperature, the temperature at each timestamp was expressed as a percentage of the
maximum temperature for that day. The values for each timestamp were then averaged
across all sample days to create a general model for the diurnal fluctuations in soil
temperature in the LOGGED and UNLOGGED sites. Using these models, we calibrated
our soil temperature data by adjusting our measured values at each sample point based
on the time at which the soil temperature was sampled. Our analyses suggested that soil
moisture variability over the season was much larger than diurnal variability. As such we
left the soil moisture data uncalibrated since time-of-day should have negligible effects
on the sample and our paired-design should capture variation at the appropriate
temporal scale. It did not rain during the 10-day period in which we sampled soil
characteristics and so the greatest variability in moisture would be between the first day
of sampling and the last day of sampling.
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2.2.3.

Analysis

Spatial Autocorrelation
We performed a partial Mantel test quantify spatial autocorrelation within our
EAST and WEST study sites. This was done to assess the independence of our data as
well as to glean some insight into any spatial patterns between our sample points. The
partial Mantel test assesses the similarities between two distance matrices and allows us
to test whether or not sample points that are closer together are more compositionally
similar. We tested the relationship between the geographic locations of our data points in
latitude-longitude coordinates against a Bray-Curtis dissimilarity matrix derived from our
species abundance data. We controlled for the effects of our treatments by using the
treatment matrix as the conditioning matrix in our analysis. The partial mantel test was
performed using the ‘Vegan’ package in R (Oksanen et al. 2015). We evaluated the
autocorrelation in both sites using Pearson's product-moment correlation calculated from
9999 permutations. No adjustments were made to account for spatial autocorrelation in
our other test statistics.

Community richness, diversity, and evenness
Species abundance was estimated from the transect data by determining how
much each species crossed each measure line, in centimeters, and dividing that by the
total length of the transect, 300cm. This calculation resulted in three values for each
species, one for each transect, that were averaged to obtain a point-level estimate of
species abundance in that sample point. These values were used to create our speciesabundance-by-sample-point community matrix. We tested for differences in species
richness, diversity, and evenness between the LOGGED and UNLOGGED treatments
as well as between the EAST and WEST sites. Species richness was calculated as the
total number of species, excluding Salix spp., tree seedlings, and graminoids, that were
present at each sample point. We calculated species diversity using the ShannonWiener index and species evenness was measured using Pielou’s evenness index.
Species diversity was calculated using the ‘Vegan’ package in R (Oksanen et al. 2015)
and species evenness was calculated using the formula J = H/ln(S) where J is Pielou’s
evenness, H is Shannon-Weiner diversity, and S is the total number of species. We
tested for differences in these community metrics between the LOGGED and
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UNLOGGED treatments using paired t-tests and for differences between the EAST and
WEST sites using unpaired t-tests. T-tests were performed using the functions in base R
(The R Core Team 2014).

Lodgepole pine regeneration
We tested for a global difference in lodgepole pine regeneration between the
LOGGED and UNLOGGED treatments using paired t-tests (n=62; 31 pairs). We
performed the test with and without seedlings observed after the fire that were likely
planted. The t-tests were performed using the functions in base R (The R Core Team
2014).

Differences in Community Composition
We tested whether the composition of early seral communities differed between
the LOGGED and UNLOGGED treatments using blocked multi-response permutation
procedures (MRBP) and Analysis of similarity (ANOSIM). While the two tests are
conceptually similar, they use different test statistics and there is no method for formally
comparing the results (McCune & Grace 2002); we therefore use them as two
complementary tests. We performed the MRBP and ANOSIM analyses on our EAST
(n=30; 15 pairs) and WEST (n=32; 16 pairs) sample sites individually as well as testing
for differences between treatments globally (EAST and WEST sites combined, n=62; 31
pairs) to capture potential differences associated with spatial location. MRBP is a
variation of the more widely used multi-response permutation procedures (MRPP). The
main benefit of MRBP over MRPP is that it allows us to account for more complex
experimental structure in the data such as paired points (McCune & Grace 2002). The
average levels of dissimilarity between sample points were expressed using a squaredEuclidian dissimilarity matrix that describes the average ecological distance between
sample points based on the presence and abundance of the species within those points,
as suggested by McCune & Mefford (2011). We tested for differences in within- and
between-group heterogeneity (agreement) between the two treatments over 9999
permutations. MRBP tests were performed using PC-ORD 5 (McCune & Mefford 2011).
ANOSIM does not allow for blocking based on sampling structure but does support the
use of more ecologically meaningful distance metrics for the construction of a
dissimilarity matrix. A Jaccard dissimilarity matrix derived from the abundance of
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different species within each sample point was used to rank similarities between our
sample points. We tested these ranks against a null-distribution model derived from
9999 permutations of the Jaccard dissimilarity matrix to assess the statistical
significance of these rankings. Tests were conducted using the Vegan package
(Oksanen et al. 2015) in R statistical software (version 3.1.0, The R Core Team 2014).
The Jaccard index was used because it is a metric index that is rank-order similar
(Oksanen et al. 2015).

Indicator species analysis
We explored differences in community membership between the LOGGED and
UNLOGGED treatments using indicator species analysis (ISA). ISA links species to
specific treatments or environmental conditions based on their abundance in certain
sites. We used ISA to generate two statistics: species indicator value and a coefficient of
association (Pearson’s phi). Indicator value indices are used to assess whether or not
the presence of a species is a good predictor of prevailing site condition. The indices can
be decomposed to get an estimate of the positive predictive value of the species
(component A): the probability that the point belongs to a certain group if the species is
found within the point. The second component (component B) is the fidelity of the
species: the probability that the species will be found within a point belonging to a given
group (Dufrene & Legendre 1997; De Cáceres & Legendre 2009). In contrast, Pearson’s
phi coefficient of association (correlation) is used to assess the preference of species for
particular points among a set of a priori points or treatments (De Cáceres, Font & Oliva
2008; De Cáceres & Legendre 2009). The coefficient of association determines how
strongly a species is correlated with each treatment rather than how well it can predict
which treatment the sampled point belongs to. We performed indicator species analyses
on the species in the LOGGED and UNLOGGED treatments in the EAST and WEST
sample sites as well as globally. The tests were done using the ‘indicspecies’ package in
R (De Cáceres & Legendre 2009). Both the indicator value and Pearson’s phi coefficient
were calculated for all species and were tested with Monte Carlo permutation tests using
9999 randomizations.
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Canonical Correspondence analysis
We used canonical correspondence analysis (CCA) to visualize and test the
differences in community composition among sample points and their relation to the
environmental variables that were measured. The CCA combines the variability based
on the abundance of different species in our communities and visually represents it in
two or more dimensions and can be constrained by the environmental variables. We
used different colours in our ordinations to represent each treatment to allow us to see
how the communities in each treatment clustered and how environmental factors might
be related to our treatments. CCA does not allow for paired sample designs so sample
points were treated as independent for the analysis. We applied a forward selection
method beginning with an intercept-only model to inform our choices for variables that
would be used to constrain the final model. The significance of the final suite of
constraints was determined using an ANOVA-like permutation test (function “anova.cca”
in the ‘Vegan’ package for R) with 9999 permutations. CCA gives relatively high weight
to species with low total abundance and so emphasizes the distinctiveness of samples
that contain several rare species (Faith, Minchin & Belbin 1987; Minchin 1987; McCune
& Grace 2002). The CCA was performed using the ‘Vegan’ package in R (Oksanen et al.
2015) using Bray-Curtis dissimilarity matrices, which are semimetric, as recommended
by Oksanen et al. (2015) with scaling 3 with 9999 permutations.

2.3. Results
Spatial Autocorrelation
The degree of spatial autocorrelation differed between the two study sites. We found that
sample points in the WEST study site were spatially autocorrelated (r = 0.172, p = 0.003)
whereas the sample points in the EAST study site were not (r = -0.118, p = 0.850).
Therefore in our WEST sample site, sample points that are closer together are more
similar to each other in terms of species composition than expected by chance. This
pattern may cause the communities to appear more distinct between treatments since
the LOGGED sample points are generally closer together than our UNLOGGED sample
points.
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Community richness, diversity, and evenness
We observed 42 plant species or species groups in our 62 sample points and
eight of these species were found in >50% of all sample points. Two species, Epilobium
Angustifolium (fireweed) and Ceratodon Purpureus (fire moss), were found in >75% of
the sample points when the points were pooled into a global analysis. These values are
similar when the points were divided into EAST and WEST sites: eight species were
found in >50% of the sample points in the EAST site and 11 species in the WEST site.
The four most frequent species were the same in both sites and were ranked in the
same order (Table 2.1). Species diversity (t = -2.6786, df = 59.666, p-value = 0.001) and
evenness (t = -2.0758, df = 59.919, p-value = 0.04221) differed between the EAST and
the WEST sample sites, though species richness (t = -1.5322, df = 55.367, p-value =
0.1312) did not. Four species were found in >50% of the sample points in the LOGGED
treatments and seven in the UNLOGGED treatment (Table 2.2). The four most frequent
species were the same between the two treatments and were also ranked in the same
order. There was no statistical difference in species richness (t = 0.683, df = 30, p =
0.499), species diversity (t = -1.187, df = 30, p = 0.244), or species evenness (t = -1.439,
df = 30, p = 0.161) between the LOGGED and the UNLOGGED treatments at either the
site scale or globally.
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Table 2.1

Species observed in over 50% of the sample points in the EAST and WEST sample sites ordered from most to least
frequent. Frequency observed indicates the number of sample points where the species was found in the EAST (n=
30) and WEST (n=32) sample sites. Abundance indicates the mean abundance of the species in each site.

EAST Sample Site
Species
Epilobium angustifolium

WEST Sample Site

Frequency Abundance
Observed
(%)
30
35.6

Species
Epilobium angustifolium

Frequency Abundance
Observed
(%)
31
16.3

Ceratodon purpureus

28

16.1

Ceratodon purpureus

30

19.9

Cornus canadensis

23

1.0

Cornus canadensis

25

1.2

Polytrichum juniperinum

23

5.2

Polytrichum juniperinum

25

3.7

Vaccinium membranaceum

22

2.1

Spiraea betulifolia

25

5.6

Arnica cordifolia

19

3.3

Rosa acicularis

24

1.4

Rubus idaeus

19

0.4

Linnaea borealis

20

0.4

Spiraea betulifolia

19

3.2

Arnica cordifolia

19

1.5

Vaccinium membranaceum

17

0.3

Petasites palmatus

17

1.9

Achillea millefolium

17

0.7
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Table 2.2

Species observed in over 50% of the sample points in the LOGGED and UNLOGGED treatments ordered from most
to least frequent. Frequency observed indicates the number of sample points where the species was found.
Occurrence rate indicates the percentage of points that the species was found in the LOGGED (n = 31) and
UNLOGGED (n = 31) treatments. Abundance indicates the mean abundance of the species in each site.

LOGGED Treatment

UNLOGGED Treatment

Frequency
Observed
30

Abundance
(%)
22.0

Frequency
Observed
31

Abundance
(%)
29.2

Ceratodon purpureus

29

17.6

Ceratodon purpureus

29

18.4

Cornus canadensis

23

0.5

Polytrichum juniperinum

28

5.4

Spiraea betulifolia

22

3.8

Cornus canadensis

25

1.7

Polytrichum juniperinum

20

3.5

Arnica cordifolia

24

3.0

Petasites palmatus

16

2.0

Vaccinium membranaceum

23

2.3

Rubus idaeus

16

0.5

Spiraea betulifolia

22

5.1

Vaccinium membranaceum

16

0.1

Rosa acicularis

16

1.1

Species
Epilobium angustifolium

Species
Epilobium angustifolium
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Lodgepole pine regeneration
There was more natural lodgepole pine regeneration in the UNLOGGED sites
(mean = 10.62) than in the LOGGED sites (mean = 3.00) (t = -4.038, df = 31, p < 0.001).
When planted seedlings were included, lodgepole pine seedling abundance was still
significantly higher in the UNLOGGED sites (mean = 11.69) than in the LOGGED sites
(mean =5.25) (t = -3.507, df = 31, p = 0.001).

Community composition
Plant species composition differed between the LOGGED and UNLOGGED
treatments in the EAST and the WEST sites as well as globally. Within-group agreement
values (A) for the MRBP tests calculated for comparisons between paired LOGGED and
UNLOGGED sample points were positive and significant for both the EAST (T = -2.149,
A = 0.023, p = 0.032) and WEST (T = -4.142, A = 0.039, p = 0.002) sample sites and
globally (T = -3.973, A = 0.007, p < 0.001). ANOSIM results confirmed the outcomes for
the EAST (R = 0.114, p = 0.021, permutations = 99999) and WEST (R = 0.135, p =
0.003, permutations = 99999) sites and globally (R = 0.097, p < 0.001, permutations =
99999). Both analyses detected a weaker effect size when analyzing the global dataset
than when analyzing the EAST and the WEST sites individually.

Indicator species analysis
We detected a total of nine species that were strongly correlated with either the
LOGGED or UNLOGGED treatment and seven indicator species using ISA. Most of the
species identified had high indicator values but demonstrated low site fidelity (Table 2.3).
The forb Petasites palmatus (sweet coltsfoot), an indicator species for the LOGGED
treatment, was the only species that showed a consistent response to treatment and
was identified as an indicator species in both the EAST and the WEST sample sites as
well as globally. We also found three species that were strongly correlated with the
UNLOGGED treatment, though were not indicator species (Table 2.4).
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Table 2.3

Species with significant indicator values. The indicator value, A, ranges from 0 to 1 with 1 meaning the species is a
perfect indicator for that treatment based on the data. The site fidelity, B, indicates the probability that the species will
be present if a plot in that treatment were sampled. Only indicator species with p < 0.05 are included in this table.

Site

EAST

Treatment
LOGGED

A

B

Test
Statistic

p-value

Aster foliaceus

1.000

0.400

0.632

0.017

Petasites palmatus

1.000

0.333

0.577

0.046

-

-

-

-

Petasites palmatus

0.815

0.688

0.749

0.030

Taraxacum officinale

1.000

0.375

0.612

0.017

-

-

-

-

Rubus idaeus

0.848

0.516

0.662

0.048

Petasites palmatus

0.845

0.516

0.660

0.007

Taraxacum officinale

0.900

0.484

0.660

0.002

Hieracium gracile

1.000

0.194

0.440

0.024

Vaccinium membranaceum

0.958

0.742

0.843

0.001

Species

UNLOGGED
WEST

LOGGED

-

UNLOGGED

Global

LOGGED

UNLOGGED

-
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Table 2.4

Site

Summary of indicator species analysis results using Pearson’s correlation
coefficient. Values can range from -1 to 1 with -1 indicating perfect
negative correlation, 0 indicating no correlation, and 1 indicating perfect
positive correlation with that treatment. Significant values indicate species
preference for a particular treatment.

Test
Statistic

p-value

Aster foliaceus

0.384

0.017

Petasites palmatus

0.204

0.039

Vaccinium membranaceum

0.487

0.002

Epilobium angustifolium

0.454

0.011

LOGGED

Taraxacum officinale

0.338

0.019

UNLOGGED

Arnica cordifolia

0.435

0.008

Hieracium gracile

0.327

0.024

Petasites palmatus

0.274

0.028

Taraxacum officinale

0.240

0.002

Vaccinium membranaceum

0.360

<0.001

Cornus canadensis

0.233

<0.050

Treatment
LOGGED

EAST
UNLOGGED
WEST

LOGGED
Global
UNLOGGED

Species

Canonical Correspondence analysis
There was a noticeable difference in community composition between the
LOGGED and UNLOGGED treatments as visualized by the CCA ordination (Fig 2.2).
The LOGGED points tend to cluster together and separate from the UNLOGGED points,
indicating that there are consistent differences in the composition of two treatments. The
clustering of the points within treatments and the separation between treatments was
most readily seen in the global analysis though similar patterns were present in the
EAST and WEST sites individually.
The final CCA models explaining variability in communities among points
regardless of treatment consisted of: soil pH (CaCl2), canopy cover, soil ammonium
(NH4N), and soil temperature, in descending order of importance. When tested
individually within the ANOVA using permutation tests, canopy cover (F = 1.745, df = 1,
p = 0.043) and soil pH (F = 2.294, df = 1, p = 0.012) were statistically significant at the
p=0.05 level. Temperature (F = 1.114, df = 1, p = 0.433), soil ammonium content (NH4N)
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(F = 1.1034, df = 1, p = 0.404) were not statistically significant at the p = 0.05 level but
were considered to be potentially ecologically significant based on the literature and so
were retained in the analysis. Retaining these variables did not adversely affect the
significance of the final models. Soil moisture and soil nitrate (NO3N) were also
considered potentially ecologically significant but did adversely affect the significance of
the final models and so were excluded. The final CCA ordinations of environmental
constraints were significant for both the EAST (pseudo-F = 1.486, df = 25, p = 0.010,
permutations = 9999) and the WEST (pseudo-F = 1.514, df = 27, p = 0.042,
permutations = 9999) study sites as well as globally (pseudo-F = 1.564, df = 57, p =
0.017, permutations = 9999). The first and second axes explained 10.0% and 7.8% of
the variation, respectively, in the EAST site, 12.3% and 8.1% of the variation in the
WEST site, and 7.2% and 5.1% of the variation globally.
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Figure 2.2

Biplot results from the CCA of early seral plant community composition. The biplots show the ordination of sample
points in the LOGGED (blue) and UNLOGGED (black) treatments in the (A) EAST, (B) WEST, and (C) global sample
sites. Plots were produced using scaling 2.5. The CCA was constrained using canopy cover (Cover), soil ammonium
content (NH4N), soil pH (pH), and soil temperature (Temperature).
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2.4. Discussion
The taxonomic composition of early seral plant communities differs according to
disturbance history. Our comparison of community composition in the LOGGED (logging
+ fire) and UNLOGGED treatment (no logging + fire) illustrated subtle differences,
primarily driven by a small number of indicator species that showed high predictive value
but were not consistently detected across the sample points. The composition of these
early seral communities appeared to be influenced by variation in the environment such
as canopy cover and soil pH. Resource-related variables such as soil moisture and
nitrogen availability did not seem to have an effect on composition when considered
individually, but when analyzed from a multivariate perspective, soil ammonium
availability does appear to play a role in structuring community composition. Overall, our
analyses suggest fire had the strongest influence on the environmental structure and
species composition of the communities in our study, likely because it was the most
recent disturbance event. However differences in disturbance history have led to
divergent community compositions between our LOGGED and UNLOGGED treatments.
The differences in composition were observed only three years after fire, very early on in
succession, but have the potential to have broader ecosystem impacts if they persist, or
if they affect ecosystem function or other groups of species.
Although the effects of the most recent disturbance, fire, had the greatest
influence on the communities in our study sites, disturbance history did appear to
influence community composition. Two species, E. angustifolium (fireweed) and C.
purpureus (fire moss), were the most dominant species in terms of cover and abundance
in all sample points across all combination of sample sites and disturbance history, and
comprised an average of 37% and 24%, respectively, of the total abundance recorded at
each sample point. Fireweed and fire moss are globally distributed species that are
strongly associated with early establishment in fire-prone environments (Moss 1936;
Thomas, Proctort & Maltby 1994). Of the 42 species that were observed in our study, six
were identified as indicator species: Aster foliaceus, Hieracium gracile, Petasites
palmatus, Rubus idaeus, and Taraxacum officinale in the LOGGED treatment and
Vaccinium membranaceum in the UNLOGGED treatment. In addition, Epilobium
angustifolium, Cornus canadensis, and Arnica cordifolia, were identified as being
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strongly correlated with the UNLOGGED treatment using Pearson’s phi. In general, the
LOGGED treatment appears to be distinguished by hardy, aggressive species that thrive
in heavily disturbed landscapes. For example, P. palmatus does well on gravelly slopes
and roadsides (Cherniawsky & Bayer 1998) and R. idaeus has been noted as being
especially common after burnings, clearings, and other disturbances (Favorite &
Anderson 2003). Similarly, T. officinale and a number of species of Hieracium are known
to thrive in areas with extensive anthropogenic disturbance (Scott, Saggar & McIntosh
2001; Cavieres et al. 2005; Wilson 2007). Species that were correlated with the
UNLOGGED treatment were more varied in their environmental associations but tend to
be forest-understory-associated species. Some are associated with more moderate site
conditions; for example, V. membranaceum generally prefers moist, acidic soil
conditions (Stevens & Anderson 2000) and C. canadensis does well under cooler soil
conditions (Wherry 1934). In contrast, E. angustifolium and A. cordifolia are known to
tolerate and do well in a broad range of site conditions (Young & Smith 1980;
Myerscough 1980; Kao 2008) but may be less adapted for more extreme conditions.
Despite broad similarities in species pools among treatments, disturbance history
appears to favour the success of certain species over others, leading to discernible
differences in community composition. We also detected greater lodgepole pine
regeneration in the UNLOGGED treatment than in the LOGGED treatment. This is
unsurprising and likely due to the removal of lodgepole pine’s aerial seed bank through
harvesting in the LOGGED sites.
The post-fire, early seral communities in our study sites appear to be spatially
structured, possibly as a result of geographic constraints such as spatial variability in
pre-fire community composition or proximity to external seed sources, patches of lower
severity burn, or actively used logging roads. This has resulted in notable differences in
species composition between the EAST and WEST sample sites. Despite these
compositional dissimilarities between sample sites, the overall pattern in the effects of
disturbance history was the same. There was a consistent tendency for the sample
points in the LOGGED treatment to separate from the sample points in the UNLOGGED
treatment in our CCA ordination. This pattern appears in both the EAST and WEST
sample sites individually and becomes especially prominent when all the sample points
are pooled together into a global analysis. Logging followed by fire had compounding
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effects resulting in community composition in the LOGGED treatment differentiating from
community composition in the UNLOGGED treatment.
Community composition in our study appeared to be linked more closely to suites
of environmental variables rather than being primarily driven by one or two factors. The
primary environmental driver distinguishing the LOGGED and UNLOGGED treatments in
terms of community composition was canopy cover, which was used to broadly describe
the presence of standing dead trees. Though not biologically active themselves, these
legacies, stands of dead trees, can influence their local microclimates by altering light
availability (Hart & Chen 2008), mitigating wind exposure (Flesch & Wilson 1999), and
delaying soil drying (Childs & Flint 1987; Purdon et al. 2004). As predicted, canopy cover
strongly contributes to explaining variability among communities and the separation
between our two treatments in the CCA ordination. The standing dead trees may provide
more moderate microclimates for early seral plants by providing some measure of shade
and by buffering wind. We did not detect strong differences in the point-sampled soil
moisture between our two treatments. Previous work suggests that the total moisture
loss is similar between shaded and unshaded communities but differ in terms of timing
(Childs & Flint 1987). Soils in shaded areas stay moist longer and so may enable
species that are more mesic to establish and thrive. The plant community composition in
our study may thus be decoupled from our measurements of instantaneous soil moisture
measurements because composition is determined by the amount of water available
over the course of the growing season and the rate of moisture loss, which is not
necessarily strongly linked to the amount of water available at any given point in time.
Our metrics of resource availability (i.e. soil nitrogen content and soil moisture)
did not appear to be significantly structuring the composition of the early seral
communities when considered individually. Soil ammonium content did contribute to the
variation explained in our multivariate CCA model, however, and appears to discriminate
well between the two treatments so may act indirectly and bolster the effects of other
factors. Previous studies have suggested that plant communities are generally not
nitrogen limited early-on after fire (Harden et al. 2002; Turner et al. 2007; Romme et al.
2009) and this “decoupling” of plant community composition from nitrogen availability is
especially apparent when looking at small spatial scales (<20m) (Turner et al. 2011). We
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propose that variability in soil nitrogen content did not explain differences in our
communities because they were generally quite similar, at least in terms of dominant
species, and were not yet strongly competing for these resources. The compositional
differences that we saw in these early seral communities - the differences in the
relatively less dominant species – may have been driven by environmental filtering
effects such as degree of exposure (e.g., here, via canopy cover), legacy effects such as
surviving underground structures or seeds, and proximity to external seed sources are
then modulated by nitrogen and moisture availability.
The species richness, diversity, and evenness of the early seral communities did
not differ between our LOGGED and UNLOGGED treatments. Similar results have been
reported in studies of fire in the boreal forest of central and eastern North America
(Wang & Kemball 2005; Pidgen & Mallik 2013) where it was the abundance of different
species in the study that differed between treatments, such as different levels of fire
severity (Wang & Kemball 2005) or different combinations of fire and logging (Pidgen &
Mallik 2013). Species diversity and evenness did differ between our EAST and WEST
study sites, however; and the WEST sample site had greater mean species richness
than our EAST sample site in both the LOGGED and UNLOGGED treatments. Overall
species richness and diversity in our two study sites may be more closely linked to
broader influences such as the proximity to unburned areas, differences in
environmental conditions such as light or moisture availability, or the degree of human
activity on nearby logging roads than to more local constraints such as competition or
resource availability. Communities that establish early on in succession are derived from
a combination of surviving seed from soil or aerial seedbank (seeders) or root structures
(resprouters) within the community and seed input from outside sources (Lanta & Lepš
2009). Sample points that are closer together spatially are thus expected to experience
similar environmental conditions and to share propagule sources so that broad
similarities in aggregate community indices or in community composition between these
points are likely due in part to the spatial proximity of our paired points.
This natural experiment took place in a highly heterogeneous region with that
was subject to multiple spatially heterogeneous disturbances. Sampling was restricted to
areas that could be considered broadly similar in terms of environmental conditions but
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this limited our potential sample locations. We detected some spatial autocorrelation in
our WEST site that indicates that our sample points in the WEST site may not be
considered statistically independent samples. This limits their utility for classical
parametric hypothesis testing but does not necessarily invalidate the ecological
inference that can be gleaned from these data (Diniz-Filho, Bini & Hawkins 2003). We
tested for spatial autocorrelation using our species abundance matrix. The technical
interpretation of our results is that, in our WEST sample site, sample points that are
closer together are more similar to each other in terms of species composition than
expected by chance. We propose that this similarity is ecologically relevant, especially
since we detected differences in composition between our LOGGED and UNLOGGED
treatments in the WEST site. The ground-layer communities that are developing in these
areas are likely undergoing nucleation processes (Turner et al. 1998) wherein species
that do well become propagule sources themselves and are able to better colonize
nearby habitat thereby increasing the level of similarity between the two communities.
This process can create positive feedback cycles that allow for newly established
species to persist in the disturbed region and for diversity to accumulate. Conversely,
positive feedback from nucleation processes could result in reduced diversity if one or
more species become locally dominant. If different species do better in one treatment
than the other then the differences between the LOGGED and UNLOGGED treatments
may persist and even increase as the early ruderal, fire-associated species are replaced
over the course of succession.
Our work in this region three years after the Binta fire suggests that disturbance
history can have discernable effects on species membership and possibly succession in
early seral communities. Although severe fire events may ‘reset’ a landscape by
removing the existing plant communities, the legacy from previous disturbances such as
logging appear to exert enough of an effect to influence community assembly and
composition early in succession. This early divergence in composition may lead to
persistent differences between communities with different disturbance histories if it
becomes stable or self-perpetuating (see alternative stable states; Law & Morton 1993;
Beisner, Haydon & Cuddington 2003; Fukami & Nakajima 2011). Similarly, differences in
community composition can affect higher trophic levels if important fruit-bearing plants,
such as Vaccinium or Rubus, experience shifts in abundance at broader scales due to
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the steady increase in logged areas and the resulting increase in opportunity for plant
communities to experience multiple disturbances. The decrease in natural lodgepole
pine regeneration in the LOGGED sites relative to UNLOGGED sites may also lead to
shifts in ground-layer community composition, if only because reduced seedling density
potentially leaves more space for other species to establish early on in succession.
Though allowing for “natural regeneration” is a suggested post-logging treatment in BC
(DeLong et al. 1993), more active management strategies, such as retaining cones
along with slash on-site after logging or planting seedlings, may be important for
maintaining seedling densities and overall ecosystem compositions that more closely
resemble naturally regenerating post-disturbance communities. Further work is needed
to better understand the effects of disturbance history and compounding effects on early
seral community development. In particular, long term studies tracking succession in
forests with complex disturbance histories would address many questions regarding the
importance of early successional community composition to future development and
functioning.
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Chapter 3.
Disturbance history does not drastically alter
functional traits in early successional ground-layer
plant communities
Introduction
The structure and composition of ground-layer plant communities can be strongly
influenced by the disturbances that they experience. Though analysing the effects of
disturbances in terms of taxonomic shifts may be useful for studying the response of
particular species, a functional trait approach may be more useful for understanding
communities as a whole because it uses metrics that are quantifiable and comparable
across multiple communities (McIntyre et al. 1999; Gondard & Jauffret 2003; Hanberry,
Palik & He 2012). This allows us to focus on understanding the functionality of species in
a way that may not be readily apparent in a taxonomic approach. The ground-layer plant
communities of central interior British Columbia (BC) experience complex contemporary
disturbance regimes, including fire and logging, and in many areas can experience
multiple disturbances in short succession that may have compound ecological effects
(Paine, Tegner & Johnson 1998; Buma & Wessman 2011). Disturbances can influence
the functional structure of communities by acting as filters to restrict community
membership to species that have the traits necessary to persist through, or quickly
colonize after, the disturbance events (Keddy 1992). The success of species that
successfully establish or persist following disturbance may then depend on a different
set of morphological traits (Noble & Slatyer 1980). Many traits that are important for
persistence in the post-disturbance environment and for determining the outcomes of
competition can vary in response to differences in environmental conditions.
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Fire and logging are landscape scale disturbances that have important
consequences for the ecology of central BC. Fire is a recurring natural disturbance
(Clark, Antos & Bradfield 2003) and is important for maintaining heterogeneity in groundlayer plant communities as well as ecosystem heterogeneity overall (De Grandpre et al.
1993; Hart & Chen 2008). Fire acts on ecological communities by combusting biomass
and can alter the physical and chemical properties of soil such as pH (Macadam 1987;
Arocena & Opio 2003) and nutrient availability (Knicker 2007). Logging is an extensive
anthropogenic disturbance and is a major industry in BC that experienced rapid
expansion starting around the 1970’s. Logging is generally accomplished in central BC
by clearcutting, with variable post-harvest treatment (Delong 1993). Logging can
mechanically damage ground-layer communities but does not generally result in
chemical changes to the environment or soil heating. The major lasting effects of logging
on ground-layer communities result from the removal of the trees themselves, which can
significantly increase understory light levels (Jenkins & Chambers 1989) and alter wind
patterns (Steedman & Kushneriuk 2000). The extent of fire and logging is such that they
will likely overlap in many areas and vegetation communities will experience multiple
disturbances in a relatively short interval of time. Communities that experience different
sequences of disturbances, i.e. alternate disturbance histories, may develop differently .
For example, communities that were logged prior to being burned may develop
differently than communities that were unlogged prior to burning.
Functional traits of an organism are considered relevant to its response to the
environment and/or its effects on the ecosystem (Diaz & Cabido 2001) and are what is
acted on by disturbance and environmental pressures (Keddy 1992; Diaz et al. 1998).
These traits can be broadly grouped into two categories: traits that are associated with
reproduction or life-history and traits associated with competitive ability (Noble & Slatyer
1980). Life-history traits include general life form, whether the plant is a forb or shrub,
and reproductive strategy, such as seeding or vegetative propagation. Short-interval
disturbances will likely select against species that grow or reproduce slowly. Species
that store resources underground or that reproduce vegetatively may have an advantage
in situations where the disturbance is primarily above ground, such as in the case of
logging. If the disturbance can penetrate into the soil and kill belowground structures and
seed banks, such as in the case of soil heating during severe fires, then species that can
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quickly colonize via external seed source would likely have an advantage. Species with
seeds that are adapted to fire (refractory seeds) may also have an advantage because
they will germinate in areas and face relatively little competition. In the case of logging
followed closely by fire, it is possible that the cumulative effects of the two disturbances
may result in an ecological effect much different from fire alone. For example, if the
effects of logging alter the way fire behaves or if it alters the environmental conditions
following fire then some traits may become more or less adaptive. For example winddispersal may be more effective if there are no standing dead trees to act as wind
breaks in previously logged areas. Competition-related traits often include measurable,
quantifiable traits such as specific leaf area, which is associated with rapid growth rate
(Pakeman & Eastwood 2013), and adult height (Diaz et al. 1998; Violle et al. 2007).
These traits tend to become important after the species has become established and will
determine how successful an individual will be in the post-disturbance community both in
terms of competitive interactions as well as their ability to withstand environmental
pressures.
Fire has been shown to filter the functional trait composition of plant
communities. The impact of fire often includes shifts in the dominance of certain plant
life-forms, for example an increase in the abundance of forbs and a decrease in the
dominance of shrubs after severe fire (Donato et al. 2009). This can reflect the
promotion of certain broad structural syndromes such as those described by Raunkiaer
life forms. For example, plants whose buds are at or near the soil surface,
hemicryptophytes, tend to increase after fire whereas plants with structures that project
far into the air on stems, phanerophytes, tend to decrease after fire (Delitti et al. 2005).
We can also describe these structural changes in community composition in terms of
specific suites of traits whose links can be determined a posteriori rather than using a
priori groupings. For example, following fire in the Mojave desert the abundance of
plants with short lifespans, small stature, and deciduous leaves increased whereas small
statured species with longer lifespans and evergreen leaves, and species with longer
lifespans and taller stature decreased (Shryock, DeFalco & Esque 2014).
Logging can have distinct effects on the functional trait composition of plant
communities. By removing the forest overstory, logging directly influences the
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environmental characteristics of the community. These changes can include increased
light availability due to the absences of the canopy (Lewis-Murphy et al. 1999), the
potential for localized drying (Brook, Sodhi & Bradshaw 2008), and changes to nutrient
availability and cycling in the system (Kreutzweiser, Hazlett & Gunn 2008) that can in
turn result in shifts in the composition of ground-layer plant communities. For example,
logged communities have been found to have greater abundances of ruderal annuals
and tall shade-intolerant forbs compared to communities in more mature forests that
tend to have more vernal geophytes, ie., plants with underground storage organs that
allow them to grow rapidly in the early spring using stored energy reserves, and shadetolerant perennials (Decocq et al. 2004). Similarly, retention-cut areas, logged areas with
small patches of trees intentionally left intact, have been shown to maintain a greater
abundance of shade-tolerant species than clear-cut logged areas (Lachance, Pothier &
Bouchard 2013).
It is not uncommon to find increased species richness after disturbance,
especially fire (De Grandpre et al. 1993; Rees & Juday 2002) but, while a community
may be taxonomically diverse, many species within a community may actually be
functionally redundant (Rosenfeld 2002). As a result, the actual amount of functional
space that the community occupies, the niche breadth of the community (Mouchet et al.
2010), may be relatively small as a function of the restricted trait space imposed by the
disturbance filter (Diaz et al. 1998; Pausas & Verdú 2008). Different attributes of the
environment can act as filters including microclimate, disturbance regime, site
productivity, biotic interactions, and soil properties (Keddy 1992; Diaz et al. 1998).
Ecological communities can experience multiple disturbances, each of which will likely
impose some sort of filtering effect. If multiple disturbances impose successive filters on
plant communities then differences in disturbance history may result in discernable
differences in functional trait composition between communities.
Our research aims to address how ground-layer plant communities respond to
burning on sites with different pre-fire disturbance histories. Specifically we look at
differences in functional trait composition between early successional communities that
had been logged 6 to 13 years prior to being burned (LOGGED) and communities that
were unlogged prior to being burned (UNLOGGED) at high severity. We explore the
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effect of disturbance history on functional composition by testing two alternative
hypotheses:
1) Communities that experienced different disturbance histories will exhibit
differences in their functional trait composition. Successive disturbance events
filter out different life-history traits and the differences in residual structure
between the LOGGED and UNLOGGED treatments select for certain values of
morphological traits. We predict that the LOGGED communities will contain
generally shorter, more compact species with smaller leaves than the
UNLOGGED communities due to the standing dead trees creating more
moderate microclimates in the UNLOGGED treatment. We also predict that
LOGGED communities will contain a greater proportion of ruderal forbs due to
greater exposure to the elements.
2) The effects of fire strongly filter for fire-adapted species and the communities that
establish after fire occupy similar trait space regardless of prior disturbance.

3.1. Methods
3.1.1.

Study Area and Overview
This study was conducted in central interior British Columbia (Figure 3.1) in an

active timber supply area that was primarily dominated by lodgepole pine (Pinus contorta
var. latifolia) forests. The area burned in a 39 000 ha lightning-caused fire, called the
Binta fire, in 2010, resulting in burn mosaic that ranged from low-unburned to highseverity patches. We restricted our study to sites that experienced high burn severity as
indicated by the estimated degree of combustion and consumption of above and below
ground biomass (Key & Benson 2006) measured using the Difference in Normalized
Burn Ratio (described in Chapter 2). The study landscapes are classified as sub-boreal
spruce zone mc3 variant (Pojar et al. 1987) in the BC biogeoclimatic ecosystem
classification system. Our LOGGED sample sites were harvested between 1997 and
2004. The region was also severely affected by the mountain pine beetle (Dendroctonus
ponderosae) outbreak that peaked in 2004/2005 and resulted in upwards of >90%
lodgepole pine mortality in forest stands based on regional estimates (MFLNRO 2013).
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Figure 3.1

The Binta fire study area (A) located in central interior British Columbia. The red box in the BC map (B) represents the
study region. There are 32 sample points in the WEST (C) sample site (16 LOGGED paired with 16 UNLOGGED) and
30 sample points in the EAST (D) sample site (15 LOGGED paired with 15 UNLOGGED). LOGGED points are in
brown and UNLOGGED points are in white.
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Our study focuses on logging, or the lack thereof, as the major difference in disturbance
history between our treatments but it should be noted that our UNLOGGED treatments
were affected by the mountain pine beetle outbreak prior to the Binta fire. However, the
impacts of mountain pine beetle kill were outside the scope of our study; we restricted
sampling to areas that experienced >75% cumulative mountain pine beetle kill in an
attempt to homogenize the effects of the outbreak. We collected data on ground-layer
vegetation communities three years after fire, between June 17 and August 04, 2013. A
full description of the study area can be found in chapter 2.

3.1.2.

Data collection

Field Data
We collected data from 31 pairs of sample points; 31 LOGGED sample points
paired with 31 UNLOGGED points. Each sample point was a 3m radius circle. Sample
sites were selected a priori using a Geographic Information System (GIS) (ArcGIS
10.2.1; Environmental Systems Research Inst., Redlands, Ca, USA) with supporting
data layers including burn severity based on Difference in Normalized Burn Ratio
(dNBR), logging history (provided by Marvin Eng, BC Forest Practices Board, 2013),
elevation (Province of British Columbia, 2002), and mountain pine beetle kill (MFLNRO
2013). Sampling took place in regions with adjacent logged and unlogged areas,
allowing us to pair a LOGGED sample point with a spatially proximate UNLOGGED
sample point. Sampling was restricted to points that experienced “high” severity fire (see
chapter 2) with a slope of < 5 degrees, were generally south facing aspect, and had
100% adult tree mortality. Sample points were selected in the field within the preselected sample sites using a systematic sampling design described in chapter 2 and
summarized as follows: Starting from an initial arbitrarily selected sample point,
subsequent points were arbitrarily selected such that they were at least 50m from each
other sample point and at least 100m from the edge of a logged area. Paired LOGGED
and UNLOGGED points were selected and sampled on the same day to minimized
differences in the time allowed for seasonal growth. Preliminary analysis suggested that
there was no significant difference in traits between the EAST and WEST sample
regions (see chapter 2) so all tests were performed on the entire dataset as a whole.
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Vegetation at each circular sample point was sampled for functional trait data.
For all vascular plant species except tree seedlings, graminoids and Salix spp.,
functional traits we measured quantitatively and in the field included: height, length
(spread as viewed from above, measured along the longest axis), and width (spread as
viewed from above, measured perpendicular to length), and collected samples to
determine leaf area. We excluded graminoids from our analyses because of
uncertainties with attributing trait values to grasses and comparing them with the traits
values of our other groups. Salix spp. was excluded because we could not identify
individuals to the species level. These two factors made trying to include Salix spp.
unwieldy because we could not compare Salix across the different sample points. 10
individuals of each species present were sampled in each sample point if possible. All
individuals of a species in the sample point were sampled if there were fewer than 10
individuals within the sample point. All sample points were divided into nine sections
and, for each species present, the individual closest to point centre was sampled and the
remaining nine individuals were arbitrarily selected and sampled from each of the nine
sections. If there were no individuals of a species present in one of the nine sections
then two individuals were sampled from the next section, and so on. We collected three
to ten leaves, depending on species, from each individual that was sampled. We
collected the same number of leaves from each individual of the same species in a
sample point to ensure even sampling. We based the leaf sample numbers on
Cornelissen et al. (2003)’s suggestion of a minimum of 20 leaves total per species for
leaf area estimates. The number of leaves that were actually collected per species was
decided based on the size of the individuals at the sample point. The larger the
individuals were, the more leaves we were able to collect with 10 leaves per individual
being the arbitrary upper limit. If there were fewer than 10 individuals of a species in a
sample point then extra leaves were collected from each individual plant to ensure a
minimum of 20 leaves were collected per species per point. The leaf area of each leaf
was calculated by scanning the leaves using an IRIScan book 2 handheld scanner and
Image J software (Schneider et al. 2012).
Information on qualitative traits such as Raunkiaer (1934) lifeform, plant growth
form, presence of rhizomes, whether or not the species was an obligate seeder, and
type of overwinter leaf retention were obtained from plant trait databases (Klinkenberg
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2013; USDA Forest Service 2015) and literature searches. In our study we observed
four Raunkiaer lifeforms: geophytes, plants with belowground storage organs;
hemicryptophytes, plants with buds at or near the soil surface; phanerophytes, plants
with structures, leaves or flowers, that project into the air on stems; and chamaephytes,
low perennial plants with buds that overwinter near the soil surface. Here we use plant
“growth form” to more broadly distinguish among forbs, shrubs, and dwarf shrubs which
can potentially be classified into multiple Raunkiaer lifeforms. Growth form allows us to
capture certain aspects of the plants that Raunkiaer lifeforms don’t necessarily describe.
For example shrubs tend to mature less quickly than forbs and so may be differently
affected by disturbance history than forbs. The presence of rhizomes and seeding habit
were both binary variables that relate to reproductive strategy. Overwinter leaf retention
was a binary variable that denotes whether or not the species is evergreen.

Environmental Data
The following describes collection protocol for environmental data and is
extracted verbatim from chapter 2. We characterized the environment at each sample
point based on several key biophysical attributes in addition to our treatment-level
characterization of LOGGED versus UNLOGGED. Canopy cover, slope, and aspect
measurements were taken at the time of vegetation sampling. Wind speed, soil
moisture, and soil temperature for all sample points were measured within a span of 10
days from July 27 – August 5. Points that were paired together were sampled on the
same day. Soil samples were collected from each sample plot and analysed in the lab
(following the field season) to determine soil pH and soil N content. See chapter 2 for
further details.

3.1.3.

Analyses

Community Characteristics
As part of our initial examination of the communities we summarised the
frequency of the various qualitative reproductive and life-history traits in the LOGGED
and UNLOGGED treatments. Quantitative traits were analysed separately. We also
tested for differences in individual environmental variables between the LOGGED and
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UNLOGGED treatments using unpaired Welch two sample t-tests and the “fdr”
adjustment for multiple comparisons (Benjamini & Hochberg 1995). T-tests and
adjustments were performed using the functions in base R (The R Core Team 2014).
We were unable to incorporate the paired structure of our data into our analyses for this
chapter due to the nature of the tests that were performed.

Functional Diversity
We calculated multiple indices to describe the functional diversity of the
communities in our study. We used the indices described in Villéger, Mason & Mouillot
(2008) (FRic, FEve, and FDiv) as well as FDis (Laliberte et al. 2010) and RaoQ (BottaDukát 2005). The variation in the qualitative traits was low so only quantitative traits
were considered for these analyses. FRic measures the functional richness of the
community and is expressed as a single number that describes how much volume is
occupied by a convex hull derived from plotting all species in functional space. FEve
describes the functional evenness of the community. Specifically, it describes the
evenness of the abundance distribution in functional trait space (Mason et al. 2005).
FEve takes on values between 0 and 1. The more even the distribution of abundances
is, the closer to 1 the value will become. A low FEve indicates that some sets of traits
are overrepresented in functional trait space. FDiv measures the spread along a
functional trait axis. It relates to how abundance is distributed within the volume of
functional trait space. Divergence is low when the most abundant species have
functional traits that are closer to the center of the functional trait range. FDis is
functional dispersion and RaoQ is Rao’s quadratic entropy; they measure the mean
distance of species to the centroid of all species in the community. They are
conceptually similar and have been shown to be positively correlated to one another
(Laliberte et al. 2010).
We compared these five functional diversity indices between the LOGGED and
UNLOGGED treatments using unpaired Welch two sample t-tests and applied the “fdr”
adjustment for multiple comparisons to control for false discoveries (Benjamini &
Hochberg 1995). T-tests and adjustments were performed using the functions in base R
(The R Core Team 2014).
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RLQ Analysis
We used RLQ analysis to assess the relationship between species abundance,
species traits, and environmental variables within our data using three data matrices
(Dolédec et al. 1996; Dray & Legendre 2008). The R matrix is the table describing the
environmental data in each sample point, the L matrix contains information on species
abundances in the sample points, and the Q matrix lists the traits and trait values of
each species. We included all of our quantitative and qualitative species traits in our
analysis. Treatment (i.e. whether the site was LOGGED or UNLOGGED) was not
included in the analysis to allow for the points to ordinate without a priori groupings. We
applied separate ordinations to all of our data tables as part of the RLQ analysis. We
applied Hill and Smith's (1976) method for principal coordinates analysis on tables with
both qualitative and quantitative data to our R and Q matrices and we applied a
correspondence analysis to our L table. We tested for the significance of a global
relationship between species traits, species abundances, and our measured
environmental variables by combining RLQ analysis and fourth corner analysis, see
below, using the methods outlined in Dray et al. (2014). We also tested for the tendency
of species with certain traits to group together into different “functional groups”
regardless of treatment. RLQ analysis was done using the ‘ade4’ package (CITE) in R
version 3.1.1 (The R Core Team 2014).

Fourth Corner Analysis
We used the fourth corner statistic (Legendre, Galzin & Harmelin-Vivien 1997) to
quantify the relationship between each bivariate environmental variable-species trait
combination. We used the modified form from Dray & Legendre (2008), which is able to
incorporate species abundance data into the analysis. The fourth corner analysis is a
three-table method similar to RLQ analysis in that it links species abundances, species
traits, and environmental conditions using three different tables to look for relationships
in multivariate space. The fourth corner method allows us to assess the significance of
the relationship between one single species trait and one single environmental variable.
Slightly different statistics were calculated depending on whether the species trait being
tested was quantitative or qualitative. All of our environmental variables were
quantitative so we did not have to consider the case of linking two qualitative variables.
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A coefficient of determination (R2) was calculated if both the environmental and species
trait variables were quantitative. If the species trait was qualitative, a correlation ratio
(η2) was calculated. As a second test, we quantified the explicit relationship between the
LOGGED and UNLOGGED treatments and the species traits, separately from traitenvironment pairs. Significance of the relationships between bivariate trait-treatment
pairs and trait-environment pairs were determined using a permutation procedure with
9999 permutations. We corrected the results from all of our quantitative and qualitative
species traits using the “fdr” correction (Benjamini & Hochberg 1995) to control for
multiple comparisons. Fourth corner analyses were done using the ‘ade4’ package (Dray
& Dufour 2007) in R version 3.1.1 (The R Core Team 2014).

Species Specific Analyses
We looked for differences in the quantitative traits between our LOGGED and
UNLOGGED treatments that may correspond to a response by the individuals of the
species to their local microclimates. We performed comparisons of the height, length,
width, and leaf area of all species that were found in >50% of the sample points in our
study as well as most of the species that were identified as indicator species in chapter
2. Hieracium gracile was excluded because it was only found in the LOGGED treatment.
It was the only indicator species that was found in only one of the treatments. The traits
were tested using unpaired Welch two sample t-tests and p-values were corrected using
the ‘fdr’ method (Benjamini & Hochberg 1995) to control for multiple comparisons.

3.2. Results
Community Characteristics
We collected trait data for 35 species across our 62 sample points within the
Binta fire. We collected data for 29 species in the LOGGED sites, six of which were
found only in the LOGGED sites, and 29 species in the UNLOGGED sites, six of which
were found only in the UNLOGGED sites. The majority of the species that were recorded
had similar suites of traits: the dominant qualitative traits were the same for both
treatments and were generally very common across all sample points (Table 3.1). The
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environmental variables, with the exception of canopy cover, showed low variability.
Canopy cover, soil temperature, and maximum wind speed were found to be significantly
different between the two treatments (Table 3.2).
Table 3.1

The most common qualitative functional traits in the LOGGED and
UNLOGGED treatments. “Total” indicates the total number of species
detected in the treatment. “Count” indicates the number of species that
possessed the dominant trait state and “proportion” expresses that
number as a proportion.

Treatment

Trait

Value

Raunkiaer lifeform
LOGGED

UNLOGGED

Total

Count

Proportion

Hemicryptophyte

29

19

0.66

Growth form

Forb

29

22

0.76

Rhizome

Yes

29

26

0.90

Obligate seeder

No

29

26

0.90

Leaf retention

Deciduous

29

26

0.90

Raunkiaer lifeform

Hemicryptophyte

29

18

0.62

Growth form

Forb

29

23

0.79

Rhizome

Yes

29

25

0.86

Obligate seeder

No

29

25

0.86

Leaf retention

Deciduous

29

25

0.86

46

Table 3.2

Summary of the variability in environmental variables and results from t-tests comparing environmental variables
between the LOGGED and UNLOGGED treatments. The variables from top down are Cover (canopy cover; % of sky
obscured), Moisture (soil moisture; v/v), Temperature (soil temperature; °C), Wind.max (maximum wind speed; km/h),
pH.Cacl2 (soil pH), NO3N (soil nitrate content; mg/Kg), and NH4N (soil ammonium content; mg/Kg).

Environmental
Variable

LOGGED

Adjusted
p-value

UNLOGGED

Min.

Median

Mean

Max.

Min.

Median

Mean

Max.

Cover

0.00

0.00

0.05

1.45

1.17

6.81

7.61

16.18

0.000

Moisture

0.07

0.10

0.14

0.66

0.07

0.12

0.12

0.19

0.526

Temperature

15.80

22.10

22.20

26.70

14.30

18.80

18.96

23.57

0.000

Wind.max

0.00

5.70

5.92

2.30

0.00

3.50

3.50

11.20

0.002

pH.CaCl2

3.92

4.40

4.43

5.21

3.95

4.53

4.60

5.82

0.139

NO3N

0.05

0.05

0.12

1.83

0.05

0.05

0.11

0.68

0.846

NH4N

10.49

19.66

20.91

36.21

9.98

23.52

23.01

41.14

0.164
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Functional Diversity
We found no difference in functional richness (t = 0.7496, df = 54.679, p = 0.457),
evenness (t = -0.2009, df = 58.368, p = 0.841), or dispersion (t = -1.6529, df = 59.168, p
= 0.104) between the LOGGED and UNLOGGED treatments. We did find that functional
divergence was higher (FDiv; t = -2.48, df = 59.89, p = 0.016, adjusted p = 0.042) in the
UNLOGGED treatment (mean = 0.819) than in the LOGGED treatment (mean = 0.721).
Rao’s quadratic entropy was also higher (RaoQ; t = -2.25, df = 58.33, p = 0.028,
adjusted p = 0.042) in the UNLOGGED treatment (mean = 0.024) than in the LOGGED
treatment (mean = 0.017).

RLQ Analysis
We did not detect a global relationship between the species traits and
environmental variables (RLQ statistic; 0.189, p=0.837, replications; 9999). The costructure between species traits and environmental variables is largely captured in the
first and the second axes of the RLQ analysis that describe 44.76% and 22.28% of the
co-inertia, respectively. In terms of environmental variables, the first RLQ axis was
positively correlated with canopy cover and negatively correlated with soil temperature
and maximum wind speed, which loosely describes our expected relationship between
canopy cover and exposure. The second axis did not group environmental
characteristics in a way that we could interpret (Table 3.3). In terms of species traits, the
first RLQ axis was generally negatively correlated with variables associated with plant
stature such as height, length, and leaf area whereas the second RLQ axis was
generally positively correlated with those same variables (Table 3.4). There is a notable
separation of environmental conditions between the LOGGED and the UNLOGGED
treatments when sample points are plotted against the first and second RLQ axes
(Figure 3.2).
Classification of the species into two functional groups indicates that the species
can be separated based on ecological distance computed on the trait-environment axes
(Figure 3.3). These functional groups correspond to species with traits that respond to
the composite trait-environment axes derived from the PCA (Table 3.3) rather than the
LOGGED and UNLOGGED treatments. Notably, group 1 appears to be comprised of
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species with short stature and small leaves whereas group 2 appears to be comprised of
species that have the capacity to grow taller and have larger, broader leaves.
Table 3.3

Axis loadings of the composite axes for environmental variables from the
RLQ analysis. Variables are described in Table 3.2.

Environmental
Variable

Axis 1

Axis 2

Cover

0.734

0.570

Moisture

0.009

-0.669

Temperature

-0.616

-0.538

Wind.max

-0.713

-0.526

pH.CaCl2

0.596

0.053

NO3N

0.285

0.401

NH4N

0.636

-0.259

Fourth Corner Analysis
None of the traits that we measured were significantly associated with either the
LOGGED or the UNLOGGED treatment when individual trait-treatment pairs were
tested. Similarily, we also found no relationship between any of the individual species
trait-environmental variable combinations.

Species Level Trait Differences
Most species did not differ in terms of height, length, width, and leaf area
between the LOGGED and UNLOGGED treatments. Of the five most frequently
observed species in our study, only Epilobium angustifolium (fireweed) and Spiraea
betulifolia (birchleaf spirea) differed in stature between the two treatments with both
species exhibiting smaller values of height, length, and width in the LOGGED versus
UNLOGGED treatment (Table 3.5). The indicator species (from chapter 2) did not differ
in stature between the LOGGED and UNLOGGED treatments.
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Table 3.4

Variable weights for functional traits derived from the trait-environment
portion of the RLQ analysis for the first and second axes. “Code” refers to
the coding used for each trait during analysis and for Figure 3.3.

Trait

Code

Axis 1

Axis 2

Height

Height

-0.781

0.787

Length

Length

-0.916

0.300

Width

Width

-0.922

0.541

Leaf Area

Leaf Area

-0.403

0.535

Geophyte

Geophyte

-0.432

0.458

Hemicryptophyte

Hemicryptophyte

-0.338

0.729

Phanerophyte

Phanerophyte

0.167

-0.737

Chamaephyte

Chamaephyte

0.160

-0.153

Dwarf Shrub

growt.Dshrub

2.385

-0.982

Forb

growt.Forb

-0.091

0.348

Shrub

growt.Shrub

-0.558

-1.991

Rhizome (no)

rhizo.no

0.558

-1.011

Rhizome (yes)

rhizo.yes

0.000

0.001

Obligate Seeder (no)

ob.se.No

0.000

0.001

Obligate Seeder (yes)

ob.se.Yes

0.558

-1.011

Deciduous Leaves

leaf.Deciduous

-0.113

0.080

Evergreen Leaves

leaf.Evergreen

3.128

-2.223
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Figure 3.2

Ordination of the environmental variables at each sample point. The
LOGGED (blue) and UNLOGGED (grey) treatments are colour coded for
ease of interpretation. Axis loadings are given in Table 3.3. AxcR1 and
Axcr2 refer to Axis 1 and Axis 2 respectively in Table 3.3.
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Figure 3.3

Visual representations of the two species functional groups generated by
RLQ. This dendrogram shows how the species are related to each other
in terms of their positions in trait space. The primary separation occurs at
the first break point. Species codes are given in Appendix A.
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Table 3.5

Results from t-tests comparing quantitative traits between the LOGGED and UNLOGGED treatments. (A) Shows the
results for species that were found in >50% of the sample points and includes the only indicator species (from chapter
2) for the UNLOGGED treatment, Vaccinium membranaceum. (B) Shows the results for the remaining indicator
species (all are indicator species for the LOGGED treatment). Significant p-values for our unpaired t-tests with “fdr”
adjustment at the α=0.05 level are bolded.

LOGGED mean

Adjusted p-values

Height

Length

Width

Leaf
Area

Height

Length

Width

Leaf
Area

Height

Length

Width

Leaf
Area

Epilobium angustifolium

25.33

15.27

14.10

9.63

40.44

19.70

18.43

14.07

0.015

0.001

0.002

0.002

Cornus canadensis

3.36

4.26

3.60

7.40

3.72

4.45

3.82

8.37

0.505

0.719

0.719

0.451

5.07

7.16

5.37

1.67

5.82

8.86

6.77

1.81

0.505

0.317

0.236

0.719

Spiraea betulifolia

15.47

16.46

13.24

4.11

24.49

22.30

17.07

6.32

0.001

0.005

0.022

0.003

Arnica cordifolia

11.74

8.32

5.78

9.32

12.10

10.05

7.55

13.44

0.976

0.133

0.095

0.095

Aster foliaceus

21.23

13.19

10.87

11.25

22.04

15.29

13.33

11.70

0.957

0.171

0.335

0.829

Petasites palmatus

6.45

14.16

10.69

24.52

5.79

12.82

9.89

17.99

0.684

0.656

0.731

0.236

Taraxacum officinale

12.76

19.57

15.11

38.94

17.25

14.25

7.75

23.41

0.451

0.676

0.095

0.440

Rubus idaeus

7.96

12.42

9.51

9.63

7.91

12.48

9.18

9.92

0.987

0.987

0.976

0.979

Species

A Vaccinium membranaceum

B

UNLOGGED mean
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3.3. Discussion
In general, it appears that the fire filtered for a specific suite of life-history traits in
our study region and has resulted in communities that are broadly similar in terms of
their functional traits despite differences in disturbance history. We have some evidence
to suggest that environmental differences between the LOGGED and UNLOGGED
treatments may enable compositional differences, however, though it is unclear how
persistent these differences may be. We have some evidence for greater niche
differentiation in the UNLOGGED treatment and evidence to suggest that the optimal
morphological trait values are different between the two treatments for some species.
The divergence in trait values displayed by E. angustifolium and S. betulifolia between
the two treatments suggests that environmental differences resulting from different
disturbance histories could potentially play a larger role in structuring communities in the
future. The standing dead wood in the UNLOGGED treatment may create more
moderate microclimates that are conducive to individuals (and possibly species) that
have generally larger stature and broader leaves compared to the LOGGED treatment.
The difference in lodgepole pine (Pinus contorta var. latifolia) seedling recruitment that
we saw in chapter 2 suggests that this environmental difference is likely to persist over
successional time as the seedlings mature. If the plant communities as a whole respond
to these environmental differences then, as succession progresses, there is a possibility
that the small differences between the two treatments may become more prominent
leading to divergence in community trait composition. Otherwise, if these environmental
differences are not ecologically significant then the communities may converge. At the
time of study, three years after fire, the effects of logging prior to the Binta fire did not
appear to influence the functional trait compositions of the ground-layer plant
communities in this region.
The communities in the LOGGED and UNLOGGED treatments were broadly
similar in terms of functional traits and environmental conditions. Many of the traits that
are common among species likely became prevalent in these communities as a result of
filtering effects imposed by severe fire resulting in a low range of phenotypes and low
trait diversity (Diaz et al. 1998; Laliberté et al. 2012; Maire et al. 2012). In particular, fire
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has been shown to strongly filter for particular trait syndromes and limit the trait space
that is occupied by the post-fire communities (Pausas & Verdú 2008). The majority of
these plant species were hemicryptophyte forbs, had rhizomes, had deciduous leaves,
and were not obligate seeders. These traits – smaller growth forms, fast and flexible
reproductive strategies, transient individuals or structures – can be broadly associated
with disturbance adaptation in general (Biswas & Mallik 2011; sensu Grime 1977) and
reproductive flexibility (the ability to reproduce through both seeding and vegetatively
through rhizomes) in particular can be very beneficial for post-fire establishment (Pausas
et al. 2004). The prevailing environmental conditions in our study sites, though distinct
between the two treatments, also did not have a large range of variability. The LOGGED
treatment tended to have higher soil temperatures and higher wind speed, though
neither of these were statistically significant. The UNLOGGED treatment had greater
canopy cover due to the presence of standing dead trees, or snags. These snags may
mitigate the effects of exposure on the developing ground-layer vegetation. This
combination of low variability in life-history traits and low variability in environmental
conditions results in the communities being broadly similar across treatments.
The similarity in functional diversity indices in our study area generally reflects
the homogenization of reproductive and life-history traits that has been imposed by the
fire. Functional richness and the functional evenness did not differ between the
LOGGED and UNLOGGED treatments but functional divergence was higher in the
UNLOGGED treatment than in the LOGGED treatment. For single traits, functional
divergence describes the distribution of abundances along a functional trait axis relative
to the range occupied by the community. When considering multiple traits, functional
divergence describes the distribution of abundances within a volume of functional trait
space (Villéger et al. 2008). Functional divergence is high when many individuals in the
community have extreme functional trait values. This is interpreted in terms of niche
differentiation: high levels of functional divergence are associated with higher levels of
niche differentiation meaning that species are more dissimilar and may compete less
strongly (Mouchet et al. 2010). The UNLOGGED treatment may have a broader range of
niches available possibly as a result of the cover provided by the standing dead trees,
which was our proxy metric for overall exposure. The presence of standing dead trees
would have created a landscape with a broader range of microclimates ranging from
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more shaded, sheltered areas near the base of the trees to more open, exposed areas
in clearings away from the trees. Rao’s quadratic entropy (Q) describes the community
in terms of a combination of functional divergence and functional richness (Mouchet et
al. 2010). High values of Q are associated with high values of functional divergence and
high values of functional richness. The UNLOGGED treatment had a higher Q value
than the LOGGED treatment but the overall value was low for both treatments, likely as
a result of the overall low levels of functional diversity found in our study.
While we do not detect direct effects of treatment on the overall functional
composition in our sample points, we do see some differences in how our sample points
cluster in relation to environmental variables. The RLQ ordination of sample sites based
on environmental variables indicates that sample points tend to cluster together with
other points in the same treatment, suggesting that there are aggregate differences in
environmental conditions between LOGGED and UNLOGGED points. These differences
appear to be primarily driven by differences in three key traits: canopy cover, wind
speed, and soil temperature. Canopy cover was negatively associated with the
LOGGED treatment and positively associated with the UNLOGGED treatment. In
contrast, wind speed and soil temperature were both positively correlated with the
LOGGED treatment and negatively associated with the UNLOGGED treatment. The
increase in solar radiation (as a function of lower canopy cover), wind speed, and soil
temperature, are all indicative of an overall increase in exposure to the elements that
generally favours more conservative trait values. If species are sensitive to exposure
then these environmental differences could potentially drive differences in species
response, for example the tendency for E. angustifolium and S. betulifolia to be larger
and have broader leaves in the UNLOGGED treatment than in the LOGGED treatment.
Our cluster analysis within the abundance-trait-environment RLQ analysis
suggests that the species in our study can be broadly organized into two functional
groups, though these are unrelated to our disturbance treatments. Group 1 contains
species such as L. borealis (twinflower) or C. canadensis (creeping dogwood) that
generally remain low to the ground but grow laterally and have small leaves. Group 2
contains species such as T. officinale (common dandelion) and E. angustifolium
(fireweed) that tend to grow tall and have relatively large leaves. The communities in our
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study seem to contain similar proportions of species and traits from these two groups in
both the LOGGED and UNLOGGED sites. Thus the groupings appear to broadly
describe two different life history strategies that are not currently strongly favoured by
one treatment or the other. This similarity in trait composition between the treatments
could imply that environmental conditions between the two treatments are very similar
and so result in communities with similar suites of traits regardless of disturbance
history. Alternatively, it may mean that the species that have established three years
after fire are currently not sensitive to the differences in environmental conditions
between the LOGGED and UNLOGGED treatments, possibly due to low competition for
resources. Results from studies in other fire-prone systems such as savannahs (Loiola
et al. 2010) and the Mediterranean (Pausas & Verdú 2008) also found that the overall
functional diversity in communities after fire appears to show little variation between
treatments despite differences in taxonomic composition; both of these studies
compared the functional trait compositions of communities that had experienced different
fire frequencies. In chapter 2 we found that some species such as Vaccinium
membranaceum and Petasites palmatus appeared to do better in one treatment over the
other resulting in taxonomic variation across the landscape that may be influenced by
disturbance history. These communities contain species with similar suites of life-history
functional traits regardless of treatment, however, so it appears that prior disturbances
did not have an effect on which functional traits would be successful after fire.
The potential differences in environmental conditions between the treatments
may promote variation in the morphological competition-related traits between the
treatments that can be especially apparent if the species respond plastically to their
environment. In our study, we did not find strong links between plant height, length,
width, or leaf area and environmental variables in the community as a whole. However,
of the five most common species in our study two species, E. angustifolium and S.
betulifolia, which were both generally larger in the UNLOGGED treatment, exhibited
strong differences in their morphological traits between treatments. These differences in
size between treatments could be due to the species being better adapted for one
treatment over the other but this is unlikely given the high abundance of both species in
both LOGGED and UNLOGGED sites relative to other species that are present. We
suggest that E. angustifolium and S. betulifolia are instead exhibiting a plastic response
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to the two treatments. A plastic response of these two species would suggest that the
optimal mean trait values are different for the LOGGED and UNLOGGED treatments. At
the same time however, many species that are found in both treatments but show low
variability in their morphological traits appear to be successful in both treatments. This
would suggest that environmental pressures are not strongly acting on these species
and so competition does not appear to be strongly structuring the trait composition of the
community at this time. The communities were generally sparsely occupied at the time of
study, however, and so competition may become a greater influence as the communities
continue to develop. If competition becomes a stronger influence as succession
progresses then species with more advantageous morphological trait values may
become more dominant, resulting in greater divergence in trait values between
communities with different disturbance histories. If, however, competition does not
become a strong driving force in these communities then we may expect to see
convergence among the communities in the two treatments as species distribute
themselves freely between the LOGGED and UNLOGGED sites.
We acknowledge that there are limitations to the inference that we can draw from
our study. This study was performed three years after the most recent disturbance and
so provides a snapshot of the community early in its development. The patterns that we
observed may be driven by transient effects in the local community and so may not be
persistent or may not be necessarily indicative of how the community will develop.
Furthermore, the temporal patterns in the disturbances in our region are complex and
the variation that they contribute is difficult to quantify. Previous studies have shown that
differences in fire interval can affect community trait composition (Donato et al. 2009). If
this observation can be applied more broadly to disturbance intervals in general then it
may be necessary to consider disturbance in terms of the timing of the disturbances as
well as the nature of the different disturbances. Our study looked at communities that
were LOGGED 6-13 years prior to being burned. This temporal variation may have
influenced how these communities developed but was beyond the scope of this study.
Similarly, the extent of the mountain pine beetle (Dendroctonus ponderosae) outbreak
made it difficult to find unaffected areas to study and so it is difficult to determine what
effects mountain pine beetle kill may have had on the development of these
communities. We attempted to minimize this variation by restricting our sampling to sites
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that had been similarly affected by mountain pine beetle kill. Further research is required
to assess how these communities develop and this would be best accomplished by
tracking changes in community composition over a number of growing seasons.
Our research has some potentially useful management implications. Previous
research on the changes in understory composition after logging in eastern Canadian
boreal forests has raised concerns regarding the impacts of recurrent logging. Relatively
short rotation ages in heavily managed forests may lead to the increase of fast-growing
opportunistic species and the loss of slower growing species that are generally
associated with mature forest understories (Hart & Chen 2008; Aubin et al. 2014). Our
findings suggest that, early in succession, communities that develop in LOGGED areas
that have been subsequently burned are functionally similar to communities that develop
in UNLOGGED areas that have been subsequently burned but there are differences in
species composition between the two scenarios. Some studies in post-fire communities
have suggested that wildfire may help promote native (and non-native) species richness
(Newland & DeLuca 2000; Laughlin & Fulé 2008). This could help maintain biodiversity if
burning an area homogenizes or “resets” the landscape and allows for “natural”
recovery. Though we did not collect pre-fire data to compare pre- and post-fire richness,
our results indicate that ground-layer plant composition differs between the LOGGED
and UNLOGGED treatments despite similarities in richness between the two treatments.
Our results in chapter 2 showed a high proportion of species such as fireweed or fire
moss that are strongly associated with burned regions early on after fire. However,
beneath this dominance by fire-associated species, the underlying community
composition differed between the two treatments. Our findings suggest that any
richness-boosting effect the fire may have does not overcome the effects of previous
disturbance and certain species still appear to do better in one treatment than the other.
As such, the potential for biodiversity loss over time in heavily managed forests of
central British Columbia still exists and may not be mitigated by fires burning through
logged stands. If the goal of managing silvicultural systems is to maintain a community
structure that broadly resembles the functional structure of a community after “natural
disturbances” such as wildfire, as opposed to the retention of particular species for
example, then prescribed burning (sometimes referred to as broadcast burning) may be
a viable post-logging treatment. If the goal is to also mimic the ecological outcomes of
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“natural” disturbances and maintain biodiversity across the landscape, however, then fire
could be a useful tool but may need to be used in conjunction with other forms of
management.
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Chapter 4.
General Conclusions
The forests of central interior British Columbia face complex disturbance regimes
due to fire and logging. Many regions in the province will experience short-interval
disturbances with the potential for compounding ecological effects. In this thesis I
assessed the effects of disturbance history on the composition of ground-layer plant
communities by testing for differences in taxonomic and in functional trait composition
between communities that were either logged or unlogged prior to being burned in a
severe, stand-replacing fire.
From a theoretical perspective, our results have some interesting implications for
reassembly following disturbances in these systems. Although there is an intuitive
conceptual connection between taxonomic composition and functional trait composition,
we do not detect a strong relationship between the two in this thesis. There appears to
be a trend for taxonomic richness to be positively correlated with functional richness (Fig
4.1a) but this is something that is expected to occur as the community accumulates
species. Taxonomic and functional diversity (Fig 4.1b) and evenness (Fig 4.1c) do not
appear to show any consistent relationship. In contrast, functional diversity was fairly
consistent between treatments. This apparent disconnect between functional and
taxonomic composition could come about if the extensive history of disturbance in BC
has selected for a regional species pool with many species that are well suited to
surviving in disturbed landscapes in general. During early succession, individual
communities at a local scale could assemble based on local dynamics and proximity to
other communities but overall the communities in the region would be broadly similar in
terms of their functional traits, especially those governing re-establishment after
disturbance.
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The forests of central interior BC are experiencing increasingly complex
disturbance histories and it is difficult to predict how this may affect plant communities
over the long term. In this thesis we have contributed to the research on the effects of
disturbance history on the early development of ground-layer plant communities. Our
research suggests that in central interior BC, disturbance history may have subtle
influences on the taxonomic make-up of plant communities three years after fire but
overall these communities can be considered to be broadly similar in terms of the
functional space that their constituent species occupy. Differences in the functional trait
responses of two of the more abundant species in our study suggest that further
differences in community composition could arise as the communities continue to
develop. A cross- continental study on the effects of forest management on understory
diversity indicated that centuries of management in European forests have resulted in
the long-term decline of many late-successional species (Schmiedinger et al. 2012).
Further research is required to better understand the potential long-term impacts of
continued human activity and changing disturbance patterns on Canada’s forests and
understory communities.
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Figure 4.1

Scatter plots showing the relationship between taxonomic diversity
(chapter 2) indices and functional diversity indices (chapter 3). The three
panels give A) Species richness vs. functional richness (FRic) B)
Shannon-Wiener index (H) vs. functional diversity (FDiv) and C) Pielou’s
evenness index (J) vs. functional evenness (FEve).
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Appendix A.
Frequency of plant species observations in the West
and East sample sites
All of the species that were observed in our study with their corresponding species
codes. The column labelled count indicates the number of sites in which the species
were observed in each sample site.
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Appendix B.
Frequency of plant species observations in the LOGGED
and UNLOGGED treatments
Species that were retained for functional trait analysis with their corresponding
species codes. The column labelled count indicates the number of sites in which the
species were observed in each treatment.

75

