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Abstract: The majority of plant diversity in the boreal forest of northern Alberta, Canada is comprised
of native understory plant species that are continuously facing competition from other species,
including both undesirable native and weedy species. In oil sands mine reclamation, cover soils
rich in organic matter are used to cap overburden materials. The aim of this study is to understand
the role of weeds on different reclamation cover soils (forest floor-mineral mix and peat-mineral
mix) and determine if they hinder the establishment of the native plant community. This study
was conducted four growing seasons after site establishment in June 2019. At that time, both soil
types had approximately 45% total cover, had 21 species per plot, and were composed of mainly
native vegetation. Competition from non-native forbs (11% average cover, mainly Sonchus arvensis
and Melilotus alba) did not seem to impact the development of the native vegetation community
on either soil type given the high cover and richness of native forbs. However, native graminoids
(predominantly Calamagrostis canadensis) were associated with reduced native forb cover and richness
at graminoid cover greater than 17%. Overall, non-native forbs appeared to have little impact on
the native forb community on either soil type while native graminoids had a negative influence. We
suggest that the classification of what is considered an undesirable weedy species should be evaluated
in the context of ecosystem management goals rather than simply the presence of non-native species.
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1. Introduction

Weed invasion on mine sites post-reclamation is an ongoing management issue world-
wide, particularly if weeds dominate to the point of altering the desired plant community.
For example, the introduced forb Tripleurospermum perforatum (scentless chamomile) is
establishing and dominating on reclaimed well sites in Alberta [1,2], Andropogon gayanus
(Gamba grass) is invading reclaimed mine sites in northern Australia [3], and the encroach-
ment of a non-native shrub, Elaeagnus umbellate, is dominating coal mining reclamation
sites across the eastern United States [4]. These species, and many others around the
world [5,6], inhibit revegetation of desirable species post-disturbance and are considered
detrimental to the reclamation goal of a native plant community. Weeds have the potential
to alter the successional trajectory of a reclamation site and hinder the establishment of
a native plant community [1,2,7]. Weeds typically reproduce prolifically, spread rapidly,
are disturbance-adapted [8], and outcompete other plants via utilization of vital resources
required for successful establishment and growth; they may also migrate outwards into the
surrounding landscape [9]. Consequently, in this context of post-mining land use a “weed”
is any undesirable plant species, native or introduced, that interferes with ecological, eco-
nomic, and management objectives for revegetation post-disturbance and may prevent
sites from meeting certification requirements [7].

“Weedy” species, including both native and non-native types in the North American
boreal region, are predominantly disturbance-adapted forbs and perennial grasses capable
of thriving in a variety of growing conditions [10,11]. Many of the boreal weeds may be
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acting as temporary placeholders in the early stage of vegetation community development
and can potentially be outcompeted over time. A study done in Alberta’s oil sands region
on a reclaimed upland forest suggests that within early successional communities, weedy
species can act as pioneers and may be facilitating native revegetation long-term [12].
However, facilitative interactions from non-native plants on the native vegetation commu-
nity are scarce and generally occur in high stress environments [13-16]. In many cases,
non-native species in higher stress environments can be crucial in the recovery of optimal
soil conditions which may be uninhabitable by native trees or understory species [12,16].
Through facilitation, weedy species have been shown to create better soil conditions and
structure due to their ability to efficiently capture limited resources and in turn enhance
aboveground and belowground biomass, leading to the addition of organic matter to
the soil [12,15,16]. This positive interaction has been seen in a weedy graminoid species,
Stipa tenacissim, in the degraded steppes of Spain, where it has directly enhanced seedling
survival through the alteration of microclimate, soil fertility, and moisture availability [16].
However, it is not clear if competition or facilitation processes are dominating on our site.

Anthropogenic activities, particularly oil sands mining, represent a high severity
disturbance that both removes the vegetation and modifies the soil [7,10,11,17]. Current
reclamation operations in the oil sands mining region of northern Alberta include con-
structing landforms from overburden or tailings and then capping these with cover soil
rich in organic matter. The reclamation cover soils used in northern Alberta are either
upland-derived forest floor-mineral mix (FFMM) or peatland-derived peat-mineral mix
(PMM). Due to the high stress environments created post-mining, the direction and inter-
actions that will occur within the novel vegetation communities are relatively unknown.
The interactions between weedy and native species are, in part, largely dependent on soil
quality and type. FEMM often displays higher initial species diversity than PMM, resulting
in more potential competitive and facilitative interactions. Cover and diversity dynamics
on PMM, on the other hand, likely have a more neutral relationship, as there is initially
more growing space available.

Weed research tends to be focused on the impact of non-native weedy species, but
in the boreal region there is evidence that native graminoid species pose a risk to the
ecosystem, tree, and plant community. However, these may not be a concern to land
managers as they are native species. Further research is needed, therefore, to understand
and help evaluate the differences in the plant community in response to various levels of
competition from both native and non-native species on reclamation sites. The goal of this
project is to gain a greater understanding of the role that weedy species, both native and
non-native, play on reclaimed sites and determine if weeds hinder the establishment of the
vegetation community, in particular native forbs. Alternatively, the weeds may simply be
utilizing available resources with no long-term impacts on plant community development.
The specific research questions include: Are weeds impeding the successful establishment
of a native plant community? What are the impacts of weeds on the different soil types?
Which species are acting as weeds?

2. Materials and Methods

This study was conducted on a reclamation site located at an oil sands mine approx-
imately 75 km northwest of Fort McMurray, Alberta, Canada (57.3377° N 111.7552° W)
within the boreal mixedwood ecoregion [18]. This area experiences annual precipitation
of 419 mm with an annual average temperature of 1 °C [19]. Reclamation occurred in
2015 on an overburden-based tailings dyke extending over 19 ha. The reclamation site
was capped with two distinct cover soils, upland-derived FFMM and peatland-derived
PMM, to a depth of 0.25 m. FFMM is an upland forest-based cover soil that incorporates
the seedbank rich organic forest floor layer with underlying mineral soil resulting in high
levels of initial plant diversity and biomass [10,11]. PMM is derived from peatlands and is
a mixture of lowland peat deposits and underlying mineral soil (ratio of 60:40 peat-to-soil
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volume) [17]. PMM has high organic matter content, water holding capacity, and surface
roughness, making it ideal for tree and woody species establishment [20,21].

Plant community composition was measured in June 2019 at 40 (20 FFMM and
20 PMM) plots. Within each plot, four 1 m? quadrats were averaged to assess the per-
cent cover and richness of all vascular plants identified to species-level to a minimum of
0.5% cover [22-25]. Bare soil (%) was calculated as 100—total cover. Species were also
grouped into functional groups: native forbs, non-native forbs, graminoids (grasses, rushes,
and sedges), shrubs, and trees [22-25]. All graminoids, shrubs, and trees were native
species. Species nomenclature follows USDA [26]. The main competitive native graminoid
species on reclamation sites in Alberta is Calamagrostis canadensis [27-30]. Calamagrostis
canadensis is an aggressive rhizomatous grass that grows to be 60-120 c¢m tall, is highly
competitive for light and nutrient resources, and establishes earlier in the growing season
than other plant species [23,29,30]. The large amounts of dense aboveground litter and
belowground root mass produced by Calamagrostis canadensis negatively influence light
availability, surface access, and soil temperature, which can prevent understory plant and
tree regeneration [31,32].

General soil characteristics were measured in all plots. Volumetric soil water content
(FieldScout TDR 300, Spectrum Technologies Inc., Aurora, IL, USA), soil temperature (Fisher
Scientific digital thermometers), and pH (400-m, Field Scout, Spectrum Technologies Inc.,
Aurora, IL, USA) were measured within a short period (3-5 days) to minimize variation [33].
Soil measurements were not performed within 24 h after a rain event [33,34]. Volumetric
water content (VWC) was collected from three random locations within the inner plot to
acquire an average reading. Soil temperature and pH readings were collected at the plot
center; the thermometer and probes were left in the ground to stabilize for 2-3 min before
the reading was taken. All soil measurements were taken at a depth of 12 cm. VWC was
higher by 10.5% on PMM compared to FFMM, while pH and soil temperature were similar
between soil types (Table 1). All reclamation topsoil must meet chemical quality guidelines
for pH, electrical conductivity, and other variables as outlined in [17].

Table 1. Study site characteristics for showing average soil temperature, VWC, pH, (standard deviation), and species
richness for both soil types (FFMM n = 20; PMM n = 20). p-values for soil temperature are based on ANOVA and all other
p-values are based on permANOVA.

FFMM PMM p
Soil Temperature (°C) 141 (2.2) 154 (1.4) 0.090
Soil VWC (%) 16.5 (4.4) 27.0 (6.4) <0.001
pH 6.9 (0.7) 6.5 (0.9) 0.176
Tree 1 2 <0.001
Average Species Native Forb 10 9 0.118
Richness Per 1 m? Non-Native Forb 3 4 0.270
Quadrat Graminoid 5 5 1
Shrub 2 1 0.980

All data analysis was done using R software (version R.3.1.1, R Core Team 2019).
The main response variable of interest is native forb cover in relation to soil type and
competing weed cover. Species cover, volumetric water content, and pH data had non-
normal distribution based on the Shapiro-Wilk test and residual plots and could not be
normalized; therefore, non-parametric tests were completed. To determine the differences
between functional group cover, richness (native forbs, non-native, graminoids, shrubs,
and trees), pH, VWC, and tree regeneration by soil type, a two-way permutational analysis
of variance (permANOVA) (significance level of 0.05) was completed using the [mPerm
package (version 2.1.0) [35]. ANOVA was used to compare soil temperature between
soil types. Spearman correlation was used to compare the cover of non-native forbs and
graminoids to native forb cover and richness on both soil types. Negative correlations are
interpreted to indicate competition, while positive correlations indicate facilitation or no
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direct interaction. Regression tree analysis using the mvpart package (Version 1.6-2) [36]
was used to evaluate the potential thresholds of weedy, graminoid, and individual species
cover that would be potentially limiting on native forb cover.

3. Results

Four growing seasons after establishment, species richness (average = 21 species per
1 m? quadrat, p = 1) and total cover (average = 45%, p = 1) were similar between FFMM
and PMM. The largest component of the plant community in terms of both richness and
cover was from native forbs on both soil types (Table 1, Figure 1). Native forb cover was
similar on both soil types (p = 0.408) with an average cover of 21.3% on FFMM and 18.1%
on PMM. Shrub cover was similar between soil types (p = 0.076) with an average cover of
4.5% on FFMM and 1.8% on PMM (Figure 1). Non-native forb cover (p < 0.001) was higher
on PMM, which had a cover of 10.9%, compared to FFMM, which had an average cover of
4.3% (Figure 1). Tree cover (p < 0.001) was higher on PMM, which had an average cover
of 4.7%, while FFMM had 0.6% (Figure 1). Graminoid cover was higher on the FFMM
(p = 0.034), which had an average cover of 14.4%, while PMM had 9.9%.
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Figure 1. Average percent cover by functional group comparison of forest floor-mineral mix (FFMM) and peat-mineral mix
(PMM) soil types with standard error bars and significant letters based on permutational analysis of variance (permANOVA)
(FFMM n = 20; PMM n = 20).
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On FFMM,, the species with the highest cover were Calamagrostis canadensis (native
grass), Chamerion angustifolium (native forb), Rubus idaeus (native shrub), and Sonchus arven-
sis (non-native forb) (Table 2). On PMM, the species with the highest cover were Chamerion
angustifolium, Calamagrostis canadensis, Equisetum arvense (native forb), and Melilotus alba
(non-native forb) (Table 2). Calamagrostis canadensis accounted for the largest proportion of
graminoid cover on both soil types; 47% of graminoid cover was Calamagrostis on FFMM
and 53% on PMM. Sonchus arvensis accounted for 60% of non-native forb cover on FFMM
and 34% on PMM, while Melilotus alba accounted for 14% of non-native cover on FFMM
and 40% on PMM. These three weedy species were clearly the dominant weedy species on
both soil types.

Table 2. Four species with the highest average percent cover per plot found within each functional group and soil type

showing cover (%).

FFMM PMM
Functional Group Species AveranlitC((z/v)e r Per Species AveranIZtC((:/v)e r Per
o o

Sonchus arvensis 2.6 Melilotus alba 44

Non-Native Forb Melilotus alba <1.0 Sonchus arvensis 3.7

on-Native Forbs Taraxacum officinale <1.0 Crepis tectorum 1.5
Crepis tectorum <1.0 Taraxacum officinale <1.0

Chamerion angustifolium 6.2 Chamerion angustifolium 6.5

Native Forb Equisetum arvense 3.9 Equisetum arvense 5.8

ative Forbs Lathyrus ochroleucus 1.9 Achillea millefolium 1.2
Fragaria virginiana 1.7 Lathyrus ochroleucus <1.0

Calamagrostis canadensis 6.8 Calamagrostis canadensis 5.3

. Poa pratensis 2.7 Agropyron trachycaulum 1.0
Graminoids Agropyron trachycaulum 2.5 Carex spp. <1.0
Leymus innovatus 1.3 Poa pratensis <1.0

Rubus idaeus 3.7 Salix spp. 1.0
Shrub Rosa acicularis <1.0 Rubus idaeus <1.0
rubs Cornus sericea <1.0 Rosa acicularis <1.0
Ribes oxyacanthoides <1.0 Shepherdia canadensis <1.0

On both soil types, neither native forb cover (rho = —0.307, p = 0.056) nor richness
(FFMM rho = —0.131, p = 0.582; PMM rho = —0.044, p = 0.854) showed a significant
relationship related to non-native forb cover. Similarly, no relationships occurred be-
tween native forb cover and the two main non-native forb species, Sonchus arvensis (FFMM
rho = —0.278, p = 0.235; PMM rho = —0.223, p = 0.344) and Melilotus alba (FFMM
rho = —0.149, p = 0.530; PMM rho = —0.166, p = 0.483). There was also no relation-
ship between non-native forb cover and either tree (FFMM rho = 0.298 p = 0.202; PMM
rho = —0.070 p = 0.768) or shrub (FFMM rho = 0.040 p = 0.868;, PMM rho = —0.071
p =0.767) cover.

In contrast to non-native forbs, the relationship between graminoid cover and native
forb cover showed a clear threshold relationship with reduced cover of native forbs when
graminoid cover was greater than 17.4% (Figure 2b). Native forb richness, however,
was not impacted by graminoid cover on either soil type (graminoid FFMM rho = 0.104,
p = 0.663; PMM rho = 0.278, p = 0.235). There was no relationship between graminoid cover
and either tree (FFMM rho = —0.043, p = 0.857; PMM rho = —0.027, p = 0.910) or shrub
(FFMM rho = 0.0928, p = 0.697; PMM rho = —0.027, p = 0.513) cover on either soil type.
These relationships were unaffected by soil pH, temperature, and VWC at the plot level.
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Figure 2. Scatter plot between native forb cover (%), (a) non-native forbs, and (b) graminoid cover (%) with a threshold

created from a regression tree analysis (threshold for graminoid cover >17.4% n = 6, <17.4% n = 34).

4. Discussion

There is little evidence of competition among functional groups or of non-native
forbs hindering the development of native forbs. On the other hand, there is also no
evidence of facilitation with non-native species enhancing the establishment of native
forbs such as has been hypothesized for the nitrogen-fixing Melilotus [37-40]. Based on
the results of this study, Melilotus alba does not appear to be a factor in understory growth,
displaying little to no impact on abundance or diversity of native species on either soil type;
however, this may also be due to lifecycle, as Melilotus spp. are biennials [28,39]. Overall,
it appears that non-native forbs could simply be acting as placeholders or niche fillers
alongside other pioneer species within the native plant community and may not impede
the establishment and development of other species [38,41]. This random vegetation
community structure is common in early successional communities [39,42] and is evidenced
in our study by the abundance of available seedbeds (55% bare soil on average) and growing
space. Competition may play a larger role in structuring the vegetation community once
all available growing space is occupied, but competition from non-native forbs does not
appear to be negatively influencing the plant community at this stage.

On oil sands mine sites that utilized either FFMM or PMM as cover soil, Sonchus
arvensis (Perennial sow-thistle, non-native perennial forb), Melilotus alba (White sweet
clover, non-native biennial forb), and Calamagrostis canadensis (Bluejoint reedgrass, native
perennial grass) have been identified as potentially having the most impact on the desired
native forb community post-disturbance [1,2,27]. Listed on Alberta’s noxious weed list [20],
Sonchus arvensis is 40-200 cm tall and forms large, aggressive root networks [22,43] capable
of capitalizing on belowground resources, which can result in an aboveground competitive
advantage deleteriously affecting the native plant community development and diver-
sity [27]. Melilotus alba establishes quickly, grows to 250 cm tall, spreads rapidly, and
acts as a nitrogen-fixer [22,28,44], making it potentially useful as a cover crop. However,
some of these same characteristics enable Melilotus alba to become weedy and difficult to
control [28,44]. On a reclaimed coal mine in Alberta utilizing Melilotus spp. as a cover crop,
findings show the establishment of the native understory was not affected and may have
been facilitated via repression of other weeds [28]. Therefore, whether or not Melilous alba
should be considered a weed is dependent on many factors.

Sonchus arvensis, the other main non-native species found in our study, is listed on
Alberta’s noxious weed list [45], meaning that it is legally required to be controlled to
prevent the spread. However, based on our results Sonchus arvensis showed no evidence
of competition with native forbs four years after site establishment and has less than 5%
cover on both soil types. Species like Sonchus arvensis, and many other weeds, have high
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initial cover after reclamation and then decrease in abundance within a few years. This is
because they often originate from the seedbank, particularly on FFMM, and have rapid
expansion [28,35,46]. However, it appears that this initially high cover of Sonchus arvensis
does not inhibit the growth and development of native forbs and is a low risk to the
long-term ecosystem development on the site [2].

Although all graminoids, including the dominant Calamagrostis canadensis, present on
our site are native species and are not considered noxious weeds, they appear to have a
greater potential to reduce native forb cover [47,48]. Graminoids reduced cover of native
forbs on both FFMM and PMM at graminoid cover levels greater than 17%. In other
studies, the abundance of native forb species was reduced by 10% in the presence of
native perennial graminoids, in particular Calamagrostis canadensis, and the growth and
establishment of native trees were substantially reduced [25,43]. Graminoids have the
potential to impede other native plants through a decrease in soil temperature, reduced
light availability, and snow press damage due to the dense leaf litter [31,32]. A recent study
from northeastern Alberta found that perennial grasses showed the greatest impact on
tree growth and competition dynamics in this system [49]. We see a similar relationship in
our study with higher graminoid cover and lower tree cover on FFMM, with the opposite
being true on PMM.

The future of weeds on this site is still relatively unknown. On some mine reclamation
sites, non-native forbs can still be a large problem, showing 95% cover more than 20 years
post reclamation [50]. In other studies, weeds average only 10% cover after 20 years [21].
In our study, non-native forbs were around 10% cover after four years. Non-native species
still have the potential to drive ecosystem development when native species richness is
low and non-native forb cover is high [21]. In other cases, such as in our study, when
non-native cover is low and native species richness is high, non-native forbs are not likely
to have a large impact in structuring the vegetation community [51].

The future role of non-native forbs is generally dependent on the development of
an overstory canopy [51-53]. As long as trees can develop into the initial community on
reclamation sites, the long-term competitive relationships will likely be similar to what
is found in nearby natural ecosystems [46,48]. In both mature natural stands and post-
disturbance stands, the tree canopy has a strong influence on the altering of the understory
plant community, on soil nutrients, and on light availability [46,48]. With the presence of
an overstory canopy, the understory will be less likely to be invaded by weedy species
due to the barrier for wind-dispersal and heavy shading [50,52]. However, as in natural
forests, graminoids are capable of remaining in the understory canopy throughout the
entire rotation [29].

We expected the weed relationships to vary by soil type, but we did not see this trend.
This indicates that the vegetation communities on both soil types are behaving in a similar
manner. The initial vegetation community on this site was different between soil types due
to the differences in the seedbank [46]. Within a few years, however, other factors such as
seed rain alter the vegetation community on both soil types [46,53]. It also appears that
even at this early successional stage, the competitive processes between plant functional
groups are similar between soil types; in the future, we expect the successional patterns to
be similar as well.

5. Management Implications

From a management perspective, if weeds are not posing a problem by reducing
desirable plant cover or altering successional pathways, they can likely be monitored rather
than eradicated, resulting in saved time and money on weed control. Instead of focusing on
the presence and subsequent control of a particular weed species, reclamation requirements
and policies may need to focus more on ecosystem health and productivity outcomes, such
as the cover and richness of a desirable native plant community. This approach will better
account for “novel” ecosystems, which are a more realistic and economically achievable
outcome [51]. A viable weed management option for our site appears to be simply allowing
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the desirable plant community to develop over time with no further interventions required.
However, on sites where native graminoids appear to be acting as a more serious weedy
competitor than non-native forbs, more active interventions may be needed.

Sonchus arvensis, Melilotus alba, and Calamagrostis canadensis on this reclamation site
established through the seedbank. Determining the pre-salvage abundance of these species
would allow managers to identify the probability of reclamation sites having higher weed
pressures and potentially prevent them from establishing on site at all [2,29]. Although
competition did not seem to have a large influence in structuring the vegetation community
in our study, caution must be used to extrapolate to other reclamation sites and successional
stages. This study was a short-term experiment during the summer season of 2019 and
was only one time period on a successional stage. In addition, our study was intended to
identify the actual impact of weeds on native forbs on a specific site, and we believe we
have accomplished this goal using relatively simple plant community metrics, specifically
cover and richness. However, future studies using more sophisticated metrics such as
plant volume and competition indices may be able to better quantify plant interactions [54].
Of course, all reclamation sites are unique; therefore, continued monitoring is needed to
gain a better understanding of the long-term implications of different weed management
techniques on different site types.
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