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Abstract: Coarse woody debris (CWD) is an important component of natural forests and is now being
used in reclaiming oil sands land to control erosion, enhance diversity, and function as longer term
storage of organic matter. However, the impact of woody debris on reclaimed ecosystems may vary
depending on the amount applied and the soil it is applied to. We studied the impact on the plant
community (including tree regeneration and understory plants) and soil properties of four levels of
CWD cover (None, Low, Moderate, High) on two reclamation soils (forest floor-mineral mix and
peat-mineral mix) and natural post-fire soils. Significant differences were observed among soil types
in terms of the plant community and soil properties but fewer differences were attributable to CWD.
However, overall native plant species’ diversity and abundance decreased with High CWD while
cover of non-native species on the reclaimed soils greatly decreased with Low CWD. Natural seedling
regeneration density of trembling aspen was unaffected by CWD on both reclamation soil types. The
soil nutrient supply rates and soil moisture were significantly different among soil types but there
were no differences among debris treatments while soil temperature decreased with CWD. Overall,
a Low (up to 30% ground cover) woody debris application appears to be optimal for maintaining
native plant species diversity and abundance while controlling undesirable plant species.

Keywords: oil sands; land reclamation; forest restoration; peat-mineral mix; forest floor-mineral mix;
plant community; trembling aspen

1. Introduction

Coarse woody debris (CWD) plays many critical roles in the functioning of forest ecosystems,
which varies from understory plant establishment to nutrient cycling. In natural forests, CWD is
the result of natural ecosystem events ranging from single tree death to large scale events such as
fire where all or most of the trees on a site are killed. In anthropogenic ecosystems such as mine
land reclamation sites, CWD presence is the result of purposeful placement of CWD as a reclamation
treatment. This dead wood has been shown to influence the plant community indirectly through the
provisioning of suitable microsites for seedling establishment [1,2] as well as directly as a seed source
for canopy seed-banking tree species such as jack pine and black spruce [3]. In terms of soil nutrients,
CWD influences soil N and P cycles [4] through changes in mineralization and immobilization rates
of these nutrients in which CWD is often associated with decreased inorganic N. This indicates net
immobilization [2,5]. These nutrient cycling processes, in turn, are largely controlled through the
microbial community, which has also been shown to be influenced by CWD [6]. Other impacts of CWD
in forests include a long-term carbon and nutrient store [7,8], a control on greenhouse gas emissions
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from soil [9], and habitat for many different species of both vertebrate and invertebrate wildlife [10,11].
Given this important ecological role of CWD in forests, there is greater interest in expanding the use of
CWD as a site amendment in land reclamation projects following oil sands mining.

Oil sands mining results in the complete removal of forest ecosystems to access the oil sands ore
followed by ecosystem reconstruction during land reclamation [12]. This reclamation process involves
landform construction of overburden or tailings dumps, which are subsequently capped with cover
soils rich in organic matter of either upland or the wetland origin. During the salvage process, timber
is harvested with merchantable material sent to local mills for processing. However, smaller-sized trees
and undesirable species may be available for use in reclamation activities as a surface amendment to be
applied on top of the cover soils. This application of CWD has been used as an erosion control measure
in oil sands reclamation but there may be other ecological benefits related to the plant community and
soil properties, which deserve further study. Given the large size of the mineable oil sands region (4800
kmz) within the boreal forest of Alberta, Canada, there will be large areas that require reclamation in
the coming decades. Therefore, practices such as CWD applications need to be tested for efficacy in
helping to ensure successful reclamation outcomes.

Previous studies examining CWD in oil sands mine reclamation settings have provided an
initial indication of some positive impacts of CWD applications, which is similar to what has been
seen in natural forests. These finding include increased plant cover [2], changes in soil microbial
communities and respiration [6,9], and changes in soil chemical and physical properties [2,13] due to
CWD application. However, prior to widespread adoption of the CWD application as a viable land
reclamation tool with positive ecological outcomes, there are important questions related to application
amounts and differential effects among reclamation soils, which remain to be answered. The goal of
this research study was to determine the overall impacts of CWD on vegetation communities (including
both understory plant and trees) and soil properties (nutrient availability and physical properties) in
different reclamation soils and in natural benchmark (fire origin) stands. The general hypothesis for
this work is that the ecological impact of CWD on vegetation and soil properties will vary among
soil types with CWD amount and with the greatest benefits of CWD coming on the reclamation sites.
Operationally, we also wanted to refine these impacts based on the amount of CWD present on the
site to help inform land reclamation practitioners who are applying, or would like to apply, CWD to
their sites.

2. Methods

The study area was located approximately 75 km northwest of Fort McMurray, AB (57°21’ N,
111°49’ W), on a six-year-old reclaimed landform constructed in 2011 within an oil sands mine and
in six-year-old nearby natural forests, which were burnt by the Richardson Fire in 2011. The modal
forest type in the region is trembling aspen (Populus tremuloides) and white spruce (Picea glauca) mixed
woods [14]. This is the forest type of the burnt areas as well as the desired future forest for the
reclaimed area. The climate (Fort McMurray station climate values from Environment Canada) is
characterized by a mean July temperature of 17.1 °C and January temperature of —17.4 °C with an
annual precipitation of 419 mm. The summer of 2016 during which the measurements for this study
were taken had a May to September growing season with precipitation of 248 mm, which is 80%
of normal precipitation for this time and it indicates that 2016 was slightly drier than the normal
growing season.

The reclaimed site is an 88.6 ha overburden dump constructed in 2011 as an operational
reclamation site featuring two different surface reclamation soil types, peat-mineral mix (PMM),
and forest floor-mineral mix (FFMM) with areas of CWD addition where this study was focused.
The surface reclamation soils were both salvaged in the winter of 2010-2011 and then directly placed
on the reclamation site at a depth of approximately 0.5 m over 1.5 m of suitable (non-saline) subsoil
resulting in a 2.0 m cap above the saline-sodic overburden. The PMM is derived from lowland bog
and fen deposits, and the underlying mineral soil. It is a varying mixture of peat and mineral soil at
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an overall ratio of approximately 60:40. This reclamation soil type has high organic matter and an
associated high water holding capacity, which results in high natural tree seeding establishment [15]
but lower native plant establishment due to its lowland origin [16]. The FFMM is derived from upland
forest sites and consists of the forest floor organic layer and the underlying A and B horizons salvaged
to a depth of approximately 0.3 m. This reclamation soil has a high native plant establishment as
a biological legacy of the previous forest soil propagule bank [16,17] and a nutrient regime that is
more similar to natural forest soils than PMM [18]. The reclamation site was aerially fertilized with
100 kg N ha~! (equivalent N: 29.9-9.1-9.1-9.1 NPKS) and applied in both 2011 and 2012, which resulted
in a total N application of 200 kg ha!. The site was seeded with annual barley (Hordeum vulgare) to
control potential erosion and then planted with 2000 white spruce seedlings per ha in 2011.

The CWD application consisted of tops, branches, and small stems of coniferous trees (mainly
black spruce—Picea mariana) spread across a portion of the reclamation site. The result of this application
approach is that most of the CWD is in small fragments and pieces of wood to depths of up to
0.2 m rather than as individual logs, which was applied in other treatments. Therefore, we chose to
characterize the CWD application by percent coverage rather than by volume of material applied.
The CWD was also unevenly applied across the site so this heterogeneity was utilized in our study
design to examine the impacts of varying coverage of CWD on ecosystem development (see Figure 1).
The CWD application was characterized at the plot level as None (0% CWD), Low (1%-30%), Moderate
(81%-70%), and High (71%-100%). This same classification system was used for the natural fire
reference sites but the quality of the CWD in these sites was quite different since it consisted of mainly
whole, burnt deciduous boles, which have subsequently fallen down.

None Low Moderate High

FFMM

PMM

Fire

Figure 1. Visual representation of CWD levels in each soil type. The pictures are intended to highlight
the CWD levels and not the plant community, which may not be representative of that treatment
class. The quadrat frame in all pictures is 1 x 1 m. All photos by S. Das Gupta. FEFMM = Forest floor
— mineral mix, PMM = Peat — mineral mix. None is 0% CWD, Low is 1%-30% CWD, Moderate is
31%-70% CWD, and High is 71%-100% CWD.
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The experimental design for this study consists of three site types (PMM and FFMM from the
reclamation site and Fire as the natural benchmark comparison) and four levels of CWD (None, Low,
Moderate, High) with nine randomly located sampling blocks in PMM, 11 in FEMM, and 10 in Fire.
The original plan was to have 10 blocks in each site type but one of the blocks was misallocated, which
resulted in the slightly uneven sampling design. At each sampling block, the closest representative
location from each of the four CWD classes of at least 50 m? in size of relatively consistent CWD was
selected and a sampling plot was established. At each sampling plot, a series of plant community, tree,
and soil measures were taken during the summer of 2016 in the sixth post-disturbance growing season
for all the sites.

To characterize the plant community, a 1-m? survey quadrant was used to determine richness
(at the species level) and abundance (percent cover at the functional group level). Functional groups
include graminoids, forbs, woody plants, bryophytes, native species, and non-native species recorded
to the nearest percent of coverage. Substrate coverage was also recorded and included CWD, bare soil,
water, and rock recorded to the nearest percent.

Tree regeneration metrics focused on naturally establishing deciduous trees in which the most
common was trembling aspen (over 95% of regenerating stems recorded). At the Fire site, the aspen
regeneration was asexually from root suckers while, on the PMM and FFMM sites, the aspen
regeneration was from natural seedling establishment [19]. Conifer regeneration abundance was
not included in the regeneration comparison since the reclamation site was planted at a density of
approximately 2000 stems per hectare with white spruce while the Fire site lacked conifer regeneration.
Regeneration was counted by species in 1.78 m radius plots and the basal diameter of each stem was
recorded. For some Fire plots with a high regeneration density, a 1 m radius was used to assess tree
regeneration, so per ha values are given. Tree growth and productivity was assessed using the average
basal diameter by species for each plot.

Soil samples were collected from 0 cm to 15 cm depth at each plot and then air dried before
determining pH and electrical conductivity (EC) in water. Volumetric water content (VWC%) and soil
temperature (°C) were recorded monthly (June, July, August) from each plot by using a time-domain
reflectometer (Field Scout TDR 300 Soil Moisture Meter; Spectrum Technologies Inc., Aurora, IL, USA)
and a standard field thermometer, respectively. Soil nutrient supply rates were assessed using Plant
Root Simulator (PRSTM) probes (Western Ag Innovation, Saskatoon, SK, Canada). Anion and cation
probes were installed for 55 days during the growing season in five randomly selected blocks on each
site with four pairs of probes in each CWD class. After removal, probes were cleaned with deionized
water and kept cool until extraction and laboratory analysis was completed at Western Ag Innovations.
NO3-N and NH4-N were determined colorimetrically using an automated flow injection analysis
system while all other ions were determined using inductively-coupled plasma spectrometry. For this
study, we focused on macronutrient supply rates including total N (NOs + NHy), P, K, S, Ca, and Mg.
Soil and site properties for the No CWD plots are given in Table 1.

Table 1. Soil and site properties of the control plots (CWD = None). Values have a mean and
standard error. FFMM = forest floor — mineral mix, PMM = peat — mineral mix, VWC = volumetric
water content.

H VWC Plant Cover Tree Density P K
P (%) (%) (Stemsha—1)  (ug10 cm—2 55 Days—1)
FFMM 6.77 284 61.5 9,180 4.09 59
(0.21) (3.1) (5.0) (2,920) (2.67) (14.6)
PMM 6.41 41.9 441 12,770 1.80 36.1
(0.37) (3.3) (10.3) (4,700) (0.58) 4.5)
Fire 6.02 13.0 70.5 35,900 21.01 379.1

(0.18) (1.7) (6.7) (5,220) (3.42) (45.3)
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Statistical analyses consisted of two-way ANOVAs (Soil x CWD) followed by Tukey’s HSD
post-hoc tests where appropriate. Response variables consisted of a plant community, tree regeneration
density, basal diameter, and soil chemical and physical properties. All statistics were completed using
SYSTAT 13.0 (SYSTAT Software, San Jose, CA, USA).

3. Results

Overall, native species’ richness was similar between Fire and FFMM sites (p = 0.474), but
significantly lower on PMM (p < 0.001) (see Figure 2a). Native species’ richness was reduced at High
CWD compared to all other CWD levels (p < 0.001), which were not significantly different from each
other (p > 0.806). The coverage of native species was also significantly different among all soil types
(p < 0.001) with Fire > FFMM > PMM (see Figure 2b). For CWD levels, high CWD had significantly
lower coverage than the other CWD levels (p < 0.001). There were no non-native species present
in any of the Fire plots but, within the reclaimed plots, coverage of non-native species was similar
between PMM and FFMM (p = 0.912). On PMM and FFMM reclaimed soils, non-native coverage
was significantly greater (p < 0.001) with no CWD compared to all other CWD levels (see Figure 2c).
The most common native and non-native species in each of the soil types are given in Table 2.

Table 2. Most common native and non-native species in each of the soil types. Note: species are listed
alphabetically and not by order of importance.

Native Species Non-Native Species
FFMM Agropyron trachycaulon Melilotus alba
Calamagrostis canadensis Plantago major
Chamerion angustifolium Sonchus arvensis
Equisetum arvense Taraxacum officianale

Fragaria virginiana
Rubus ideaus

PMM Chamerion angustifolium Chenopodium album
Epilobium ciliatum Crepis tectorum
Equisetum arvense Sonchus arvensis

Taraxacum officianale

Fire Amelanchier alnifolia None present
Calamagrostis canadensis
Cornus canadensis
Galium boreale
Petasites palmatus
Viburnum edule

Coverage of bare ground was significantly greater (p < 0.001, data not shown) on PMM (average
=56% on No CWD plots) compared to FFMM and Fire plots (average = 20%). Among CWD levels, no
CWD plots had significantly more bare ground than plots with CWD (p < 0.001) but with high CWD,
all soil types had similar bare ground coverage of 5% (soil x CWD interaction p = 0.002).

Natural trembling aspen regeneration density was significantly greater on Fire when compared to
the reclaimed sites (p < 0.001) while, on the reclaimed sites, regeneration density was similar between
PMM and FFMM (p = 0.233) (see Figure 3a). CWD levels did not have an impact on aspen regeneration
on either PMM or FFMM but regeneration was reduced significantly on high CWD plots in the Fire
sites (soil x CWD interaction p = 0.017).



Sustainability 2018, 10, 1640 6 of 12

14

a) Soil p<0.001
ol {; CWD p<0.001
_} Soil x CWD p=0.553

v
@ 10 } {—
=
o
5 %
2 8 r {» ‘I‘ u FFMM
@ EPMM
2 6
@ .
-g 0O Fire
® 4
=

2

0

None Low Moderate High
80
b) Soil p<0.001
70 CWD p<0.001
Soil x CWD p=0.308
60 _} %
50
BFFMM

I PMM
I OFire

Native species cover (%)
w B
o o

)
=}
1

10 F

&
0
None Low Moderate High
30 r )
¢ Soil p<0.001

s L CWD p<0.001
® Soil x CWD p=0.211
@
320 |
o
3
g . | mFFVIM
& EPVMM
@
'.E 10} OFire
T
< L
o
| m i

: n =

None Low Moderate High

Figure 2. (a—c): Native species richness (a), native species cover (b), and non-native species cover (c) by
soil type and CWD level. Values have a mean and standard error.

Average basal stem diameter of aspen trees was significantly greater on Fire than on reclaimed
sites (Fire > PMM = FFMM, p < 0.001) while High CWD plots had significantly smaller aspen diameters
than No CWD plots. All other CWD were similar (p = 0.023, Figure 3b). White spruce basal diameter
on the reclaimed sites was similar between PMM and FFMM (average = 7.2 mm) and no CWD plots
had significantly greater spruce basal diameter than both the moderate and high CWD plots (see
Figure 3c).
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Figure 3. (a—c): natural deciduous tree regeneration density (a), average aspen basal diameter (b), and
white spruce basal diameter (c). Values have a mean and standard error.

The total inorganic N (NO3~ + NH4 ") supply rate was significantly different among soil types
(p < 0.001) but did not differ among CWD levels (p = 0.516) (see Figure 4a). This same pattern of
significant differences among soil types (p < 0.001 for all) but not among CWD levels (p > 0.144 for all),
also applies to NO3~, NH4*, P, K, Ca, and Mg (see Table 1).
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Figure 4. (a,b): soil total inorganic nitrogen (NO3;~ + NHy4*) supply rate over a 55 day burial (a) and
soil temperature averaged from three readings throughout the growing season (b) by soil type and
CWD cover levels. Values have a mean and standard error.

Soil moisture (volumetric water content) varied over time during the growing season (p < 0.001)
and was significantly different among all soil types (p < 0.001, PMM > FFMM > Fire) but there was no
significant impact from the CWD levels (p = 0.087). Soil temperature also varied over the course of
the growing season (p < 0.001) and was significantly different among soil types (p < 0.001) with the
main difference between the Fire site and the reclaimed sites as FFMM = PMM (p = 0.629). CWD also
impacted soil temperature (p < 0.001) with the temperature decreasing when CWD coverage increased
on PMM and FFMM but there was no change in the soil temperature with CWD on Fire sites (soil x
CWD interaction p = 0.012, Figure 4b). Soil pH was significantly different among soil types (p < 0.001,
Table 1) but did not differ due to CWD levels (p = 0.240).

4. Discussion

Overall, there were many significant soil and plant community differences due to soil type but
fewer differences due to CWD. This is a common finding with CWD studies that have underlying
soil properties overshadowing the effects of CWD in both natural and reclaimed forests [2,5]. We did,



Sustainability 2018, 10, 1640 90f12

however, find some significant differences due to CWD applications and these responses varied by
CWD levels especially in the plant community including both native and non-native species. Native
plant diversity maintained its overall species richness until High CWD levels > 75%, which indicated
that increases in good quality microsites for native plant establishment due to the CWD may have offset
reduced growing space because of increasing CWD at all except for high CWD levels. Another study in
the oil sands also found that CWD increased microsites and vegetation coverage but they did not look
at differing levels of CWD coverage [2]. In addition, non-native species were reduced with Low CWD
of 1%-30% coverage, which indicates that even small amounts of CWD can have an immediate positive
impact on the plant community. Non-native plants on No CWD plots were likely more abundant there
due to bare ground providing microsites for germination, lack of competition (particularly in PMM),
and elevated soil temperature which would favor these ruderal type non-native weed species with
short life cycles [20,21]. These favorable conditions are reduced with CWD application, which likely
leads to a subsequent reduction in non-native species.

Trembling aspen establishment on the reclaimed sites was not impacted by CWD coverage but it
did decrease under high CWD levels in the Fire sites. This difference in aspen establishment between
reclaimed and natural fire origin stands likely reflects the difference in regeneration mechanisms.
In the natural Fire sites, aspen regeneration is from root suckers [22] while on the reclaimed PMM
and FFMM sites regeneration is from natural seedling establishment [19]. The aspen seed is tiny and
well dispersed but requires exacting seedbed conditions and a constant supply of water to germinate
and establish [23,24]. It appears that aspen seeds are able to find the appropriate seedbeds on the
reclaimed sites at all CWD levels given that there is no difference in seedling density among CWD
levels. The CWD may have also trapped seeds or improved microsite conditions by increasing surface
roughness [15] that aided in the aspen seedling establishment. In contrast, at high CWD levels, aspen
suckers in the Fire sites may have simply been limited in the area that it was physically possible to
occupy. Note that aspen seedlings and sucker densities were similar at high CWD plots on all soil
types and still high (5-10,000 stems per hectare) relative to normal planting densities of approximately
1600 stems per hectare.

Aspen productivity also varied by soil type with greater average basal area in the Fire sites
compared to the reclamation PMM and FFMM sites. This was likely a result of the sucker origin
stems on the Fire site, which have an early growth advantage by establishing from the existing root
system. This allows them to prioritize aboveground growth [22]. Seedling origin aspen, on the
other hand, must establish their own root system and, therefore, show reduced early aboveground
growth [25]. Increasing CWD did decrease growth on the Fire site, but not the reclamation sites. Spruce
basal diameter was similar between reclamation soil types and was reduced with high CWD due
to the reduced soil temperature in these plots. Low soil temperature is a known limiting factor in
these relatively cold boreal forest soils [26]. However, the fact that soil temperatures were at their
lowest in the fire origin stands while aspen basal diameters were at their highest levels, indicates that
other factors are likely controlling tree productivity at least for aspen. Similar to our findings, other
studies have also found that CWD plays a secondary role after soil properties in determining tree
productivity [27].

We found few differences in soil properties that were attributable to CWD, which differs from
other reclamation studies examining CWD. For example, we found no differences in total inorganic
N supply rates while a lab-based incubation study that included both PMM and FFMM but only a
single level of CWD extract found that CWD decreases N availability due to reduced N mineralization
and increased N immobilization [13]. The difference in results may have been the sub-optimal field
conditions in our study. This includes soil moisture and temperature such that these same processes of
mineralization and immobilization may take much longer to occur in the field than in a controlled
incubation study. Also, the use of CWD extract in the incubation study rather than CWD fragments on
the soil surface as in our field study may have altered nutrient cycling processes. Other studies have
also shown lower inorganic N under CWD [2,5] measured using standard extraction procedures in
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field studies. Our integrative measure of soil nutrient supply using ionic membranes depends on water
moving through soil to allow nutrients to absorb to the membrane. Therefore, perhaps in this drier
growing season with reduced water movement through the soil, the differences in nutrient supply
rates were too subtle to detect [28]. Other soil properties such as microbial communities or enzymes [6]
may have been more responsive to the CWD levels in our study but these were not the focus of our
study. The relatively undecomposed CWD found in both the reclamation sites and the Fire site may
have also contributed to the lack of nutrient differences among CWD treatments. Later in succession,
as this material decomposes, there may be larger differences in soil nutrients due to mineralization
and immobilization associated with the CWD [27].

Given the large differences in properties between FFMM and PMM reclamation soil, we expected
to see more differences in the response to CWD on these soils, i.e., more soil x CWD interactions.
Overall, the response of the plant community and soil properties was broadly similar to CWD
applications for all soils. For example, given the higher potential plant coverage on FFMM and
its greater similarity to natural forests [16], CWD could have reduced native plant diversity relatively
more on FFMM than on PMM, but this was not the case. The underlying properties of the reclamation
soil were clearly the major determining factor for the plant community and soil properties with only
slight modifications due to CWD at high levels. Similarly, the response due to CWD between fire
origin and reclaimed sites was expected to differ substantially due to the type of CWD found on the
sites but only deciduous tree regeneration and soil temperature showed this through a significant
soil x CWD interaction. As noted, the fire site was mainly aspen CWD with much of it still standing
post-fire and in whole log form on the ground while the reclaimed site CWD was mainly coniferous
and in smaller fragments. Similar differences were observed in CWD between burned and harvested
areas with most CWD in harvested areas containing small pieces/fragments of wood [29], which are
similar to our reclaimed sites. Charring of CWD and the production of black carbon in the midst of
fires may also impact the germination of native plants [30], but the response tends to be variable by
species. Therefore, quantifying the CWD profile [31] including the species, size, decay class, charring,
and more than total volume may allow more subtle differences to be detected.

In the long lifespan of a boreal forest, six years post-treatment is relatively short term. However,
it is still longer than many other reclamation studies, which tend to focus on the immediate impact of
treatment. Many of the noted ecosystem services provided by CWD such as carbon storage, wildlife
habitat, and nutrient retention [8,10,11] may not occur until much later in the life of the forest stand
and these should be followed up on throughout the lifespan of the reclaimed forest.

5. Operational Implications

Care should be taken when attempting to extrapolate the findings from this study to other
reclamation sites or conditions given that this study was for a single type of CWD application, albeit at
different coverage levels. The impact of other species, sizes, and decay classes of CWD on different
reclamation soils are not known and should be studied. However, we looked at different levels of CWD
application areas on three different soil types and found some general trends. Overall, it appears that
CWD applications have some significant and immediate benefits for the understory plant community
including maintaining native species and controlling non-native species and no negative impacts
on tree establishment or growth until high levels of CWD. Operationally, we recommend a CWD
application of up to 30% coverage on both FFMM and PMM reclamation soils but with the caveat that
CWD is not a “magic bullet” that will make a poorly constructed reclamation soil or site satisfactory.
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