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Reclaimed soils, fertilizer, and bioavailable nutrients:
Determining similarity with natural benchmarks over time
D.M. Howell, S. Das Gupta, B.D. Pinno, and M.D. MacKenzie

Abstract: Comparing functional similarity in reconstructed ecosystems with natural benchmarks can provide
ecologically meaningful information to measure reclamation success. We examined nutrient supply rate using
ion-exchange resins as a measure of ecosystem function in two oil sands reclaimed soils, viz. peat mineral mix
(PMM) and forest floor mineral mix (FFMM), and measured fertilization effect on nutrient supply rates in these
soils for three consecutive years contrasted with young-fire-disturbed and mature forest stands. Results indicated
that nutrient profiles of reclaimed soils were significantly different than natural benchmarks. Phosphorus and
potassium supply rates in reclaimed soils were up to 91% lower, whereas S, Ca, and Mg were, respectively, up to
95%, 62%, and 74% higher than in benchmark soils. The expected nutrient flush postfertilization was only apparent
in N and P, but the transient effect levelled off the year after fertilization in most cases. Fertilization aligned the
temporal trajectory of the nutrient profile in PMM similar to benchmark conditions indicating greater ecological
benefit of fertilization than in FFMM. The findings from this study suggest that fertilization focusing on P and K
is likely more ecologically appropriate for establishing natural ecosystem function on reclaimed soils in this
region of the boreal forest.

Key words: nutrient supply rates, fertilizer, oil sands reclamation, fire, functional similarity.

Résumé : Comparer les similitudes fonctionnelles entre les écosystémes reconstitués et les écosystémes naturels
peut déboucher sur des informations d’ordre écologique utiles au succés des mesures de restauration. Les auteurs
ont examiné I’apport d’oligoéléments en se servant de résines échangeuses d’ions pour reproduire le fonctionne-
ment de I’écosystéme sur deux sols issus de la restauration des sables bitumineux et le comparer a I’apport d’'un
mélange de tourbe et de minéraux (PMM) et a celui d’un mélange de litiere forestiere et de minéraux (FFMM). Ils
ont mesuré I'effet de la fertilisation sur I’apport d’oligoéléments dans ces sols pendant trois années consécutives
et 'ont comparé a celui observé sur des sols au peuplement forestier mature ou récemment ravagé par le feu.
Les résultats indiquent que le profil minéral des sols restaurés difféere sensiblement de celui des sols naturels
utilisés aux fins de comparaison. Ainsi, la quantité disponible de phosphore et de potassium était jusqu’a 91 % plus
faible dans les sols restaurés, alors que celle de S, de Ca et de Mg était respectivement de 95 %, 62 % et 74 % plus
élevée que dans les sols servant de point de comparaison. L’afflux prévu d’oligoéléments suivant la fertilisation
n’a été manifeste que pour le N et le P, mais, dans la plupart des cas, cet effet n’a été que passager et s’est
stabilisé a la baisse I’année suivant ’amendement. La fertilisation rapproche la trajectoire temporelle du profil
minéral du PMM de celle des sols comparatifs, signe qu’elle a une plus grande incidence sur 1’écologie de ce type
de sol que sur celle du FFMM. Les constatations de cette étude donnent a penser qu’une fertilisation insistant
davantage sur le P et le K permettrait de mieux rétablir I’écologie d’un écosystéme naturel sur les sols restaurés
dans cette partie de la forét boréale. [Traduit par la Rédaction]

Mots-clés : apport d’oligoéléments, engrais, restauration des sables bitumineux, feu, similitude fonctionnell.
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Introduction

The current area disturbed by open-pit oil sands
mining in the northern Alberta is approximately
895 km? (CAPP 2015). The disturbance includes clearing
of vegetation and removal of topsoils, overburden, and
geological materials to a maximum depth of 100 m to
reach ore bodies (Johnson and Miyanishi 2008).
Reclaiming the disturbed landscape is a legal mandate
for the oil sands industry. The main objective is to create
locally common, self-sustaining boreal forest with
similar trajectories of vegetation development as in
native ecosystems (Alberta Environment 2010). Current
practice evaluates the success of reclaimed sites with
measures of soil fertility and tree productivity
(Cumulative Environmental Management Association
2006; Audet et al. 2014). However, the agronomic idea
of “fertility” in soil might not fully apply to forested
ecosystems where diverse species interact and compete
for resources, and productivity is not the only end goal.
This holistic approach to soil characterization has been
described as soil quality, in contrast to soil fertility, in
other forestland reclamation applications (Bendfeldt
et al. 2001; Pietrzykowski 2014). In this regard, evaluation
of land reclamation success should incorporate ecosys-
tem functional traits and compare these to natural
benchmarks (Chapin et al. 1996). Because soil is a
key component in reconstructed ecosystems, an
ecologically appropriate belowground functional trait
could make this comparison traceable from the early
site development phase. Nutrient availability is an
obvious ecological requirement that can be used to track
ecosystem recovery following disturbances (Bradshaw
1997; Bradshaw 2000; Bardgett et al. 2005). Profiles of
bioavailable nutrients have been shown to produce an
ecologically meaningful index in different natural
(Huang and Schoenau 1996) and disturbed ecosystems
(MacKenzie and Quideau 2012), which can be easily
related to target ecosystem attributes (e.g., plant growth
and soil microbial functions).

Fertilization immediately after soil placement is a
common practice for oil sands reclamation in Alberta,
which may be an option to “jumpstart” ecosystem func-
tion and create a bioavailable nutrient regime similar
to the “assart” effect of fire (Kimmins 2004). In natural
boreal forest stands, wildfires have demonstrated
increased nutrient availability, especially inorganic N,
which likely contributes to aggressive vegetative
re-establishment following these disturbances (Driscoll
et al. 1999). Nutrient availability generally recovers to
the predisturbance levels within 1-10 yr after fire
(Certini 2005). While application of inorganic fertilizer
is commonly practiced in the young reclaimed sites, the
fertilization scheme may not match to the inherent
nutrient supply requirements in reclaimed soils, which
can result in vigorous weed competition (Sloan and
Jacobs 2013). Previous studies in the oil sands regions
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indicate that reclaimed soils have lower P and K supply
rates and higher N and S supply rates than natural
benchmarks, although most of these studies focused on
only peat mineral mix (PMM; MacKenzie and Quideau
2012; Pinno et al. 2012; Quideau et al. 2013; Howell
2015). Some key questions remaining unanswered is
whether or not fertilization can make nutrient supply
rates in reclaimed soils more similar to natural bench-
marks and if there is any long-lasting effect of fertiliza-
tion on the reclamation trajectory.

The many studies examining temporal dynamics of
nutrient supply profiles in reclaimed soils present vari-
ety of conclusions. For example, Rowland et al. (2009)
found that fertilization renders available K and P concen-
trations in reclaimed soils closer to natural benchmarks
within a timeframe of 25 yr than no fertilization.
Inorganic N availability in reclaimed soils (both fertilized
and unfertilized) in their study was higher than the natu-
ral range. However, Pinno and Hawkes (2015) found avail-
able inorganic N in peat-based reclaimed soils became
similar to mature stands within 24 yr of reclamation,
but P and K availability were consistently different from
natural benchmarks. Although these studies presented
data on nutrient supply rates in reclaimed soils,
none compared these with the young naturally dis-
turbed benchmarks. Moreover, general similarities or
differences in nutrient supply rate between the two
reclaimed soils, as reported in these studies, may not be
appropriate, as the variability within these soils can be
as large as between them due to the differences in their
donor sites and extraction techniques. For example,
PMM varies greatly depending on the amount and type
of mineral soil or organic matter included in the mixture
significantly influencing nutrient availability and
associated biogeochemical processes (Rowland et al.
2009; Mackenzie and Naeth 2010).

This study aimed to (1) assess soil nutrient supply rates
in reclaimed and natural benchmark soils, (2) test
whether a fertilization treatment in reclaimed soils
achieves nutrient supply rates similar to benchmarks in
the short term, (3) characterize the early successional
trend of nutrient supply profiles in reclaimed soils
compared with natural benchmarks, and (4) determine
if these data can be used as an estimate of ecosystem
functional similarity. The operational goal of this
research was to make recommendations on appropriate
fertilization schemes for different reclaimed soil types
based on their inherent ability to supply nutrients com-
pared with natural benchmarks.

Materials and Methods

Study area and experimental design

The study area was located at an oil sands mine, 70 km
north of Fort McMurray, AB, Canada (57°21'7"N,
111°49'49"W). Prior to site disturbance, upland mineral
soil in this area was predominantly fine-textured Orthic
Gray Luvisols (Golder Associates 2002) with trembling
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aspen (Populus tremuloides) and white spruce (Picea glauca)
as dominant tree species, mostly classified as “d”
ecosites (Beckingham and Archibald 1996). The target
ecosite class for oil sands reclaimed sites using fine-
textured capping soils is also “d”. The current reclama-
tion study site was constructed in 2011 on top of an
88.6 ha overburden dump consisting of saline/sodic
materials and was capped with approximately 1.6 m of
subsoil and 0.4 m of either forest floor mineral mix
(FFMM), a mixture of upland forest floor organic materi-
als and underlying mineral soil, or PMM, a lowland
organic peat and mineral soil mixture (Canadian
Natural Resources Ltd 2013). Benchmark natural sites
included recently burnt stands (2011 Richardson burn;
57°23'56.14"N, 111°41'8.29”W) as young postdisturbed
ecosystem and mature (62 yr old) mixedwood stands
(near 57°20'51.69"N, 111°43'28.89"W) as the final target
ecosystem along the trajectory. The stands were
classified as “d” ecosites with mesic soil moisture and
medium nutrient regimes, with Orthic Gray Luvisols as
the predominant soil order (Beckingham and Archibald
1996). All the sites were within 10 km radius of each
other and experienced similar weather conditions with
annual precipitation (measured at Fort McMurray)
of 458, 390, and 407 mm in 2012, 2013, and 2014,
respectively.

The study was conducted in a 2 x 2 factorial design of
soil type (FFMM and PMM) and fertilization (FFMF and
PMMEF). Fertilizer amendments of 100 kg N ha™' of
immediately available fertilizer (pellets; 29.9-91-91-91,
N-P-K-S) were aerially broadcasted in June 2011 and 2012
on the FFMF and PMMF treatments. Immediately
pursuant to fertilization in 2011, a barley (Hordeum sp.)
nurse crop was seeded via fixed-wing aircraft at 60 kg ha™,
and white spruce seedlings were planted at a density
of 2000 stems ha~'. Trembling aspen seedlings
naturally recruited on the site mostly from wind-blown
seeds (Pinno and Errington 2015).

Six circular plots (n = 6) of 10 m radius were estab-
lished on each of the six treatments (two unfertilized
soils, two fertilized soils, and two natural benchmarks).
The reclamation plots were established across the entire
area (approximately 20 ha each) of each treatment type
whereas the natural plots were all located in different
forest stands. Four smaller quadrats (1 m?) were set up
within each circular plot in each cardinal direction
10 m apart from the plot centre. In total, 36 plots and
144 quadrats were established and sampled across all
the treatments in both 2013 and 2014. In 2012, the total
number of plots sampled was 18 as part of a pilot study,
which was then expanded in 2013 and 2014.

Soil characterization

Reported soil and site characteristics (Table 1) were
derived from samples taken in August 2014. Mineral soil
samples (n = 4) were collected at each plot from 0 to
15 cm depth using 88.7 cm?® soil cores. Total carbon (TC)

and total nitrogen (TN) were quantified using the
Dumas method with a LECO C/N Analyzer (LECO
Corporation, St. Joseph, MI, USA). Soil pH (0.01 mol L™*
CaCl,) was measured from saturated pastes (Kalra and
Maynard 1991). Soil volumetric water content (VWC)
was measured at each plot during installation and
retrieval of Plant Root Simulator (PRS) probes using a
Field Scout TDR 300 equipped with 12 cm probes
(Spectrum Technologies Inc., Aurora, IL, USA). Plant
biomass was derived from dried aboveground vegetation
in 50 cm X 50 cm quadrats (n = 6) of forest understory.

Supply rates of bioavailable nutrients were measured
with ion-exchange resins (PRS™ Probes, Western Ag
Innovations, Saskatoon, SK, Canada), which integrate
soil temperature and moisture over the measurement
period (Qian and Schoenau 2002; Johnson et al. 2005),
providing a measure of soil nutrient bioavailability that
is sensitive to many environmental factors. For all plots,
a composite of four probe pair subsamples (cation and
anion) was inserted such that the top of the probe was
flush with the soil surface (0-10 cm). Resin probes were
installed for a range of 39-43 d from June to August
2012, 2013, and 2014. Immediately after collection
and cleaning, probes were returned to Western Ag
Innovations for analysis. Nutrient concentrations were
determined by colourimetry using a FIALab 2600
automated flow injection analysis system (FIAlab
Instruments Inc., Bellevue, WA, USA) for NO;~ and NH,*
[total inorganic N (TIN)] and an Optima 8300
inductively-coupled plasma optical emission spectrom-
etry system (Perkin Elmer Inc., Woodbridge, ON, Canada)
for P, K, S, Ca, Mg, Mn, Al Fe, Cu, Zn, B, Cd, and Pb.

Statistical analyses

Nonmetric multidimensional scaling (NMS) was used
to generate the profile of bioavailable nutrients using
the Bray—Curtis dissimilarity matrix in ordination space
with PC-ORD v. 6.0 (MjM Software Design, Gleneden
Beach, OR, USA). Following log,, transformation,
ordinations were run on the “slow-and-thorough”
setting, completing 500 iterations per analysis.
Associative joint plot vectors were cut off at r* < 0.30.
Multiple response permutation procedures (MRPP)
was selected as a nonparametric test to assess statistical
differences within and between a priori groupings.
Statistics reported from MRPP analysis includes proba-
bility value P, T value indicating separation among the
groups (more negative values indicating greater
separation), the A value representing the within-group
homogeneity compared with random expectations
(larger A indicates greater homogeneity), and the § value
representing the within-group variability (McCune et al.
2002). Non-metric multidimensional scaling ordination
scores explaining >60% variability in nutrient supply
rate was used as an index of overall nutrient supply rate
in each soil type. Overall treatment effect on the supply
rate of bioavailable nutrients was analyzed using
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Table 1. Basic site and soil characteristics of oil sands reclaimed and natural benchmark plots, including total carbon (TC), total nitrogen (TN), pH, bulk density (D;,) at

5-10 cm, volumetric water content (VWC) at 12 cm and understory plant biomass; reporting means with standard error in brackets (n = 6).

Understory plant biomass (g m™2)

VWC (%)

Dy (gem™)

2014

2013

2013 2014 2012°

2012

pH

TN (%)

TC (%)

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

472.35 (99.51)

241.39 (95.58)

18.76 (1.57)
33.56 (3.31)

29.02 (1.98)

11.31 (2.31)
21.78 (0.59)

118 (0.03)
0.94 (0.20)
113 (0.07)
0.90 (0.19)

7.59 (0.12)
6.01(0.52)

0.12 (0.01)

2.61(0.29)
8.07 (1.98)
1.07 (0.14)

FFMM
PMM

Fire

78.43 (25.05)
244.74 (41.08)

55.77 (13.66)
196.25 (30.20)
148.87 (66.39)

52.27 (3.31)
16.29 (2.36)

0.25 (0.07)
0.07 (0.00)
0.09 (0.03)

10.80 (1.05)

6.21(0.92)
5.80 (0.15)

5.40 (0.08)
5.40 (0.24)

158.74 (33.89)

5.71 (0.82)

9.53 (0.50)

1.32 (0.47)

Mature

“Understory plant biomass was not measured in 2012.
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Fig. 1. Nonmetric multidimensional scaling ordination
bi-plot of nutrient supply rates in oil sands reclaimed

soils compared with natural benchmark soils (final

stress = 10.18; cutoff * = 0.30). Inset table shows group
differences from MRPP analysis.

Groups compared 1 A »
FIMM  PMM 106l <0.000
FPMM  Froimsure  -36.80 <0.000

PMM_ Firchmature 4226 <0.000

Axis 2 (10%)

Soil
\‘ Ne— / FFMOI:A
\ ,/ + PMM
N e O Fire/Matur
Axis 1 (86%)

analysis of variance (ANOVA) and mixed-effect linear
models, whereas year-to-year comparisons were assessed
using repeated measures ANOVA in SAS v. 9.3 software
(SAS Institute Inc., Cary, NC, USA). Due to the high vari-
ability in our data and to increase the power of analysis,
alpha level of 0.1 was considered statistically significant
for all the tests (Smith 1995).

Results

Effect of soil type

Contrasting differences were found among soil types
in terms of physical and chemical properties (Table 1).
Soil nutrient supply rates also significantly differed
among FFMM, PMM, and benchmark soils (Fig. 1).
Non-metric multidimensional scaling ordination gener-
ated a two-dimensional solution, and two axes explained
96% of the data variance. Ordination results and output
from MRPP analysis indicate that reclaimed soil nutrient
supply rates were closer to each other (T = —10.38;
A = 0.04; P < 0.0001) than they were to benchmarks
(FFMM; T = —36.58; A = 0.30; P < 0.0001 and PMM;
—43.24; A = 0.39; P < 0.0001), although out of the
reclaimed treatments, FFMM had less separation from
benchmarks (Fig. 1). Ordination vectors showed that
benchmark soils had strong positive correlation with
P (r* = 0.51) and K (r* = 0.85) supply rates, whereas
reclaimed soils were correlated with VWC (r* = 0.58),
Ca (r* = 0.80), Mg (r* = 0.77), and S (r* = 0.93) supply
rates (Fig. 1). Overall nutrient supply rate in FFMM
showed significant positive relationship with VWC,
whereas it was mostly nonsignificant in PMM.

Fertilization effect
Fertilization increased similarity in nutrient supply
profiles between reclaimed and benchmark soils only
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Table 2. Multiple response permutation procedure (MRPP) results comparing Bray-Curtis
dissimilarity of fertilized and unfertilized oil sands reclaimed soils to natural benchmark soils

in 2012, 2013, and 2014.

2012 2013 2014

Groups compared T A P T A P T A P

FFMM PMM -2.2 0.20 0.029 -3.2 0.08 0.006 —6.4 0.27 0.001
FFMM Fire -3.0 0.60 0.022 -7.0 0.40 0.001 -6.3 0.44 0.001
PMM Fire -3.0 0.60 0.022 -7.3 0.42 <0.001 -6.5 0.56 0.001
Fire Mature -11 0.08 0.143 -0.2 0.01 0.364 0.0 0.00 0.481
FFMM FFMF -0.2 0.01 0.301 -16 0.03 0.074 -0.8 0.02 0.190
PMM PMMF -2.9 0.37 0.022 -2.5 0.04 0.020 -17 0.03 0.057
FFMF Fire -2.9 0.47 0.022 -8.0 0.33 <0.001 -7.4 0.33 <0.001
PMMF Fire -2.9 0.56 0.022 -9.6 0.41 <0.001 -8.9 0.45 <0.001

Note: T indicates separation among groups with more negative values indicating greater separation
and A indicates within-group homogeneity with larger values indicating greater homogeneity.

Table 3. Multiple response permutation procedure (MRPP) results comparing Bray—Curtis
dissimilarity in nutrient supply rate of oil sands reclaimed and natural benchmark soils

between 2012-2013 and 2013-2014.

0 2012-2013 2013-2014

2012 2013 2014 T A P T A P
FFMM 0.055 0.075 0.074 -3.3 012 0.005 -6.8 0.27 <0.001
FFMF 0.088 0.076 0.091 =31 0.08 0.005 -8.8 0.18 <0.001
PMM 0.058 0.077 0.073 -2.0 0.07 0.045 =31 0.09 0.010
PMMF 0.079 0.072 0.082 -7.5 0.25 <0.001 -6.2 0.10 <0.001
Fire 0.070 0.103 0.081 -2.2 012 0.037 -2.6 0.10 0.023
Mature 0.061 0.088 0.081 -3.7 0.19 0.005 -4.7 0.16 0.001

Note: T indicates separation among groups with more negative values indicating greater
separation and A indicates within-group homogeneity with larger values indicating greater
homogeneity. The § test statistic is included as a measure of average within-group variability.

in 2012 (Table 2). Although no significant increase in
similarity was detected for subsequent years, the
nutrient supply profile of fertilizer-reclaimed soils seems
shifted toward natural benchmark in ordination space.
However, an increase in variability was detected in
fertilized soils as indicated by the higher § statistic,
which was also the case in fire sites (natural fertilization
effect; Table 3). Fertilization effect on the variability of
nutrient profile was most evident with FFMM in all
measured years (Fig. 2).

Fertilization produced variable effects on the supply
rates of individual macronutrients except for TIN. Total
inorganic nitrogen was increased by 1-2 orders of magni-
tude for both soil types in 2012 (P < 0.01; Fig. 3) and was
predominantly due to increased NO;3™ (Fig. 4). This effect
was greatest in PMM, demonstrated by a significant sep-
aration in ordination space between years (Table 2;
Fig. 2). The similar spike in nutrient supply rate immedi-
ately after fertilization was also evident for P in PMM and
K in FFMM (Fig. 3). Irrespective of fertilization, reclaimed
soils had significantly lower P and K (P < 0.10) and higher
S, Ca, and Mg supply rate than the benchmark soils

(Fig. 3). Fertilization effect on overall nutrient supply
rate (NMS ordination score) was significant only in PMM.

Temporal pattern

A clear trend was found in the annual variability pat-
tern of nutrient profiles of reclaimed and benchmark
soils (Fig. 2; Table 3). The temporal pattern of reclaimed
soils followed a similar pattern to benchmark soils. The
within-soil variability of nutrient supply rates (6 value)
increased in 2013 and then decreased the year after
(2014) in both reclaimed and benchmark soils (Table 3).
The T value (group separation) from MRPP analysis indi-
cates that the variability between 2012 and 2013 is much
smaller than the variability between 2013 and 2014, and
this pattern was also similar in both reclaimed (except
PMMF) and benchmark soils. Forest floor mineral mix
followed a similar trajectory to benchmark soils whereas
the PMM did not. Fertilization aligned the trajectory of
PMM nutrient supply profiles similar to that of bench-
mark conditions, although convergence toward those
conditions did not happen (Table 3). A fertilization effect
on the temporal trajectory of the FFMM nutrient supply
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Fig. 2. Nonmetric multidimensional scaling ordination bi-plot of nutrient supply rates in oil sands reclaimed soils compared with
natural benchmark soils in 2012-2014 (final stress FFMM = 9.01, final stress PMM = 8.40; cutoff r* = 0.10).

FFMM

PMM

Axis 2 (13.4%)
Axis 2 (7.6%)

Reclaimed e— s

A 2012

*2013

+ 2014
Unfertilized

u Fertilized

m Fire
m Mature

Reclaimed \

Axis 1 (82.4%)

profile was less evident (Fig. 2), but also did not converge
toward benchmark conditions. Interannual variability
was found to be significant for overall nutrient supply
in all the reclaimed and benchmark sites; however, the
time-treatment interaction effect (fertilization x year)
was only significant in PMM (data not shown). Soil mois-
ture appeared as a significant factor along with the
annual variability for the supply rate of the key macro-
nutrients except for TIN in reclaimed sites. Total inor-
ganic N supply rate in benchmark fire sites, however,
showed a significant association with soil moisture and
interannual variability (P < 0.001).

Similarity between the temporal patterns of individual
nutrient supply rates in fertilized reclaimed and bench-
mark soils were only observed for TIN, P (in PMM), and
Ca supply rates (Fig. 3). Total inorganic N supply rate
decreased to unfertilized levels after 2012 and maintained
a consistent pattern similar to the benchmark soils.
Proportions of NO;~ to NH,* were similar in benchmark
soils in all years, whereas NO;~ was the dominant form
of inorganic N in reclaimed soils during the fertilization
year (2012), but became consistent with benchmark soils
by 2014 (Fig. 4). Increased P in PMM from fertilization
was only measured in 2012, with no carryover into sub-
sequent years; however, a similar pulse was measured in
FFMF in 2013 and 2014, although not significantly differ-
ent from 2012. Soil S, Ca, Mg all decreased over the three
year period in FFMM but not in PMM. Wildfire soils were
either consistent with mature soils (TIN, K, and Mg) or
returned to comparable concentrations by 2014 (P, S, and
Ca) after the initial pulse (Fig. 3).

Discussion
Differences between soil types

Using the profile of nutrient supply, we were clearly
able to distinguish between reclaimed and natural soils,

Axis 1 (89.3%)

and we found reclaimed soils were more similar to each
other than to the benchmark soils, yet remained signifi-
cantly different. Our results corroborate other findings
from laboratory-based analyses (MacKenzie and
Quideau 2012) and field analyses (McMillan et al. 2007;
Rowland et al. 2009; Howell 2015), suggesting differences
in biogeochemical performance between FFMM and
PMM, although in our study, these differences were less
pronounced. Organic matter quality has been shown to
greatly influence nutrient availability in soils, and vari-
ability is largely determined by botanical inputs
(Turcotte et al. 2009). Therefore, we expect to find
differences between FFMM and PMM soil types due to
profound differences in their origin and chemical com-
position. Peat mineral mix was significantly different
from FFMM; however, the degree of separation was
much less than expected, and plant macronutrient sup-
ply rates exhibited recurring similarities. The discrep-
ancy between our study and others in the region
(Mackenzie and Naeth 2010; MacKenzie and Quideau
2012) highlights the differences inherent to reclaimed
soil quality based on its provenance. Rich fens with near
neutral pH and greater nutrient inputs will likely create
a different quality PMM than materials derived from
bogs possessing low pH and nutrient contents (Aerts
et al. 1999). Similarly, differences in soil texture and litter
inputs will influence the quality of FFMM produced from
aspen versus jack pine ecosystems (Sorenson et al. 2011).
In the future, assessing and classifying reclaimed soils
according to their chemical composition or their biotic
legacy prior to salvage could explain some of the vari-
ability observed within PMM or FFMM reclaimed envi-
ronments. Additionally, mixing rates of organic to
mineral material are highly variable site to site, which
will influence the organic matter content and therefore
nutrient supply rate in the reclaimed soils.
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Fig. 3. Nutrient supply rates of oil sands reclaimed and natural benchmark soils in 2012-2014. Significant differences between
treatments are represented by uppercase letters from a repeated measures ANOVA, while between year comparisons are

defined by lowercase letters from ANOVA (P < 0.1).
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The greatest separation in nutrient supply rate
between reclaimed and benchmark soils is expected
because the soil disturbance (salvaging and placement)
during reclamation exposes soil particles to aerobic
condition, thereby increasing nutrient mineralization
potentials, which may result in altered nutrient
conditions. Major differences were attributable to higher
P and K availability in natural soils, similar to the findings
of Rowland et al. (2009), and higher S, Ca, and Mg avail-
ability in reclaimed soils. This can be explained by soil
admixing during salvage and placement, which homoge-
nizes soil horizons from the entire salvage depth, effec-
tively diluting nutrient stratification (Yarmuch 2004; Das
Gupta et al. 2015). Therefore, nutrients concentrated in
undisturbed surficial soil horizons from uptake and depo-
sition (K and P) will be measured in lower concentrations
in reclaimed soils, but may still be present in similar total
quantities across the entire soil profile depth. Similarly,
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higher levels of Ca, Mg, and S present in Luvisolic Bt
horizons (Lavkulich and Arocena 2011) will be present in
greater quantities at the reclaimed soil surface.

Fertilization effects

Fertilization as a reclamation practice aims to provide
an initial pulse of nutrition for planted and naturally
recruited species because it is assumed that soils may
be deficient in macronutrients. We also asked whether
fertilization could be done to create a nutrient profile
in reclaimed soils, which is more similar to that in the
benchmark soils. Wildfire is well-documented to gener-
ate a pulse of available nutrition that contributes to
resource opportunities for emergent vegetation (Rokich
et al. 2000; Choromanska and DeLuca 2001; Ball et al.
2010). However, in highly disturbed environments, such
as reclamation areas, this pulse of nutrients provided
by fertilization has the potential to benefit undesirable
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Fig. 4. Forms of available inorganic N (%) in oil sands
reclaimed and natural benchmark soils in 2012-2014.
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weedy species at the expense of trees (Sloan and Jacobs
2013; Pinno and Errington 2015). In our study, fertiliza-
tion produced significantly different nutrient profiles
compared with unfertilized reclaimed soils; however,
similarity to benchmark conditions was not achieved
except for a slight increase during the fertilization year
(Table 2). It is possible that fertilizer application to
reclaimed soils might be a solution in generating similar
nutrient conditions as benchmark soils, but the fertilizer
prescription must be created with a priori knowledge of
nutrient bioavailability in natural ecosystems. However,
another important aspect is the efficiency of nutrient
cycling with natural forests having established cycles.
Fertilization alone will not replace this cycling on
reclaimed sites, which will develop over time as the
forest matures.

Effects of fertilization on the supply rates of individual
macronutrients was significant, especially for TIN, P, and
K. Inorganic N supply rates were increased up to two
orders of magnitude greater than other treatments in
the year immediately following fertilization, with no
additional N supply increase apparent in subsequent
years. Volatilization could be one potential means of loss
for TIN, given the open canopy structure of the
reclaimed sites; however currently, there is no confirma-
tory study to account for this loss. In fire-disturbed
benchmark ecosystems, TIN losses are predominantly
due to volatilization and increased availability that lasts
at least for few years after fire (Maynard et al. 2014).
A small but significant overall increase in P supply rate
was found in both reclaimed soils after fertilization and
K supply rate in only in fertilized FFMM. Interestingly, P
inputs from fertilization in FFMM were not apparent
until 2013 and 2014. Therefore, fertilization does not nec-
essarily mean immediate increase in nutrient availabil-
ity indicating that there might be a mechanism initially

Can. J. Soil Sci. Vol. 00, 0000

inhibiting the cycling of these nutrients. Higher plant
biomass in FFMM than in PMM might indicate an
uptake-recycle mechanism responsible for the late
increase in the supply of these nutrients through decom-
position process. However, chemical process such as
adsorption might also be an important mechanism for
certain nutrient ions (PO; and SO%-) to be removed from
the soil solution. Such potentials have been previously
evaluated in oil sands reclaimed soils (Jung et al. 2011).
High concentrations of calcium (Ca), magnesium (Mg),
and iron (Fe) in FFMM could also lead to P complexation
and thus immobilization across a range of pH values
(Vetterlein et al. 1999; Wang et al. 2012). Greater P and K
supply rates in fertilized treatments would at least parti-
ally explain the greater variability observed and their
closer proximity in ordination space to benchmark soils
than in unfertilized treatments.

Our study indicated that fertilizer application in the
reclaimed soils might not have a long-lasting effect on
the inherent supply rate of macronutrients other than
P and K; therefore, soil amendments that increase over-
all retention in macronutrients should be examined. In
this context, fertilizing reclaimed soils with P and K
might be more appropriate than fertilizing with N.

Reclamation trajectory

By comparing reclaimed with mature and recently
disturbed wildfire sites, we can show whether the
reclaimed sites are recovering ecosystem function in a
short time frame and with what level of similarity.
Although we concur that reclaimed sites will likely be
novel ecosystems (Quideau et al. 2013; Audet et al.
2014), the goal of reclamation should be to create a devel-
opmental trajectory similar to the natural ecosystems.
Reclaimed and benchmark soils shared similar interan-
nual variability in nutrient supply profiles, although
unfertilized PMM failed to generate a similar temporal
trajectory. Fertilized PMM in 2012 expressed strong
separation from subsequent years; however, this was
probably due to the elevated TIN supply rates from
fertilization, exacerbated by a lack of vegetation. This
indicates that fertilization in PMM could be more
ecologically beneficial than fertilization in FFMM to
create similar benchmark conditions.

Similar to wildfire effects, we expected variation in
nutrient supply rates in reclaimed soils to be greatest in
the initial years following fertilization and levelling off
over time (Miyanishi and Johnson 2002; Johnstone and
Chapin 2006). This was observed up to 2013 after which
the within group variability increased, which could be
due to the interannual variability in soil moisture as
indicated by the significant effect on overall and individ-
ual nutrient availability, but might also indicate varia-
tions due to plant (e.g., uptake) and soil processes
(e.g., adsorption) (Jung et al. 2011). The absence of a sig-
nificant moisture effect on TIN supply in FFMM could
be attributed to the high vegetative demand for this
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nutrient, which probably superimposed the moisture
effect through plant uptake. Supply rate of other macro-
nutrients, however, showed dependency on soil mois-
ture in reclaimed soils suggesting a difference between
benchmark soils in terms of nutrient acquisition
mechanism. Virtually, all TIN in the fertilized reclaimed
soils was present as NO;™ in the first year of fertilization,
indicating a potential disconnect between nutrient
supply and plant uptake (MacKenzie and Quideau 2010).
By 2014, proportions of each N species in reclaimed soils
became similar to benchmark, which suggests that N
cycling might have some common drivers in both PMM
and FFMM.

The fertilization effect of converging the temporal tra-
jectory of reclaimed soil nutrient profiles toward bench-
mark conditions was not clearly achieved in the short
timeframe measured by this study. This convergence
may begin to occur as forest litter layers from native
boreal tree, and shrub species develop and begin cycling
nutrients (Sorenson et al. 2011). It has been suggested in
the literature that this might take 25-30 yr using the con-
ventional reclamation techniques of the Athabasca oil
sands region (AOSR) (Rowland et al. 2009; Quideau et al.
2013). We suggest that by using a priori specific fertilizer
knowledge and functional similarity tracking with bench-
marks over time, reclamations goals may be achieved
sooner.

Conclusions and Recommendations

Our findings suggest that nutrient profiles can be
used to compare functional similarity in oil sands
reclaimed ecosystems with natural benchmarks, as
they are more characteristic of the soil environment
that plant roots experience. Typical N-dominated
fertilizer application in reclaimed soils might not
generate a nutrient pattern similar to the benchmark
conditions. Phosphorus and potassium are the two
major nutrients that could be more meaningful to
manage on reclaimed sites, due to their low supply
rate compared with benchmark soils and apparent
low retention or bioavailability. Specific fertilizer
prescriptions with these nutrients may create nutrient
conditions more similar to natural benchmarks than
unfertilized treatments. Our results also indicated that
fertilization in PMM might be more ecologically
beneficial than in FFMM, given its effects on the tempo-
ral dynamics of nutrient supply rates. Temporal trajec-
tory of nutrient supply rates is therefore another
ecological cue that can be useful in measuring reclama-
tion success. Finally, inherent variability within
reclaimed soils must be considered while evaluating
nutrient status for fertilizer prescription as this can
strongly influence nutrient supply rates. Therefore,
better characterization of reclamation soils, including
physical characteristics such as water holding capacity
and chemical characteristics such as pH and nutrient

supply rates, would be appropriate rather than
generally classifying them all as PMM or FFMM.

Acknowledgements

We thank Paul Hazlett and Ira Sherr for their
constructive and insightful comments on the previous
version of this manuscript. We also thank Edith Li and
Ruth Errington who coordinated and led the fieldwork
of many summer students. Funding for this project was
provided by Canadian Natural Resources Ltd.

References

Aerts, R., Verhoeven, J.A., and Whigham, D. 1999. Plant-
mediated controls on nutrient cycling in temperate fens
and bogs. Ecology, 80(7): 2170-2181. doi:10.1890/0012-9658
(1999)080[2170:PMCONC]2.0.CO;2.

Alberta Environment. 2010. Guidelines for reclamation to forest
vegetation in the Athabasca oil sands region. 2nd ed.
Prepared by the Terrestrial subgroup of the Reclamation
Working Group of the Cumulative Environmental
Management Association, Fort McMurray, AB, Canada.

Audet, P., Pinno, B.D., and Thiffault, E. 2014. Reclamation of
boreal forest after oil sands mining: anticipating novel
challenges in novel environments. Can. |J. Forest Res. 45(3):
364-371. d0i:10.1139/cjfr-2014-0330.

Ball, P., MacKenzie, M., DeLuca, T., and Montana, W. 2010.
Wildfire and charcoal enhance nitrification and
ammonium-oxidizing bacterial abundance in dry montane
forest soils. J. Environ. Qual. 39(4): 1243-1253. d0i:10.2134/
j€q2009.0082. PMID:20830912.

Bardgett, R.D., Bowman, W.D., Kaufmann, R., and Schmidt, S.K.
2005. A temporal approach to linking aboveground and
belowground ecology. Trends Ecol. Evol. 20(11): 634-641.
do0i:10.1016/j.tree.2005.08.005. PMID:16701447.

Beckingham, ].D., and Archibald, ]. 1996. Field guide to ecosites
of Northern Alberta. Natural Resources Canada, Canadian
Forest Service, Northern Forestry Centre, Edmonton, AB,
Canada.

Bendfeldt, E.S., Burger, J.A., and Daniels, W.L. 2001. Quality of
amended mine soils after sixteen years. Soil Sci. Am. J. 65:
1736-1744. d0i:10.2136/sssaj2001.1736.

Bradshaw, A. 1997. Restoration of mined lands — using natural
processes. Ecol. Eng. 8(4): 255-269. d0i:10.1016/S0925-8574
(97)00022-0.

Bradshaw, A. 2000. The use of natural processes in
reclamation — advantages and difficulties. Landsc.
Urban Plan. 51(2): 89-100. doi:10.1016/S0169-2046(00)00099-2.

Canadian Natural Resources Ltd. 2013. 2012 conservation and
reclamation annual report for the horizon oil sands.
Prepared for Alberta environment and Alberta sustainable
resource development, Fort McMurray, Alberta. 108 pp.

CAPP. 2015. What are oil sands? [Online]. Available: http:/[www.
capp.ca/canadian-oil-and-natural-gas/oil-sands/what-are-
oil-sands.

CEMA. 2006. Land capability classification system for forest
ecosystems in the oil sands. Cumulative Environmental
Management Association (CEMA), Fort McMurray, AB,
Canada.

Certini, G. 2005. Effects of fire on properties of forest soils: a
review. Oecologia, 143(1): 1-10. doi:10.1007/s00442-004-1788-8.
PMID:15688212.

Chapin, F.S., III, Torn, M.S., and Tateno, M. 1996. Principles
of ecosystem sustainability. Am. Nat. 148: 1016-1037.
d0i:10.1086/285969.

Choromanska, U., and DeLuca, T. 2001. Prescribed fire alters the
impact of wildfire on soil biochemical properties in a

< Published by NRC Research Press


http://dx.doi.org/10.1890/0012-9658(1999)080[2170:PMCONC]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(1999)080[2170:PMCONC]2.0.CO;2
http://dx.doi.org/10.1139/cjfr-2014-0330
http://dx.doi.org/10.2134/jeq2009.0082
http://dx.doi.org/10.2134/jeq2009.0082
http://www.ncbi.nlm.nih.gov/pubmed/20830912
http://dx.doi.org/10.1016/j.tree.2005.08.005
http://www.ncbi.nlm.nih.gov/pubmed/16701447
http://dx.doi.org/10.2136/sssaj2001.1736
http://dx.doi.org/10.1016/S0925-8574(97)00022-0
http://dx.doi.org/10.1016/S0925-8574(97)00022-0
http://dx.doi.org/10.1016/S0169-2046(00)00099-2
http://www.capp.ca/canadian-oil-and-natural-gas/oil-sands/what-are-oil-sands
http://www.capp.ca/canadian-oil-and-natural-gas/oil-sands/what-are-oil-sands
http://www.capp.ca/canadian-oil-and-natural-gas/oil-sands/what-are-oil-sands
http://dx.doi.org/10.1007/s00442-004-1788-8
http://www.ncbi.nlm.nih.gov/pubmed/15688212
http://dx.doi.org/10.1086/285969

Can. J. Soil. Sci. Downloaded from www.nrcresearchpress.com by University of Albertaon 12/05/16
For personal use only.

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

10

ponderosa pine forest. Soil Sci. Soc. Am. J. 65(1): 232-238.
do0i:10.2136/ss5aj2001.651232X.

Das Gupta, S., MacKenzie, M., and Quideau, S. 2015. Using
spatial ecology to examine above and belowground inter-
actions on a reclaimed aspen stand in northern Alberta.
Geoderma, 259: 12-22. doi:10.1016/j.geoderma.2015.04.004.

Driscoll, K., Arocena, J., and Massicotte, H. 1999. Post-fire soil
nitrogen content and vegetation composition in Sub-Boreal
spruce forests of British Columbia’s central interior,
Canada. Forest Ecol. Manag. 121(3): 227-237. d0i:10.1016/
S0378-1127(99)00003-1.

Golder Associates. 2002. Soil and terrain baseline. Vol. 6,
section 3. CNRL Horizon Project Environmental Impact
Assessment, Calgary, AB, Canada.

Howell, D.M. 2015. Influence of amendments and soil depth on
available nutrients and microbial dynamics in contrasting
topsoil materials used for oil sands reclamation. M.Sc. thesis,
University of Alberta, Edmonton, AB, Canada.

Huang, W., and Schoenau, J. 1996. Microsite assessment of
forest soil nitrogen, phosphorus, and potassium supply rates
in-field using ion exchange membranes. Commun.
Soil Sci. Plant Anal. 27(15-17): 2895-2908. d0i:10.1080/
00103629609369748.

Johnson, E., and Miyanishi, K. 2008. Creating new landscapes
and ecosystems. Ann. N. Y. Acad. Sci. 1134(1): 120-145.
doi:10.1196/nyas.2008.1134.issue-1. PMID:18566092.

Johnson, D.W., Verburg, P., and Arnone, J. 2005. Soil extraction,
ion exchange resin, and ion exchange membrane measures
of soil mineral nitrogen during incubation of a tallgrass
prairie soil. Soil Sci. Soc. Am. J. 69(1): 260-265. do0i:10.2136/
$55aj2005.0260.

Johnstone, J.F., and Chapin, F.S., III. 2006. Effects of soil burn
severity on post-fire tree recruitment in boreal forest.
Ecosystems, 9(1): 14-31. d0i:10.1007/s10021-004-0042-x.

Jung, K., Ok, Y.S., and Chang, S.X. 2011. Sulfate adsorption
properties of acid-sensitive soils in the Athabasca oil sands
region in Alberta, Canada. Chemosphere, 84(4): 457-463.
doi:10.1016/j.chemosphere.2011.03.034.

Kalra, Y.P., and Maynard, D.C. 1991. Methods manual for forest
soil and plant analysis. Canadian Forest Service, Edmonton,
AB, Canada. 116 pp.

Kimmins, J. 2004. Forest ecology: a foundation for sustainable
forest management and environmental ethics in forestry.
3rd ed. Prentice Hall, NJ, USA.

Lavkulich, L., and Arocena, ]J. 2011. Luvisolic soils of Canada:
genesis, distribution, and classification. Can. J. Soil Sci.
91(5): 781-806. d0i:10.4141/cjss2011-014.

Mackenzie, D.D., and Naeth, M.A. 2010. The role of the forest
soil propagule bank in assisted natural recovery after oil
sands mining. Restor. Ecol. 18(4): 418-427. doi:10.1111/
rec.2010.18.issue-4.

MacKenzie, M., and Quideau, S.A. 2012. Laboratory-based
nitrogen mineralization and biogeochemistry of two soils
used in oil sands reclamation. Can. J. Soil Sci. 92(1): 131-142.
d0i:10.4141/cjss2010-070.

MacKenzie, M.D., and Quideau, S.A. 2010. Microbial community
structure and nutrient availability in oil sands reclaimed
boreal soils. Appl. Soil Ecol. 44(1): 32-41. doi:10.1016/j.
apso0il.2009.09.002.

Maynard, D., Paré, D., Thiffault, E., Lafleur, B., Hogg, K., and
Kishchuk, B. 2014. How do natural disturbances and human
activities affect soils and tree nutrition and growth in the
Canadian boreal forest? Environ. Rev. 22(2): 161-178.
doi:10.1139/er-2013-0057.

McCune, B., Grace, J.B., and Urban, D.L. 2002. Analysis of
ecological communities. MjM Software Design, Gleneden
Beach, OR, USA.

Can. J. Soil Sci. Vol. 00, 0000

McMillan, R., Quideau, S., MacKenzie, M., and Biryukova, O.
2007. Nitrogen mineralization and microbial activity
in oil sands reclaimed boreal forest soils. J. Environ. Qual.
36(5): 1470-1478. d0i:10.2134/jeq2006.0530. PMID:17766826.

Miyanishi, K., and Johnson, E. 2002. Process and patterns of duff
consumption in the mixedwood boreal forest. Can. J. For.
Res. 32(7): 1285-1295. d0i:10.1139/x02-051.

Pietrzykowski, M. 2014. Soil quality index as a tool for Scots
pine (Pinus sylvestris) monoculture conversion planning on
afforested, reclaimed mine land. J. For. Res. 25: 63-74.
doi:10.1007/s11676-013-0418-x.

Pinno, B.D., and Errington, R.C. 2015. Maximizing natural
trembling aspen seedling establishment on a reclaimed
boreal oil sands site. Ecol. Restor. 33: 43-50. doi:10.3368/
er.33.1.43.

Pinno, B.D., and Hawkes, V.C. 2015. Temporal trends of ecosys-
tem development on different site types in reclaimed boreal
forests. Forests, 6(6): 2109-2124. doi:10.3390/f6062109.

Pinno, B.D., Landhdusser, S.M., MacKenzie, M.D., Quideau, S.A.,
and Chow, P.S. 2012. Trembling aspen seedling establish-
ment, growth and response to fertilization on contrasting
soils used in oil sands reclamation. Can. J. Soil Sci. 92(1):
143-151. d0i:10.4141/cjss2011-004.

Qian, P., and Schoenau, J. 2002. Practical applications of ion
exchange resins in agricultural and environmental soil
research. Can. J. Soil Sci. 82(1): 9-21. doi:10.4141/S00-091.

Quideau, S., Swallow, M., Prescott, C., Grayston, S., and
Oh, S.-W. 2013. Comparing soil biogeochemical processes in
novel and natural boreal forest ecosystems. Biogeosciences,
10(8): 5651-5661. d0i:10.5194/bg-10-5651-2013.

Rokich, D.P., Dixon, KW., Sivasithamparam, K., and Meney, KA.
2000. Topsoil handling and storage effects on woodland
restoration in Western Australia. Restor. Ecol. 8(2): 196-208.
do0i:10.1046/j.1526-100x.2000.80027.X.

Rowland, S., Prescott, C., Grayston, S., Quideau, S., and Bradfield,
G. 2009. Recreating a functioning forest soil in reclaimed oil
sands in northern Alberta: an approach for measuring success
in ecological restoration. J. Environ. Qual. 38(4): 1580-1590.
do0i:10.2134/jeq2008.0317. PMID:19549934.

Sloan, J.L., and Jacobs, D.F. 2013. Fertilization at planting
influences seedling growth and vegetative competition on a
post-mining boreal reclamation site. New Forest. 44(5):
687-701. doi:10.1007/s11056-013-9378-4.

Smith, S.M. 1995. Distribution-free and robust statistical
methods: viable alternatives to parametric statistics?
Ecology, 76(6): 1997-1998. d0i:10.2307/1940732.

Sorenson, P., Quideau, S., MacKenzie, M., Landhéusser, S., and
Oh, S. 2011. Forest floor development and biochemical
properties in reconstructed boreal forest soils. Appl. Soil
Ecol. 49: 139-147. d0i:10.1016/j.aps0il.2011.06.006.

Turcotte, 1., Quideau, S., and Oh, S. 2009. Organic matter
quality in reclaimed boreal forest soils following oil
sands mining. Org. Geochem. 40: 510-519. d0i:10.1016/j.
orggeochem.2009.01.003.

Vetterlein, D., Bergmann, C., and Hiittl, R. 1999. Phosphorus
availability in different types of open-cast mine spoil and
the potential impact of organic matter application. Plant
Soil, 213(1-2): 189-194. d0i:10.1023/A:1004467213912.

Wang, C., Qi, Y., and Pei, Y. 2012. Laboratory investigation of
phosphorus immobilization in lake sediments using water
treatment residuals. Chem. Eng. J. 209: 379-385. d0i:10.1016/
j.Cej.2012.08.003.

Yarmuch, M. 2004. Measurement of soil physical parameters to
evaluate soil structure quality in reclaimed oil sands soils,
Alberta, Canada. M.Sc. thesis, University of Alberta,
Edmonton, AB, Canada.

< Published by NRC Research Press


http://dx.doi.org/10.2136/sssaj2001.651232x
http://dx.doi.org/10.1016/j.geoderma.2015.04.004
http://dx.doi.org/10.1016/S0378-1127(99)00003-1
http://dx.doi.org/10.1016/S0378-1127(99)00003-1
http://dx.doi.org/10.1080/00103629609369748
http://dx.doi.org/10.1080/00103629609369748
http://dx.doi.org/10.1196/nyas.2008.1134.issue-1
http://www.ncbi.nlm.nih.gov/pubmed/18566092
http://dx.doi.org/10.2136/sssaj2005.0260
http://dx.doi.org/10.2136/sssaj2005.0260
http://dx.doi.org/10.1007/s10021-004-0042-x
http://dx.doi.org/10.1016/j.chemosphere.2011.03.034
http://dx.doi.org/10.4141/cjss2011-014
http://dx.doi.org/10.1111/rec.2010.18.issue-4
http://dx.doi.org/10.1111/rec.2010.18.issue-4
http://dx.doi.org/10.4141/cjss2010-070
http://dx.doi.org/10.1016/j.apsoil.2009.09.002
http://dx.doi.org/10.1016/j.apsoil.2009.09.002
http://dx.doi.org/10.1139/er-2013-0057
http://dx.doi.org/10.2134/jeq2006.0530
http://www.ncbi.nlm.nih.gov/pubmed/17766826
http://dx.doi.org/10.1139/x02-051
http://dx.doi.org/10.1007/s11676-013-0418-x
http://dx.doi.org/10.3368/er.33.1.43
http://dx.doi.org/10.3368/er.33.1.43
http://dx.doi.org/10.3390/f6062109
http://dx.doi.org/10.4141/cjss2011-004
http://dx.doi.org/10.4141/S00-091
http://dx.doi.org/10.5194/bg-10-5651-2013
http://dx.doi.org/10.1046/j.1526-100x.2000.80027.x
http://dx.doi.org/10.2134/jeq2008.0317
http://www.ncbi.nlm.nih.gov/pubmed/19549934
http://dx.doi.org/10.1007/s11056-013-9378-4
http://dx.doi.org/10.2307/1940732
http://dx.doi.org/10.1016/j.apsoil.2011.06.006
http://dx.doi.org/10.1016/j.orggeochem.2009.01.003
http://dx.doi.org/10.1016/j.orggeochem.2009.01.003
http://dx.doi.org/10.1023/A:1004467213912
http://dx.doi.org/10.1016/j.cej.2012.08.003
http://dx.doi.org/10.1016/j.cej.2012.08.003

	Reclaimed soils, fertilizer, and bioavailable nutrients: Determining similarity with natural benchmarks over time
	Introduction
	Materials and Methods
	Study area and experimental design
	Soil characterization
	Statistical analyses

	Results
	Effect of soil type
	Fertilization effect
	Temporal pattern

	Discussion
	Differences between soil types
	Fertilization effects
	Reclamation trajectory

	Conclusions and Recommendations
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 225
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 225
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


