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Abstract. Season of seeding and soil amendment with ma-
nure mix, wood shavings and erosion control blankets were
evaluated over two growing seasons to determine their effect
on soil properties and native grass establishment at a Cana-
dian limestone quarry and lime processing plant. A season
(fall, spring) of soil amending and seeding did not signifi-
cantly affect revegetation or soil properties. Site characteris-
tics such as slope, aspect, initial soil nutrients and surround-
ing plant communities influenced early plant community de-
velopment and overall effects of soil treatments. Erosion con-
trol blankets resulted in the highest seeded plant cover and
the lowest non-seeded plant cover despite not significantly
changing soil chemical properties. Total nitrogen and car-
bon significantly increased establishment of seeded grasses
and non-seeded species. Increased nitrogen and carbon in the
constructed soils were best achieved through addition of ma-
nure. Wood shavings did not favour establishment of vegeta-
tion and resulted in similar, and in some cases less, vegetation
than the controls. Assisted revegetation increased plant cover
from < 6 to 50 % and reduced cover of non-seeded species.
Amendments that modified both chemical and physical soil
conditions were best to increase vegetation establishment in
the harsh conditions of the quarry.

1 Introduction

Limestone, a sedimentary rock of mainly calcium carbon-
ate, is widely used in a variety of industries including
construction, metallurgic, pharmaceutics, food and agricul-

ture, with an increasing worldwide production and demand
(Kesler, 1994). Limestone mining creates large disturbances
that significantly impact soil, vegetation and fauna and re-
sult in habitat fragmentation and loss (Sort and Alcañiz,
1996; Clemente et al., 2004; Moreno-Peñaranda et al., 2004).
Reclamation of limestone quarries, despite being an environ-
mental necessity and mandatory in many countries, has had
limited success (Bonifazi et al., 2003; Allen et al., 2005), par-
ticularly when the goal is to achieve predisturbance condi-
tions (Wunderle, 1997).

Reclamation can succeed when soil is placed on rock
spoil; however, soil for limestone quarry reclamation is
scarce, coarse and nutrient deficient (Bradshaw and Chad-
wick, 1980; Davis et al., 1985). Soil quality can be enhanced
with organic amendments (Sopper, 1993; Calderón et al.,
2005) such as sewage sludge, biosolids and manure, which
are plentiful, relatively inexpensive, readily available and
reduce the need for landfill disposal. For example, sewage
sludge increased plant biomass and cover in a Spanish quarry
although species richness was lower than without sludge
(Moreno-Pẽnaranda et al., 2004). These created substrates
would be classified as anthroposols, azonal soils that have
been highly modified or constructed by human activity, and
are commonly built after disturbances as part of land recla-
mation activities (Naeth et al., 2012).

When soil is unavailable, fertilizer can improve grow-
ing conditions for vegetation. However, building a suit-
able substrate with rocky materials requires amelioration of
both chemical and physical conditions, as Cohen-Fernández
and Naeth (2013) identified in greenhouse experiments with
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limestone substrates. Their limestone substrates supported
vegetation and could supplement or even substitute for soil.
A necessary follow up is field testing, where factors other
than substrate quality affect plant establishment. An exam-
ple of interacting factors in a limestone quarry were identi-
fied in the United Kingdom, where plant cover of early seral
communities increased up to 15 times that of controls with
increased nutrient availability, protection against herbivory
and seed input, but only seven times when one or two factors
were applied (Davis et al., 1985).

In mined areas, vegetation establishment relies on hu-
man augmentation because the seed bank has been removed
or damaged; the site can remain relatively unvegetated for
decades or can be colonized by unwanted species (Wheater
and Cullen, 1997; Cooper and MacDonald, 2000). Native
species selection is critical in restoration (Davis et al., 1985;
Wunderle, 1997; Alvarez-Aquino et al., 2004; de Souza and
Batista, 2004). However, their use is challenging because
seeds and propagules are often scarce and expensive, and
there is limited information on their responses to nutrients,
competing non-native species and seeding season (Gerling
et al., 1996; Davis et al., 1998; Riley et al., 2004; Reid and
Naeth, 2005; Vieira and Scariot, 2006).

Slope and aspect of contoured embankments, depth and
quality of soil covering the embankment, rockiness, potential
for soil erosion and gulley formation, age of construction and
surrounding vegetation are all factors affecting early ecosys-
tem development. Thus, effects of reclamation treatments
must be evaluated within variable quarry structural features.
The objective of our research was to determine whether fall
and spring soil preparation and seeding, soil amendments and
erosion control blankets would contribute to successful es-
tablishment of a desired plant community in limestone quarry
reclamation.

2 Materials and methods

2.1 Study sites

Research was conducted at the Graymont Exshaw lime-
stone quarry near Kananaskis, Alberta, Canada (51◦07′ N,
115◦13′ W). The quarry was located on a south facing slope,
at 1350 m elevation, below the 2000–2300 m tree line. Recla-
mation research treatments were established on three em-
bankments in the quarry within 1 km of each other and one
at the lime plant 7 km away. Embankments were engineered
piles of limestone mine spoil, covered with topsoil or clean
fill (mixed topsoil and subsoil). Site New was on a newly
built south facing embankment, approximately 188 m long
and 7–15 m wide, with a 30◦ slope, and covered with 30 cm
of clean fill. Site New HM was a 65 m long segment covered
with 1–2 cm of horse manure. Site Old was on a south facing,
older embankment, with 30◦ slopes of varying length and
covered with 60 cm of clean fill. Site Plant was on a north-

west facing berm with 15–20◦ slopes of 10–30 m lengths
covered with 30 cm of clean fill. These sites collectively rep-
resented the heterogeneity of conditions found around the
world on typical limestone quarries requiring reclamation.

Climate is montane-subalpine (Alberta Parks and Pro-
tected Areas, 2002). Long-term mean annual precipitation is
296.2 mm as rain and 234.1 cm as snow. Mean daily tem-
perature is 3◦C; maximum temperature is 21.9◦C in July
and minimum is−14.1◦C in January (Environment Canada,
2011a). Mean June temperatures were 4.4 and 11.2◦C in
2008 and 2009, respectively; October temperatures were 0.1
and 0.7◦C. June to October precipitation was 355.1 mm in
2008 and 265.7 mm in 2009 (Environment Canada, 2011b).

In undisturbed surrounding areas, soils are mainly
Brunisolic according to the Canadian System of Soils Clas-
sification (Soil Classification Working Group, 1998) and
Cambisols following the FAO and World Reference Base
System (Smith et al., 2011), with calcareous parent mate-
rial. Vegetation is coniferous and deciduous forest (Alberta
Parks and Protected Areas, 2002). Prior to amendment, soil
without rocks in the upper 10 cm was loam textured (Ta-
ble 1). Electrical conductivity, pH and sodium adsorption ra-
tio met soil quality criteria guidelines; organic carbon was
low (0.5–1.5 %). Soil properties were similar among sites,
except for New HM which had highest nutrients, sodium ad-
sorption ratio and electrical conductivity and lowest organic
carbon.

2.2 Experimental design

In August 2007, 1402.25 m2 (1.5 m× 1.5 m) of research
plots were established, in a horizontal line, with 1 m buffers
between plots. Half the plots at each site were randomly se-
lected for fall and half for spring soil preparation and seed-
ing. Within spring and fall treatments, soil treatments were
randomly assigned. Each treatment, including a control, was
replicated 5 times. New, Old and Plant sites had 2 seed-
ing seasons× 4 soil treatments× 5 replicates= 40 plots.
New HM treatments were erosion control blankets and a
control for 2 seeding seasons× 2 soil treatments× 5 repli-
cates= 20 plots.

2.3 Soil treatments

Amendments that improved physical and chemical properties
of limestone substrate and had adequate plant establishment
in a previous greenhouse study, and that were locally avail-
able and could be used without an environmental application
permit were evaluated in the field. Soil treatments including
a control were used in combination with fertilizer, which im-
proved plant establishment in the greenhouse and is a regular
practice in other types of quarry reclamation when substrates
have low to no nutrients. Erosion control blankets were used
to physically protect soil and seeds. The erosion control blan-
ket was Nilex SC150BN of coconut and straw. Cattle manure
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A. C. Cohen-Ferńandez and M. A. Naeth: Limestone quarry reclamation 5245

Table 1.Chemical and physical properties of the soil at Exshaw quarry research sites in August 2007 prior to application of treatments.

Parameter
Site

New New HM Old Plant

Total Carbon (%) 6.9 6.5 6.9 7.6
Inorganic Carbon (%) 5.8 5.9 6.3 6.1
Total Organic Carbon (%) 1.0 0.5 0.6 1.5
Inorganic Carbon/CaCO3 Equivalent (%) 5.8 5.9 6.2 6.1
CaCO3 Equivalent (%) 48.8 49.8 52.7 51.1
Total Kjeldahl Nitrogen (%) 0.1 0.1 0.1 0.1
Available Nitrate Nitrogen (mg kg−1) 10.2 14.0 5.4 3.6
Available Phosphate Phosphorus (mg kg−1) 2.0 2.0 2.0 2.0
Available Potassium (mg kg−1) 67 304 77 50
Available Sulfate Sulfur (mg kg−1) 123 257 120 16
Soluble Chloride (mg L−1) 20 370 20 40
Soluble Calcium (mg L−1) 89 149 87 100
Soluble Potassium (mg L−1) 6 169 5 5
Soluble Magnesium (mg L−1) 25 59 21 31
Soluble Sodium (mg L−1) 22 82 13 29
Sodium Adsorption Ratio 0.5 1.4 0.3 0.7
Sulphate (mg L−1) 90 123 49 90
Water Saturation (%) 28.1 28.6 26.0 27.9
Hydrogen Ion Activity (pH) 7.6 7.5 7.6 7.7
Electrical Conductivity (dS m−1) 0.6 1.7 0.5 0.6
Cation Exchange Capacity (m eq 100 g−1) 8.4 6.0 11.4 8.2
Sand (%) 50 43 50 51
Silt (%) 32 39 32 35
Clay (%) 18 18 18 14
Texture Loam Loam Loam Loam

mix was a 2 yr old 6: 1 : 1 mix of manure, waste feed and
wood shavings. Wood shavings were fine screened from pine
and white spruce wood. Manure was applied at 30 Mg ha−1

and wood shavings at 11.25 Mg ha−1, then incorporated into
the soil at 5–10 cm with rakes and shovels. Slow release fer-
tilizer (14-14-14 nitrogen, phosphorus, potassium) was ap-
plied at 1.1 Mg ha−1. Fall plots were amended in August
2007 and spring plots in May 2008. Fertilizer was applied at
seeding and erosion control blankets after seeding. Due to ex-
tensive bighorn sheep (Ovis canadensisShaw 1804) grazing,
Plantskydd, a biodegradable chemical deterrent, was hand
sprayed over the research area in June 2008 and April 2009.

2.4 Plant species

A native species mix for rapid establishment and tolerance
of dry slopes, rocky sites and alkaline soils was seeded at
42.5 kg ha−1. Grasses werePoa alpinaL. (alpine blue grass)
20 %, Agropyron trachycaulum(Link) Maltex H. F. Lewis.
(slender wheat grass) 15 %,Elymus innovatusBeal. (hairy
wild rye) 15 %,Festuca saximontanaRydb. (rocky mountain
fescue) 15 %,Trisetum spicatum(L.) K. Richter variety ARC
sentinel (spike trisetum) 15 %,Bromus carinatusHook. and
Arn. 10 % (mountain brome grass). The forb wasVicia amer-

icanaMuhl. ex Willd. (american vetch) 10 %. Fall plots were
seeded 8–10 October 2007 and spring plots 13–15 May 2008.

2.5 Soil property quantification

To determine soil properties prior to reclamation (August
2007), three 0–10 cm cores were collected at each of three lo-
cations, then composited to one sample per site. After recla-
mation one 0–10 cm core from each of the 140 research plots
was taken from each plot in May 2008 and August 2009, and
analysed individually.

Samples were analysed according to Carter (1993) un-
less otherwise noted. Sodium adsorption ratio (SAR), sol-
uble chloride, calcium, potassium, magnesium, sodium and
sulphate, pH and electrical conductivity were determined in
1 : 2 soil : water saturated paste. Total carbon and nitrogen
were determined by combustion, total organic carbon by acid
digestion then combustion, total inorganic carbon and total
inorganic carbon calcium carbonate equivalent by acid di-
gestion and total organic nitrogen by the Kjeldahl procedure
(Kalra and Maynard, 1991). Available nitrate, phosphate and
potassium were determined by modified Kelowna extraction
and available sulphate by extraction with 0.01 M calcium

www.biogeosciences.net/10/5243/2013/ Biogeosciences, 10, 5243–5253, 2013
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chloride. Cation exchange capacity was determined with bar-
ium chloride and particle size distribution with a hydrometer.

2.6 Vegetation assessment

Vegetation was assessed 28–30 August 2007, prior to plot
establishment and soil treatment, since remnant vegetation
from a failed seeding at Old and Plant sites and invading
weeds were present in low numbers. Canopy cover by species
was visually assessed in 20 cm× 50 cm quadrats at 10 ran-
dom locations per site.

Vegetation was assessed 13–15 May 2008,
19–24 May 2009, 11–15 August 2008 and 17–24 Au-
gust 2009 in 0.5 m× 0.5 m quadrats at the centre of each of
the 140 plots. Density by species and canopy and litter cover
were determined. In August 2009, covers of seeded species
were assessed. Density of seeded species was assessed to
verify survival in August 2010 in spring plots.

2.7 Statistical analyses

All analyses were performed with SigmaPlot 12 (Systat Soft-
ware, 2011). Two-way analysis of variance (ANOVA) and
pairwise multiple comparisons (Holm Sidack method) were
performed on soil data. Plant density and electrical con-
ductivity data did not comply with normality and equal-
ity of variance assumptions, thus permutational ANOVA
was performed with PERMANOVA v.1.6 (Anderson, 2001;
McArdle and Anderson, 2001) with fixed factors season and
amendment. Densities of seeded species due to seeding sea-
son were analysed with Mann–Whitney rank sum test for
most data and witht test for non-normal data. To identify
differences in density of seeded species due to amendments
and blankets at each site, fall and spring data were pooled
and one way non parametric ANOVA used with fixed fac-
tor amendment and four levels (wood, blanket, manure, con-
trol). Analysis was based on Bray–Curtis dissimilarities dis-
tance; 10 000 permutations of raw data were used in all tests.
A posteriori pairwise comparisons with PERMANOVA were
done for treatments with significant differences. Differences
in plant cover, litter cover, and cover and density of species
due to amendments and blankets were analysed with one-
way ANOVA if data had normal distribution and equal vari-
ance and ANOVA on ranks otherwise. Cover of seeded and
non-seeded species in the same treatment at each site were
compared using the Mann–Whitney U rank sum test.

To investigate vegetation response (seeded and non-seeded
species density) to site and soil (total nitrogen, carbon and or-
ganic carbon; pH, electrical conductivity), redundancy analy-
ses on Hellinger transformed data were performed. Hellinger
transformations (Legendre and Gallagher, 2001) prevent dis-
tortion of redundancy analysis results by species with low
abundance. Analyses were performed with the statistical
package R (version 2.13.0) (R Development Core Team,

2011) and Vegan library (version 1.17-10) (Oksanen et al.,
2011).

3 Results

3.1 Fall and spring soil preparation and seeding effects

Soil chemical properties and plant density were not signifi-
cantly different between spring and fall treatments in either
study year (Tables 2 and 3); plant density was generally nu-
merically higher in fall than spring treatments. Only the Plant
site had significantly more plants in fall than spring treat-
ments in 2008 (Table 2), but differences did not persist in
2009.

3.2 Manure, wood shavings and erosion control blanket
effects on soils and vegetation

Total nitrogen, carbon and organic carbon were significantly
higher with manure than in controls. Total nitrogen and or-
ganic carbon were almost double that of controls in 2008 (Ta-
ble 4) and remained higher in 2009 (Table 5). Electrical con-
ductivity was more than twice that of the control in 2008, but
a year later differences almost disappeared (Table 5). Total
nitrogen, carbon and organic carbon did not follow a dis-
cernible trend over time after amendment with wood shav-
ings, although total organic carbon was marginally higher at
all sites than the control. Erosion control blankets had little
effect on nitrogen and carbon relative to the control but con-
centrations were often significantly lower than with manure
or wood shavings. Soil pH averaged 8, varying little with
time and treatment.

Seeded plant density was generally higher with amend-
ments than in controls (Fig. 1). At the New site in 2008 and
2009 significant differences occurred, being up to twice as
high with amendments as in the control. Wood shavings had
less effect on plant density than manure and were often sim-
ilar to controls but lower at the Old site both years. Erosion
control blankets had a significant effect across sites and over
time. In 2008 plant density was almost twice as high with
erosion control blankets than the control at New and New
HM sites; by 2009 values were over twice as high. Plant
density increased in most treatments and sites from 2008 to
2009, except at the New HM site.

3.3 Soil properties and quarry location effects on seeded
and non-seeded species

A previous revegetation attempt at Old and Plant sites was
highly unsuccessful. Average vegetation cover was 4.9, 2.2,
3.3 and 6 % at New, New HM, Old and Plant sites, respec-
tively. This sparse cover was homogeneously distributed.

Total cover was similar among treatments, except in 2008
when it was significantly higher with manure at the New
site and with erosion control blankets at New HM (Fig. 2).
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Table 2.Mean measured soil properties and seeded plant density in fall and spring treatments in 2008.

Parameter Season
Site

New New HM Old Plant

Total Carbon (%) Fall 6.96± 0.05 7.47± 0.18 6.88± 0.07a 7.69± 0.16
Spring 6.99± 0.08 7.48± 0.15 6.99± 0.08b 7.86± 0.13

Total Organic Carbon (%) Fall 0.84± 0.06 1.18± 0.19 0.89± 0.06 1.76± 0.01
Spring 0.90± 0.07 1.11± 0.17 0.96± 0.08 1.75± 0.01

Total Nitrogen (%) Fall 0.06± 0.00 0.14± 0.02 0.07± 0.00 0.10± 0.01
Spring 0.07± 0.00 0.13± 0.02 0.09± 0.00 0.12± 0.01

Electrical Conductivity (dS m−1) Fall 0.20± 0.01 0.44± 0.03 0.23± 0.01 0.29± 0.01a

Spring 0.33± 0.06 0.42± 0.05 0.37± 0.07 0.48± 0.08b

Hydrogen Ion Activity (pH) Fall 8.14± 0.02 8.25± 0.03 8.2± 0.01 8.28± 0.01
Spring 8.15± 0.01 8.22± 0.02 8.19± 0.02 8.29± 0.01

Density (plants m−2) Fall 26.75± 4.79 76.64± 11.00 25.77± 3.20 85.15± 10.60a

Spring 21.02± 5.17 60.96± 4.99 17.51± 2.39 52.55± 4.80b

Values are mean± standard error. Values of±0.00 in the table were< 0.006.
Letters indicate statistically significant differences between fall and spring treatments of the same site.
Absence of letters indicates no statistical differences.

Table 3.Mean measured soil properties and seeded plant density in fall and spring treatments in 2009.

Parameter Season
Site

New New HM Old Plant

Total Carbon (%) Fall 7.25± 0.06 7.40± 0.12 7.20± 0.11 8.87± 0.24
Spring 7.37± 0.08 7.49± 0.25 7.22± 0.08 9.23± 0.26

Total Organic Carbon (%) Fall 1.02± 0.03 1.19± 0.08 0.99± 0.03 1.32± 0.05
Spring 1.03± 0.05 1.21± 0.13 1.06± 0.06 1.31± 0.06

Total Nitrogen (%) Fall 0.08± 0.00 0.11± 0.01 0.08± 0.03 0.09± 0.00
Spring 0.09± 0.01 0.11± 0.01 0.08± 0.01 0.08± 0.00

Electrical Conductivity (dS m−1) Fall 0.32± 0.03 0.33± 0.02 0.34± 0.04 0.33± 0.03
Spring 0.40± 0.03 0.35± 0.03 0.32± 0.02 0.37± 0.03

Hydrogen Ion Activity (pH) Fall 8.18± 0.04 8.06± 0.06 8.12± 0.03 8.09± 0.05
Spring 8.05± 0.03 8.10± 0.07 8.12± 0.03 8.06± 0.05

Density (plants m−2) Fall 25.93± 2.68 79.50± 16.34 42.06± 4.41 82.84± 7.91
Spring 24.37± 3.01 39.73± 4.65 43.13± 5.24 65.60± 4.85

Values are mean± standard error. Values of± 0.00 in the table were< 0.006.
Absence of letters indicates no statistical differences.

In 2009 cover of non-seeded species was significantly lower
than seeded species at New HM and Plant sites (Fig. 3). Few
significant differences occurred between cover of seeded and
non-seeded species at New or Old sites. Erosion control blan-
kets resulted in highest seeded cover and lowest non-seeded
cover at New HM, Old and Plant sites, significantly increas-
ing desirable species. Seeded species cover increased with
manure, being higher than any other treatment at the New
site. Wood shavings resulted in more non-seeded than seeded
cover at New and Old sites. Controls had more seeded cover
at New HM and Plant sites and more non-seeded cover at
New and Old sites.

Constrained ordination on density of seeded and non-
seeded species across sites indicated a higher effect of
site (F = 37.88) than soils (F = 6.06) or reclamation treat-

ments (F = 3.51). This explains the low overlap among
sites (Fig. 4). Total nitrogen and carbon were soil prop-
erties exerting the strongest influence on vegetation. Total
nitrogen and electrical conductivity were a stronger influ-
ence at the New HM site whereAgropyron trachycaulum
and Chenopodium albumL. (lamb’s quarters) were more
abundant. Total carbon exerted greater influence at the Plant
site, where conditions favouredTrisetum spicatum and Poa
alpina L. (alpine blue grass) more than at any other site,
and Melilotus spp. was the dominant non-seeded species.
Festuca saximontanawas most favoured at Old and Plant
sites. Among seeded species,Agropyron trachycaulumben-
efited most from nitrogen;Festuca saximontanaand Poa
alpina benefited least. Among non-seeded species,Melilo-
tus (sweet clover) benefited most from total carbon and

www.biogeosciences.net/10/5243/2013/ Biogeosciences, 10, 5243–5253, 2013
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Table 4.Mean measured soil properties in soil treatments in 2008.

Electrical

Site Treatment
Total carbon Total organic Total nitrogen Hydrogen ion conductivity

(%) carbon (%) (%) activity (pH) dS m−1

New Control 6.81± 0.05b 0.68± 0.02b 0.06± 0.00b 8.17± 0.04 0.18± 0.01b

Blanket 6.74± 0.03b 0.61± 0.04b 0.05± 0.00b 8.11± 0.02 0.22± 0.02b

Manure 7.25± 0.09a 1.18± 0.09a 0.10± 0.01a 8.17± 0.02 0.50± 0.11a

Wood 7.10± 0.10a 1.01± 0.08a 0.06± 0.00b 8.14± 0.01 0.17± 0.01b

New HM Control 7.73± 0.15 1.45± 0.17a 0.18± 0.02a 8.25± 0.03 0.48± 0.03
Blanket 7.23± 0.13 0.83± 0.11b 0.10± 0.01b 8.22± 0.02 0.38± 0.05

Old Control 6.73± 0.10b 0.74± 0.09b 0.06± 0.00b 8.16± 0.02 0.18± 0.00c

Blanket 6.81± 0.09ab 0.70± 0.09b 0.07± 0.00b 8.16± 0.03 0.25± 0.02b

Manure 7.13± 0.09a 1.16± 0.08a 0.11± 0.01a 8.21± 0.03 0.56± 0.11a

Wood 7.05± 0.10ab 1.09± 0.08a 0.07± 0.00b 8.24± 0.02 0.19± 0.00c

Plant Control 7.69± 0.21 1.46± 0.13b 0.10± 0.01b 8.29± 0.01 0.30± 0.02b

Blanket 7.68± 0.19 1.41± 0.12b 0.08± 0.01b 8.27± 0.01 0.30± 0.03b

Manure 8.06± 0.25 2.59± 0.46a 0.16± 0.01a 8.27± 0.01 0.70± 0.14a

Wood 7.67± 0.18 1.57± 0.14b 0.10± 0.01b 8.31± 0.01 0.26± 0.02b

Values are mean± standard error. Values of±0.00 in the table were< 0.006.
Letters indicate statistically significant differences among treatments in a site.
Absence of letters indicates no statistical differences.

Table 5.Mean measured soil properties in soil treatments in 2009.

Electrical

Site Treatment
Total carbon Total organic Total nitrogen Hydrogen ion conductivity

(%) carbon (%) (%) activity (pH) dS m−1

New Control 7.15± 0.07b 0.93± 0.03b 0.07± 0.00b 8.18± 0.07 0.33± 0.04
Blanket 7.10± 0.07b 0.90± 0.02b 0.08± 0.01b 8.19± 0.05 0.33± 0.05
Manure 7.53± 0.11a 1.22± 0.07a 0.11± 0.01a 8.07± 0.05 0.38± 0.04
Wood 7.45± 0.10a 1.05± 0.04ab 0.09± 0.01b 8.02± 0.05 0.39± 0.04

New HM Control 7.49± 0.18 1.25± 0.10 0.11± 0.01 8.10± 0.08 0.34± 0.03
Blanket 7.39± 0.22 1.14± 0.11 0.12± 0.01 8.06± 0.06 0.34± 0.02

Old Control 6.96± 0.05 0.86± 0.03b 0.07± 0.00 8.20± 0.06 0.32± 0.03
Blanket 7.31± 0.21 0.99± 0.04b 0.07± 0.01 8.03± 0.06 0.36± 0.06
Manure 7.28± 0.17 1.16± 0.10a 0.10± 0.01 8.15± 0.03 0.32± 0.04
Wood 7.28± 0.05 1.08± 0.03ab 0.08± 0.01 8.10± 0.04 0.31± 0.04

Plant Control 8.56± 0.22 1.26± 0.07 0.07± 0.00b 8.18± 0.07 0.30± 0.02
Blanket 9.08± 0.33 1.26± 0.05 0.08± 0.00b 8.16± 0.04 0.32± 0.04
Manure 9.60± 0.42 1.41± 0.09 0.11± 0.01a 7.97± 0.09 0.39± 0.05
Wood 8.96± 0.40 1.33± 0.11 0.08± 0.00b 7.99± 0.08 0.40± 0.07

Values are mean± standard error. Values of±0.00 in the table were< 0.006.
Letters indicate statistically significant differences among treatments in a site.
Absence of letters indicates no statistical differences.

Erucastrum gallicum(Willd.) O. E. Schulz (common dog
mustard) least.Chenopodium(goosefoot) species benefitted
from total nitrogen.

4 Discussion

The limestone quarry disturbance presented a very inade-
quate environment for reclamation. None of the shallow and
poorly developed topsoil remained after quarrying. There
was little adsorptive capability in the substrate to retain
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Figure 1. Mean seeded plant density at each soil treatment and site in 2008 and 2009. 

Letters indicate significant differences among soil treatments in the same year; 
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Fig. 1. Mean seeded plant density at each soil treatment and site in
2008 and 2009. Letters indicate significant differences among soil
treatments in the same year; upper case letters for 2008 and lower
case letters for 2009. Bars indicate standard error.

nutrients even when exogenously provided. The physical
and chemical environment was limiting with steep slopes,
high pH and elevated concentrations of calcium carbonates
in the soil, which adversely affected potential colonization
by plants and development of a functioning, dynamic, soil
microbial community. Lack of organic matter to retain and
cycle water and nutrients further compromised reclamation.
Thus the approach to reclamation was to use erosion control
blankets and organic and nutrient amendments to create an
anthroposol suitable for plant establishment.

The similar soil conditions and plant responses resulting
from fall and spring soil preparation and seeding in our re-
search were unexpected. Differences in soil temperature, wa-
ter and nutrient availability in spring versus fall were ex-
pected to significantly affect reclamation outcomes. The use
of good quality amendments in fall soil preparation were ex-
pected to create better conditions for germination in spring,
with increased water from snowmelt being held in the organ-
ically amended substrate. With decomposition and mineral-
ization of the organic material over the first few growing sea-
sons, nutrient availability and further enhanced water hold-
ing capacity were expected to ensue. Seeded species could
take advantage of snowmelt water to establish before tem-
peratures rise and soil surfaces dry in summer. Fall seeding
benefits numerous species (Kilcher, 1961), although others
are favoured by spring seeding (Kilcher, 1961; Clayton et al.,
2004). Further research is required with a larger number of
native plant species to conclude that spring versus fall seed-
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Figure 2. Mean percent plant cover at each soil treatment and site in 2008 and 2009. Letters 

indicate significant differences among soil treatments in the same year; upper case 
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Fig. 2. Mean percent plant cover at each soil treatment and site in
2008 and 2009. Letters indicate significant differences among soil
treatments in the same year; upper case letters for 2008 and lower
case letters for 2009. Bars indicate standard error.

ing and soil preparation have no effect in these inhospitable
quarry sites.

Modifications to both limiting physical and chemical prop-
erties of the substrates were important as evidenced by the
favourable plant responses to manure, wood and erosion con-
trol blankets. Plant density increased with treatments rela-
tive to controls, particularly with manure and erosion control
blankets. Regardless of the quarry site, these physical and
chemical modifications were important to reclamation suc-
cess.

Erosion control blankets provided a more stable substrate
wherein plants could find suitable microsites for establish-
ment on a dry, exposed surface subject to harsh tempera-
tures, drought and wind. Nutrient uptake by the significantly
higher number of established plants may explain lower con-
centrations of total carbon, organic carbon and nitrogen in
this treatment. Over time, as decomposition of plant tis-
sue occurs, organic carbon would be expected to increase.
The relatively high cover of seeded species and fewer non-
seeded species with erosion control blankets was found in
other studies (Faucette et al., 2006). Erosion control blan-
kets reduce soil temperature and increase soil water con-
tent (Cohen-Ferńandez and Naeth, unpublished data), creat-
ing more favourable conditions for seeded species and reduc-
ing the competitive ability of non-native weedy species that
normally do well under adverse conditions.

Manure improved substrate chemical properties, such as
increased total nitrogen and organic carbon. From this and
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5250 A. C. Cohen-Ferńandez and M. A. Naeth: Limestone quarry reclamation

other studies, it is evident manure will improve low qual-
ity reclamation soils with low organic matter and nutrients
(Saviozzi et al., 1997; Hao et al., 2003; Larney et al., 2006;
Yan et al., 2007) and that nutrients will remain high a few
years after application. In our study, even though manure
was added at a moderate rate, it increased nitrogen which
remained high at the end of year 2. This becomes very impor-
tant for limestone quarry reclamation, where chemical reac-
tions among highly concentrated carbonates and high pH of
the soil results in immobilized iron oxides, increased nitrifi-
cation and limited available phosphorus due to phosphate ad-
sorption to carbonate minerals or insolubilization (Kishchuk,
2000). Nutrient limitation likely hindered vegetation in the
unamended control. Beneficial results of manure increasing
nutrients and plant density were also found in a greenhouse
study with amended limestone materials (Cohen-Fernández
and Naeth, 2013).

Manure application is well known to significantly increase
electrical conductivity in soils (Hao and Chang, 2003). In our
study manure amendment was associated with elevated elec-
trical conductivity as expected, particularly with horse ma-
nure which resulted in an initial electrical conductivity close
to the threshold. However, it had dramatically decreased
1 yr after application, with all values remaining below the
2 dS m−1 threshold for plant establishment (Soil Quality Cri-
teria Working Group, 1987). Although soil water input on
site was relatively low, sufficient leaching took place for
these salts to be flushed from the system, perhaps as a result
of the water from snowmelt.

Plant performance with wood shavings was lower than
with manure, similar to results in greenhouse experiments
(Cohen-Fernandez and Naeth, 2013). At high rates wood
products such as sawdust can reduce nitrogen mineraliza-
tion and competitive ability of species with higher nitrogen
requirements (Averett et al., 2004). This likely happened at
Exshaw. Wood shavings would have lower water holding ca-
pacity than manure and in general provide less desirable sites
for germination.

Site characteristics such as slope, aspect, soil chemistry,
availability of limiting resources (Tilman, 1987) and early
colonizers that attain dominance (Garcı́a-Palacios et al.,
2011) influence structure and dynamics of plant communi-
ties. This study showed the interesting responses of species
to specific treatments or treatment combinations. Although
these responses were clearly documented, further study is
needed to elucidate the varied species responses to individ-
ual treatments and their interactions. From our study, we
do know how variable these responses can be with site and
species used and that they can be significant.

For example, salt tolerance, as measured by electrical con-
ductivity, is species specific with high values potentially
inhibiting seed germination or plant growth (Singh et al.,
1997). Variable soil chemical properties affect the character-
istics of the initial plant community, including species com-
position. High or low concentrations of nutrients or salts will
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Fig. 4. Triplot of effect of standardized soil properties (lines) on
Hellinger transformed species plant density (arrows). Species codes
are the first three letters of genus and species names. Plots at each
site are in different dot colours: site New, black; site New HM, red;
site Old, green; and site Plant, blue. Other soil parameters in the
figure are hydrogen ion concentration (pH), total organic carbon
(TOC) and electrical conductivity (EC).
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inhibit or facilitate establishment of different species. Even
these less than hospitable electrical conductivities were suit-
able for establishment ofAgropyron trachycaulum, whereas
Festuca saximontanaand Poa alpinaestablished at higher
densities at the Plant site, which had lower values.

Erucastrum gallicum, even though it was the most dom-
inant non-seeded species at every site, was drastically re-
duced with organic amendments and erosion control blan-
kets. This was likely due to the enhanced performance of the
seeded species which could them compete withErucastrum
gallicum. Chenopodium album,another non-seeded species,
benefited from increased nitrogen.Trisetum spicatumand
Poa alpinabenefited more at the Plant site with higher to-
tal carbon. These species were also favoured by biosolids in
the greenhouse (Cohen-Fernández and Naeth, 2013) which
increased the substrate’s total carbon. Controls often had
greater cover of non-seeded than seeded species, confirm-
ing the need for amelioration of quarry substrate to achieve
a desired early plant community with high cover of seeded
species. More favourable sites, such as the northwest facing
berm at Plant and New HM sites, provided higher seeded
plant density and cover. These responses were also seen in
similar harsh sites. For example, soils on north facing slopes
on dryland in southeastern Nebraska had 20 % more water
throughout the year than south facing slopes (Hanna et al.,
1982). In a sandy grassland in Hungary, influence of carbon
on nitrogen immobilization was more pronounced at sites
where organic matter and water were lowest (Török et al.,
2000).

On south facing slopes, New and New HM sites were
an interesting comparison. Although located on the same
embankment, horse manure yielded denser seeded species.
Harsher sites, because of lower nutrients and greater wind
exposure (New, Old) had greater non-seeded cover and lower
establishment of seeded species. This may not be a threat un-
less non-seeded species are highly competitive and invasive,
because they provide benefits to the early plant community,
reducing soil erosion, adding organic matter and buffering
temperature. Establishment of certain species in early stages
of succession may modify biotic and abiotic conditions of
a site, facilitating establishment of more species (facilitation
model), or arresting incorporation of new individuals (inhi-
bition model) (Connell and Slatyer, 1977).

Many inhibiting species are not native and are listed as
noxious. They are often early successional, regulated (Gov-
ernment of Alberta, 2008) and require monitoring and con-
trol or they may inhibit desired species. In early successional
stages of herbaceous communities, inhibition will usually
dominate and characteristics of pre-existing vegetation will
have a large influence on success of species establishment in
degraded systems (Gomez-Aparicio, 2009).Sonchus arven-
sis L. (sow thistle) andCirsium arvenseL. (canada thistle),
two of the most frequent, noxious, broad leaved weeds in
North America (Skinner et al., 2000), and the grassy weeds
Hordeum jubatumL. (foxtail barley) andAvena fatuaL.

(common oat) were at Exshaw but not in sufficient quanti-
ties to significantly reduce seeded species density and cover.

Fertilizer was used with all treatments to increase soil
available nitrogen, phosphorus and potassium. In a green-
house experiment, fertilizer addition increased above and be-
low ground biomass of the same native grasses used in this
field experiment (Cohen-Fernandez and Naeth, 2013) and
thus its use is desirable during initial revegetation. Nonethe-
less, fertilization can increase the presence of unwanted
species. Nitrates from fertilizer can break dormancy of some
weedy species (Sexsmith and Pittman, 1963) which can then
compete with native grasses (Huffine and Elder, 1960) and
seeded crops (Davis and Liebman, 2001), taking advantage
of the added nutrients. In the quarry, however, it is likely that
potential problems with unwanted species associated with
use of fertilizer may be prevented or modified if using ero-
sion control blankets, moving the community from inhibi-
tion to facilitation stages much sooner than without human
augmentation. Soil nutrient management over time with fer-
tilizer, amendments and legumes in the seed mix, will con-
tribute nitrogen and other nutrients.

5 Conclusions

With erosion control blankets and organic amendments a de-
sirable plant cover was achieved at the limestone quarry as
both physical and chemical soil limitations were addressed.
Assisted revegetation increased plant cover from< 6 to 50 %
and reduced cover of non-seeded species. Erosion control
blankets facilitated denser native grass establishment with
less non-seeded species cover, despite not changing chemi-
cal properties of constructed soils. Manure was more effec-
tive than wood shavings improving soil properties and plant
establishment. Differences in spring or fall soil preparation
and seeding were not significant for the native species stud-
ied. Site characteristics such as slope, aspect and soil nu-
trients influenced early plant community development and
treatment effects. Increasing total nitrogen and carbon in soil
will increase density and establishment of seeded and non-
seeded species. A combined approach of soil nutrient enrich-
ment with manure and protection with erosion control blan-
kets could further increase revegetation success.
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