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Abstract

Sudbury has been a producer of base metals, especially nickel and copper, for over 140 years. Decades of
atmospheric sulphur and metal pollution resulted in a sparse plant cover and stunted trees that led to severe
erosion and degradation of forest soils. However, since the 1970s, pollution controls and the outstanding
Sudbury Regreening Program have rehabilitated 25,000 ha of impacted landscape. Increasingly, the program is
focusing on restoring native biodiversity (utilising 75 native trees and shrubs) and introducing understory
species. A diversity of lichens and mosses has also returned to the developing forests and soil microbe
communities are re-establishing. Estimates of forest carbon stocks in the regreened upland landscapes of
Sudbury since 1978 show about 0.67 M tonnes of sequestered carbon or the equivalent of ca. 10 years of fossil
fuel carbon emissions from the region. Other soil amendments as potential replacements for the limestone and
fertilisers currently used in the Regreening Program are under investigation in short-term experiments. These
included residuals from pulp and paper mills (wastewater treatment biosolids, biomass boiler ash) and municipal
wastewater treatment biosolids, all showing some potential benefits. Overall, the landscape around Sudbury
has greatly changed in the past 50 years enough that no more intervention is needed in some areas.
The landscape changes have given a new image of the city and provided opportunities for recreation and other
outdoor activities. There is a current effort to restore some of the damaged peatlands within the city.
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1 Introduction

Sudbury and the surrounding areas have been a producer of base metals, especially nickel and copper, for
over 140 years (Gunn 1995). In the 1970s, land restoration efforts started and the techniques and outcomes
are reviewed. In general, the protocol has been very successful in lowland regions but less so on uplands and
sloped areas. Above-ground biomass has increased at a higher rate over time on stable lowland sites than on
eroded sloped sites. Investigations by Preston et al. (2020), Levasseur et al. (2022) and Rumney et al. (2021)
indicate that the current treatment is not adding organic matter to soils, even as the forest ages. Organic and
other industrial residuals, such as municipal and pulp and paper biosolids, and biomass boiler ash, may offer
another opportunity for improvement, and a trial of amendment addition on tree growth is discussed.
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2 The City of Greater Sudbury: physiographic characteristics

The City of Greater Sudbury has a population of 166,000 people. The climate is cold and temperate, and
classified as Dfb by Koppen and Geiger. The mean temperature is 4.8°C with January lows of around -18°C
and average July highs of 25°C (Environment Canada 2019). Each year, there is an approximate 900 mm of
precipitation, much as snowfall. Sudbury has 330 lakes over 10 ha in size. This ecoregion is situated in the
heart of the Great Lakes-St. Lawrence Forest Region. Eastern white pine (Pinus strobus), red pine (Pinus
resinosa), eastern hemlock (Tsuja canadensis), white (Betula papyrifera) and yellow birch (Betula
alleghaniensis), poplars, red maple (Acer rubrum), and red oak (Quercus rubra) are frequent throughout.
Other species include black spruce (Picea mariana), white spruce (Picea glauca), balsam fir (Abies balsamea),
jack pine (Pinus banksiana) and tamarack (Larix laricina). Brunisols and gleysols are common soil types.
The Sudbury region was and is home to Ojibwe people, an Anishinaabeg group, as early as 9,000 years ago
following the retreat of the last continental ice sheet. Sudbury was founded after the discovery of nickel and
copper ore in 1883 during the construction of the Canadian Pacific Railway (Gunn 1995).

3 The Sudbury landscape regreening efforts

Cu-Ni mining developed after the completion of the transcontinental railway in the mid-1880s. Smelter
atmospheric releases of SO, were 2.5 x 10° t/year? in the late 1960s. In 1974, there were atmospheric
releases of approximately 5.0 x 10*t/year of fine Fe-, Ni-, Cu-, As-, and Pb-containing aerosols. A century of
interacting factors, such as logging, wildfires, winds, water erosion, SO, fumigations, acidification, and metal
deposition, resulted in 17,000 hectares of highly damaged watersheds and another 64,000 hectares of
stunted woodlands. Contaminant reductions commencing in 1972 (98% reduction in SO, emissions and large
smelter particulates by 2022) created the possibility of re-establishing vegetation.

In 1973, local government formed the Vegetation Enhancement Technical Advisory Committee (now VETAC
— Regreening Advisory Panel). VETAC guided the internationally recognised Sudbury Method for technogenic
barren landscape restoration. The original Sudbury Method, used from 1978-2010, spread 10 t/ha dolomitic
limestone of various particle sizes: 400 kg/ha of 6:20:20 fertiliser; a 40 kg ha nursery cover of five to seven
agronomic grasses and two legumes; followed by planting of native trees. Over the 50 years of tree and shrub
planting, jack pine (Pinus banksiana), red pine (Pinus resinosa) and white pine (Pinus strobus) account for
about 2/3 of the planted trees.

From 2010, regreening activities moved to a more complete biodiverse restoration strategy. The current
Sudbury Protocol dictates liming, fertilising where needed, and the use of native grasses. The planting of a
wide array of native trees establishes a forest structure (Watkinson et al. 2022) with an emphasis on
introducing forest shrubs and understory components (about 75 species). By the end of 2024, 3,500 hectares
have received limestone, fertiliser, and seed, and 10.9 million trees and shrubs have been planted for
approximately CAN 38.4 million (City of Greater Sudbury 2025). About 0.67 M t of carbon has been
sequestered on the regreened land, with vegetation showing most of the change over time (Preston et al.
2020). Figure 1 illustrates the typical landscape change observed in the Sudbury landscape with over 250
species of vascular plants, 75 mosses and lichens, 16 mammals and 80 bird species being recorded.

The current phases of operations are:

e Phase one: we apply dolomitic limestone (10 t/ha) to barren landscapes to neutralise the acidity
and metal toxicity of the soil.

e Phase two: after we apply limestone, we fertilise the area (200—400 kg/ha, 6-20-20) in the summer.
e Phase three: in the early fall, we seed the areas (40 kg native grass—legume mixture).

e Phase four: one to three years later, we plant tree seedlings to grow in the treated area to form the
initial woodland canopy.
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e Phase five: once the canopy has begun to form, biodiversity species from among the 75 native
species available were added.

Phase six: to create a healthy, sustainable forest, we also need a healthy forest floor. In this phase, we take
a variety of plants that grow on the forest floor and plant.

Figure1 A typical Sudbury landscape before and after 45 years following the Sudbury Regreening
Protocol. White birch is the dominant tree with scattered groups of conifers. (a) 1978; (b) 2024

4 Testing (organic) soil amendments

To potentially rectify soil organic content and investigate alternate sources of plant nutrients and limestone,
we initiated a project using industrial solids. In northern Ontario, there are several industries now producing
large volumes of potentially useable solids. If some are useful in reclamation, then it would divert material
from scarce landfills. Soils. Trees of interest to the Sudbury Regreening Program were assessed in this project.
We conducted a short three experiments in a typical disturbed location in the impacted zone of Sudbury to
test the growth of three native trees species with the well-established Sudbury soil amendment practice.

41 Site

Based on site selection with the City of Greater Sudbury’s Regreening Program, we examined a typical barren
site in this study that fit the criteria for active ecological reclamation. The Coniston site is located about 2 km

Mine Closure 2025, Luled, Sweden 3



Are newly available soil amendments helpful to the 50 years of practices in P Beckett et al.
restoring woody landscapes in Sudbury, Ontario, Canada?

from a former smelter, and consists of coarse textured till on a rocky slope with a mean pH of 4.20 + 0.11.
Total levels of Cu and Ni measured pre-amendment were 232 + 76 mg/kg and 146 + 50 mg/kg, respectively.
The site is surrounded by previously regreened areas that were limed and fertilised and planted with red pine
(Pinus resinosa) in the 1980s.

4.2 Study design

We used a block design, analysing five blocks of eight treatments for a total of 40 major plots. Amendments
were applied in the spring of 2019, and trees were planted in June of 2019. Soils were sampled in 2018
(pre-amendment), 2020 and 2021. The tree species selected and planted within each of the 40 plots were
jack pine (Pinus banksiana) and red oak (Quercus rubra), typically found in acidic, nutrient poor soils, and
used extensively in the Sudbury Regreening Program. In addition, yellow birch (Betula alleghaniensis), which
requires more a more alkaline, nutrient-rich soil and potentially a species for increasing tree biodiversity was
included. For the tree planting, each of the 40 5 x 10 m plot was split into two sub-plots of 5 x 5 m; on one
half, 25 jack pine (Pinus banksiana) trees were planted 1 m apart, and on the other, 25 red oak (Quercus
rubra) and 25 yellow birch (Betula alleghaniensis) trees were planted in offset grids, 1 m apart from the
same-species tree.

The results of tree growth and survival are reported here.

4.2.1 Treatments with amendment details
The eight soil treatments tested in this study were:
1. Ccomparison to the unamended Sudbury soil with no added amendment.

2. LF dolomitic limestone (10 t/ha) +NPK fertiliser (400 kg/ha), Sudbury standard practice (City of
Greater Sudbury 2021).

Pulp mill sludge (PMS) has properties that are dependent on the mill and processing. The first was a primary
sludge from a kraft mill that is operationally mixed with sluiced fine-texture biomass boiler ash (i.e. from the
same mill) before effluent is pumped to a lagoon, PMS-Kraft (Pk). The second was a mixed primary/secondary
sludge from a dual-stream ammonium sulphite thermomechanical pulp mill, referred to as PMS-sulphite (Ps).

3. Pk PMS-kraft (73.6 t/ha).
4. Ps PMS-sulphite (5 t/ha).

5. PA PMS-sulphite (5 t/ha) + ash (20 t/ha): since PMS-sulphite did not contain ash or any liming agent,
another treatment involved PMS-sulphite was co-applied with ash. Wood ash was obtained from a
biomass boiler combusting bark, hog fuel, and ground stem wood with primarily softwood
feedstock.

6. AF ash (20 t/ha) + NOs fertiliser (74 kg/ha) The ash + fertiliser treatment was wood ash ~ mixed
with NO;s fertiliser as a substitute for lime and fertiliser, considering that wood/biomass boiler ash
can have a substantial liming equivalency and contain P and K but is nearly entirely depleted in N
that is quickly lost during combustion (e.g. Pugliese et al. 2014)

Lime-stabilised (ATB) treatments used N-rich, a lime-stabilised biosolid product produced locally from the
municipal wastewater treatment plants in the Sudbury region. Dewatered biosolids are amended with
cement kiln dust to raise pH and generate heat to kill microbes. ATB was used at two application rates,
ATB-low at 20 dry t/ha (LSMB1) and ATB-high at 40 dry t/ha (LSMB2). There is an excess of these materials
produced in the Sudbury area.

7. LSMB1 (20 dry t/ha).
8. LSMB (40 dry t/ha).
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5 Results and discussion

The survival and growth rates of the three tree species are shown in Figures 2, 3, and 4. The results are arranged
to show relative height response in comparison to the existing Sudbury treatment. After statically using
one-way analysis of variance tests, it was found that there were no or very few differences within each species.
Since survival rates were fairly low in each plot, it was more prudent to report the overall survival rate based
on 125 individuals, rather than per plot. Red oak has survival rates of 60-80% as it is much better at recovering
from snowshoe hare browsing with a relatively good response from the lime-stabilised municipal biosolids
(Figure 2). Overall, yellow birch had a low survival rate following a drought in the second year. The best
responses were seen with lime-stabilised municipal biosolids and Kraft paper sludge, both high in organic
content (Figure 3). In general, survival rates of 30—40% were on the low side for jack pine (Figure 4), reflecting
the high degree of browsing by snowshoe hare. Winter frost heaving also caused the death of several seedlings,
particularly in all treatments except the lime-stabilised municipal biosolids. A visual survey in 2024 showed that
the advantage of adding local lime-stabilised municipal biosolids has maintained the height advantage.

Final Red Oak Height and Survival (2022)

Average Height (Left) Survival (Right)

Figure 2 Growth (cm) £ standard deviation and survival rates of Quercus rubra (red oak) seedlings growing
on various soil amendments added to metal-contaminated land in Sudbury
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Final Yellow Birch Height and Survival (2022)

Average Height (Left) 1 Survival (Right)

Figure 3 Growth (cm) * standard deviation and survival rates of Betula alleghaniensis (yellow birch)
seedlings growing on various soil amendments added to metal-contaminated land in Sudbury

Final Jack Pine Height and Survival (2022)

Average Height (Left) m Survival (Right)

Figure 4 Growth (cm) t standard deviation and survival rates of Pinus banksiana (jack pine) seedlings
growing on various soil amendments added to metal-contaminated land in Sudbury

A longer time period may allow potential differences between the treatments to be amplified. However, it
does appear that addition of lime-stabilised municipal biosolids would have some benefits in the Sudbury
Program. Another consideration is that the major method of spreading limestone and fertiliser amendments
is by hand with the assistance of ATVs. From these results, it seems that spreading 20 t/ha on the rocky and
stony hills of Sudbury would be a complication. In addition, unless the lime-stabilised biosolids are not well
weathered, there is a slight ammonium odour which may be perceived as a health and safety factor by those
spreading the material.
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6 Conclusion

The Sudbury landscape has greatly changed in the past 50 years from a barren landscape to a much healthier
forested biodiverse system. The landscape changes have given a new image of the city and provided
opportunities for recreation and other outdoor activities. The trials with various soil amendments, especially
the lime-stabilised municipal biosolids, provide an opportunity to add much-needed organic material and
provide a use for a local organic waste. Finally, there is a current effort on restoring some of the damaged
peatlands within the city.
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