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Alden are known to be primary mlonizers in succession after a major 

distufbence. They form sym biitic associations with a nitrogen fixing actinomyœte 

(Frankk) and may accekrate revegetation by providing a source of nitrogen to other 

plants. In addition, aiders may provide other b e M i  such as higher decomposlion 

rates and shading. Previous studies on the use of alders in restoration have focused 

mainJy on red alder (Alnus ~ b m )  in British Columbia or European akier (Alnus g i u t i m )  

in the Uniied Kingdom and oher parts of the wrirkl. It has been suggested that the 

susceptibiîii of alders to pollutants is dependant on the system k i n g  studied and the 

genetic variabilii of the species. 

Green alder (Alnus v M i s  ssp. crispa (Ait.) TumN) is native to Sudbury and the 

sumunding a m ,  but has not been found growing on thet Sudbury Barrens, alaiough 

other pioneer plant species colonire the soils naturalty after amelioration with lime and 

fertilizer. 

In germination triais, green alder seeds did not show any specific requiremwits 

for optimum germination, apart from a light requirement, alaiough seed collected from 

one provenance showed much higher germination levels than the other tw 

provenances testeci. Germination temperatures ranged from 546% with optimum 

temperatures between lW6'C. 

An attempt to establish green aîders from seed on six Barrens sites that had 

been limed and seeded for various periods of tirne, failed to produœ any live seedlings. 

Germination on Barrens soils in a growth chamber was signficantly iess (pcO.05) than 

25% of that m the germination trials on fiiîer paper, but no significant différences 

(p>0.05) ocwrred ammg B a r n s  soils. 



Soil pH of the barren sites showed no signifint diierences, with the untreated 

site being the most acidic. Limed 1998 (2 years old), Limed & Seeded 1998 (2 years 

old) and Limed & Seeded 1995 (5years old) soils had the highest organic matter content, 

akhough these levels were still very low (40%). All banen soils sampled containexi 

sufficient amounts of fine soi1 parücles (<63 prn) to suggest frost heaving and needle ice 

formation in winter months. The Limed & Seeded 1998 soi1 had the significantly highest 

moisture retention (p<0.01) due to this site also having significantly more fine soi1 

particles than the others (p<O.Ol). The Limed & Seeded 1995 site had the lowest 

surface soi1 temperatures possibly due to the greater amount of vegetative cover 

(p<0.01), This site was also the only one ihat had a sufficiently high water potential to 

support green alder growth during the summer months. 

Growth of alder seedlings in Barrens soib in the greenhouse showed no 

significant difierences between the two provenances used. Only 3 plants in Barrens 

soils showed any nodulation (Lirned 19973 years old) after inoculation. The sterilized 

sand control had the significantly highest seedling sunrival rate (p<O.Ol) and the sand 

and alder soils produced significantly more (pe0.05) nodulated plants. There were no 

difierences in shoot lengths among the Barrens soils but Limed & Seeded 1995 plants 

had significantly longer mots that were similar to the controls. 

It was concluded that natural colonkation of green alders on the Barrens is 

unlikely due to seedlings being subject to fungal pathogens, root inhiblion from metal 

toxicity, high temperatures and drought, and frost heaving. Them is a high possibility 

that outplanting of older, inoculated seedlings onto barren sites that have been 

ameliorated for at least fïve pars, wouîd prove successful and beneficial to revegetation 

efforts. 
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Figure 1: A) alder mois infeded with Fiankia showing muîti-bbed nodules 
(25 cent piece to the right), 

B) green a k r  (Alnus viriilis ssp. ctispa (Ait.) Tumll) stand at 
abandoneci Nickel Rim mines. 

Figura 2: Map of the City of Greater Sudbury showhg the locations of the 3 
Srneitem, research sites at Conidon, and the location d seed 
collections. The Iight shaded area is the edge of the Sudbury Basin. 
Also shown are Nickel Rim Mine, Moncrieff Creek, LLCC (Lake 
Lauientian Conservation Area), LUA (Laurentian University Arborehim), 
and Thunder Bay in inset 

Figure 3: Map of Coniston, Ontario region with fw study sites on the Barrens. 
Site 1-0  U S ,  site2-L&S97, site3-Lg7, siie4-LBS98, 
Site 5 - L&S 96. See Appendix F for abbreviations. 
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Figure 4: Five sites h m  Figure 2 in 1 998. i) lirned and seeded in 1995; 
ii) limed and seeded in 1997; iii) limed in 1997; RI) limed and 
'ieeded in 1998; v) never limed or seeded (Bawns) 
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Figure 5: A Temperature gradient bar apparatus. TGB= temperature gradient 
bar; WB= wam bath; CB= cold bath. 

B. Detaii of TGB. 
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Figure 6: Percent germination (rt S.E.) for each of the four pmvenances of 
green a#er seeds tested at 20°C. Di ren t  letter designations 
indicate groups that are significantly dinerent at peO.05. (n=80) 
(See Appendix F for abbreviation key) 

dn 

Figure 7: Percent germination (;t S.E.) in light (540 pmlm21s) and dark 
environments for Nickel Rim green alder seeds at 20°C. Difïerent 
letter designations indiate groups that are signifimntly dirent 
at p4.01. (n=80) 
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Figure 8: Percent germination (k S.E.) for each of four pre-treatments applied 
to green alder segds from Nickel Rim at 2Q°C. Diirent letter 
designations indicate groups that are significantly different at p<O+Oi. 
(n=40) 



Figure 9: Percent germination (*S.E.) showing the 2-way interaction betwmn 
petreatment and chill on Nickel Rirn green akier seeds at 20°C. 
Diierent letter designations indicate significantly different groups at 
p<0.01. (n=20) 

Figun 10: Percent germination (i S.E.) showing the 2-way interaction between 
pre-treatment and ligM condition on Nickel Rirn seed at 20°C. 
Diierent letter designations indicate significantly difkrent groups at 
pc0.01. (n=20) 

Figure 11 : Distribution of temperature along the temperature gradient bar for 
each of the two runs (0-20°C and 10-50°C). 

Figure 12: Photosynthetically active radiation over the length of the 
temperature gradient bar for both temperature runs. 

Figure 13: Viable, dead and empty seeds counted from 2 year old Nickel Rirn 
and 1 mnth old Nickel Rirn green alder seed (n=6). Both 
collections were dried and stored at room temperature. Error bars 
are standard error. Diierent letter designations indicate groups that 
are significantly different at p<0.01. 
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Figure 14: Percent germination at different temperatures. All green alder seeds 
were from Nickel Rirn and al1 were wet stratifieci. Data for 10S0C 
and below were obtained from run 2 (2 year seed) and above 10.S°C, 
data were used from run 1 (1 year seed). 

Figure 15: Percent germination over time within four temperatures ranges. 
Data from two year green alder seed from Nickel Rirn (run 2) were 
used for 5-10°C. All otherdata are from one year seed (run 1). 

Figura 16: Total germination of green alder seeds on Barrens substrate and 
controls. L=limed, S=seeded. Diirent letter designations indicate 
groups that are significantly di i rent at p*0.05 (n=5)- 
Soil treatment key in Appendix F. 

Figure 17: Green alder germination rates for untreated Barrens soil, 
ameliorated Barrens soils, and controls. (n=5) 
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Figure 18: Moisture retention curves for untreated, I i i  and seeded 
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Conservation Area). Error bars a n  I one standard error. (n=5) 

Figure 19: Moisture retention curve for potting soi1 used in permanent wiiting 
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"The alder whose fet shadow nourishah 

Each plant set neere to him long flourisheth." 

William Brome, England 1630 



ChapWr 1 - Goneml Introduction 

T h  Sudbury Barrons 

Sudbury, ON is the site of the largest known concentration of nickel on the 

surface of the planet (Pearson and Piilado 1995). The exact vegetation prior to mining 

is not known, but remaining vestiges hint at a mosaic of white pine (Pinus stmbes L.) 

forests and white cedar (Thub occEaentalis L.) swamps (Winterhalder 1995a). Howewr, 

archival photographs (ca. 1887) indicate that a rich hardwood forest was also evident 

(Amiro and Courtinl981). Despite the emergence of mining in 1886, commercial 

lumbenng was the dominant industry in the area from 1872-1927. This plentiiul supply 

of wood alsa enabled the establishment of 'roastbeds' that were the method of ore 

roasting untii 1928. Heaps of suifide ores were layered with locally cut timber and 

ignited, allowing the ore to oxidize pyrolitically. The nickel and copper concentrates 

were then gathered for further smeiting and refining. Sudbury ore contains eight times 

more sulphur than nickel, so îhat large amounts are released during smelting. This 

roasting process generated choking, ground level fumes of sulphur dioxide, suphuflc 

acid mists and some metal particolates, which devastated surrounding plant 

communities (Freedman and Hutchinson 1980a). 

By 1928, the use of ground-level roastbeds was banned by Ontario legislation 

and smelting continued with three smelter facilitiis located near Sudbury. Extensive 

logging, fires and then pollution from roastbeds and smelters destroyed much of the 

surrounding forests in the first half of the 20" century. Damage to the forests nivolveci 

the loss of species, especially caniferous ones, and damage to the gras and herb fayer, 

together with exposure of the soi1 and severe sail erosion (Hutchinson and Whitby 1974). 

After the ban on roastbeds, vegetation in their immediate vicinity showed 

excellent recovery because the slow-buming roastbeds had released mainly sulphur 



dioxide fumes which had less permanent Mects than the metal particulates later emitted 

from the smelters (Winterhalder 1995a). The new smelters had relatively low stacks 

and caused more widespread damage from sulphur dioxide and metal particulates, most 

notably nickel and copper. By the 1960'~~ more than 83 800 ha of land that was acid, 

metal-toxic and denuded of virtually al1 vegetation had b e n  created in the Sudbury 

region. In total, it was an area the size of New York C i  (Ross 2001). 

Some relict vegetation that could be found on the Barrens prior to the inliation of 

atmospheric improvement in 1971 (Winterhalder 2000). Tree species included white 

birch (Betula papyrifera Manh.), red maple (Amr ~ b ~ m  L.), red oak 

(Quenus mbrvm L.) and trembling aspen (Populus tremubkfes Michx.). Shnibs such as 

common bluebeny (Vaminium angustifolium Ait.), wild raisin (Vibumum cassimkles L.) 

and red elderberry (Sambucus pubens Michx.) were also surviving. Eastern white pine 

(Pinus strobs L.), which had been common in this region, appeared to be especially 

sensitive to sulphur dioxide, suffering high damage to the foliage and bark (Hutchinson 

and Whitby 1974). 

In 1972 the Coniston facility, which had been operating continuously since 1913, 

was closed and al1 production was transferred to the Copper Cliff smelter with its new 

380 m 'superstackn. Efforts were begun to improve the quality of smelter emissions. 

Since 1972, there have been two srnelters operating in the Sudbury region, owned by 

the International Nickel Company of Canada (INCO) and the Falconbridge Nickel Mines 

Company, respectively. 

From that time, many researchefs have focused on the effects of sulphur 

dioxide, acidic min, ana heavy-metal emissions on the terrestria! (Gunderman and 

Hutchinson 1993; Maxwell 1991; Winterhalder 1988; Hazlett et al. 1983; Amiro and 



Courtin 1981 ; Freedman and Hutchinson 1980a; Hogan et al. 1977; Whitby et al. 1976; 

Whitby and Hutchinson 1974) and aquatic ecosystems (Gunn and Keller 1990; 

Hutchinson and Havas 1986; Keller and Pitblado 1986) in the Sudbury region. Many of 

these studies focus on the land sunounding the closed Coniston facility. Coniston was 

a small smelter, but subsequent studies of the area after its closure reported that 'severe 

damage to vegetation was evident close to the smelter and to hill-top vegetation for 

20km east and 16km south" (Hutchinson and Whitby 1974). 

Nickel and copper metals affect plant growth, and each metal can mach toxic 

levels by itsef, but they are also known to be synergistic (Wallace et al. 1981; Wallace 

and Berry 1983). These effects most often result in mortality of the plant, or in the 

complete or partial inhiblion of root elongation (Patterson and Olson 1983; Fessenden 

and Sutherland 1979; Whitby et al. 1976; Whiiy and Hutchinson 1974). Soil 

acidification increases the solubilii of the metals (mainly nickel, copper and iron), 

making them toxic to plants. The general theme of studies assessing the degree of 

contamination is that with increasing distance from the smelter, surface soi1 metal 

contaminant contents decrease and pH levels increase. 

Work began to attempt to reclaim some of the Barrens areas in the early 1970'~~ 

by manual application of dolomitic limestone, fertilizers and seed mixture (Appendix A), 

which still continues to date (Lautenbach et al. 1995). Human amelioration of soils has 

produced extensive grassy swards in sorne areas and many trees (especially white 

birch) have increased the rate of natural wlonization of treated soils. Colonization by a 

few metal tolerant ecotypes such as tickle gras (Agmsfis scabra Willd.) (Archambault 

and Winterhalder 1995) and tufted haif gras  (Deschampsia caespitosa (L.) Beauv.) 

(Cox and Hutchinson 1980) has also accurred. Studies over the last 30 years have 

found that both the bioavailabilii of metals and the acidity of the soi1 have decreased 



(Gundennan and Hutchinson 1993). The predominant cause of this is thought to be aie 

leaching of free acids over time (Winterhalder 1995b); however, these metal and acidity 

leveb are still considered high and toxic to many plants. 

Even after treatment with lime and fertilizer, and the reœnt growai of a 

herbaceous cover and sorne trees, this is still a harsh landscape. The Barcens are 

exposed to summer desiccation, water and wind erosion, and frost heaving (HazleU et 

al. 1983). Exposed rnetamorphic rock was quickly blackened by pollution and summer 

surface temperatures can exceed 70°C (Courtin 1994). The soi1 itseif is often more than 

30% siit or very fine sand (Courtin 1994) with low organic matter (Gunderman and 

Hutchinson 1993). 60th of these attflbutes exacerbate the mobility of the toxic metals. 

There are also nutrient shortages, the most Iimiting of which is the lack of nitrogen. 

Unfertilized soils contain very Iittle, if any, nitmgen and without a constant saurce, 

leaching will remove whatever is present. 



Aubcokgy of Alnus rpecks and theit Uas in Restoration 

Alders bebng to the birch family, Betulaceae. with the exact number of species 

not known with certanity. They grow fmrn shrub to tree height and are fwnd in both 

gkbal hemispheres. AH aider species are capah dforming a symbiotic miwobial 

association in their mots with a dinitmgen fixing adinomycete called F d a .  

Intracellular infection involves several steps including root hair pmetration, pmnodule 

formation and the initiation of lobe primordia from the mot pericyde (Franche et al. 

1998). As a resuft of infection by Frankia, alder mots f o n  muiti-Iobed nodules, each of 

which is a modified lateral root (Figure 1 A). The Frankb microsymbiont was first 

successfully isblated in 1978 (Callaham et al. 1978), but since then, research has been 

lirnited only by a lack of genetic took and much is still unknown about this actinomycete 

(Franche et al. 1998). 

Oinitrogen f~ation rates of 60-120 kg NIhalyear have been recorded in fmld and 

pot trials for aider species (Tarrant 1968). At least some of the nitrogen fixed in aber 

mots makes its way into the sumunding soi1 (Franklin et al. 1968; Crocker and Major 

1955). Alders have been show to benefit other woody species such as Fraxinus, 

Picea, Pmus, RpuIus and Pseudotsuga when planted in rnixed stands (Tarrant 1968). 

Some of the soi1 nitrogen is from decomposition of mots and dead nodules, but rnost 

cornes from alder kaf litter. Akler leaves contain higher amounts of N than most other 

plants and less is extracted before the leaves fall vartant and Trappe 1971). 

Besides sirpplying N, alder litter contributes to the formation of humic substances 

in the soil. Grey alder (Alnus incana (L.) Moench.) has been show to produce kaf litter 

that is high in nitrogen (Huss-Danell1986) and thatdewmposes quidrly (Bocock 1964). 

The presence of a nutrient-rich, fastdecaying Mer such as alders produce, often 

increases the decomposition rate of a nutrient-limited litter, such as that produced by 

trembling aspen (Populus tremu-s) (Taylor et al. 1989). This increase in organic 



matter near alder improves structure, water holding capacity, cation-exchange 

capacity and ferülity of the soil. 

There are a few other benefds to using aklers in restoration. The shnibs can 

provide shade and reduce soi1 temperatures. They may also pmvide growth sites for 

epiphytes (e.g., lichens, livewofts, mosses). Twenty-four species of epiphytes were 

identified from red alders (Alnus ~ b r a  Bang.) in an Oregon mixed forest, and nine of 

these were specific to the alders (Pechanec and Franklin 1968). 

When comparing alder and conifer stands, there is a greater understory species 

richness with alder, suggesting that this could be due to an increase in light passing 

through a more open and seasonally îeafless canopy. Many herb species may complete 

their entire life cycle prior to the development of an alder canopy in spring (Franklin and 

Pechanec 1968). 

The important role of alders in maintainmg a productive ecosystem has been 

established for over 200 years of recorded research (Tarrant and Trappe 1971). They 

are colonizers in succession and are often the first woody plants to invade degraded or 

bumed sites in Canada and the United States (Jobidon and Thibault 1981). The most 

studied area of succession involving alders occurs on recently deglaciated terrain in 

Alaska, where they build nitrogen and organic matter content in the soils (Ugolini 1968; 

Heilman 1966; Crocker and Major 1955). When competition from other species is low, 

alders are also capable of maintaining themselves as a climax species in harsh 

envîronments (Mitchell 1968). 

This natural cobnizing abiliîy makes alders excellent candidates for many types 

of land restoration. Many alder species are used to remedy unfavourable soi1 conditions 

al1 over the world. These range fmm pooriy to excessively drained and from stable to 

landslide soils (Tarrant and Trappe 1974). AH these =ils have two attributes in 



common; low avaibble nitrogem and organic matter. Table 1 shows an example of some 

of the species of alder that are used for various types of restoration. Although nutrient 

deficiencies can be alleviated temporarily by applying fertilizers, long-term accumulation 

of nitrogen is more desirable to ensure the success of established plant species. 

European alder (Alnus glutr'iiK>sa (L.) Gaertn.) has received much attention due to 

its varied usage from shipbuilding to charcoal production. Because of its extensive use 

in restoration in Europe and North America, European alder has been suggested for use 

on the Sudbury Bamns. In a study of the sunrival and growth of nine alder species in 

Ontario, A. gluthosa performed best (Burgess et al. 1986). However, the plants were 

grown in organic, fertilized soils with lack of competition or moisture stress. The 

optimum soil pH range for this species is known to be 4.5-6.5 (Wheeler et a/. 1981; 

Schalin 1968), making it appear ideal for Sudbury soils yet green alders are known to 

prefer even lower pH levels of 4.0 (Schalin 1968). European alders were shown to be 

effective colonizers on colliery spoils, but did not do well in welldrained, upland areas 

(Funk 1973)- These studies suggest that while A. glutinosa may be important in valleys 

and wet areas on the Barrens, they would most likely be poor candidates for growth on 

the more exposed, welldrained soils of hill-tops. Plots of A. glufinosa on the Sudbury 

Barrens have shown that the best growth occurs on moderately drained hillsides, while 

low, waterlogged (anaerobic) areas inhibit growth (Hindle 2001). 

There has been in the past, and still exists today, a great amount of 

disagreement over the taxonomy of alder species, especially those in North America. 

This problem is created by reports of subspecies and varieties that may not truly exist. 

Therefore, for the sake of clarity, alder species will be reported in this paper as they are 

recorded in the reviewed literature. 



Table 1: Various use (employed) and potential use (studied) of alder species in 
restoration around the world. 

European/Black Ma-limestone Richardson & Evans 
~ l n u s  gIutimsa (L.) 
Gaertn. 

European/ülack 
Alnus glutinosa (L.) 
Gaertn. 

unknown 
Alnus tindoria Sarg . 
var. glabra Call. 

Grey 
Alnus Nicana (L.) 
Moench. 

Green (potenîial) 
Alnus viW& 

Green (potential) 
AInus crhpa (Ail) 
Pursh 

Green 
AInus crispa (Ait.) 
Pursh 

Green 
Alnus vMis ssp. 

- 
England spoils 

Ohio, USA colliery spoils 

Japan erosion control 

Norihem degenerated 
Sweden forest so3s 

Northem denuded 
New rnountain dopes 

Zealand 

Westem ail sand tailings 
Canada 

Norihem grave1 
Quebec borrow pits 

North-west cut-over 
Ontario forest 

Funk 1973 

Hashimoto et al. 1973 

Huss-Danell & Lundmark 
1988 

Benecke 1970 

Danielson & Visser 
l988a 

Pregent et al. 1987 

Mallik et al. 1997 



Green alder (Alnus v M i s  ssp. cn'spa (Ait.) Turrill) as used in this study, was 

formerly described as a North American species, A. crispa, but is now considerd part of 

a circumboreal complex, A, vinais (although many researchers do not appear to accept 

this) (Soper and Heimburger 1994). According to Soper and Heimburger (1994), 

A. vinidis ssp. crispa (Ait.) Tunill is found througtiout nodhem Ontario but absent south of 

the Canadian Shield. In North Arnerica it is present from Alaska to Newfoundland and 

Greenland, south to New England and the Great iake States, and into the Pacific 

Northwest. Disjunct populations also exist in Pennsylvania and Norai Carolina. 

Green alder is a tall, deciduous shrub growing to about 3 metres in height (Soper 

and Heimburger 1994) (Figure 10). The leaves are green and simple with crispy-wavy 

margins, edged with fine pointed teeth. Male catkins develop in late summer and shed 

their pollen in eariy spring. Female catkins appear in spring and shed winged nutfets in 

the fall. Female catkins becorne cone-like as they develop and, as in the published 

Merature, will henceforth be referred to as 'cones'. 

Green alders often inhabit disturbed areas, such as roadsides. They are usually 

associated with some source of moisture, but are more adapted to drier conditions than 

other alder species (Furiow 1979). 

The most notable use of green a k r s  in restaration is in the revegetation of 

borrow pits in the James Bay Temtary of Quebec (Pregent et al. 1987). After three 

growing seasons, the thousands of planted seedlings had a higher survival rate and 

higher above-ground biomass than the willows (Salk spp.) or pines (Phus spp.) that 

were planted wlh them. Green alders have k e n  shown to beneffi Jack pine (Phus 

banksiana) in Wisconsin (Vogel and Gower 1998) and mixed forest species in Alaska 

(Mitchell 1968) by the addition of nitrogen to Vie surrounding soil. 



Figure 1: A) alder roots infected with Fmkia showing multi-lobed nodules 
(25 cent piece to the right), 

B) green akler (Ainus viridis ssp. cn'spa (Ait.) Turrill) stand at 
abandoned Nickel Rirn mines. 



In the Banens area amund Coniston, soi1 organic matter content is low 

(Gunderman and Hutchinson 1993), and the Jevated levels of nickel and copper have 

been shown to reduce decomposlion rates (Freedman and Hutchinson 1980b). 

However, it is possible that the high decomposlion rates of alder l i e r  may hold truc in 

this metal-toxic environment as well. The grasses used in the Sudbury seed mixture 

provide quick cover to stabilize mils physically but may accumulate on the soi1 surface 

after death, rendering critical nutnents unavailable for other plants. They can also offer 

severe cornpetlion for woody plants introduced at a later stage and provide excellent 

habitat for destructive rodents (Danielson and V i t  1988a). 

It has been shown that water extractable metal concentrations have dropped 

exponentially at sites close (within 2 km) to the Coniston smeîter (Gunderman and 

Hutchinson 1993). When tested in 1972, wncentrations of nickel, copper and aluminum 

were 74,33, and 52 pg/g respectively. These levek had decreased to 2 , 2  , and 3 pg/g 

respectively when re-tested in 1992, Two explanations are presented to explain this 

dramatic decline. The first is the possibility of ieaching due to the iack of organic matter 

present to bind most of the cations. Secondly, wind erosion may help to disperse the 

upper toxic soi1 layers to other amas. Anoaier possibili is that of water erosion of frost- 

heaved soi1 during the spnng thaw (Winterhalder, pers.comm.). 



In summary, green alder appean to be well suited for revegetation of the 

Sudbury Bamns due to: 

its capacity for dinitmgen fwation (Dalton and Naylor 1975); 

the rapid eariy gmwth and high suwival rates (Pregent et al. 1987); 

its high production of nutrient rich leaf l i e r  (Huss-Danell1986); 

its indigenous status to the area; 

faster and greater hardening than other alder species (Tremblay and Lalonde 

1987); 

lower moisture requirements than other alder species (Furiow 1979); and, 

its capacity to maintain itself as 'climax' vegetation if competition is low 

(Mitchell 1968). 

The purposes of mis study were: 

i) to attempt an understanding of why green alders (Alnus viBdis ssp. crispa (Ait) 

Tum'll) are not naturally colonizing the Sudbury Barrens; and, 

ii) to determine whether green alders could be grown as a beneficial, 

revegetation species on the Sudbury Barrens. 



Chrptet 2 4tudy Amr, Site Descriptionm and S d  Cdkctbnr 

Study Ama & Site Deicriptkns 

The area of Sudbury lies near the southern edge of the Precambrian Canadian 

Shield, just north of Lake Huron in œntral Ontario (see Appendix 0 for UTM locations of 

al1 pertinent cities and sites) (Figure 2). 

Although the bedrock is old, the rugged landscape is young and dominated by 

rocky hiHs and ridges that have been rounded and scoured by glaciers (Pearson and 

Piiblado 1995). A generally light layer of glacial sediment supports a thin mil, but 

erosion has stripped away the moraine and left exposed bedrock in many amas. 

Sudbury sits on the rim of an elliptical feature called the Sudbury Basin (Figure 2, 

shaded), which many geologists believe was produced by a meteorite collision nearly 

2 billion years ago. This rim has supported more than 90 nickel and copper mines in the 

last century. 

As stated previously, the vegetation in the area prior to mining is thought to be a 

mix of hardwood stands (Courtin, pers.comm.), white pine (Phus strobus) fore* and 

white cedar (Thuja occIaentalis) swamps (Winterhalder 1995a). Prevailing winds that 

canied pollution from smelting over a wide area to the east and north, have created 

19 500 ha of industnal Barrens and 7 000 aciddamaged lakes (Gunn 1995). The 

climate in this area is one of cold winters and warm summers (Appendix C). The mean 

daily minimum in January is -18.7"C and the mean daily maximum in July is 24.8"C. 

Annual precipitation averages 872 mm. 

The Barrens sites that were used in this study were al1 iocated near Coniston, 

9 km east of Sudbury, ON, on metamorphic, igneous bedrock (Figures 2 & 3). All sites 

had a relatively thin and rocky soi1 with bedrock outcroppings. Upland sites were 



Figure 2: Map of the City of Greater Sudbury shawing the locations of the 3 
Smelters, researcti sites at Coniston, and the location of seed collections. 
1 he light shaded area is the edge of the Sudhiy Basin. A h  shown are 
Nickel Rim Mine, Monctieff Creek, LLCC (Lake Laurentian Conservation 
Area), LUA (Laurentian University Ahorehim), and Thunder Bay in inset- 
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Figure 3: Map of Coniston, Ontario region wlh five sîudy sites on the Barrens. 
Site 1-0  L&S, site2-LBS 97,site 3-L97, site4-L8S 98, 
Site 5 - L&S 96. See Appendix F for abbreviatiins. 



chosen, sinœ green alden are known to require kss water. Other tm or alder species 

could be saidied on slopes or lowland areas where growth is rwt limited by water. 

Site 1 was just 1 km east of the Coniston smelter and had been limed, fertilized 

and s8eded in 1995 (for seed mixture see Appendii A). The area was almost 

completely covemd with 3040 cm grasses except where ihere was bare rock exposed 

(Figure 44). The land sloped genUy downhitl, aiuugh there were som level spots where 

water tended to ciollect 

Site 2 was limed, fertilized and seeded in 1997 and was located off Hydro Road, 

2 km east of Coniston (Figure 44). The area was also mosUy covered m grasses but not 

as thickly or as tall as Site 1. Site 2 was gread over two ridges overlooking a valley 

between thern. 

The area for Site 3 was approximately 400 melres off the west side of the 

Garson-Coniston Road (RR90). This site had been limed and fertiked but not seeded 

in f 997 (Figure 4-iïi). The a m  was on aie top of two very gravelly hills. 

Site 4 was located muth of the Highway 17 bypass and 2 km west of the junction 

with Highway 17E. It had been limed, fertilized and seeded in 1998 and was fairly flat 

with little herbaœous vegetation but quite a few white birch coppices (Figure 441. The 

amount of herbaœous vegetatim had increased substantialiy by aie second summer of 

expenrnental work (2000). 

An area of unamenâed Barrens was located for Site 5. This area was rocky but 

with a rme soi avered in many places with moss, principally M a  ssp. (Figure 4-v). 



Figura 4: Five sites from Fgure 2 in 1998. i) limed and seeded in 1995; 
ii) limed and seeded in 1997; iii) lïmed in 1997; iv) Iimed and 
seeded in 1998; v) never limed or seeded (Barrens) 



Saed Colbctions 

Al1 collections t w k  place in Odober of 1998. Green aider seeds were obtained 

in five groups from four sites: 

1 Moncrieff Creek - (renamed Bannerman Creek), south bank, 52 km mrth 

of Sudbury on highway 144 (Figure 2). 

2. Nickel Rim Mine (x2) - (abandoned), 20 km northeast of Sudbury, 2 

collections were taken from different stands because this site was 

considered to have parh'cularily toxic soils, yet these shnibs were very 

healthy in appearance, nodulated, and produced copious amounts of 

seed in the two years that collections were made here (1998 and again in 

2000 for viability tests). The shnibs were growing in a mix of sand and 

grave1 overburden with tailings (R.E. Michelutti, pers. comm.). 

(Figure 1-8). 

3. Thunder Bay - collected by Erika North (herbarium curator at Lakehead 

University), 10 km northwest of Thunder Bay on an abandoned hydm 

service road. 

4. Vermilion Bay - collected by Erika North, 4 km east of the bay in a feld, 

just outside Thunder Bay. 

Branches and cones were airdried approximately 2 weeks until the seeds wuld 

be shaken out. Tests have show that catkins collected in the fa11 release their seeds 

normally and completeluhen dried at 20°C (Fanner et al. 1985). Seeds were stored in 

brown paper bags at mom temperature, For a list of ail sites and seed provenances and 

their use in this thesis, see Appendix D. 



Chapbr 3 - Gorminatkn Requirements of Alnus virlds up. crlspo 

Introduction 

Alder 'seeds' are winged nutiets, bom in pairs on the bracts of strobiles, also 

called wooden catkins or 'cones' (Young and Young 1992). The size of the seeds and 

the extent of their wings Vary between species and often within species. The seeds of 

green alder ripen in one season, and after they are shed in the fall, the empty cones 

remain on the branches for a year or more (Soper and Heimburger 1994). 

The ecology of red (Alnus nrbra) (Hawkins and MacDonald 1993; Berry and 

Torrey 1985) and European alder (Alnus glufimsa) (Pregent and Camire 1985; Wheeler 

et al. 1981) has been investigated to a certain extent due to their economic value. 

Green alder has reœived more attention recently because of its use in restoration. 

In 1985, Farmer et al. published their studies on the reproductive characteristics 

of green alder in the Thunder Bay, ON region, They found wide variation between 

stands and even in clump to clump reproductive characteristics, suggesting that 

individual plants may exhibit periodicdy, thereby ensunng that a substantial portion of the 

population bars  a good seed crop in any given year. Most reproduction events were 

not correlated year to year, signiiying that there is low genetic control over variation. It is 

suggested that these events rnay be affected by the distribution of temperature over 

time. The authors estimated an annual seed min of up to 9.5 million sound seeds per 

hectare in the area studied, and cite this as the reason for prolific seedling production 

following disturbance. 

According to the published iiiture, several methods for germinating alder 

seeds have been used successfully- These techniques can be broken into 

pre-treatments, Iight and temperature manipulation, and surface steriliration. 



Pm-treatments 

Many researchm choose not to treat alder seeds at aii (Hendrickson et al. 1990; 

Brunner and Brunner 1990; Nesme et ai. 1984). The simplest pre-treatment method 

seems to be a cold water treatment suggested by Schalin (1868) and used in a number 

of later studies (Danielson and Visser 1988a; Jobidon and Thibault 1982; Jobidon and 

Thibauit 1981; Fessenden and Sutherland 1979). Most of these papers did not 

concentrate on germination, but Beny and Tony (1 985) reported that a 16-hour water 

soak improved the germination of red and speckled alder (Alnus incana (L.) Moench. 

ssp. nrgosa (DuRoi) Clausen) seeds. 

Farmer et al. (1985) demonstrated that green alder seeds in the Thunder Bay 

area exhibited conditional dormancy, with optimal germination occumng in wet and dry 

stratified seeds. Treatment storage of more than fourteen days did not significantly 

change the germination response. Breaking donnancy by stratification has also been 

effective in European and speckled alder, but the highest germination occurred when 

pre-treatments were followed by a 3day, -20°C period (Schopmeyer 1974), although no 

mention is made of the procedure employed. Schalin (1968) also reported higher 

success rates of red alder seeds when a deep chill treatment was applied. 

Because treatment of W s  with giôberellic acid (GA3) often stimulates the 

production of enzymes needed to break seed dormancy, it would seem likely that GA3 

should enhance germination either equal to, or better than, stratification treatments. 

However, Berry and Torry (1985) stated that the application of G& to European, red and 

speckled alder seeds did not increase germination adequately to justify the effort and 

time required. 



Light 

Most seeds are positively photoblastic but may require only short (seconds) or 

longer (hoursldays) periads of light exposure. For higher germination percentages, 

alders appear to require a 16hour day (Fanner et al. 1985; Schopmeyer 1974) although 

this ligiit requirement can be overcame with wet stratificaüon (Fatmer et al. 1985). 

Temperature 

The temperature of the environment has a significant impact on the termination 

of dormancy in many seeds, affecting both germination rate and total germination. In 

fully imbibed seeds, both alternating and low temperatures are known to affect 

dormancy. For green alder seeds, Farmer et al. (1985) reported ttiat the highest 

germination for stratried and control seeds occurred consistently at alternating 

temperatures of 10120°C. They also found that the rate of germination in seed that had 

been stratifiid previously was notas affected by lower or higher temperatures. 

However, they used only 3 sets of alternating temperatures in their experiments with no 

constant temperature as a control, and therefore failed to show that green alder seed 

germination had been enhanced by alternating temperature. 

Surface Sterilization 

Over the past 40 years, there has been a great debate over the surface 

sterikation of alder seeds. The highly popular method of using mercuric chloride to 

sterilize most seed mats causes toxicity problems when using small seeds with thin 

seed mats, such as alder. Even after careful washing, enough mercuric chloride may 

remain to kill some seed (Neal et al. 1967; Trappe 1961). 

Sodium hypochlorite (NaCIO) has also been used to reduœ contamination, but 

can leave a residue and, again, it is difficult to sterike the seeds yet not damage the 



embryo (Jobidon and Thibautf 1980). Berry and Torry (1985) used NaCiû to sterilize 

green alder seeds and reported no effect on contamination or germination of seeds. 

This muld be due to insuffiCient soaking time, causing neMer sterilization nor rnortali, 

In 1961, Trappe reported preliminary success in using highly concentrateci 

hydrogen peroxide (H& 35%) to sterilize tree seeds. In mntrast to mercuric chloriâe, 

H a 2  breaks down into harmless wmpuunds, ieaving no toxic residue. Adequate 

soaking times range from one hour for seeds with hard coats (Trappe 1961), to 30 

minutes for thinly coated seeds such as alder (Brunner and Brunner 1990; Danielson 

and Visser 1988a; Trappe 1961). Neal et al. (1967) found that the best soaking time for 

n d  alder was 10 minutes in 30% H a 2 .  resuiüng in zero contamination and the highest 

germination. 

Despite mis apparent success with red alder seeds, green alder seeds appear to 

be somewhat resistant to surface sterikation attempts. In one sîudy, although 23% of 

Alnus crispa seeds produced seedlings, only 20% of these produced 'uncontaminated' 

seedlings (Bmnner and Brunner 1990). The weds had been soaked in 30% H202 for 30 

minutes. The contarninants originated from aie seed mats and were mostly yeasts and 
* 

imperfect fungi. 

Jobidon and Thibault (1980 and 1981) also state that although hydrogen 

peroxide is good for steriliting smooth and hard seed mats without wings, the porous 

and papery nature of AInus cfi@a seeds does not allow efficient steriiikation. They 

suggest the use of sodium eaiylmercurithiosalicylate, also known as thimerosal (Sigma 

Laboratorj) and merlhiohte. This chemîcal is extremely costly when using large 

amounts of seed and can also ûe lethal if not rinsed away ccimpletely. 

Not sterilizing the seeds is the m s t  cornmon procedure among researchers, 

whether they are only lwking to produœ alder seedlings for an expriment (Hendrickson 

et al. 1990; Pregent et al. 1987; Pregent and Camire 1985; Pennet et al. 1985; Jobidon 



and Thibaul1982; Fessenden and Sutherland 1979) or investigating alder gennïnation 

(Famer et al, 1985). None of them authors steriiized their seeds in any way, and none 

report on any excessive contamination problems sncountered during their studies. 

Finding an appropriate sterilization technique was important for this study. 

Some expehents mquired large quantibies of seedlings and if the sunrival of seedlings 

from seeds was bw, then precautions wouîd need to be made. The most efkctive 

technique to be used in the following experiments appears to be aie use of hydmgen 

pemxide. It is easy to use, ieaves no residue and is affordable for large experiments. 

Furthemore, in ligM of the Merature discuwd above, some hypotheses were 

made about the experiments. It was hypothesized that light and provenance would 

affect total germination. Of aie pretreatments used, the application of gibbereilic acid 

WOU# have aie greatest positive efiect on germination and the untreated seeds (control) 

would generally have the hwest germination. Deep chi11 would neither enhance nor 

negatively affect germination. It was reasonable, based on previous research, to 

assume mat optimal temperatures for germination wouM be between 18 and 25°C. 

The puipose of the germination eicperirnent was to detemine the light, 

temperature and pretreatment requimrnents for optimal germination of green alder 

seeds under natural and artifidal conditions. 



Pre-treatments and Light 

A factorial design with five randomized complete blocks was used. €a& 

treatment combination was represented by one plate containing 100 seeds in each 

block. AH five provenances (Figure 2) were used in this expriment, which were then 

subjected to 2 stages of treatments consisting of pre-treatments and chill. The design 

was as follows: 

4 pre-treatments (control, gibberllic acid, wet and dry stratification) x 2 chill 

regimes (deep chill, no chill) x 2 light regimes (light, no light) x 5 provenances 

(Vermilion Bay, Thunder Bay, Nickel Rim 1, Nickel Rim 2, Moncrieff Creek) x 5 

replicates = 400 plates 

Starting in April of 1998, the pre-treatments were appikd to the seeds. Wet and 

dry stratifying conditions were achieved by placing approximately 500 seeds per plastic 

85 mm petri plate between two layers of sand and filter paper with an air space above 

for respiration. Half the plates were watered lightly with distilled water and haif were left 

dry. All plates were then kept at 3°C for 14 days. A gibberellic acid pretreatment and an 

untreated control were also included in this stage. The G& seeds were soaked in a 

500 ppm G& solution for 24 hours, then rinsed twice in âiiiiled water. 

The second treatment stage involved a deep chill condition. Half of all seeds 

from the pre-treatments were placed in dry petri plates and kept at -18°C for 72 hours. 

The remaining seeds were not subjected to this chill. 

After these two stages, seeds were surface sterilized using a 30% hydmgen 

peroxide solution for 30 minutes. They were then rinsed three times with disülled water. 

After this point, aseptic techniques were employed to decrease the risk of contact 



contaminants. To ensure the hydrogen peroxide solution was not causing mortaiii in 

the seeds, a viabilii check was made using tetrazolium chloride on a small batch of 

seeds after sterilization with Ha2 for 30 minutes. This length of time did not affect 

viabilii and therefore this method was used for al1 subsequent alder seed sterilizations. 

Seeds were then aseptically placed, 100 pet plate, on a double thickness of il fiiter 

papers and kept moist throughout the rest of the expriment. 

The next step consisted of a light or dark condition. Haif of al1 petri plates were 

wrapped in a double thickness of aluminum foil. The other half was left unwrapped. 

All plates were then put into a growth chamber with a 20°C constant temperature. 

Light in the chamber was incandescent and fluorescent providing 540 prnollmzls of 

photosynthetically active radiation (PhAR) (400-700 nm). Plates were checked daily with 

a dissecting microscope for germinated seeds, which were recorded and removed using 

aseptic technique. Dark treated plates were examined under a green safe lamp. The 

expriment was terminated when there had been no germination for five consecutive 

days. 

Temperature 

Seeds from Nickel Rim were used to determine the germination temperature 

cuwe for green alder. A temperature gradient bar (aluminum), 1 metre long, 10 cm wide 

and 0.65 cm thick, was construded sueh that the ends were immersed in 

thermostatically controlled baths (Figure 5). The warm end was heated with water 

whereas the cold end was an antifreeze solution to permit cooling below 0°C. Because 

of the gradient k i n g  imposed, the temperature response along the bar was curvilinear. 

Thermocouples were imbedded in the bar at 5 cm intervals so that a temperature curve 

could be plotted. A glass lid was kept over the bar to help maintain temperature stability 

and to reduce evaporation. Two nins on the bar were conducted to gain a more precise 



Figurs 5: A- Temperature gradient bar apparatus. TGB= temperature gradient 
bar; WB= wam hath; C8= cokl bath. 

8. Detail of TGB. 



graph at a wider temperature range. The Îemperature during the first (August 1999) and 

second runs was set at approximately 10°C to 50°C and 0°C to 20°C respeeüvely. The 

procedures for both runs were the same and both used Nickel Rim seeds collected in 

the fall of 1998. 

The seeds were first wet stratified for 14 days and then surface sterilized with 

30% hydrogen peroxide. F i  seeds were placed in each petri dish (35 mm) on a triple 

thickness of filter paper and kept moist throughout the experiment. Two of the petri 

dishes were put on each of the 21 positions along the 1 metre length of the bar, so that 

there were 42 plates at 21 positions. The bar itseif had moistened chromatography 

paper along its length to ensure that there was gaod heat transfer beheen the bar and 

the plates. Incandescent and fluorescent lighting was provided for a 16-hour day, and 

the PhAR was measured for each position on the bar. 

Plates were checked every day for germinated seeds, which were counted and 

removed. Front and back placements at each position were also rotateci every day and 

temperature was monitored, 

Seed Viabilii 

Because runs on the temperature gradient bar were canducted almost a p a r  

apart using the same seed collection, a test was performed to examine seed 

degradation over time. Using tetrazolium chloride, seeds from the NR1998 (Nickel Rim) 

collection and from a NR2OOO collection, were checked for viabiiii (see Appendii F for 

abbreviations). Viable, dead, and empty seeds were counted for each of 6 plates of 50 

seeds for each year. 



Data Analysis 

Because of contamination problems in the pbtes, al1 of the data from the 

Thunder Bay provenance were discarded and omiîted from any analyses. All analyses 

employed the use of SPSS for Windows version 9.0. Data was checked for normali 

and homogeneity. Difierences between provenance, treatment, chill and light were 

analysed using a parametric 4way analysis of variance (ANOVA) wiîh Duncan's multiple 

range test (~4 .05) .  

Following this, the two Nickel Rim provenances were wmbined and a parametric 

3-way ANOVA was run on the data with Duncan's multiple range test (p<0.01). 



Resulb 

Pm-treatments and Light 

Then were signifiant differences in germination response to seed pre- 

treatments and light between the two Nickel Rim provenances and the remaining 

provenances of Vermilion Bay and Moncrieff Creek (Figure 6). The Nickel Rim seed had 

the best germination overatl, averaging 54.8%, whereas seed from Moncrieff Creek did 

comparatively pooriy at only 19.6% germination. Diierences between provenances 

acwunted for 29% of the variation in germination (Table 2). This effect size was high 

compared to the other factors analyseâ. The h o  Nickel Rim sites performed well and 

the relationships of germination to experimental factors were similar in both seed lots, so 

for presentation purposes these two provenances were wmbined and used exclusively 

to examine other factors. 

Nickel Rim seed showed a significant germination increase in response to light 

(Figure 7). This light effect explained 25% of aie variation between plates (Table 3). 

The pre-treatment factor accountéd for another large portion (17%) of the 

differences in variation (Table 3). The control group and two stratified groups were not 

significantly different, but the gibberellic acid significantly enhanœd germination 

(Figure 8). 

Chi11 had a significant negatiie effect on germination but explained only 5% of the 

variance. However, chill was involved in a significant 2-way interaction with treatment, 

with an eta2 of 0.22. As Figure 9 shows, 'no chill' and 'chili' germination for the wntrol, 

GA3 and dry stratified (DS) seeds looks similar to results in Figure 8. Yet for wet 

stratified (WS) seeds without chilling, germination was not significantly different h m  the 

consistently high values of the treatment. When chill was applied to WS seed, it 

significantly decreaseâ germination to a level bebw the other three treatments. 



Moncriefi Cree k NRl IJR2 Vermllion &y 

Provenance 

Figure 6: Percent germination (I S.E.) for each of the four provenances of 
green alder seeds tested at 20°C. D i r e n t  letter designations 
indicate groups that are significantly different at pe0.05. (n=80) 
(See Appendix F for abbreviation key) 



Table 2: Resuits of parametric four-way ANOVA testing for differences in percent 
germination and interactions among groups using al1 four provenances. 
df = degrees of freedom, F = F ratio for parametnc M a y  ANOVA, 
&a2 = proportion of variance explained by the efkd. 
" indicates significance at the p*0.01 level 

Source df F eta2 

Provenance 3 

Pre-treatment 3 

Chill 1 

Light 1 

Provenance (Pre-treatment) 15 

Provenance (Chill) 

Provenance (LigM) 

Pre-treatment (Chill) 

Pre-treatment (Light) 

Chill (Light) 

Provenance x Pre-treatment x Chill 31 

Provenance x Pre-treatrnent x Light 31 

Provenance x ChiIl x Light 15 

Pre-treatment x Chill x Light 15 

Provenance x Pre-treatrnent x 63 
Chill x Light 



Pigure 7: Percent germination (k SE-) in l iht (540 vm/m2/s) and dark 
environments for Nickel Rim green aiùer seeds at 20°C. Diffeient 
letter designations indcate groups mat are significantly different 
at p4.01. (n=80) 



Table 3: Results for paramettic three-way ANOVA testing for diierences in percent 
germination and interaction among groups using data from Nickel Rim 
provenance only. df = degrees of freedom, F = F ratio for 3-way ANOVA, 
eta2 = proportion of variation explaineci by the effect, 
" indicates significance at the pe0.05 level 

Source df F da2 

Pre-treatment 3 72.36 " 0.17 

Chill 1 62.81 " 0.05 

Light 1 320.94 " 0.25 

Pre-treatment (Chill) 7 92.1 5 " 0.22 

Pre-treatment (LigM) 7 83.54 " 0.20 

C hill (Light) 3 0.31 O 

Pre-treatment x Chill 15 0.85 O 
x Light 



Figure 8: Percent germination (*S.E.) for each of four pre-treatrnents applied 
to green aider seeds fmm Nickel Rim at 20°C. Dierent letîer 
designations indicate groups that are significantly different at p<0.01. 
(n=40) 



Fbum 9: Percent germination (I S.E.) showing the 2-way interaction between 
pie-treatment and chill on Nickel Rim green akler seeds at 20°C. 
Different letter designations indicate significantly diierent groups at 
p*0.01. (n=20) 



There was another significant 2-way interaction between pre-treatrnent and light 

conditions (Table 3). Light did not enhance the germination of gibberellic acid and WS 

treated seed (Figure 10). For control and DS se&, light had a significant positive effect 

and induced germination levels not significantly different from GA3 treated seed. 

Temperature 

Figures 11 and 12 show the temperature and light measurements respectiwly, 

akng aie 21 positions of the temperature gradient bar. For temperature, the 1 year seed 

shows a typical bar wrve (Figure 1 l), while germination of the 2 year seed plateaued at 

position 13 (17.6"C). For the second run of the bar (2 year seed), the amount of 

photosynthetically active radiation (average 14.2 pnol/m21s) was more than double that 

of the first run (average 6.2 pmo~rn~ls) (Figure 12). 

There was a significant difference (F=190.9, p*0.01) in the number of viable 

seeds between the 1998 collection (2 years) and that collected in 2000 (1 month) (Figure 

1 31. Accordingly , the number of dead seeds was higher in the older collection (Fr56.4, 

~ ~ 0 . 0 5 ) .  Empty seeds were the same for both ssasons (F=2.0, p>0.05). 

Percent germination (Figure 14) increased exponentially from zero to a plateau of 

approximately 75%. which stretched from 19.5-28°C. Germination gradually declined 

from 28 to 35°C and then ceases completely at higher temperatures 

Figure 15 shows the germination rate within four ranges of bar ternperatures- 

Wlh visual assessment 1 appears that in the lowest temperature range (5-10°C), rate 

was slow compared to the 2"6 group (10-20°C). The differences in rate between the 3d 

and 4"' ranges in the initial 4 days were minimal and the 4m group seemed to dfler only 

in the height of the plateau (Le., total percent gemination). 



Control GA3 

Dark 

O Light 

Figure 10: Percent germination (I S.E.) showhg the 2-way interaction between 
pre-treatment and light condition on Nickel Rim seed at 20°C. 
Different letter designations indicate significantly different groups at 
p*O.O1. (n=20) 



Figure Iq: Distribution of temperature abng the temperature gradknt bar for 
each of the two nins (0-20°C and 10-50°C). 
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Figure 12: Photosynthetically adive radiation over the length of the 
temperature gradient bar for both temperature nins. 



2 Yean 1 Month 
AGE 

Figure 13: Viable, dead and empty seeds counteâ from 2 year old Nickel Rirn 
and 1 month old Nickel Rim green alder seed (ne). 00th 
collections were dried and stored at room temoerature. Error bars 
are standard enor. D i r e n t  letter designat*ork indicate groups mat 
are significantiy d i r e n t  at pc0.01. 



Figun 14: Percent germination at diirent temperatures. All green alder seeds 
were from Nickel Rim and al1 were wet stratifiecî. Data for 10.S°C 
and below were obtained ftom run 2 (2 year seed) and above 10.5"C, 
data were used from run 1 (1 year seed). 



Figure 15: Percent germination over time within four temperatures ranges. 
Data from Mo year greeir aider seed from Nickel Rim (nin 2) were 
used for 5-10°C. All otherdata are fmm one year seed (nrn 1). 



Discussion 

Pre-treatments and Light 

Differenœs in percent germination were very large (Figure 6). However, there 

have been reports of variations in reproductive characteristics between provenances, 

clumps and indiviâual plants for green and red alder (Bninner and Brunner 1990; Famer 

et al. 1985). Farmer et al. (1985) suggested, in their two year study, that individual 

plants may expsfience periodicity. The average seed characteristics of a population, 

however, remaineû constant. It appears from Figures 6 and 13 that the green alder 

population at Nickel Rim may produce consistently higher numbers of viable seed 

compared with the other two provenances. 

There was a positive effect of light on germination (Figure 7), although it was 

hypothesized that seeds would not gerrninate in the dark. Most species that are not 

affected by light are agdculturaly important seeds that have been selected for high 

germinability (Hopkins 1995). Without light, Nickel Rim seed still averaged 40% 

germination. This is twice the percentage of green alder seeds that germinated under 

optimal light condlions as reported by other researchers (Brunner and Brunner 1990; 

Farmer et al. 1985). 

There was a signifiant pre-treatrnent effect on Nickel Rim seeds, but only 

because the GA3 application produœd consistently high germination levels, no maiter 

what other factors were involved (Figure 8). More interesting were the two 2-way 

interactions in which pre-treatment was involved. 

The pre-treatmentlchill interaction affeded wet stratified seeds only. When chill 

was absent, germination reached maximum levels equal to GA3 pre-treatment (Figure 9). 

The negative effect of chill on wet stratification is probably a resuit of fully imbibed seeds 



being suddenly frozen, causing intercellular ice crystal formation and œll damage. 

Schoprneyer (1 974) rnay have used graduai fteezing, but this fmding suggests that, 

although wet stratïfiition and deep chill may hcrease germination in red and speckled 

aider seeds (Schopmeyer 1974), this does not appear to apply to green alder. 

The pre-treatmenfflight interaction M d  conhl and dry stratied seeds only. 

These iwo pre-treatments reacted similady to ail fadors and suggest that the dry 

stratification had no effect on the seeds. Light stiiulated germination of both pre- 

treatments to maximum levels, supporting earlier research (Farmer et al. 1985) and 

refuting the sialment that alder seeds without pretreatment have low germination 

(Schopmeyer 1974). However, light had no efFect on wet stratiid seeds. Farmer et al. 

(1985) reported that wet stratified green alder seeds ovemme the light requirement but, 

as shown in Figure 10, although germination of seeds in the dark was highest for wet 

stratification, light did not stimulate germination. 

From these findings, it appears that green alder s d s  do not have 'conditional 

domancy' as suggested by Famer et al. (1985). Control seeds grown under light 

conditions achieved the same high levels of germination as the gibbetellic acid pre- 

treatrnent. Assurning the GAg pre-treatment reached maximum germination, control and 

dry stratifiid seeds in light, and wet stratiid seeds without chill, ail achkved 100% 

germination of viable seeds. This suggests that green alder seeds are not dormant, 

merely quiescent. 

Under natural conditions seeds that did not geminab in the autumn after being 

shed would probably be subjected to a wet stfaüfiition environment, possibly with a 

deep chill, and this could negatively affect germination. Howerer, the method of chill 

used hem does not reflect the slow decrease in temperature seen in nature, which 

prevents the penetration of ice crysials through the cell membrane (Marchand 1996). 



Temperature 

The second, lower run of the temperature gradient bar resuited in a wrve with a 

plateau at the upper end as opposed to the 'S' shape attained at the higher temperature 

nin (Figure 11). This was because the high end was set near room temperature, maiüng 

the water heater unneœssary. Only the data from the first six positions of the second 

nin were truly 'new' and not contained in the first run. 

There was a large difference in lighting between the two runs (Figure 12) and a 

general lack of light overall when compareci with the growîh chamber condlions (540 

pmo~m2/s). But because wet straüfied seed was used, which most likely simulated field 

conditions, and this treatment was shown to be unaffected by light, it is assumed that 

light differenœs in the temperature gradient bar experiments would be unimportant and 

not affect results. 

Following seed imbibition in the seed, there is a release of hydrolytic enzymes 

that are sensitive to temperature. At the point of enzyme release, the rate of germination 

would then depend on the arnount of energy available for chernical reactions. Most 

enzymes have a Qlo=2 and denature at 3 5 4 ° C  (Hopkins 1995). After approximately 

30qC (Figure 14), some of the enzymes in the seeds responsible for germination may 

have begun to denature and at 37°C activity ceased completely. There seems to be a 

signifiant sensitivw of rate to temperature (Figure 15) although wet straüiiid seed has 

been rsported as less senslive than control seed (Fanner et al. 1985). 

The percent germination curve (Figure 14) is typical in its shape for many seeds; 

however, Famer et al. (1985) found the highest percent germination of wet stratified 

green alder seeds at altemating temperatures of 10120°C. At 2013O0C, only unstratifeâ 

seeds (contml) were reporteci to have maximum percent germination and rate. 



In spite of the above, it was concludeci that the initial hypothesis was supported, 

with optimal temperatures for germination of wet stratified seed in the range of 19-26°C. 

Therefore al1 subsequent germinations for experiments were conducted in this range. 

Seed Viability 

Green akier seeds are not known to exist in seed banks of the boreal forest in 

northwestem Ontario (Famier et al, 1985), so a substantial amount of degradation was 

expected after two yean of storage (Fgure 13). Whereris the younger seed was not 

from the same collection as th two year seed, they were both from the same stand of 

green alders at Nickel Rim. According to Fanner et al. (1985), individual plants or 

clumps may show periodicity and thete can be large dinefences between provenances, 

but stands generally maintain their reproductive characteristics overall from year to year. 

Although total percent germination was afFected by age in temperature gradient 

bar experiments, the rate of germination was not. The number of viable seeds after one 

year (Figure 14) was not lower than that tested after one month. Degradation does not 

seem to occur until the second year of storage. 



Introduction 

G m n  alden are not present on the Sudbury Barrens and yet h y  are known to 

be wlonizers of degraded amas. The same is true for speckled alder (Alnus riicana ssp. 

mgosa), which is very abundant locally. The Bartens wver some 19 500 ha of land so it 

seems probable that the lack of a seed source could be the cause. Green alder stands 

are known to exist 4-12 km from the edge of the bamn area, but closer stands may be 

present. 

Trail, British Columbia is an ama Bat was polluted from a heavy metal smelter 

until the 1940is, causing the total eradication of vegetation in s o m  areas (Aretiibold 

1978). As on the Sudbury Bamns, there has been slow, natural femvery with white 

birch and trembling aspen trees. However, at Trail, it was defermineci that these trees 

were h m  remnant rootstocks that had sunrived the pollution. The slow spread of these 

trees was shown to be limrted pfincipally by a shortage of viable propagules. 

The substrate conditions present on the Sudbury Barrens may also lima 

germination of green alders. The taxic metals and high acidity, which can affect mature 

plants, rnay also affect seeds. 

Wong and Bradstiaw (1982) found that copper and nickel solutions had no effect 

on the germination of rye grass seeds (Ldium pmtense) at low concentrations (0.5 and 

2 pprn respectively), but mat aluminum at 10 Wrn and iron at 250 ppm severeiy 

decreased or prevented germination. Seed germination of seven di irent tree species 

were also not Neded by nickel or copper at concentrations up to 100 ppm (Fatterson 

and Olson 1983). These were grown on both fiker paper and organic soil, alaiough 

germination on mineral soi1 was never decreased by more than 5% from the control. 



Untreated Coniston soi1 extracts do not inhibit germination of some commercial 

crop species (Whitby and Hutchinson 1974). Fessenôen and Sutherland (1979) grew 

green alder seedlings on copper contaminated soi1 and, although they did not quantify 

germination, they did not report on any problems with producing sufficient seedlings for 

their experiment. 

Acidity in the soi1 could affect either total germination, germination rates or both. 

Enzymes have an optimal pH range. High or bw acidity can modify the conformation of 

the amylase enzyme responsible for starch breakdown in seeds, and influence the 

ionùation of the catalytic groups at the adive site (Hopkins 1995). 

Another factor, which may or may not affect the presence of alders on the 

Barrens, is allelopathy. For example, actinomycetes have b e n  shown to produce 

phytotoxins that inhibit the germination of six herbaceous plant species (Mallik 1997). In 

succession, alden are commonly replaced by poplar species. Baisam poplar (Populus 

balsamhra L.) l i i r  contains allelochemicals that can inhibit green alder germination by 

25-75% (Jobion and Thibault 1981). 

lnvestigating germination on b a r n  soils is an important step to understanding 

the sucœss or failure of green alders as a revegetaüon species in the Sudbury area. 

The first hypothesis was that seeds wouid only germinate on field plots that had been 

treated for longer periods of time. Secondly, growth chamber experiments would show 

germination on al1 substrates, but woold have poorer germination on soils that had been 

untreated or reœntly treated. 



The purpose of this expriment was to detmine: 

whether the la& of seed source was the only problem preventing natural 

establishment of green aldefs on the Barrens, and 

whether acidity and metal-toxiaty were Iimiting seed germination. 



lllkthodr 

Field Plots 

Five 0.25 m2 plots were set up ni IVovember, 1998 at each of the five sites on the 

Barrens. The plots were mostiy upland but chosen randomly while also attempting to 

represent the different microenvironrnents at each site. At Site 5 (unamended Barrens), 

five additional plots were chosen which were then Iimed (dolomitic limestone) out to a 

0.25m border around each plot, using the rate of t O0 glm2 employed in the VETAC 

(Vegetation Enhancement Technical Advisory Cornmittee) protocol. The area inside 

every plot at each site was then lightly raked and approximately 200 seeds from a 

mixture of al1 five provenances were spread and li~htly preased into the soi1 to ensure 

contact with the substrate. 

In the follawing growing season, sites were checked in May, June and August. 

The plots were seeded again in October 1999 using the methods described above, but 

without additional liming at the site 5 extra plots. Sites were checked again in August 

2000. Green alder seedlings grown Yi the greenhouse closely resembled white birch 

seedlings, which are present on the Barrens in abundance, so a small key was made to 

ensure quick identification of alders. 

Growth Chamber Experiment 

Soil was colleded in August, 1999 from the five Barrens sites, taken to an 

approximate depth of 10 cm, atternpting to maintain the soi1 horizons. The soi1 was 

placed in styrofoam cups with drainage holes in the bottom that were covered by filter 

paper. Soil was also colleded in the sarne manner from an area in the arboretum on the 

Laurentian University campus (Figure 2) under a green alder stand (control). Al1 soils 

were kept moist in the greenhouse for future use. 



In March of 2000, five pots from each of the fnre sites, were chasen randomly for 

use in a germination experiment. An addlional fnre pots were chosen from the 

unamended Barrens site. These additional pots were then amended with approximately 

0.4 g of lirnestone (the same application rate as above). 

Three controls were used in this experiment. Laurentian Campus Arboretum 

alder soil, and sterilüed sand were both used as regular controls. In addition, to provide 

a more accurate estimate of germination potential, five petri plates with a triple thickness 

of filter paper were included as a substrate. 

Seeds from Nickel Rim were wet stratied for 2 weeks, surface sterilized in 30% 

hydrogen peroxide for 20 minutes, rinsed and spread with 50 seeds in each potlplate. 

All pots were kept in a large plastic container with approximately 1 cm of distilled 

water in the bottom, which was maintained and changed each day. The container was 

covered with clear, colouriess plastic in an atternpt to increase humidity, and placed in a 

growth chamber with a 16-hour day set at 25°C (PhAR=532 prno~m21s). The petri plates 

were also kept in the growth chamber but outside the container. Al1 pots and plates 

were checked every day for germinated seeds, which were counted and removed until 

the@ were five consecutive days with no germination. 

Data Analysis 

A 1-way ANOVA was performed on the total percent germination from the growth 

chamber trial, foliowed by Duncan's multiple range test (pe0.05). Analysis was 

conducteci using SPSS for Windows version 9.0. 



Raaullb 

Field Plots 

No green alder seedlings were found on any of the four dates when examinations 

were made, in or around the plots at the 5 sites on the Banens. 

Growth Chamber 

There were no significant differences in total germination among and the soi1 

substrates bsted (Figure 16). Percent germination averaged 12.2 for these substrates. 

The sand and filter substrates achieved the highest germination at 26 and 40% 

respectively. Whereas total germination on untreated Barrens soi1 was not significantly 

different from that on the other sites, germination on this substrate was also not 

significantly different ftom that on the sand substrate. 

Germination rate of alder seeds on untreated Barrens soi1 was greater than on 

the other Barrens sites with respect to germination rate (visual assessment only), and 

had a higher rate than on alder soi1 substrate (Figure 17). Seeds on sand and filter 

paper showed the highest rates of germination. 
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Figure 16: Total germination of g m  aider seeâs on Banens substrate and 
controis. L=limed, S=seeded. Different letter designations indicate 
groups that are significantly dirent  at pq0.05 (n=5). 
Soil treatment key in Appendix F. 
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Figure 17: Green alder germination rates for untreated 8arrens soil, 
ameliorated Barrens soils, and wntrols. (n=5) 



Dircusikn 

Beause total germination in the growth chamber study was not significantly 

different behveen any of the barren substrates and the alder soi1 (Figure 16), it appears 

that metal toxicity does not affect germination. Fungal pathogens may have played a 

greater role than previously thought. All pots showed some fungal attacks and these 

seeds were discarded. 60th filter paper and sand substrates had b e n  steriked and 

gave the highest germination. Due to potential toxicity, fungal colonies in the untreated 

barren soi1 rnay have been fewer which could have enabled slightiy higher germination 

levels than in treated mil. Or it could be that the slightly more rapid germination rate 

(Figure 17) in untreated soi1 precludes the growth of fungus that impaired total 

germination in treated Barrens soils. 

Untreated barren sail (O Las) had a higher rate of germination than treated soils 

or the alder substrate, even though 1 also has the lowest pH, suggesting that acidity 

(Chapter 5) did not have an effect on total germination or grnination rates (Figur"~ 16 

8 17). Schalin (1968) has stated that green alders germinate best at a pH of 4, but there 

is still germination at a pH as low as 3. The lower rates of germination for al1 Barrens 

and alder substrates may be due to soi1 texture diiferences and the amount of contact 

the seeds had with the soi1 and water. 

Percent germination on barren soi1 was not different h m  that on alder soit, 

supporting earlier research (Whitby and Hutchinson 1974). It then seems reasonable to 

propose that germination did occur at the plots on the Barrens. As shown in Chapter 3, 

green alder seeds begin germination at low temperatures. At some point in the spring, 

temperatures would have been above 5°C and the Barrens soi1 would have provided 

adequate moisture from melting snow to cause germination. One could argue a case for 

seed predation, but due to the number of plots and seeds over the ho-year period, this 

possibiiii seems unlikely to have caused the disappearance of every viable seed. 



Therefore, it is suggested that germination most likely took place, but emerging 

seedlings died. EuidenUy, seed source is at ieast not the onfy proHem premting green 

alders h m  nahirally colonking the Barns .  Furaier invesügation into W l i n g  growth 

is needed to make any predictions about what factors coufd cause this mortalii. 



Chrptor 5 - Sol Coioditkns and Chrncbrbtks 

Inboductioii 

Soil conditions and characteristics are obviously very important to the survival 

and growth of plants. Many of the soi1 character*stics at Caniston have been changing 

over the past 30 years since the smelter closed. This chapter focuses on soil 

characteristics of acidity, organic matter, surface soi1 temperature, fine particles, and 

water content at the five Barrens sites, as they relate to the sunrival of green alders. 

60th pH and organic matter content have been studied near Coniston and show 

trends with distanœ from the smelter. Acidity decreases with depth and distance from 

the smelter (Whiiy et al. 1976; Whitby and Hutchinson 1974; Hutchinson and Whitby 

1974) and, most importantly, the concentration of hydrogen ions has decreased by haif 

at sites near Coniston between 1972 to 1992 (Gunderman and Hutchinson 1993). 

Organic matter is important to nutrient cycling, moisture retentiin and even sail 

temperatures Litter accumulation has been shown to increase near the Copper Ciiiff 

smelter (Freedman and Hutchinson 1980b). Gunderman and Hutchinson (1993) 

reported that soil organic matter had almost doubled in 20 years at many sites near 

Coniston. At distances less than 2 km from the Coniston smeiter, very low (0.2 - 2.9%) 

organic matter contents are reported (Hazlett el al. 1983). However, at these same sites, 

higher organic matter tended to coincide with higher heavy metal contents. On Barrens 

sites the amount of organic matter in the soil could be afkted by low litter input due to 

sparse vegetation, slow decomposiüon rates due to metal toxicity, and winds that 

accumulate litter in pockets causing highly vaned organic matter contents in a small 

area. 



There has mt been any research in the area of soi1 desiccation and the 

permanent wilting point of green alders. The influence of soi1 water on red alder 

(Alnus mbra) has been studied, but water potentials sufficient ta a h d  growth were not 

included (Hawkins and McDonald 1994). Courtin (1 994) has stated that unpublished 

data show surface mil temperaaires on the Barrens may reach 70°C on ciear, still 

summer days. High temperatures, combined with elevated, well-drained wik mat may 

be bw in organic matter, could cause auailable soi1 moisture on upland 6anens areas to 

be frequently very Iow dunng summer. It has been stated mat green alders are better 

adapted to drier conditions than other aldér species (Furlw 1979), yet soi1 water on the 

Barrens may not be adequate for the srnalier root systems of seedlings. 

A number of hypotheses were ma& concerning this section of the thesis. They 

are as follows: 

r Mean soi1 pH values for sites will increase with time sinœ amendment 

application. 

O Sites that have been treated for longer periods of tirne, and therefore 

potentially support more vegetation, will have soils containing more ofganic 

matter and theMore have higher water retentions. 

r Moisture retentiin cum, field soi1 moisture content values, and the 

permanent wilting point of green alder seedlings, will show that the availability 

of water at al1 Barrens sites is not sufficient for the sumal of seedlings 

without adequate root stnicture. Surface soi1 temperatures will support the 

idea of surface heating as a driving force for soi1 desiccation. 



The purpose of these experiments was to examine soil pH, rnoisture retention, 

organic matter, surface temperature and fine particle content for a better understanding 

of the possible benefis of introducing green alders, and to help explain probiems with 

the growth and sunrival of green alder seedlings in Barrens soil. 



Wisture Retentian Capacity 

Large soi1 collections of the top 10 cm were made from each plot at each 

Barrens site and the aime aider sites. The living above-ground plant material was 

nmoved. The soils were air dried along with a sample of autoclaved potting soil, and 

put through a 2 mm sieve to remove large soi1 partides. Siéved soi1 was stored in 

cardboard soi1 containers during the experiment. Moisture retention cunres, with points 

at -0.03, 4.1,4.2, -0.4 and -1.5 MPa, were made ushg 1 bar and 15 bars ceramic 

plate extractors (Soil Moisture Equipment Co., cat. no. 1200 and 1500). Three runs of 

each soi1 colbdion were perfonned. 

Permanent Wiiting Point 

Nickel Rim seeds were treated with GA3, sterilized and germinated in petri plates 

Ri a gmwîh chamber. f he germinated seeds were then tiansferred to Styrofoam 

containers of sterile potting soil. Five pots, having five plants each were inoculated with 

a Franka suspension after approximately 9 wwks since germination. Plants were 

watered as needed and fixi l/r strength Hoagland's solution (minus nitrogen) once a 

week. 

At four months, the plants were thinned ta one plant per pot. After eight months, 

the plant shoots were approximately 16 cm in height with pl0 true Ieaves per plant. The 

soil was thoroughly watered and allowed to drain. A square of dear plastic and dud 

tape were used to cover the drainage holes on the bottom of the containen. The top of 

each container was 'sealed' by gluing a cirde of cardboard to the edge of the pot and 

sealing the hok around the stem with an inert sealing compound. The piants were then 

left for approximately 2-5 weeks without water in a sunny bcation where they could ûe 



monitored almost constantiy. Despite this precauiion, one of the plants died over night 

and could not be included in the rest of the experïrnent. 

The remaining plants were watched for signs of wilting. When wilting did occur in 

a plant, it was covered with a char, colourless plastic k g  that was taped to the pot, in 

an effort to increase humidity around the plant, decrease transpiration, and reverse any 

wilüng. When the plant had restored turgor pressure and did not appear wiited, the bag 

was rernoved. This process was ~peated for each plant until the application of the bag 

did not revive the plant At this point, the pots were disassembled, roots were checked 

for nodulaüon, and three soi1 sampies were taken from each pot, These sampies were 

dned for 48 hours at 80°C and the soi1 moisture content (g/g dry wight) was calculateci. 

Moisture Content and Fine Particle Content 

On June 15,2001 one soi! sampk was taken from each of the fnre plots, at eacti 

Barrens site and two of the aider sites, Collection h m  aie Nickel Rim alder site was 

not made because it was not possible to gain access to the site. Weather on the 

Barrens had been dry and relatively wam. Temperatures averaged 24-31°C for seven 

days pnor to sarnpling, and the maximum temperature on June 15 was 30.9%. Only 8.8 

mm of min had falien in the previous efeven days. Samples were oven dried at 80% for 

24 hours. 

One sample of dned sol h m  each site was then chosen randomly, and siRed 

through 2 mm and 63 pm sieues. The percentage of the 2 mm fraction that was less 

than 63 pm, the very fine sand, siit and day fraction, was detemineci. 



Soil Acidity 

In September of 2000, soi1 sarnples from the top 5 cm were collected in soi1 cans 

for pH masuremnt One sample was wlbcted from each of the 5 plots at the five sites 

on the Barrens. Soil was also collected at four fresh limed (1998) plots (one plot wuld 

not be located). Five randorn colledons were taken at the three green akler stand sites: 

Nickel Rim, Laurentian Conservation Area and the Laurentian University Arboretum. 

The pH of the sail samples was detennined by adding enough distilled water to 

approximately 10 g of soi1 to make a paste, waiting 30 minutes, then measunng pH using 

a Chemtrix Type 400 pH meter. 

Loss on Ignition 

Loss on ignition analysis was performed on the sieved soi1 used in the moisture 

retention expriment. A random ptot from each Barrens site was chosen, as well as the 

three alder soils. Three replicates of each soi1 were placed in a muffle himace with the 

following regimen: 

Ramp 0.7"Clmin to 150°C 

Dwel1150°C for 10 hours 

Ramp 0.3'CJmin to 500°C 

Owell500"C for 15 hours 

Percent organic matter was calculated on the basis of oven dry weight. 

Surface Soil Temperatures 

Surface soi1 temperature readings were taken at each plot and 2 alder sites on 

June 15,2001 between 12:00 and 1630 hours, using an infrared thennometer (Omega 

model OS-2101). The weaaier was clear with an air temperature of 30.9% during al1 

measurements. 



Data Analysis 

ûiierences in soi1 moisture, pH, organic matter content, and temperature were analysed 

using parametric ANOVA's with Duncan's multiple range tests. Diirences among mils 

for each pressure of the moisture retention ciirves were analysed using a parametric 

ANOVA with Duncan's muliîpte range test. It was assumed that if soils were significantly 

different at al1 pressures, then the moisture retentiin wrves could be considered 

significantly different The mil pH data was not normal, but because the skewness was 

not very large and because pH is a log sale it was decided that a less rigid school of 

statistical thought would allow pararnetric tests. All analysis was conducted using SPSS 

for Windows version 9.0. 



Resulb 

Moisture Retention Capacity and Permanent Wiitiig Point 

In Figure 18, the rnoisture retention curves of 4 soils that best represent each 

significantly different group are shown. Al! cunres may be found in Appendix E. The 

moisture retention of untreated Barrens soil was not signifiintly different from any other 

Barrens soi1 tested except L&S 98. Nickel Rim alder soi1 was not significantly diierent 

from LUA alder soil, but both had significantly Iower water retention overall than the 

LLCA alder soil. The L&S 98 Barrens soi1 and the LLCA alder soi1 had significantly 

higher water retention capacity than al1 other soils. The other two alder soils (NR and 

LUA) showed significantly lower water retention. A few other trends are important ta 

note. There was no signifiant d i rence between untreated Barrens soi1 and L&S 95 

sail at any pressure tested. There was also no significant difference between untreated 

and seFlimed soils. Excluding U S  98 and LLCA soils, L 97 and L&S 97 soils had the 

highest water retention, although it was not signiricantly different from the remaining 

Barrens soils. At the h o  highest pressures tested (-0.4, -1 .S MPa), retention in L97 soi1 

decreased dramatically, but L&S 97 retention was still relatively high. 

Figure 19 shows the moisture retention wrve for the potting soi1 used in the 

permanent wilting expriment, with the permanent wilting point of 8 month old green 

alder seedlings shown in red. Permanent wilting occurred at 0.72 glg dry soi1 (r 0.02 

S.E.) placing the water potential of the soi1 at -1 -41 MPa (range: -1.32+ -1 -5). 



Soil Wabr Contant (glg dry mil) 

Figure 18: Moisture retention cum for untreated, iinted and seeded 
soi1 1998, and two alder soils (Nickel Rim and Lake Laurentian 
Conservation Area). Error bars are I one standard emr. (n=5) 



Son Water Cmtent (glg dry soi) 

Figun 19: Moisture retention curve for potting soi1 used in pemianent wilting 
experiment. Emr bars are standard error. Dark line shows mean 
permanent wiiting point (n=4) wiih standard error. 



Moisture Content, Fine Particles and Surface Temperatures 

Soi1 moisture content (Figure 20) differed behiveen Barrens sites and alder sites. 

The oldest treated site (LBS 95) was the only significantly different site in Barrens soils 

(F424.628, p<O.Ol). The L8S 98 soit had a slightly higher moisture content than the 

other sites, but this was not significant. The two aider sites sampled had significantly 

higher moisture than the Barrens sites. The approximate moisture content at the 

permanent wiiting point of green alders (-1.32+ -1 SMPa) was calculated for each sail 

from Figure 19 and Appendix E (Figure 20). Of the Bamns sites, only L&S 98 and L&S 

95 were above this point 

Alder soils had a much lower proportion of fine particles than the Barrens soils 

(Table 4) and the only difference betwwn Barrens soils was in L&S 98 with 

approximately 60% more fine particles. Surface soi1 temperature readings were 

significantly lower for L&S 97 and L&S 95 sites, compared to other Barrens sites (Table 

4). The two alder soils had the lowesf temperature readings of al1 the sites. White the 

alder sites were not examined until later in the day, it is still important to note that 

surface temperatures were bwer than the air temperature. 



o moisture 
permanent wilting point C 

O L a S  fm&L m m  L W  Las97 M I  LUA UCA 
alder alder 

site 

Figure 20: Moisture content of soils collected in mid-late June, with the approximate 
permanent wilting point of green alders for each soil. Diîbrent letter 
designations indicate significant differences in rnoisture content at the 
p<0.01 level. (n=5) Soil treatrnents in Appendix F. 



Table 4: Percent of fine particles (n=l) and surface temperatures (n=5) at each site. 
Dierent letter designations on temperature readings indicate significant 
differenes at p<O.Ol. 

% of 2mm fraction Surhm Soi1 lime of Tmp. Condiîions rt 
Sita 1888 thrn 63pm Tmpemhim OC Reading Tmp. Reading 

O L&S 36.4 54.4 d 12:OO sunlslight haze 
self L (98) 36.2 54.0 d 12:OO sunlslight haze 
L8S 98 57.8 52.2 d 14:30 sun 

LUA alder 8.3 26.7 a 16:15 sun 

LLCA 25.7 27.7 a 16:30 sun 
alder 
NR alder 12.5 nia nia nia 



Soil pH 

The three alder soi1 pH values in Figure 21 showed a wide range of soi1 acidity, 

and with the exception of Nickel Rim (F=19.5, p<0.01), the pH values were not 

significantly different from the Barrens soils. Nickel Rim alder soil showed the highest 

pH of any sail tested. Of the Barrens soils, untreated soi1 was the only one that was 

slightly higher than the others. 

Ofganic Matter 

There was little organic matter in any of the Banens soils tested. Figure 22 

shows that L8S 97 had the lowest organic matter of any Barrens soi1 (F=78.423, 

pc0.01). The L 97 soi1 also had very low organic matter. Alder soils from Nickel Rim 

and Lake Laurentian Consenration Area contained significantly higher amounts of 

organic matter than Barrens soils, but LUA alder soil did not contain more organic matter 

than the U S  97 soi1 (pc0.01). 



Soil 

Fiiure 21 : Mean soi1 pH (I S.E.) for Barrens sites (n=5 except Yresh L' n=4) and 
three alder sites (n=3). D i r e n t  letterdesignatiins indicate 
significant differences at p<O.Ol. Error bars are i one standard error. 



OUS freshLCaS9û L W  LaS97US95 Alder Alder M e r  
(ml NR LUA &CA 

Soil 

Figura 22: Mean loss on ignitron for each Banens site, three alder sites and 
potting soil. DifFerent letter designations indicate groups that are 
significantly different at p< 0.01. (n=3) 
Soil tmatments in Appendix F. Error bars are I one standard emr. 



Discussion 

Water potential is a measure of how tightly the water is held on and within the 

soi1 particles. The higher the negative number, the more tightiy the water is held and the 

more difficult it is for the plants to absorb the water. The significantly higher moisture 

retention seen Ni L&S 98 (Figure 18) is most likely due to the higher proportion of fine 

soi1 (* 63 pm) present (Table 4), as this sail was not significantly different from three 

other Barrens soils w i ü ~  respect to organic matter content (Figure 22). The higher 

moisture retention of LLCA aider soi1 could be due in part to the higher amount of small 

sail particles present and the higher organic matter content. 

The generally low rnoisture retentiin capacity of Barrens soils is rebcted in the 

soi1 moisture that was measured after only a short drought period in eariy summer 

(Figure 20), and that supporl the hypothesis that there would be moisture problems on 

Barrens sites. The permanent wilting point of the green alder seedlings tested 

(-1.41 MPa) corresponds to the accepted permanent wilting average of -1 .S MPa, used 

as an index for most mesophytic plants (Kramer 1969; Slatyer 1967). The higher 

moisture contents for L&S 98 and L&S 95 sites are probably due to a combination of 

water retention capabilities and lower surfaœ soi1 temperatures (Table 4). caused by 

higher vegetation cover. Both alder soi1 samples (LUA and LLCA) showed significantly 

higher moisture than sites without alders present, most likely because of lower surface 

temperatures (Table 4). The shading provided by shrubs and herbaceous vegetation 

dramatically reduces temperatures and slows evaporation. Higher moisture at the 

LLCA site than the LUA site can be attributed to the LLCA soi1 containing both higher 

amounts of organic matter (Figure 22) and higher amounts of very fine soi1 particles 

(Table 4). Potentially, soi1 temperature and moishire could affect Frankia colonies living 

both in Barnris soils and symbiotically on transplanted alder mots. Higher soi1 

temperatures can affect the growth and sunrival of Frankia species existing alone in soils 



(Sayed et al. 1997); however, there can be large diirences between surface 

temperatures and mil temperatures only a few wntimetres below the surface. FranMa 

isolates from Alnus viiiûis in the Netherlands showed a 50% reductiin in growth and 

nlrogen fixation at water potentials of 0.2-0.5 MPa (Shipton and Buiggraaf 1982). It is 

suggested îhat minimal root infection would occur beyond 0.5-0-7 MPa due to the 

restriction of root growth and reduced Frankia growth. 

The organic matter levels reported here (Figure 4) are slightly lower than those 

reported for the Coniston area by Hutchinson and Whitby (1974) and much lower than 

the report by Gundennan and Hutchinson (1993). One would expect at least a 

signifiant difference between L&S 95 and O L&S due to the difïerent amounts and types 

of vegetation on each. Litter on the more vegetated sites could be either sitting on top 

of the soi1 due to very slow decomposition, or it may be blowing away to decompose in 

other areas, such as topographic depressions. 

Litter accumulation would have profound implications for nutrient cycling in these 

contaminateci areas. Untreated surface litter is highly acidic (3.5-4.3) and wntains 

elevated levels of Cu and Ni in the duff-humus layer (Freedman and Hutchinson 1980b). 

A tiierbag study found that there are slower rates of decomposition at contaminated 

sites than 'wntrol' sites but these rates did not significantly differ; however, the amount 

of litter present has shown a negative correlation with distance from the Coppet Cliff 

smeiter (Freedman and Hutchinson 1980b). These slower decomposition rates have 

been attributed to copper toxicity. Difierences between the number of fungal colonies 

were not apparent; however, the addlion of small amounts of copper decreased the 

overall respiratory activity in humus, and a synergistic effect between copper and nickel 

was evident (Freedman and Hutchinson 198Ob). 

It is expected that, increases in mil pH over time, would decrease the available 

copper and increase deçomposiüon rates, There should be no limlations due to the 



major nutdents of Ca, Mg, K, Na, Mn, and Zn, because these are al1 in the range of 

'normal' temperate region soils and do not show any trends with distance from the 

smelters (Harlett et al. 1983). The addition of a nitrogen-rich litter, such as that 

produced by alders, could help to eliminate nitrogen limitations. The decomposition rate 

of Populus tremulor'ules litter has been shown to increase wlh the addiüon of 

Alnus crispa litter (Taylor et al. 1989)- In addiüon to nutrient limlations, there may be 

problems with other soi1 characteristics. 

The pH measurements revealed three important aspects about the soils. Firstly, 

there is a biologically significant increase in pH with tirne since amelioration (figure 21) 

which parüally supports this eailier hypothesis. Secondly, aithough the pH levels of the 

Banens soils were al1 low, they were not significantly different from those of sails 

collected from the LUA or the LLCA alder stands that had significantly more soi1 organic 

rnatter content (Figure 22). The pH of the LLCA site was the bwest, yet no toxicity 

symptorns were obsenred on the alder shnibs there. Measurements taken on Barrens 

soils were within or above the range of 3.84.8 that is the natural pH of soils in the 

Sudbury area not affected by smelting (Whitby et al. 1976). Lastly, the lower pH values 

of L&S 98, L&S 97, and L&S 95 soils could be due to random differences or there coutd 

be a vegetation effect on pH, with lower acidity occumng on sites with more vegetation. 

This could be caused by a phenomenon referred to by Aber (1987) as a cation pump, 

where mots move calcium and rnagnesium to the soi1 surface, effectively increasing pH 

levels. Some plants are better at this than others, and poplars, which are found 

colonizing the Banens, are known to be some of the best cation pumps (Wintethalder 

1 996). 

The high acidity of the Barrens sites could have detrimental effects on nutrient 

cycling and availabili. Bucltman and Brady (1969) published a fgure showing the 

relationship existing in mineral soik between pH, the actnrity of microorganisrns and the 



availabiiii of plant nutrients in mineral sails. The figure suggests that the thme Banens 

sites with pH levels below 5.5 (O L&S, fresh L, L 97) wouid have increased availability of 

Fe, Mn, Zn, Cu, and Co. There could be restrictions on both the availability of NI Ca, 

Mg, Pl S, and BI and the activii of micro-organisms. At sites wiai lower acidity (L&S 98, 

LBS 97, LBS 95), there should be little to no restriction on the availabiiii of the above 

beneficial nutrients or the activity of micro-organisms, and the availabilii of toxic metals 

in the soils should begin to decrease. 

Studies on the effects of acidity and metals on nitrogen cycles in the Sudbury 

area are limited. Mineraikation is increased in Sudbury soils with remnant jack pine 

(Pinus banksiana Lamb.) stands and laboratory tests have show that there is increased 

ammonium in the soi1 (De Catanzaro 1983). The process of nitnfication is considered to 

be highly sensitive to pH, with optimal values of 6.6-8.0. Below a pH of 6.0 nitrification 

rates are decreased and below 4.5, nitrification stops completely (Hopkins 1995). Five 

of the Barrens sites tested showed pH values above 4.5, suggesting that nitrification in 

these soils may be slow but still occurs, providing nitrate for plant growth. 

Black alder seedlings have been shown to survive for over 4.5 months, even in 

substrate with a pH of 2.5 (Seiler and McCormick 1982). It appears from several studies 

that low pH would not have an inhibiory effed on dinitrogen fixation of green alders. 

There is no effect of acidity on the formation of nadules on black alder roots (Ferguson 

and Bond 1953) or on the acetylene reductoon abilifes in alfaifa (Medicago 

sativa L. cv. Vernal) (Porter and Sheridan 1981). 

The fact that most of the soik testeci have fine particle fractions of at least 30% 

could have implications for both moisture retention and frost action on the Barrens. Soils 

with substantial(>30%) fine grained components ( ~ 7 0  pm) are subject to frost heaving 

(Schramm 1958). All Barrens sols tested contained 30% or greater fine soi1 particles 



except the L 97 site. Themfon, it is assumed that these soils uundergo frost heaving 

every winter season. Sahi (1983) found vety high amounts of heavable soi1 fraction in 

birch transition communlies. Heaving and needle ice completely uprooted red maple 

(Amr ~ b n r m )  seedlings m these areas, but white birch (Betula papy&ra) seedlings 

were more tolerant to heaving. It is suggested that this may be due to the prefefred 

germination sites for each tree species. Frost heaving and needk ice formation can be 

decreased by increasing vegetation or litter cover since this provides the insulatiin 

needed to raise minimum nightly temperatures (Sahi 1983; James 1982). Thetefore, 

seedlings germinataâ or planted on the Barrens would more likely avoid frost injury if 

they were growing on more vegetated sites such as the LbS 97 and LBS 95 areas. No 

information is availabb of how tolerant green aiciers are to frost heaving, but this may 

also be an important factor to their survival. 



Introduction 

Wih the heghtened interest in phytoremediaüon in the pasi 50 years, numerous 

papers have been published on the effects of various metals and rnetal combinations on 

plants. 

The soils of the Sudbury Barrens have particuiarily high concentrations of 

copper, nickel and, 10 a lesser extent, iron. The procedure used to amend these soils 

has been the application of doIomitic limestone, fedilizer and, most times, a seed mixture 

(Lautenbach et al. 1995). Applying Iimestone to increase the pH has the effect of 

making many metals unavailable for plant uptake and therefore, less phytotoxic. For 

exampie, the liming of toxic mils high in Zn, Cd, and Pb was shown to improve the 

growth and survival of four commonly used tree çpecies (Carter and Loewenstein 1978). 

The main effect of toxic levels of Cu and Ni in the Sudbury region is the inhibition 

of root elongation. Studies in the 1970's dernonstrated that the increased acidity and 

metals in soils close to the smelters, often completely inhibited radicle elongation of 

sensitive crop plants in water extracts (Whitby et al. 1976; Whiiby and Hutchinson 1974). 

The mots were lacking in root hairs, recurved at the tips and blackened (Whitby and 

Hutchinson 1974). Levels of nickel and copper at less than 2 ppm reduced mot 

elongation by at least 60% in radish, tornato, cabbage and lethice seedlings. This study 

did not examine the synergistic efféct of these two metals. The application of lime, 

fertilizer or both to plots with buckwheat (Fagopymm sagittatum) greatly decreased 

metal concentrations in the plants (Whlby et al. 1976). Fertilùed plots had increased 

above-ground biornass, but only plots that were limed produced flowers and fruit. 

The toxicity of these metais varies greaüy between pbnt species. Radicie 

elongation was reduced by 25% in Beiula papy&ra by the application of an aqueous 



solution of 1-5 pprn of Cu, Ni, and Co; however, these same concentrations inhiblted 

root growth by 50% in Pmus strobus (Patterson and Olson 5983). Toxicity also varies 

with the amount of organic matter in the soi1 that can cornplex with the metals and make 

them unavailable to plants. The two tree species mentioned above were grown on filter 

paper, but to obtain the same results in mineral and organic mils, the coneentrathns 

had to be increased 10 and 100 t ims  resmvely (Patterson and Olson 1983). The 

levels at which copper in particuiar becomes toxic appears to Vary with species, probably 

because it can be readily complexeci by substances within the plant. There is also some 

evidence of these d i e r e n m  between species being specific ewlogical adaptations 

(Wong and Bradshaw 1982). 

A shidy by Fessenden and Suthertand (1979) looked at the growth of bbck 

spruce ( P h  mariana (Mill.) B.S.P.) and green alder (Alnus crispa (AR.) Pursh) in 

mineral mil with toxic kvels of Cu, yet there are some abnomalities reported in the 

paper. Acidity was measured at 5.9 without lime and 8.9 wiai lime treatment. The 

addition of lime and fertilizer increased the overall biomass for black spruce at wpper 

concentrations of 0-150 ppm. However, when lime, fertiker or both were applied to 

green alder plants, growth decreased at al1 cancentratkns. The addition of lime by itself 

decreased growth at up to 20 ppm of total copper, and it was found that nodule 

acetykne reducüon was greatest in untreated soils at bw  copper concentrations. It is 

suggested that the application of lime made the copper so unavailabie as to cause a 

deficiency. However, according to Buckman and Brady (1969) the pH of the mineral soi1 

used in this expriment was sufficient afkr lime appiicaüon to allow aûequate a~iiabiltty 

of mis micronutrient Fessenden and Sutherland (1979) concluded that green alder 

would not be a good candidate for revegetation in areas of high wpper concentrations. 

These experiments were canducted in mineral soil, ensuring that most ofthe metai 



added was available to the plmt and irnplying that the lowest amount of available copper 

studied was 20 ppm. A fmld shidy showed that available concentrations of copper and 

nickel in soils near the Coniston smelter had decreased from 74 and 33 ppm in 1972, to 

2 and 2 ppm in 1992, respectively (Gunderman and Hutchinson 1993). It is suggested 

that the lack of organic matter in the Barrens soils couid prevent the binding of metals 

and allow leaching, and that winâ erosion muid play a part by spreading the upper toxic 

soi1 layes. Whatever the cause, these concentrations wuld be low enough to permit 

adequate growth of green alders on the Barrens, thereby providing organic matter, 

shading and nutrient addition benefiis. 

For this expriment, the folowing hypotheses were made: 

r there would be higher survival rates, nodulation and overall growth in soils 

that had been amended for langer periods of time; 

0 nodulated plants would show better shoot growth than those without; and, 

0 alder soi1 would produœ the best growth and nodulation. 

The purpose of this section was to study the effects of provenance, metal toxicity 

and amendments, and Frankia inoculation on the sunrival and growth of green alder 

seeâlings. 



MethocIr 

Data Collection 

Soil was colleded in August 1999 h m  the five Barrens sites, taken to an 

approximate depth of 10 cm, attempting to maintain aie soi1 horizons. The soi1 was 

placed in Styrofoam cups with drainage holes in the bottom that were covered by fiiter 

paper. The fresh-limed treatment was produceci by adding approximately 0.4 g of 

dolomitic limestone to untreated sail. Soil was also collecteci in aie same manner from 

the Laurentian University Arboretum aiâer site. A second control was incorporated into 

the experiment using autoclaved sand. 

Beginning in June 2000 seeds from Nickel Rim and Vermilion Bay being soaked 

in GA3 for 24 hours and surface sterilited with H a 2  for 20 minutes. Germination 

occurred in petri plates in a growth chamber and the green alder seedlings were grown 

for approximately 3-4 weeks in the plates. These seedlings were then transferred, one 

per pot, to the containers of soi1 mentioned above. A factorial design with 1 O 

randomized complete blocks was used. Each treatment was represented by one pot 

containing one seedling in each block. The treatments were: provenance (Nickel Rim 

and Vermilion Bay), soi1 (6 Barrens soils, LUA alder control, sand control), and 

inoculation. Haif of the seedlings were inoculated with a Frankia suspension obtained 

from Microtek Laboratorïes in Timmins, Ontario, that is specific to green alder symbiosis, 

(strain MTO-O1 - isolated from A. nrgosa, sqecific for tailings/metal contaminated soil). 

The suspension was diluted with distilleci water and applied 10 mL per pot equally, at the 

time of transplant. The final experimental design was as follows: 

2 provenances (Nickel Rim, Vermilion Bay) x 8 soils (6 Barrens soils, LUA alder 

soil, sterilited sand) x 2 inocubtions (inoculated with Frankia, not inoculated) 

x 10 replicates = 320 plants. 



After transplant, the seedlings were gradually moved over 48 hours into the diiect 

Sun of the greenhouse. Temperatures in aie greenhouse were high depending on 

outside weather conditions, so the seedlings were grown under a clear, colourless 

polyethylene sheet to increase humidity (Figure 23). Temperature and humidity 

readings were recorded during the expriment with a Lambrecht hygrothermograph 

placed under the sheet. 

Pots were sub-watered as needed. Seedtings in the pots were replaœd three 

times upon mortality before being recorded as 'dead' and establish that growai was not 

possible in that particular pot. 

Upon termination of the experiment after 12 weeks, any phytotoxicity symptoms 

were recorded and the seedlings were lifted from the pots. Measurements of shoot 

length (mot collar to the taIlest point on the main stem), root length (root collar to longest 

root tip), and root and shoot biornass were taken. Prior to drying, the roots were washed 

with distilled water and examined for the presenœ of nodules. 

Data Analysis 

Nominal data were analysed using Pearson's Chi Square tests. 

Differences among substrates, provenance, and nodulation for shoot bngth, rmt  length, 

shoot biomass and root biomass were analysed using a 3-way analysis of variance 

(ANOVA) followed by Duncan's multipb range test (p<O.Ol). Shoot length was loglo 

transformed in order to achieve nonnaîii. To avoid the distortion of results, dead 

seedling cases wete omaied from the anatyses of growth factors. By running the 

ANOVA's 'soil by shoot biomass with shoot length' (not significant p>0.05) and 'soi1 by 

shoot length with shoot biomass' (significant pcO.05) it wwaô concludd that shoot 

biomass. All alalyses were condudeci using SPSS for Windows version 9.0. 



Figure 23: Setup of ciear, cdourless polyethylene sheet in the greenhouse (A), 
to increase humidii for the alder seedlings (8). 



Rasub 

Significantly more seedlings survived in sand than in any other substrate, and 

the@ w r e  no signifiicant dinefences for sunrival between any of the other soils (Tables 5 

& 6). There were also no signilicant difierenas in sunrival rates among blocks, 

provenances or inoculant application (Table 6). 

There were no differenœs between shoot length @>O.OS), for seedlings grown in 

any of the Barrens soils (Figure 24). Seedlings grown in LUA alder soi1 had taller shoots 

than any other seedlings (p*0.01). The root lengths of L&S 95, LUA alder and sterilized 

sand seedlings were not significantly different fmm each other, but were longer than 

mots in other substrates (p*0.01), however, fresh-L rmts were not significantly different 

from L&S 95 roots. All other soils produced shorter roots that were not different 

(p>O -05). 

Differences in shoot biomass were found to be dependant on shoot length; 

thetefore only raot biomass is shown in these results (Table 7). No obvious signs of 

toxicity were obsenred on any Barrens seedlings (Figure 25). There was a slight 

increase in root biomass with time since amendment of the soils (Figure 26). Nickel Rim 

seedlings had the highest root biomass in fresh-L and LUA alder sails, but only growth in 

the LUA aîâer soi1 was sgnificantly different. 

Nodulation of seedlings was very poor, with alder soi1 and sand producing 9 

nodulated plants of 15 live seedlings and 10 of 36 seedlings, respectively. The only 

Barrens soi1 to praduœ nodulated seedlings was L 97, with 3 nodulated plants of 15, that 

produced les developed but similar siad nodules compared with the controls (Figure 

27). Provenance had no significant effect on whether nodules forrned on the seedlings, 

but there were more nodulated seedlings grown in alder soi1 and sand than other soils 

(p<O.Ol). Dierenœs in nodulation were found for root length, shwt length and root 



Tabb 5: Frequencies of tive and dead plants for each soi1 tested. 
See Appendix F for soi1 treatments. 

Soil Oeed Liva Total 
O L&S 25 15 40 
fresh L 34 6 40 
L&S 98 32 8 40 
L 97 25 15 40 
L&S 97 32 8 40 
L&S 95 26 14 40 
LUA alder 25 15 40 
sand 4 36 40 
Total 203 117 320 



Tabk 6: Pearson Chi Square resuits for nominal data on the eîfects of 
provenance, soils, inoculation and nodulation on the survival 
of green alder seedlings. = p4.05, " = p<O.Ol 

Test df Pearson x2 Value Significance 
Soil (Alive) 7 66.8 ** 

Soil (Alive) [- sand] 
Block (Alive) 
Provenance (Alive) 
Inoculant (Alive) 
Provenance (Nodulation) 1 0.0 no 
Soil (Nodulation) 7 30.4 a* 

Soil (Nodulation) [- LUA alder] 6 15.5 

Soil (Nadulation) [- sandj 6 33 -5 ti) 

Soil (Nodulation) [- sand 8 alder] 5 10.7 no 



O L&S fresh L L&S 98 L&S 97 L 97 L I S  95 LUA sand 
alde r 

S u b8 tra te 

Figure 24: Root and shoot length (i S.E.) of alder seedlings grown in eight 
soils. Oifferent iebt designations indicate groups that are 
significantly different at the ~ 0 . 0 1  level. See Appendix F for suil 
üeatrnenis. 



Table 7: Results of parametric 3-way ANOVA testing for differences in r w t  hgth, 
shoot length and root biomass. df= degrees of freedom, F=F ratio for parametric 
3-way ANOVA, eta2= proportion of variance explained by the effect, indicatm 
significance at the pc0.05 level, " indicates significance at the p<O.Ol level 

Measurement Source df F eto2 

Root Length Provenance 1 1 .O9 
Soil 7 5.78" 0.27 
Provenance x Soi1 7 1 .O3 

Shoot Length Provenance 1 1.70 
Soi1 7 6.88" 0.32 
Provenance x Soi1 7 0.37 

Root Biomass Provenance 1 4-76. 0.03 
Soi1 7 9.1 5" 0.36 
Provenance x Soi1 7 2.W 0.1 0 



Figure 25: Photo of some of the green alder seedlings grown in Limed I(i 
Seeded 97 soi1 at 12 weeks. Note the la& of chlotosis or 
deficiency symptorns often seen in plants grown in toxic soils. 
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Figure 26: Mean mot biomass of alder seedlings from two provenances grown 
in eight soib. " indicates a group that is significanüy dierent from 
al1 others at the p4l.01 level. Standard error bars are shown but 
not visible. See Appendix F for soi1 treatments. 
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Figura 27: Example of nodules found on the rwts of a seedling grown in LUA 
alder soi1 (A), and those found on mots grown in L 97 soi1 (B), Ruler 
markings are in millimetres. 



biomass. Because the numbers of nodulated seedlings were so few, Viese data are 

presenteâ mainly for interest (Figure 28). Nodulated seedlings had higher mot length, 

shoot length and mot biomass than non-nodulated seedlings (p<0.05). 



Root Lenglh Shoot Lenglh Root Biornass 

Plant Measurement 

Figure 28: Root length, shoot length and mot biomass in nodulated and unnodubted 
green alder seedlings. Emr bars are one standard error. 
'nodulated' n=22, 'unnodulated' n=95 
Standard error bars are too small to be visible for mot biomass. 



Dkcusrkn 

Seedling Sunrival 

Two controls (alûer soi1 & steriked sand) were us& in mis experiment, because 

of the possibility of allelopathy be!wem alder plants and seedlings. Regular spacing of 

green alders in Alaska has been noted, and the removal of shrubs can stimulate nearby 

aiden (Chapin el al. 1989). Lw nutrient availabiüty and cornpetition are suggested as 

causes, but allelopathy could be an issue. Populus balsamifera l ier is known to inhibit 

the germination and gmwth of green alder (Jobidon and Thibauk 1982; Jobidon and 

T hibault 1981) and is present on the Sudbury Barrens. Naturally occuring green alder 

seedlings have never been obsenied by aie author, and Mallik et al. (1997) report only 

five seedlings in hnrehre 50 m2 plots over a three year shidy. Mortality due to fungal 

pathogens is another possibility. This suggestion stems h m  the obsenrations made 

over the course of this thesis. Green alder seedlings that sunrived germination are still 

prone to fungal problems during the first true leaf stage wiai 89% of seedlings bdng 

unmntaminated and only 20% of seeds reaching the unmntaminated seedling stage 

(Brunner and Brunner 1990). Much ofthis contamination likeîy originates from the seed 

coat; however, seedling growth of Alnus g l u t i i  has been stimulated by soi1 

sterilization (Maffat 1994). This could explain the significanüy higher survival rate of 

green alder seedlings in sterilùed sand (Tables 5 8 6). Seeblings were replaœd three 

times in each pot, but if fungal pathogens were present in the soil, mortality wuld still be 

inevitable each time, making sunrival results due to fungal infection dii iult to separate 

fmm metal toxicity effects. 



Shoot and Root Growth 

The similarity in shoot growth for the alder seedlings grown in Barrens soils and 

sand supports an earlier study on rye gmss (Lolium pratense) that also stated that shoot 

growth was not affected by metals (induding nickel and copper), and even plants with no 

roots still produced shoots (Wong and Bradshaw 1982). Because heavy metals have to 

pass through the roots before they can influence meristematic tissue in the shoots, there 

would be lower concentrations of metals in shoots and therefore less damage (Wong 

and Bradshaw 1982). The high growth of seedlings in the alder soi1 supports a 

hypothesis stated earlier, and is most likely due to higher nutrient availabilii. Chlorosis 

of younger leaves, that is common in pbnts grown on metal toxic soils, was not 

obsenred, possibly because of aie relativeîy short duration of the expriment (12 weeks). 

The longest mots occurred on seedlings grown in LUA alder soi1 (Figure 24), but 

root length in $and and L&S 95 was not signifinüy different, indicating mat the level of 

available metals in this Barrens soil are suniciently low to allow normal root elongalion. 

Root length in fresh-limed soi1 was not significantîy different from that in L&S 95 soil, 

possibly due to the more even application of lime in these pots, aithough in Chapter 5 it 

was shown that the pH of this soi1 was not significantly dinerent from most other Barrens 

soils. Despite the nodulatiin that occurred on some L 97 plants, this group did not show 

better root growth (p>0.05). 

F rankia Inoculation 

The number of nodulated seedlings was very low, with only 37% inoculation 

success of even control seedlings. The pure-culture soil-drench inoculation method 

used has been found to be superior to crushednodule homogenates that are frequently 

used (Perinet et al. 1985), but inoculation rates are higher if the culture is applied before 

germination (Moffat 1994). Because of the rather large contamination problems 



experienced while attempting to produce sufficient seedlings for this expriment, it was 

thought that a soi1 drench would be best. 

Nickel concentrations of up ta 1000 ppm have been shown to be non-toxic to 

actinornycetes in soi1 with a pH of 7.7 (Babich and Stotzky 1982), but al1 the Barrens 

a i l s  tested were well below this pH level. It is tempting to say that the L 97 soi1 would 

support nadulation but this group was not statistically different from the other Barrens 

soils. Because therie wem so few nodulated plants in Barrens soil, the relationships 

between shoot and roat length and root biomass with nodulation are questionable. Alder 

mots would not show nodules until reaching a certain growth stage. Eighty-six percent 

of nodulated seedlings occurred in a control substrate, which had bette? overall grawth 

than the Barrens soils. Therefore it is impossible to tell if the trends shown in Figure 28 

are due to nodulation or soi1 effeds, and therefore impossible to prove or disprove the 

hypothesis that nodulation would improve growth. 

Nodulation for Alnus glutmsa can occur at 5 to 16 days after inoculation of 3 

week old seedlings (Nesme et al. 1984) suggesting that there should have b e n  

sufficient time for infection. The black alder plants were not grown in toxic conditions 

and no mention is made of the height or biomass of the plant at nodulation. 

It is obvious that nodulation is possible in some Barrens soils, but another larger 

study is needed to make any valid conclusions. In general, as long as conditions 

favourable for root growth are present, environmental fadors such as pH or nutrient 

availabili do not Iimit infection and nodulation (Berry and Sunell 1990). Bladc aiders 

have fomned nodules at a pH as low as 3.6 (Griffith and McCormick 1984). Study.results 

have suggested that Frankna inoculum may remain viable in a i ls  at pH levels too low to 

pemit nodulation (Griffirth and McCormick 1984) so it is possible that Frankia inoculum 

exists in Barrens soils. 



Even if nodulation is possible, the abiiii of the Fmnkia to fuc dinitrogen in this 

Barrens environment is still questionable. No literature has been found that investigated 

the ability of alder nodules to fix dinitmgen in a metal toxic, acidic environment. 

Mietünen (1993) found that dinitmgen fixation by Frankia occurred inside Casuanna spp. 

nodules at pH ievels and temperatures that prevented growth in the same fmliving 

strain. In another study on Casuahna spp., there was only slightly kss nitrogen in 

nodules gmwn at a pH of 4 than at pH 6 (Igual et al. 1997). It was concluded that 

Frankia are capable of fixing dinitrogen inside root nodules under conditions where the 

pH or temperature of the environment sumunding the nodule is too high for free-living 

Frankia growth. The microsymbiont pmbably benefiis from symbiosis not oniy in a 

nutritional sense, but also by receiving shelter against extreme soi1 conditions (Miettinen 

1 993). 

Metal toxicii could pose greater difficulties to nodule formation and 

developrnent, as high nickel and copper concentrations in sludge soi1 have been shown 

to decrease dinitrogen fixing abilities in TMoIum repens L. (McGrath et al. 1988). High 

nickel concentrations (1000 ppm) were not toxic to fresliving actinomycetes when the 

pH was raised to 7.7 (Babich and Stotzky 1982) indicating that although futation may not 

be optimal, the possibilii exists of limited fixation in Barrens soils with higher pH levels. 



Chapbr 7 - Synthsrk and Recommendiüonr 

Natural Cobnbtion 

It becarne apparent that conditions are not appropriate for young green alder 

seedling growth on Barrens soils. f he wet straüfied, deep chill conditions that seeds are 

most likely subjeeted to in the fall and winter after dispersal, could kill seeds and prevent 

germination, atthough the deep chill used in this experiment was much faster than that 

which would occur in nature. 

Even if seeds managed to sunrive the harsh winter and be in a 'safe site' for 

germination, the possibilii of fungal attack just aiter the radiile emerges fmm the seed 

mat is very high, Metal content and pH of the soi1 did not appear to affect germination, 

but the metals in Barrens soils that have not been treated or have only been treated for 

short periods of time, cause the inhibition of mot elongation. Most of the Barrens soils 

showed paar moisture retenüon, so once the snow melt water is gone and the mils 

begin drying out, there is a problem of soi1 desiccation in the surface soi1 layer and death 

due to the short inadequate mot systems of the seedlings. 

Shoulâ the seedling be gmwing in a more moist soi1 with kss available metals to 

afFect root growth, alder seedlings seem to be still very susceptible to fungal pathogens. 

The only substrate to produce a signikantly greater number of live seedlings than any 

othef, induding the alder soil, was the sterilized sand. It is dear that th& is most tikely 

due to the decreased number of fungal wionies in the substrate. Although heavy metals 

are used as fungicides, seedlings m m  to be more sensitive to metais than are the fungi 

that might attack them. It is likely that heavy metals weaken seedlings and increase 

their susceptibilily to pathagens, at concentrations that are not, in themsehres, toxic 

(Patterson and Olson 1983). 



Finally, if the green alder seedling were to survive the summer months to winter, 

there is still the high probabiiii that it would be heaved out of the soi1 during winter frost 

and left to die from desiccation, as is knawn to ocwr in birch seedlings (James and 

Courtin 1985; Sahi 1983). All of these obstacles wuld combine to prevent natural 

colonkation on Barrens soils. 

Fungal Associations 

Results from this study are inconclusive conceming the effects of Frankia 

inoculation on seedlings growth and survival. Alders can produce as much nitrogen per 

hectare as most legumes (Torrey 1978), but even though nodules were formed on three 

plants in the L 97 soil, there is no proof that these nodules would fix dinlrogen in a 

metal toxic environment. It is unlikely that pH would have a negative effect on fixation 

rates. Acid treatments to alfalfa were not inhibitory to fixation above a pH of 2 (Porter 

and Sheridan 1981). No research has b e n  conducted into the effects of heavy rnetals 

on dinitrogen fixation in sym biotically associated actinomycetes, such as Frankia. 

Most of the soils tested fmm the Sudbury Barrens sites tested showed low 

moisture retention and high surface mil temperatures. It is likely that green alders would 

benefe from the application of a mycorrhizal inoculant for the following teasan. Shnibs 

may offer greater problems in establishment and survival than grasses due to the 

diïferences in root morphobgies. Grass8s have very fine, abundant, thread-like root 

systems, whereas woody plants gerierally have coarser, less frequent mots that provide 

less surface area pet unit weight (Daniekon and Visser 1988a). This affects the ability 

of a woody plant to exploit the soi1 for water uptake and low mobility nutrients. The 

prime method for compensating for low mot densities is aie mywnhizal habit in which 

extemal hyphae and hyphal aggregations increase mot densities (Danielson and Visser 

1988a). Alnus viwis in New Zealand with mycorrhùal roots were shown to absorb 



phosphate five times faster than those plane without root associations (Mejstrik and 

Benecke 1969). Perhaps more importantiy, mycorrhizal paper birch (Betula papyrifkm) 

seedlings grew better than nonmyconizal seedlings when subjected to toxic levels of 

nickel (Jones and Hutdiinson 1986). 

In addition to waterand nutrient accumulation benefds, several species of fungi 

can precipitate metals within their hyphae when grown in toxic solutions (Jones and 

Hutchinson 1 986). White birch (Betula papynbra) under controlled conditions grew 

better in nickel and copper toxic sbstrate when it possessed mycorrhual associations 

(Jones and Hutchinson 1986). 

Ectomycorrhizae and vesicular-arbuscular mycorrhua (VAM) have been found 

on Alnus hcana L. Moench., Alnus rhomb#'ia Nutt., AInus gluthsa (L.) Gaertn., Ahus 

rubra Bong. and Alnus dnuata (Regal) Rydb., and there is evidenœ to support the idea 

that Alnus may be specialized in their edornyconhizal associations but not specific 

between species (Moka 1981; Rose 1980). This specificity suggests that the required 

mycorrhizae for green alders are likely not present in Barrens soils and would have to be 

applied to seedlings before outplanting. Aplova d@lophloeus is host specific for the 

genus Alnus (Molina 1981) and has been used successfully with AInus crispa (Ait) 

Pursh. (Danielson and Visser 1988a; Danielson and Visser 1988b). 

Use in Revegetation 

No site in this study stood out above al1 others in terms of suitabili for alder 

growth. Many tests revealed no differences among Barrens soils for factors such as pH, 

germination, and shoot length. However, of al1 the Barrens soils, the oldest treated soi1 

(L8S 95) appears to have the best possiùili for an outplanting experiment. This soi1 

does not have the hiiher surface temperatures that other sites experienced, due to the 

thick vegetation cover- Lower temperatures meant that when the soi1 moisture samples 



were taken, the L&S 95 soi1 was still capable of supporting green aider gfowth. Root 

lengai was longest in the L&S 95 sail and not significantly different from the controls, 

indicaüng that seedlings in this soi1 would be mom drought resistant. 

Recommndrtbni 

Based on the findings of this study, I believe that green alden (Alnus virfdis ssp. 

cr&p (Ait.) Turrill) could be a beneficial shrub species for use in the revegetation of the 

Sudbury region. Several recommendations can be made on the future direction that 

research should take. 

e Further study is needed into the ability of green alder nodules to fix atmospheric 

nitrogen in metal-toxic conditions. Other benefits exist from the introduction of these 

shrubs, but the possibility that green alders will supply the surrounding vegetation 

with nitrogen is one of the most important. 

O An outplanting test of sufficient size should be conducted on suitable sites Upiand 

areas that have been limed, fertilized and seeded for at least 5 years would provide 

adequate moisture and soi1 conditions for sunrival and grawth. Seedlings should be 

greenhouse grown before outplanting, until a substantial mot system is present. A 

heaiihy provenance should be used, such as Nickel Rim seed, to decrease cost and 

time required. Two inoculations with a Frankia culture specific to green alden 

should be applied to seeds before germination, and as a soi1 drencti at approximately 

8 weeks of age. 



Study into the -4s of a mycontrizal inoculant (Aplova dij~lophœus) could shed 

light on the potential for this association to provide greater drought tesistance in 

green alders and provide information into the existanœ of these mycorrhizae in 

Barrens soils. This study should be included in the ouplanting tests. 

Expending the financial resources and efforts into the establishment of green alders 

on the Sudbury Barrens would, in this author's opinion, show beneffis in a relatively short 

period of time after outplanting. These beneffis include: 

O an increase in available soi1 nlrogen; 

O an increase in the humus layer to help prevent frost heaving, reduce surface 

temperatures and provide nutrients and safe-sites for other plant seedlings; and, 

an increase in shade that will also help lower surface temperatures, promoting 

the establishment of other plant species. 
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Appondix A - Contents of Northem Onîario Reclamation Seeâ Mixtum by WeigM 

Spocies Percent by Weight 

Redtop Agmtis gigantea 20 
Creeping red fescue Festuca mbra 10 
Timothy Phhum mtense 20 
canada bluegrass ~ o a  compmssa 
Kentucky bluegrass Poa pmtensis 
Birdsfoot trefoil Lotus comkulatus 
Alsike clover Trifdium hybndum 10 

(Lautenbach et al. 1 995) 



I l3  

Appendix 6 - Map coordinatbs for cities and study sites. 

Area UTM coordinates Map Number 

Sudbury 

Nickel Rim mine 

Moncrieff Creek 

Thunder Bay 

Coniston 

Laurentian Lake 
Consenration Area 

Laurentian 
University 
Arboretum 

Sudbury Barrens 

site 1 

site 2 

site 3 

site 4 

site 5 
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Appsndiir C - Climab data for the Sudbury ana (Environment Canada 1996-000) 

Temperature - January and July mean daily maxima and minima ( O C ) .  

Year January Jub 
max. min. mur. min. 

1996 -9 .O -20.2 23.0 12.5 
1997 -10.6 -21.4 24.4 12.5 
1998 -6.5 -1 5.2 25.4 12.8 
1999 -8.3 -1 8.2 25.7 15.0 
2000 -8.5 -1 9.2 22.8 11.8 

30 year normal -8.5 -1 8.7 24.8 13.3 

Precipitation for April, gmwing seasun and annually (mm). 
Year April April - September Annual 
1999 23.3 557.4 954.0 
2000 22.4 390.8 795.1 

30 year normal 63.2 480.0 87 t -8 
(2000) 



Appendà D - Complebe listings of the wed & mil sources used during this s ldy.  

Site Location 1 Acronym 1 Use / Chap. 

1 Seed Sources 1 

Site 1- untreated 1 O L & S 1 Field plot and growth chamber germination 1 4 1 

MoncrÏeff Creek 

Nickel Rim 

Thunder Bay 

Vermilion Bay 

1 Soil characteristics 1 5 1  
1 Seedling growth in greenhouse 1 6 1  

Soil Sources 

NR 1 

NR 2 

Site 2 - limed and 
seeded 1998 

Germination Requirements 
Field Plot Germination 
Germination Requirements 
Field Plot Germination 
Germination on Barrens Soil 
Seedling growth in greenhouse 
Germination Requirements 
Field Plot Germination 
Germination Requirements 
Field Plot Germination 
Seedling growth in greenhouse 

3 
4 
3 
4 
4 
6 
3 
4 
3 
4 
6 

Fresh L 

1 Soil charactensti& 
L & S 98 

Field plot and growth chamber germination 
Soil charaderistics 

4 
5  

Seedling growth in greenhouse 
Field g lot and arowth chamber aermination 

Site 3 - limed 

W "  w 

Site 4 - Iimed and 1 L & S 97 1 Field plat and growth chamber germination 1 4 

6 
4 

1997 
L 97 

1 Nickel Rim aider NR 1 Soil characteristics 1 5 1  

Soil characteristics 
Seedlina ~rowth in areenhouse 

seeded 1997 

Site 5 - lirned and 
seeded 1995 

Laurentian University 
Arboretum alder 

Laurentian Lake 
Conservation Area 
alder 

- ~eediing growth in greenhouse 
Field plot and growth chamber germination 

5 
6 

6 
4 

L & S 95 

LUA 

Soil charaderistics 
Seedling growth in greenhouse 
Field pbt and growth chamber germination 
Soil charaderistics 
Seedling growth in greenhouse 
Growth chamber germination 
Soil charaderistics 

5 
6 
4 
5 
6 
4 
5 - 

LLCA 
Seedlings growth in green house 
Soil characteristics 

6 
5 
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Appendix E - Moistute Rentention Cuwes for Banen and M e r  Sdls 

O 0.1 0.2 0.3 0.4 

Soi1 Wter Content (glg dry soil) 

Figure i: Moisture retention curve for barren untreated soi1 (O U S ) .  (n=15) 



O 0.1 0.2 0.3 0.4 

Soil Water Content (glg dry soil) 
Figure ii: Moistue retention curve for fresh L (98) soR. (nt1 5) 



O 0.1 0.2 0.3 0.4 

Soi1 Wa&w Content (glg dry soil) 

Figure iY: histure retention cuwe for LBS 98 soil. (n.15) 



O 0.1 0.2 0.3 

Soil Mater Content (gig dry soil) 

Figure iv: Moisture retention curve for L 97 soil. (n=15) 



O 0.1 0.2 0.3 

Soil Water Content (glg dry soil) 

Figure v: Moisture retention cunre for L&S 97 soil. (n=15) 



O 0.1 0.2 0.3 0.4 

Soil M te  r Content (gig dry =il) 

Figure vi: Moisture retention cunre for 18s 95 soil. (n=15) 



O 0.1 0.2 0.3 0.4 

Soil Water Content (g/g dry soil) 

Figure vii: Moisture retention curve for Nickel Rim alder soil. (n=3) 



Soil Water Content (glg dry soil) 

Figure viii: Moisture retention curve for Laurentian University Arboretum alder soil. 
(n=3) 



Soil Wter Content (gig dry soil) 

Figure ix: Moisture retention curve for Lake Laurentian Consenration Area alder soil. 
(n=3) 



Appendix F - Abbreviations 

Provenances & 
Alder Soils 

NR - Nickel Rim 

LUA - Laurentian ~niversity Arborehm 

LLCA - Lake Laurentian Conservation Area 

Seed Treatments 

WS - wet stratification 

DS -dry stratification 

GA3 - gibberellic acid 

Barten Sites 

fresh-L - freshly Iimed at the time of the study 
unless stated otherwise 

L&S 98 - limed. seeded, fertilized 1998 

L 97 - limed, fertilized 1997 

LBS 97 - lirned, seeded, fertilized 1997 

L&S 95 - limed, seeded, fertiiized 1995 




