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ABSTRACT 

Effects of herbicide (aerial spray of glyphosate at SUha) application on the growth of 

planted black spruce (Picea mariana) seediings were studied at two boreal rnixedwood 

sites northeast of Pine Falls, Manitoba. Site 1 was logged in 1987, planted in 1988 and 

herbicided in 1991 while site 2 was logged in 1987. planted in 1989 and herbicided in 

1993. In 1998, seven and five years respectively after herbicide application, height, root 

collar diameter. biomass, and annual height and diameter increment of treated black 

spruce seedlings were significantly greater (P e 0.000) than those of untreated seedlings. 

Height, diameter. biomass. and 1998 height and diameter increment were suongly 

correlated (r = 0.703 to 0.812) with the amount of radiation measured in the middle of the 

sesdling srown. It appsarsd that significant growth improvement of treated seedlings was 

attributed to the increase in the arnount of light after herbicide application, which released 

black spruce seedlings frorn their woody cornpetitors (mainly shrubs and trembling 

aspen). Diameter growth improvement was greater than height growth improvement for 

the first four years after herbicide application. and height to diameter ratio decreased with 

increasing light supply. Cornpetitive intensity at the year of herbicide application affected 

height growth response of treated seedlings for the initial 3-4 years. Seedlings under 

heavier competition grew faster each year after the release. The study suggested that 

competition management for the successful establishment of spruce plantation in boreal 

mixedwood sites should focus on light resources. 
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1. Introduction and literature review 

1.1 Introduction 

Canada is a forest nation and the forest is one of the cornerstones of the country's 

sconomy (May 1997). Canada's forest is largely boreal forest, one of the largest 

ecosystems in the world (Bonan and Shugart 1989). Mixedwoods, which grow on sites 

that can support mixtures of various species, such as white spruce (Picea glatrca 

('Moenclr) Voss). black spmce (Picea mariana (Miil) BSP),  balsarn fir (Abies balsamea 

(L. ) Mill), trembling aspen (Populus rrernrrloides Michr. ). white birch (Betula papyrifiera 

itinrsh.) and other understory plant species, are the most productive forests in the bored 

zone. in terms of both timber yield and ability to support diverse wildlife populations 

(Papadopol 1995). Because of differences in recniitment strategies, shade tolerance, 

juvenile growth rates, and life spadtime to maturity of the main species, the complexity 

in bored rnixedwood's management has been acknowledged (Lieffers et al. 1996). 

Black spruce is one of the most important commercial species and one of the most widely 

distributed tree species in Canada (Viereck and Johnson 1990). Planting black spruce and 

~vhite spmce after hmesting boreal mixedwood stands h a  been practiced across Canada. 

Rapid growth of competitive vegetation (e .g  weeds. grasses, shrubs, and deciduous trees) 

has been a serious deterrent to the establishment and growth of commercial tree species, 

such as black spmce, in both natuïal regeneration and plantations (Maclean and Morgan 

1983, Newton 1975). By competing for lirnited resources, such as Light, water and 

nutrients (Radosevich et al. 1997), competitive vegetation can severely restrict black 

spruce's access to these resources and thus affect survival and growth of black spruce on 

boreal mixedwood sites- 

Controlling and manaping forest establishment. composition and growth are the main 

tasks of silviculture (Smith 1986). Successful silvicuttural management of spruce 

plantation on boreal mixedwood sites depends on our ability to understand the complex 

cornpetition-growth relationships. Although herbicide application has been commonly 



prescribed for the purpose of competition removal in Manitoba, no study on effects of 

herbicide application on black spmce growth has k e n  conducted in the province. 

Analysis of plant growth in response to competition removal is a usefui tool for studying 

growth-cornpetition relationships (Roush and Radosevich 1985). Herbicide application 

plays an important role in releasing black spmce from competition in boreal mixedwood 

sites. It changes the species composition and the spatial relationship of the treated plots. 

reduces competition for light. water and nutrients, and improves the growth and yield of 

the released species (Rowe 1972, Yang 199 1). 



1.2. Literature review 

1.2.1 Black spruce 

1.2.1.1 General information of black spruce 

Black spruce (Picea mariana) is the most important pulpwood species of Canada. Its 

wood is yellow-white in color, relatively light in weight, and strong (Viereck and Johnson 

1990). and long in wood fibers (Sims et al. 1990). 

BIack spruce is a smail and slow growing but moderately long lived tree. .4t maturity, 

biack spmce averages 12 to 20 m in height on sites with relatively high nutrient 

avaiiability. On nutrient-poor sites such as bogs the average height is slightly Iower at 

approximately 8 to 12 m (Viereck and Johnston 1990). On the best sites. as in the Ontario 

Clay Belt. black spruce c m  grow to 45.7 cm in diameter and 27.4 m ta11 and may attain 

an age of 350 years (Heinselman 1965). The range in the size of black spmce within a 

mature stand may Vary considerably, depending on the age of the stand. 

Black spruce cm be found throughout the boreal forest (Viereck 1983). The northem 

limit of black spruce follows the uee line, extending east from the western coast of 

Alaska, through northern British Columbia, and across to the Atlantic coast of Labrador 

(Fig. 1.1). The southem boundary includes central British Columbia, Alberta and 

Sas kaichewan, southern Manitoba, southern Minnesota, Wisconsin and Michigan, 

Pennsylvania. western Connecticut. and isolated parts of New Jersey (Viereck and 

Johnston 1990, Farrar 1995). Generally speaking. black spruce distribution range belongs 

io the boreal forest and has a cold continental climate (Scott 1995). Black spruce is an 

abundant conifer in the boreal forest (Viereck and Johnson 1990, Sims et al. 1990). 

Because of black spruce's broad distribution and varying ecological site characteristics, it 

orows in both pure and mixed stands (Uorton and Lees 1961, Damman 1964, Vincent a 





1965. Winston 1975, Viereck and Johnston 1990). ui the southern parts of its range, black 

spruce is commonly found in mixed stands with white spmce (Picea glauca), balsam fir 

(Abies baisamea). aiid tarnarack (Larix laricina (DuRoi) KKoch) (Sims et ai. 1990, Bell 

1991). In the main pan of its range. it is commonly associated with white spruce. 

trembling aspen (Populus tremuloides), baisarn tir, paper birch (Betula papyrifera 

Marsh.), and tarnarack (Sims et al. 1990). Jack pine (Pinus bansiana Lamb) is a cornrnon 

associate on dry sites (Halliday 1937, Rowe 1959, Hills and Boissoneau 1960, Sims et al. 

1990, Viereck and Johnston 1990). At the northem and nonhwestern limits of the range, 

pure stands are common. but black spruce is also found associated with paper birch. 

trembling aspen, white spruce and tarnarack (Sims et al. 1990). The most characteristic 

bog shmbs which may compete with bIack spnice include Labrador tea (Ledurn 

groenlrrndicunz Order.). lcather leaf (Chamaedaphne calyculata (L.) Moench), kalmia 

(Kclimia spp. L.). downy andromeda (Andromedn glnrtcophylea Link.), many blueberries 

(Vncciniurri spp.), creeping snowberry (Gaulrheria hispidrcla (L.) Bigel-), and the dwarf 

birches (Betula pwniia L. and B.glundulosa Regel.). in  some swamps, however. speckled 

alder (Ahus mgosa Sprerrg.) and red osier dogwood (Cornrts srolonifem Michr.) are the 

principal shmbs (Conway 1939. Dansereau and Segadas-Viana 1952. Lutz 1956). Upland 

shrubs include hmerican green dder  (Alnus crispa) and beaked hazelnut (Copliis 

conzrttn Mcrrslz. ) (Viereck and Johnston 1990, Bell 199 1 ). Cornus canadensis L. and 

~Ciclianttzernum canadense are the main herbs ubiquitous in black spruce rnixedwoods 

(Viereck and Johnston 1990). though many herbs associate with black spmce. The 

profusion of sphagnum mosses and lichens is. probably, the most conspicuous element of 

the ground cover in black spruce forests (Heinselman 1965, Viereck and Johnston 1990). 

Black spruce can grow on an extremely wide range of soils. from dry sands and gnvels to 

nutrient deficient organic soils rich in sphagnum mosses (Heinselman 1957 and 1965, 

Arnup et al. 1988). in other words. black spruce can grow on both organic and mineral 

soils (Bell 199 1 ). In the southern parts of its range the species is confined largely to wet 

orgnnic soils. In the northem parts. it is common on clayey glacial tills and glacio- 

lacustrine clay plains (Heinselman 1957). in Manitoba. black spruce grows extensively on 



organic soils in the bed of glacial Lake Agassiz (Maclean and Bedell 1955). However, 

black spruce is more productive when it grows on uplands (Fowell and -Mullin 1977). 

Compared with white spruce, black spruce is considered less nutrient-demanding (Arnup 

et al. 1988). Black spruce can be found on sites of lower nutrient status (LeBarron 1948. 

Carleton et al. 1985). but maximum growth is attained on loarn and clay loam with good 

nutrients and drainage (Maclean and Bedell 1955. Heinselman 1957). Niuogen is the 

most Iimiting nuvient to the growth of black spruce (Hatcher 1963, Vincent 1965, Arnup 

et al. 1988. Munson and Timrner 1989). Black spruce is also tolerant of high soi1 acidity 

levels (LeBarron 1948, Bell 1991) and associated with a wide range of soi1 moisture 

regimes. Growth is best where slopes are gentle and moisture is plentiful, either from 

shallow water tables or seepage (Heinselman 1957). 

Black spruce is shade-tolerant, but grows best in full sunlight (Groot 1984 and 1995, 

Arnup et al. 1988. Farrar 1995). It is able to respond to increased light even after a long 

period of suppression (Johnstone 1978). On a relative scale from O (the most shade- 

intolerant) to 10 (the most shade-tolerant), black spmce scored 6.4 compared to 6.8 for 

white spruce and 9.8 for balsam fir (Graham 1954). KIinka et d. 's expriment ( 1994) 

indicated that height growth of black spruce exceeding 70% of the potential was 

approached at light levels 2 75% of full Iight. 

The black spnice root system is essentially shallow rooting, but in different soils its depth 

varies. Although black s p c e  develops limited vertical root systems, it usually possesses 

an extensive fibrous, laterd root system (Bell 1991). 

1.2.1.2 Biack spruce seedling growth 

The average black spruce seedling growth rate is about 3 cm during year one. 5-13 cm 

during year 2. and 20-38 cm during year 3 (Arnup et al. 1988). Early height growth is 

often slower on mineral soils than on organic soils (Bell 1991). The height growth of 

upland black spruce. while Young. is slower than that of irs common cornpetitors (Bell 



199 L j. The height growth of black spmce in the Alberta foothills begins about June 1 and 

ceases by August 2 (Horton and Lees 1961). In southwestern Ontario, radial growth 

begins about June 1 and ends the early September (Belyea et al. 195 1)- 

Black spruce has free or indeterminate growth in the juvenile stage of its life cycle. In 

other words, as long as favorable environmental conditions are maintained. elongation 

and radial growth are more or less continuous. The free growth phase diminishes and 

ceases between five to ten years of age (Logan and Pollard 1976, Bell 1991). After this 

phase. annual growth originates solely from prefonned, ovenvintered buds (Arnup et al. 

1988). 

Black spruce seedlings c m  survive and develop in as low as IO% full sunlight, but much 

faster growth is observed for seedlings grown in full sunlight (LeBarron 1948, Place 

1955. Heinselman 1957,1959, Kiinka et ai. 1993). Logan (1969) grew blrick spmce 

seedlings for nine years in 13%. 25%. 45% and 100% of full light. Height and diameter 

crowth. as well as shoot and root weights, were greatest for black spruce grown in full - 
Iight. Slow growth and understocking are the resuIt when black spruce is severely 

suppressed by cornpeting grasses. shmbs and hardwoods (Vincent 1964, Johnston 1977, 

Haavisto 1979, Johnston and Srnith 1983). 

1.2. 2 Cornpetition 

1.2.2.1 Concept of competition 

Plant competition is defined by Keddy (1989) as "negative effects which one organisrn 

has upon another by consuming, or controlling access to, a resource that is limited in 

availability". Grime ( 1979) defined plant competition as the tendency of neighboring 

plants to utilize the same resources. in  studying boreal mixedwoods, researchers are more 

interested in interspecific competition (Le. how competing vegetation affects crop 

species). Tilman ( 1997) gave a definition to interspecific competition as "the ability of an 



individual of one species to inhibit the survival and/or growth of individuals of another 

species". In spite of the difference in sernantics, these definitions attempt to explain how 

plant species compete for limiting resources, the role of plant traits in confemng 

cornpetitive ability. and interaction between plant s ~ c i e s  and their living environment. 

Cornpetition. in redity, is aiso the process by which proximal plants modiCy each other's 

environment; it is a dynamic process in which biotic-abiotic and âboveground- 

belowground interactions are bound together. Goldbery (1990) considered that the 

mechanism of plant cornpetition consists of both the effect that plants have on resources, 

and the response of plants to changed resources. Competitors acquire an equal portion of 

the limited resources on a per-unit-size basis; larger-sized competitors acquire a greater 

portion of the lirnited resources than smaller-sized competitors (Weiner 1990). 

The vulnerability of many tree seedlings, which may become severely stunted in the 

presence of competitors, can be identified with three characteristics: Iow relative growth 

rate, delay in both consolidation and laterai spread of the leaf canopy. and faiture to 

approach a deep and persistent layer of nutrient at least during the initial phase of 

establishment (Grime 1979). The low relative growth rate is the most consistent of the 

three characteristics. and has been attributed to the expenditure of photosynthate on 

woody tissue, a process associated with a slow rate of expansion of leaf area (Jarvis and 

Jarvis 1964). The processes of resource depletion have differential effects on the 

distribution of relative growth rates and the resultant size of hierarchy developmental 

patterns within density-suessed plant populations (Weiner 1990). The resource depletion 

process has been characterized by equivalent declines in relative growth rates across size 

classes. resulting in the variation of reduced relative growth rate and the inequdity of 

dzcreased size at increasing levels of density stress (Weiner 1990, Hara 1992). 

The survival. fecundity and size of plants are related to the spatial relationship of plants 

(Keddy 1989) and to the ability to capture resources. The spatial relationship of plants 

derermines their ability to capture the resources. such as light, water and nutrients. and 



especially the ability to capture light (Canne11 and Grace 1993). Strong competitors can 

rapidly depiete the above-mentioned resources and maintain excellent growth, or are able 

to continue growth at depleted resource levels. 

1.2.2.2 Competition between black spruce seedling and its competitors 

On boreal rnixedwood sites. because black spruce grows slower than many of competing 

species with which it is associated, its seedlings encounter usually a strong competition 

from hardwoods, shrubs. and grasses, which deters its establishment and growth (Viereck 

and Johnson 1990). Slow growth at earty stage of seedling development places black 

spmce at a competitive disadvantage on fertile sites. because competing vegetation 

develops much more rapidl y (Groot i 995). Coniferous species may become severely 

stunted in the presence of other fast growing competitive vegetation (Grime 1979). As a 

result, black spruce does not achieve maximum height and volume growth in these mixed 

stands. 

Trembiing aspen (Populrts tremriloides) is usually the first species to dominate the site 

and becomcs a main competitor to coniferous species, inciuding black spruce, in the 

natural developrnent of rninedwoods (Lieffers et al 1996). Trembling aspen usually 

outgrow black spruce seedlings for a few years when black spruce is Young, unless site 

conditions are very unfavorable for it (Heinselman 1957). 

Zasada ( 1952) and Fowell (1965) found that black spruce did not compete successfully 

with balsam fir. nonhern whitecedar. America elm. red maple. balsam popular. and black 

ash. Lieffers et al. ( 1996) also found balsam fir (Abies balsamea ) was a main competitor 

to black spmce. 

The presence of the shrubs reduces light penetration to the conifen and increases the 

level of competition (Carleton and MacLellan 1994). Red raspberry (Rubus idaeus var. 

srrigosus) is often the dominant competitor threatening the establishment of spruce 



plantations in eastern Canada and in northeastern Maine (Reynolds 1988). Labrador tea 

(Ledum groenlandicurn) and aiders (Alnus spp.) are considered to be serious cornpetitors 

to black spruce regeneration, interfering with early growth of black spruce on organic 

sites, particularly when poorly drained, and on some shallow soils (LeBarron 1948, 

Vincent 1965, Weetman 1975, Harrison 1999). Inde rjit and Mallik ( 1996) reponed that 

height, crown diameter and stem, branch and needle biomass of black spruce were 

significantly (Pc0.001) less at the Ledurn-dorninated sites; that annual stem height, basal 

diarneter, growth ring width, and cumulative wood volume of black spruce were 

signitïcantly (P<0.001) reduced in the Ledurn sites compared to those of the non-Ledrirn 

sites; that the reduction of black spruce in the Ledum site had lasted for seven years 

following planting. in the presence of sheep laurel. the growth of black spruce seedlings 

is drastically reduced (Wall 1977, Mallik 1994). Bluejoint grass (Calamagrostis 

cancrdensis) is also especially problematic for black spruce (Roe 1960). On the lowlands 

or bogs. rapid growth of sphagnum reduces the performance of the slower growing black 

spruce seediing by increasing the level of competition (Viereck and Johnson 1990). In the 

sxperiment conducted by Arnott (1968) and Jeglum (1981). sphagnum, on some 

occasions. completely covered the black spruce seedlings. 

1.2.3 Light 

Xrnong different resources, light is a critical factor in plant competition. Light often 

becomes the limiting factor for plant growth, when nutrients and water are adequately 

supplied (Radosevich et al. 1997). 

Brsides regulating photosynthesis, light regulates many other aspects of plant growth and 

development. for example. the water balance of plants. Maximum photosynthesis and 

orowth of most plants often occur in full light and reduce with the reduction of light - 
(Radosevich et al. 1997). For example. in the nine-year expriment on the effect of light 

intensity on four plant species. including black spmce, conducted by Logan (1969). the 

results indicated that black spruce's height growth. diarneter. dry weight and the number 



of needles per seedling increased with increasing light to a maximum in full light, and 

that its growth was significantly reduced from its maximum by low light intensity. Shirley 

(1945) has suggested tliis characteristic as a criterion for assessing the relative light 

requirements of species. At the same time, he pointed to the accumulation of dry matter 

the best index of plant growth. 

However. plants can adapt to different light levels physiologically and morphologically. 

These adaptations include changes in photosynthetic rate, leaf thickness, chlorophyll and 

protein contents. enzyme activities, as well as alterations in biomass allocation and 

growth rate (Radosevich et al. 1997). Different species differ in their abilities of 

adaptation. 

To achieve maximum growth. black spruce requires full sunlight while white spruce 

requires 9 5 %  full sunlight (Logan 1969). In other words. black spruce is less tolerant of 

shade than white spruce (Logan 1969, Arnup et al. 1988, Bell 199 1 ). 

Lisht lsvel is ~ 2 5 %  full sunlight under a closed forest canopy and 4% full sunlight in 

man. herbaceous communities (Radosevich et al. 1997). However, the amount of light 

reriching seedlings in the forest is more readily measured than many of the other factors of 

the environment (Logan 1969). 

1.2. 4. Release 

In the management of boreal rnixedwoods, release is an important practice to increase the 

yield of commercial trees. such as black spruce. Seedling growth of different spruce 

spscirs has different sensitivity levels to environmental changes that Vary with age. 

L;sually. freedom from environmental stress is essential for maintaining free growth of 

spruce seedlings. a juvenile characteristic (Logan and Polleard 1976, Logan 1977). 

Rrlease from competing vegetation can improve resource supply, especially light 

resource. thus benefiting the growth and yield of the released species (Rowe 1972, Yang 



1991). For example. Lees (1966) and Beny (1982) found that the removal of aspen 

competition improved white spmce height and diameter growth. Steneker (1963; 1967) 

and Yang ( 1989) also found that experïmental release cuttings. to favor white spmce in 

rnixedwood stands up to age 60, had resulted in a marked increase in volume production. 

Black spruce initially grows slowly, so competition control rnay be required (Bell 199 1). 

Its seedling should be released before it shows signs of suppression. If release is delayed. 

seedlings will take longer to respond and a second release may be needed. Black spruce 

responds well to release (Weetman 1975). For exampie. aeriai spraying of selective 

herbicides such as 2.4-D usuaily results in effective release of black spruce in brushy 

stands (Vincent 1965. Johnston 1977). Compared with white spruce and subalpine fir 

(Abies lasiocarpa). older black spruce apparently responds better to release; its diameter 

increment increases by several times (Crossley 1976). Seedlings of the same initiai size 

have a similar response to release from speckled alder (Vincent 1964). Experiments on 

white spruce suggest that the ability to respond significantly to release is relatively 

independent of the age of the trees (Nienstadt and Zasada 1990, Coates et al. 1992). 

1 .?.S. Herbicide application 

1.2.5.1. General information on the herbicide (Glyphosate) 

GIyphosate [N-(phosphonornethyl)glycine] (Sprankle et al. 1975; Audus 1976; Cobb 

1992). commonly called roundup (Sutton 1978, Ayling and Graham 1978, Campbell 

1990). is the most commonly used herbicide registered in Canada for aerial and ground- 

based application in forestry since 1984 (Thompson et al. 1991). It is regarded as having 

grsat potential usefulness in forestry due to its environmentai safety and its efficacy 

(Sutton 1975). It is also the only herbicide permitted for use on forests in Manitoba 

(Aylinz and Graham 1978, Yang 199 1). 

1.2.5.2. Herbicide application 



Among a variety of approaches that could be applied, herbicide application plays an 

important role in releasing spruce from competition in boreal mixedwood sites (Newton 

1975). Approximately 200.000 ha of Canada's forest lands are treated with glyphosate 

each year and 85% of the application is for the purpose of releasing planted spruce from 

vegetation competition (Campbell 1990). 

Herbicide treatment changes the species composition and the spatial relationship of the 

treated plots (Sprankle and Meggitt 1972, Lange et al. 1973, Lunde-Hoie 1975. Sutton 

1978, Maclean and Morgan 1983, Nova Scotia Department of Land and Forests 1989) 

and reduces competition from competitors for light. water and nutnents (Sutron 1969, 

Xudus 1976). Glyphosate is highly effective in kiIling deciduous trees (Ayling and 

Graham 1978) and shnib species (Lunde-hoie 1975. Radosevich et al. 1980, Campbell 

1990), such as uembling aspen (Populrts tremuloides), white birch (Berula papyrifera), 

beaked hazelnut (Corylrrs cornuta) (Sutton 1978). pin cherry (Prunus pensylvanica) 

(Sutton 1975. Maclean and Mor,oan 1983. Pitt et al. 199 1 ). raspbeq (Rubus idaerrs) (Pitt 

et al. 199 1. Reynolds and Roden 1995, 1996), elderberry (Sontbucrrs canadensis), red 

maple (Acer rrtbrrrrn L.)  (Pitt et 31. 1991), without injuring the spnice (Gratkowski 1975, 

Sutton 1975. Pitt et. ai. 1991). It inhibits photosynthesis by inhibiting or diverting 

electron transport in the light reaction and inside metabolism of affected species (Cobb 

1992). and results in a gradua1 witting and yellowing of foliage (Sutton 1978). Other plant 

processes affected by herbicides are respiration, cell division, protein synthesis, and 

membrane function (Radosevich et ai. 1997). As a result, glyphosate application reteases 

spruce from its major competitors. For example, Sutton ( 1978) found that second-year 

height i ncrement of white spruce in the glyphosate treatments was significantly greater 

than that in untreated controIs. 

Reynolds and Roden ( 1995, 1996) reponed that height and diameter of black spruce 

seedlings were signiticantly greater in treatments than in controls, and raspberry's height 

and survivd were less in treatments than in controls, in their two experiments on site 



preparation respectively with hexazinone (1  to 4 kg/ha, in 1995). metsufuron (36 and 72 

e/ha in 1996) and sulfometuron (150 to 450 g/ha in 1996). - 



1.3. Working Hypotheses and Objectives 

The overall objective is to quantify growth response of planted black spnice seedlings to 

herbicide application. Specificaüy, the foliowing hypotheses were proposed and tested in 

the study: 

( 1 )  The growth of black spmce seedlings planted on boreal mixedwood sites is 

significantly related to interspecific vegetation competition, and the intensity of 

competition of each black spruce seedling can be measured by the amount of sunlight 

transmitted to the seedling through the opening of canopy of competitive vegetation. 

( 2 )  By removing competing vegetation. herbicide application results in significant growth 

response of the released black spruce seedlings. 

(3) Diameter growth improvement due to herbicide application is greater than height 

growth improvement for the first few years after herbicide application. 

(1) Growth response is related to the intensity of competition of each seedling before 

herbicide application. 



2. Materials and Methods 

2.1 Study Area 

2.1.1. Location of experirnental sites 

Herbicide was originalIy applied by the Pine Falls Paper Company, as a part of its 

silvicuIture program. The experiment occurred in the rnixed aspen-coniferous boreal 

forest (Teller 1984) and was located in the northeastem area of Pine Falls, ~Manitoba. 

Three experimental sites were included in the study. Two of these sites were at 

approximately 3.0 km (the 91 expenmentai site, named by the time of herbicide 

application and the same way thereafter) and 6.9 km (the 96 experimental site) on the 

Point Lake Road. respectively. The third site (the 93  herbicide expenmentai site) was 

situated at approximately 4.5 Km on a logging road branched from Tram-Licence Road 

(Fig. 2.1 ). 

2.1.2. Climate 

Climate data were obtained from four meteorological stations (Bissett, Great Falls, Pine 

Falls, and Pinawa) adjacent co the study sites and surnrnarized in Table 2.1. Winters are 

cold. relatively dry, with a mean temperature of - 18.9) C in January (the coldest month of 

the year). Surnmers are short but warm, with a mean temperature of 19.3" C in July. Mean 

annual precipitation is 193 mm. of which 256 mm fall dunng the months of May through 

August. The mean frost-free period is 104 days (Environment Canada 1996). 

2.1.3. Topography and Hydrology 

Within the study area. the elevation t-ises from 2 17 rn at M e  Winnipeg to 335 m at the 

Ontario border (Manitoba Surveys and Mapping Branch 1979). As a result of this 

rlevation gradient. the major rivers, including Winnipeg. O'Hanly. Black. Sandy. 





Table 2.1 The m w n  i i S.D. in parentheses) of dimatic parameters within the 
study areci. Climatr: records between 1933 and 1995 were obtained from the 
Bissetr. Grcctt Falls and Pinawa meterological stations. and between 1960 and 
199 1 fiom rhe Pine Falls meterological station. 

Climatic parameter Bissett Great Falls Pine Falls Pinaw-a 

Growing season temperature (OC) 
(May to August) 

Alean annuai rainfaI1 (mm) 

Growing season rainfall (mm) 
(May to August) 

Frost frcc pcriod (days) 



Manigotogan, and Wanipigow nvers flow westwards into Lake Winnipeg. Among them, 

only does the Winnipeg River flow through a moderately well drained clay plain (Smith 

et al. 1967). The resr flow through lacustrine clays and organic deposits characteristic of 

the lower elevations (Woo et al. 1977). The Winnipeg River, in addition to some of its 

rnaJ;or tributaries (Oiseau and Maskwa rivers), drains the southern portion of the study 

ârea (Smith et al. 1967). 

2.1.4. Soils 

in the study area, the major kinds of soils are Luvisolic, Brunisolic and locaiized Mesisds 

(Canadian Soil inventory 1989). To some estent, other kinds of soils aiso appear in some 

pans of the study area. Along the Winnipeg River north of Lac du Bonnet. Dark Gray 

Luvisols and Dark Gray Chemozems are developed on the level. imperfectly drained 

Iacustrine clays, loamy sands and morainal loams. Gray Luvisols on level, well to 

moderate well drained lacustrine clays are found in the central regions of the study area, 

with Organic AMesisols in the poorly drained depressions in the Wanipigow River valley. 

The predominantly acidic bedrock, with shallow Dystric Brunisols on well-drained 

morainal and glaciofluvial deposits at the surface, is distributed in the eastern section of 

the  study area. The shoreline of Lake Winnipeg is characterized by Organic soils 

developed fiom woody material and Gleysols on poorly drained lacustrine clays and 

alont the southern shoreline of Lake Winnipeg. Eutric Brunisok on well to moderately 

glaciofluvial sands are also found (Canadian Soil Inventory 1989). 

2.1.5. Vegetation 

In the study area. dominant tree species include jack pine (Pinus banksiarta). black spruce 

(Piceti nznrinna), white spruce (Picea glartcn), trembling aspen (Populus tremrcloides ), 

paper birch (Betltln papyrifercr) and balsam fir (Abies balsameu) (Teller 1984). According 

to the Forest Resource hventory, black spnice is present in 80% of the stands as primary 

(highest relative cover within the stand) or secondary (second highest relative cover 



within the stand) species within the study area The most comrnon black spruce forest 

t-pe eocountered is on organic soiis, associated with pooriy drained depressions. 



2.2. Description of Experimental Sites 

Ail of the three experimental sites originally supported mixed deciduous-coniferous forest 

(Table 2.2). Clearcut logging was executed in 1987 for the 91 and 93 experimental sites, 

and in 1989 for the 96 experimental site by the Pine Falls Paper Company. Black spruce 

seedlings were planted in 1988 at the 91 expenmental site. in 1989 for the 93 

experimental site and in 1990 at the 96 experimental site by the Pine Falls Paper 

Company. The season of planting was the spnng (~May to early June) of each 

corresponding year on each site. Glyphosate spray application at a concentration of SUha 

took place by helicopter in the falls of 1991, 1993 and 1996 at the 91, 93, and 96 

experimental sites, respectively. At the time of herbicide application, black spruce 

seedlings in each experimental site had already finished their respective annual growth. 

For ail three experimenral sites. the topography was fundarnentdly flat with underlying 

bedrock of Precambrian granites. Soils were fine-textured silty clay or clay, with low per 

cent of coarse fragment content and deep rooting zone (>IO0 cm). According to the 

assessrnent procedures of Wang et ai. ( 1994). al1 three experimental sites had similar soi1 

moisture and soi1 nutrient regimes (Table 2.3). 

The three experimental sites had sirnilar vegetation. dominated by beaked hazel (Carylus 

conzrltra Marsh.), mountain maple (Acer spicaturn Lam.) and trembling aspen (Populus 

tretrridoides). Detailed information on species composition is given in Appendix 2.1. 



Table 2.2 A summary of stand history and silviculture treotment at the 
three experimental sites 

Site 91 herbicide 93 herbicide 96 herbicide 
Experimental Site Experimental Site Experimental Site 

Original Stand Mixed Aspen- Miied e n -  Mixed Aspen- 
Composition Coniwous Forest Coniferous Foresi Conifwous Forest 

Hawesting Clearout logging Clearout logging Clearout logging 
1987 1987 1989 

Major 
Corn petitor 

Secondary 
Corn petit or 

Herbicide 
Application" 

Shrub Shrub Shrub 

- Black spruce seedling at two years old 
" Glyphosate spray at a concentration of 5 L/ha by helicopter, applied in late August 



Table 2.3 A brief description of site characteristics at the three 
experimental sites 

91 93 96 
experimental experimentat experimental 

site site site 

Topography Flot Flat Flat 

Parent mcterial Lacustrine Lacustrine Lacustrine 

Forest humus horizon L, Fm, H L Fm, H L, Fm, H 

Taxon Mor Mor Mor 

Minera1 soi1 horizon Luvisolic Luvisolic Luvisolic 

Texture silty clay clay silty clay 

Coarse fragment 
content (%) 

Depth to 
groundwater (cm) 

Rooting zone depth 
(cm) 

Major rooting zone 
depth(cm) 

SMR* 5 5 5 

- soil moisture regime 
* * soi1 nutrient regime 



2.3. Sampling Design 

Two adjacent plots (a release plot and a conuol plot) were set up at the herbicide-ueated 

area and the untreated area, respectively, within each experimental site (Fig. 2.2). Figures 

2.3 and 2.4 are photos taken from the 93 herbicide experimentai site in the sumrner of 

1998 and represent the release plot and the conuol plot, respectively. Vegetation in the 

control plot looked very dense and dorninated by shmbs and trernbling aspen; the release 

plot was very open with only few trembling aspen or  other shrubs. 

On each plot, 150 planted black spmce seedlings were systematically selected and tagged 

for growth measurement. including height, root collar diameter, and annual height 

increment to the year of herbicide application. When they were selected, in every line of 

seedlings, every fourth seedling was selected and tagged. Among the 150 selected 

seedlings, 90 were randornly selected for light measurements. The light condition of each 

selected seedling was measured at the middie of the target seedling's crown using a 

portable integrating light rneter (Sunfleck Ceptonneter, mode1 SF-80. Decagon Devices 

Inc.. PuIlman, WA). Among the 90 black spmce seedlings selected for Iight 

measurement. 15 were selected and cut for biomass rneasurement (including biomass of 

nsedles. branches, stems, and aboveground biomass) and annual diameter increment. 



Figure 2.2 An illustration of Sampling Design 

Experirnental Site 

1 50 seedlings 

release plot 

1 50 seedlings 

control plot 

Note: Three experimental sites (the 91, 93 and 96 experimental sites) had the sarne 
sampling design 







2.4. Data Collection 

Data were collected from each plot at each experimental site in the summer and the fa11 

1998. Laboratory andyses were conducted during September of 1998 to Apnl of 1999. 

2.3.1 Height and Diameter Growth of Seedlings 

For al1 selected and tagged seedlings at each experirnental site. root collar diameter and 

height (including annuai height increment) of each seedling were measured by means of a 

digital cdiper and a tape measure, respectively. At the time of 1998 sampling, the total 

height of each seedling was measured to the end of the 1997 growing season since the 

1998 growing season was incomplete. The number of terminal bud scars dong the main 

stem denoted the age of the seedlings and the distance between the terminal bud scars for 

each growing season from the year when herbicide was applied up to 1997 was rneasured 

to determine the seedling's annuai height growth for these years. Height increment for 

199s \vas measured by measuring the length of leader in the fa11 of 1998, after the 1998 

height srowth of seedlings had finished. 

2.3.2. Light 

Photosyntheticdly active radiation (PAR) was measured in July for each seedling using 

an 80 cm AccuPAR Ceptometer (Decagon Device Inc., 1996). Each PAR measurement 

was derived from the average of two readings taken at right angles; two measurements 

(one in the morning between 10:OO- 12:00 and another in the afternoon between 14:OO- 16: 

00) were taken at the middle of each seediing's crown (Wang et al. 2000). Open-sky PAR 

(PARo) was recorded at one-minute intervals using a LI- I9OSA quantum sensor 

connected to LI 1000 datalogger (Li-Cor inc. 1988). The percentage of full sunlight at the 

middle (PFL) was caiculated as: 



PFL which was used as the measurement of light environment of each seedting. was the 

mean of the rnoming and afternoon measurernents. PAR rneasurements were taken only 

under clear-sky conditions although clear-sky and comptete overcast conditions are both 

acceptable (Wang et al. 1994b). 

2-43. Biomass and Dry weight of stem, branch and leaf 

"ifter the measurement of growth and light in the field, 15 seedlings on each plot were 

randomly selected for measunng biomass and annual diameter increment in the 

laboratory. Each sampled seedling was cut at the root collar and further cut and divided 

into stem and branch. Stem and branches of each harvested seedling were separately 

bayoged in the field and brought into the laboratory. 

Every seedling sample was air-dried to separate needles from stems and branches, and 

then dried at 70° C in an oven to a constant weight. Finaily. stems. needles, and branches 

of each seedling were separately weighed to determine their dry. One disk was cut at the 

mot collar from each stem. Two perpendicular lines were drawn through the pith on each 

disk. The width of each ring was rneasured in four directions and averaged. 

2.1.4. Soil 

The forest floor was classified following Green et al. (1993). A soil pit was excavated at 

each plot for soil profile description. Minerai soil charactenstics, such as soil depth. 

horizon. color. texture. and coarse fragment. depth of groundwater or seepage. and gleyed 

I q e r  or prominent mottling, were described according to The Canadian System of Soil 

Classification (1978) and Zoladeski et al. (1995). Relative soil moisture regime and soil 

nutrient regime of each plot were determined according to Wang et al. (1994a). 

Soil samples €rom each pit were cotlected, separately for forest floor and mineral soil. and 

brought back to laboratory for the analysis of texture and pH. Mineral soils were sampled 



only for the top 30 cm. The chernical analyses of soils for texture and pH were done in 

The Soi1 Laboratory at University of  Winnipeg. 

Selected soi1 characteristics for the three experimental sites are Iisted in Table 2.3. 

2.4.5. Vegetation 

Five 2m X 2m quadrats were randody set up on each plot. Species in every quadrat were 

identified and their ground covers (%) were estimated. Species composition for the three 

experimental sites is given in Appendix 2.1. 



2.5. Data Analysis 

AI1 s tatistical andysis and graphics were conducted using SYSTAT version 7.0 

(Wi 1 kinson 1997). Statisticai significance was set as a==il.O 1, unless otherwise stated, 

2.5.1. Seediing height before release and current light condition 

.4nalysis of variance (ANOVA) was used to test if seedling growth in different plots on 

each experimental site was the same based on the initiai height at the year of herbicide 

application. Sirnilarty, light intensity was also ana1,vzed to compare the release and 

control plots on each experimental site. 

2.5.2. Current growth status of seedlings 

A. Total height and diameter of seedlings 

AS0V.A w u  conducted to detect significant differences in height and diameter of 

seedlings between release and control plots. Relevant data from each experimental site 

were separately used in the above-mentioned analysis so that significant differences in 

totaI height and diarneter of seedlings between release and control plots were obtained for 

each experimentai site. 

B. Aboveground biomass and stems, branches and leaves biomass 

The biomass of a seedling is related to its height and diameter. This allometric 

relationship is used to estimate seedling's biomass. The following equation was found 

appropriate to estimate aboveground biomass (AB) from diameter (Do) and height (HT) 

( Avery and Burkhart 1994): 



where a and b were constants. 

Based on aboveground biomass, the following equation was found appropriate to estimate 

stem, branch and leaf biomass in the study: 

where W = the estimated stem, branch, or leaf biomass (g), AB = aboveground biomass 

(g) .  and a = constant 

Equations 12-11 and [22] were separarely developed and applied to release and control 

plots on each experimental site. 

XYOVA was used to detect significant differences in aboveground biomass and stem. 

branch and leaf biomass between release and control plots. Data of each expenmental 

sites were separately used in the analysis so that significant differences in biomass 

betwrrn relcase and control plots were obtained for each experimental site. 

2.53. Annual height and diameter growth 

A. Annual height incrernent 

XUOVA was performed to find significant differences in seedling annual height 

increment (from 1992 to 1998 for the 91 experimental site; from 1994 to 1998 for the 93 

expcrimental site; from 1st to 5th year after herbicide application for the two sites 

cornbinrd) between the release and control plots. 



B. Annual diameter increment 

The following equation was found appropriate to estimate annual diameter incrernents 

from measured root collar diarneter: 

where D = annual diameter increment (cm) for a given year, Do = root collar diarneter 

(cm). a = constant- Equation [3.3] was separately developed and applied to the relrase and 

control plots on each experimentai site. 

XNOVA was used to determine significant differences in the estimated annual diameter 

increment (from 1992 to 1998 for the 91 experimental site; from 1994 to 1998 for the 93 

experirnental site; from the 1st to 5th year after herbicide application for the two sites 

combined) between release and control plots. 

2.3.4. Light-growth Relationship 

To test if the improvement of growth was significantly related to the amount of solar 

radiation seedlings intercept. correlation was assessed between Iight and seedling growth 

( height. roo t collar diarneter, estimated above-ground biomass and estimated stem, branch 

and Ieaf biomass and annual height increment for 1998). 

Regession analysis was used to quantify the relationship between light and seedling's 

growth (height. root collar diarneter, estimated aboveground biomass and estimated stem. 

branch and Ieaf biomass and 1998 height increment). To decide an appropriate model. 

scatterplots with LOWESS smoothing were constructed. The trend of the smoothing 

curve was compared with graphical representations of functions and curve forms supplied 

by Avery and Burkhart ( 1994). As a result, the following model was used: 



where Y = seedling growth (cm or g) (height. root collar diameter, above-ground 

biomass. stem biomass. branch biomass. leaf biomass, or 1998 height increment), X = 

lighr intensity at the middle of the seedling's crown, and a, b, and c are constants. 

2.5.5. The effect of competition intensity on the growth response after release 

Height at the year of herbicide application can be used as an approximate measure of the 

competition intensity of each seedling before herbicide application. Height growth 

response of each seedling after herbicide application may be related to different 

cornpetitive intensities before releasing. To detect the effect of the intensity of 

competition of each seedling on annual height incrernent of seedlings after releasing, 

relative height growth rate (RHGR) each year after herbicide application was regressed to 

initial height at the year of herbicide application. These regression models were compared 

CO determine significant differences in height growth responses of seedlings at each year 

after herbicide application. 

Initial height of each seedling at the year of herbicide application was calculated by 

subtracting total height incrernent since release (from 1992 to 1998 for the 91 

experimental site; from 1994 to 1998 for the 93 experimental site) from height at 1998. 

Relative height growth rate (RHGR) each year after herbicide application was calculated 

from the following equation (Hunt 1982): 

where RHGR = relative height growth rate for the current year (cmlcmiyear). Ln = natural 

logarithrn. H2 = current height (cm). Hi = height (cm) at the previous year. 



Based on scatterplots and LOWESS smoothing (Wilkinson 1997), the following mode1 

was found appropriate to quantify the relationship between RHGR (Y) and height (X) at 

the year of herbicide application: 

where a and b are constants. Model [2.6] was fitted to data of the 9 i and 93 experimentd 

sites separarely and in combination. 



3.1. Initial height of seedlings at the year of herbicide application 

Height at the year of herbicide application for the 91. 93, and 96 experimental sites was 

compared between the control and reIease plots (Table 3.1). No significant differences 

were found on the 91 and 93 experimental sites (P=0.114 and P=0.768, respectively): 

while significant difference was observed on the 96 experirnental site (P=0.039). Since 

rhe height of seedlings of the control plot was significantly lower than that of the release 

plot. data from the 96 experimentai site were not appropriate to explain the effects of 

herbicide application on the growth of black spruce seedlings. As a result, the 96 

experimental site was excluded from further analyses. 

3.2. Current status of seedlings 

A. Height and diameter 

Ln 1998. height and diarneter of seedlings in the release plot on the 9 1 experimental site 

were significantly (P<0.000) higher than those in the control plot (Table 3.2). Sirnilorly. 

height and diameter of seedlings in the release plot on the 93 experimental site were 

significantly (Pc0.000) higher than those in the control plot (Table 3.3). 

B. Biomass 

Xboveground biomass and stem, branch and Ieaf biomass of seedlings of the release plot 

on  both 9 1 and 93 experirnental sites were significantly higher than that of the control 

plot (Table 3.2 and 3.3). 



Table 3.1 Height (cm) of black spruce seedlings ot the year of herbicide 
application for each experimental site, compored with release 
and control plots. 

Release plot Control plot 

91 experimental site 26.W.9"' 29.0 + 1 5.2" 

93 experimental site 39.3k15.0" 38.7k 1 9.4" 

96 experimental site 4 7 . ~ 2 0 . 6 "  40 .21  6.4' 

* MeankSD; Values within rows with no common superscripts differ significanfly (Pc0.05) 
between different plots. 



Table 3.2 Height, diameter, oboveground biomass and stem, branch and 
Needle biomass of black spruce seedlings on the 91 
experirnental site, compored with the release and control 
plots to the year of 1998. 

91 experimental site 

Growth improvement(%) 
Release plot Control plot following herbicide 

application** 

Diameter 
(cm> 

Aboveground 
biomoss(g) 

Stem 
biomass(g) 

Branch 
biornass(g) 

Needle 
biomass(g) 

MeonkSD; Values within rows with no common superscripts differ signidcantiy (Pc0.01) 
between different plots. 
" (mean of reiease - mean of controll ' 1 0 0  

mean of control 



Table 3.3 Height, diameter, aboveground biornass and stem. bronch ond 
needle biornass of block spruce seedlings on the 93 
experimeniol site, compored with the release and control 
plots to the year of 1998. 

93 experimental si te 

Growth improvement (%) 
Release plot Control plot following herbicide 

application" 

Aboveground 675.ûk560.6" 124.7.kl33.8" 
biomass(g) 

Stem 
bio mass(g) 

Branch 
bio mass(g) 

Needle 
biomass(g) 3 1 1.2258.4" 54  .&57.9" 

* MeanrSD: Values within rows with no common superscripts differ significantly (PeO.01) 
between different plots. 

"(mean of release - mean of control) ' 100 
mean of control 



3.3. Annual height and diameter growth 

A. Annual height growth 

On the 9 1 experimentai site, every year from 1992 to 1998, seedlings in the release plot 

grew significantly (P<0.01) faster than that in the control plot (Table 3.4.). The growth 

improvement increased from 66.0% in 1992 to 364.6% in 1998. The mean annual height 

increment dunng 1992 to 1998 for seedlings in the release and control plots were 24.4 cm 

and 8.9 cm, respectively. 

Seedlings on the 93 experimentd site had 5-year annual growth after herbicide 

apprication, from 1994 to 1998. Between the release and control- plots. every year 

seedlings in the former grew significantly (Pe0.01) faster than those in the latter (Table 

3 -5 ). The growth irnprovement due to herbicide application increased from 76.1 % in 1994 

to 1 1 S. 1% in 1998. The rnean annual height increment during 1994 to 1998 for seedlings 

in the release and control plots were 25.0 cm and 11.5 cm, respectively. 

Considering the 9 1 and 93 experimental sites in combination, the 5-year results of annual - 
height growth of seedlings are given in Table 3.6. SeedIings in the release plot had 

significantly (P<O.OI) higher annual height growth than those in the control plot in each 

of these 5 years. The growth irnprovement due to herbicide application increased from 

70.9% in the 1" year to 187.1 % in the 5" year. 



Table 3.4 Annual height increment (cm) of black spruce seedlings on the 

91 experimentol site from 1992 to 1998, compared with the 

release and control plots. 

Year 91 experimental site 

Growth improvement(%) 
Release plot Control plot following herbicide 

appiication- 

MeankSD: Values within rows with no common superscripts differ significontly (P<0.01) 
between different plots. 

" (mean of release- mean of control~'l00 
mean of control 



Table 3.5 Annual height increment (cm) of block spruce seedlings on the 
93 experimental site from 1994 to 1998, compared wiih the 
releose and control plots. 

Year 93 experimentol site 

Growth improvement (%) 
Release plot Control plot following herbicide 

application" 

MeankSD; Values within rows with no common superscripts differ significantiy (Pc0.01) 
between different plots. 
" [mean of release - mean of controll ' 100 

mean of control 



Table 3.6 Annual height increment (cm) of ail biack spruce seedlings on 
the 91 and 93 experimentai sites from the first to fifih year after 
herbicide (glyphosate) application, compared with the 
release and control plots. 

Year after Growth irnprovement(%) 
herbicide Release plot Control plot following herbicide 
application application- 

1 s t  year 17.W.04"' 9.95k4.39" 70.85 

2nd year 22.3&8.50" 11.1 725.18" 99.64 

3rd year 

4th year 25.8&10.ûôa 1 0.67+5.17" 142.36 

5th v e a r  28.97r 1 2.45" 1 O.W.46"  187.12 

* MeankSD; Values within rows with no common superscripts differ significantiy (P4.01) 
between different plots. 

" ( mean of release - mean of control) ' 100 
mean of control 



B. Annual diameter growth 

On the 91 experimental site, seedlings in the release plot had significantly (P<0.01) 

greater diarneter increases than those in the control plot each year since herbicide 

application (Table 3.7). The range of growth improvement due to herbicide application 

from 1992 to 1998 was 161.7% to 241.7%. The mean values of annual diarneter 

incrernents during 1992 to 1998 for seedlings in the release and control plots were 0.349 

cm and 0.1 12 cm, respectively. 

Between the release and control plots on the 93 experimental site, every year from 1994 

to 1998, annual diameter increment of seedlings in the former was also significantly 

iPcO.0 1 )  greater than that in the latter (Table 3.8). The range of growth improvement due 

to herbicide application from 1994 to 1998 was 94.7% to 161.7%. The mean values of 

annual diameter increment during 1994 to 1998 for seedlings in the retease and control 

plots were 0.402 cm and 0.174 cm, respectively. 

Considering the 9 1 and 93 experimental sites in combination, the 5-year results of annual 

diameter growth of seedlings are given in Table 3.9. Seedlings in the release plot had 

simificantly - (Pc0.01) greater annual height increment than those in the control plot in 

each of these 5 years. The range of growth improvement due to herbicide application was 

from 155.7% to 230.4%. 

The growth improvernent in terms of annual diameter increment was higher than that of 

annual height increment during the first four years after herbicide application. However, 

diameter growth improvement dropped below annual height increment by year 5 (Figure 

3.1 and 3.2). Lrnlike annual diameter growth. annual height growth continued increasing 

sach year of the herbicide application. 



Table 3.7 Annual diameter increment (cm) of black spruce seedlings on 
the 91 experimental site from 1992 to 1998, cornpared with the 
reiease and control plots. 

Year  91 experimental site 

Growth improvement(%) 
Release plot Control plot following herbicide 

application" 

MeanISD: Values within rows with no common superscripts differ significantly (Pc0.01) 
between different plots. 

" {mean of release - mean of controll '1 00 
meon of control 



Table 3.8 Annuol diometer increment (cm) of black spruce seedlings on 
the 93 experimental site from 1994 to 1998, compared with 
the release and control plots. 

Year 93 experimental site 

Growth irnprovement (%) 
Release plot Control plot following herbicide 

application- 

* MeanlSD: Values within rows with no cornmon superscripts differ significantly (Pc0.01) 
between different plots. 

" (mean of release - mean of contro1~'100 
mean of control 



Table 3.9 Annual diameter inuement (cm) d al1 biack spnice seedlings 
on the 91 and 93 experimental sites frorn the first to fifth year 
after herbicide (glyphosate) application, compared with the 
release and control plots. 

Year after Growth improvernent(%) 
herbicide Release plot Control plot following herbicide 
application application - 
1 st year 0.2991r0.309'. 0.1 t 71f0.065~ 155.56 

2nd year 

3rd year 0.382+a.l526 0.140kO.075~ 172.86 

4th year 0.385M.1 Sa 0.14910.081 158.40 

5th vear O.380kû.15Oa 0.1 1 5i0.052~ 230.43 

* MeankSD; Values within rows with no cornmon superscripts differ significantly (P<0.01) 
between different plots. 

" (mean of release - mean of controll 100 
mean of control 



O 4 d 

92 93 94 95 96 97 98 

Year attw herbicide application 

Figure 3.1 Annual height and diameter increment for the 91 
experimental site 



+ annwl height incrment(%) 

+annual diametcr incrernent(%) 

94 95 96 97 98 

Year after herbicide application 

Figure 3.2 Annual height and diameter increment for the 93 
experiment site 



3.4. Light-growth Relationship 

O n  each expenmental site, the light intensity (expressed as 5% full sunlight) in the release 

plot was significantly (Pd.00) higher than that in the conuol plot (Table 3.10). Seedlings 

on the 91 experimental site were under more intense cornpetition than chose on the 93 

experirnental site. 

Strong positive correlations were found between light intensity in the rniddle of the 

seedling ' s crown and each of the following variables: height (0.7 13). diameter (0.780). 

aboveground biomass (0.695). stem biomass (0.683). branch biomass (0.694). leaf 

biomriss (0.703 j, 1998 height incremenr (0.8 12). 

Regression equations. which express seedling growth variables as a function of light 

intensity, are reported in Table 3.1 1. According to these equations. Light intensity 

accounted for 52.3% of the variation in height, 60.8% variation in diameter, 48.7% 

variation i n  abovegound biomass, 47.0% variation in stem biomass, 47.8% variation in 

branch biomass, 49.7% variation in leaf biomass, and 61.7 '3 variation in 1998 height 

increment (Table 3.1 1 ). As rspected, height (Figure 3.3). diameter (Figure 3.4). biomass 

(Figure 3.5). and 1998 height increment (Figure 3.6) increased with the increase of light 

in tensity. 



Table 3.10 The light intensity (expressed as % full sunlight) on the 91 and 93 
experimental sites, compared with the release and control 
plots. 

Light intensity Release plot Control plot 

MeancSD; Values within rows with no common superscripts differ significantly (Pc0.05) 
between different plots. 

91 experimentd site 

93 experimental site 

55.-5.369"' 7.970 21 2.278" 

6ô.426+33.8 13" 21.13CJzk17.798" 



Table 3.1 1 Regressive equations*: growth variables of seedfings 03 vs. 
light intensity (X. % full sunlight). 

Growth variables No. of Regressive equation n R2 
equation 

Height (3.1) y=58.77*XJz' 1 -002 600 0.523 

Diameter (3.21 Yd.7 1 1 'X@ZO'"I .G05" 600 0.608 

Aboveground Biomass 13.3) Y= 1 -3 1 2'X' M'0.988x 600 0.487 

Stem biomass (3.4) Y=û.483'x1 710'0.988X 600 0.470 

branch biomass (3.5) Y=O. 200'X1 **0.986' bai 0.487 

leof biomass (3.6) y=0.678'x1 56"0.99CT 600 0.497 

1998 height increment (3.71 ~=2.358'~"'"0.998" 600 0.617 

Note: 
n= number of seedlings 
~'=corrected R-square 
* All regression equations are significant (P c 0.01) 



Figure 3.3 The relationship between k igM of seedling and the ligM 
intensity (% full sunlight). defined by equation [3.1] 

20 40 60 
% full sunlight 



Figure 3 -4 The relationshi p between diameter of seedling and the IigM 
intensity (% full sunlight). defined by equation (3.21 

O 20 40 60 80 1 O0 
% full sunlight 



Figure 3.5 The relationship between biomass of seedling and the IigM intensity 
(% full sunlight). defined by equation (3.31, [3.4]. (3.51 and [3.6] respectiireiy 

O 20 40 60 80 1 O0 
% full sunlight 



Figure 3.6 The relationship between 1998 height increment and the ligM 
intensity (% full sunlight). defined by equation [3.7] 

O 20 40 60 80 100 
% full sunlight 



3.5. Cornpetition intensity and growth response to cornpetition release 

The relarionship between the height at the year of herbicide application and the relative 

height growth rate (RHGR) of seedlings in the release plot was quantified for the 91 

experimental site (TabIe 3.12) and for the 93 experimental site (Table 3.13). The height at 

the year of herbicide application accounted for different percentages of the variation in 

the RHGR of the released seedlings depending on the year after the herbicide application. 

SimilarIy, the relationship between the height at the year of herbicide application and the 

RHGR of reIeased seedlings was quantified for the first 5 years since herbicide 

application for the 9 1 and 93 sxperimentai sites in combination (Table 3.14). The height 

at the year of herbicide application accounted for different percentages of the variation in 

the RHGR of the released seedlings depending on the year after the herbicide application. 

The RHGR of the released seedlings on the 91 and 93 experimental sites was negatively 

rdated to their initial height at the year of herbicide application (Figures 3.7, 3.8. and 

3.9). The shorter the seedlings were at the year of herbicide application, the higher their 

RHGR each year after herbicide application; in addition, the longer after herbicide 

appIication, the lower the RHGR. For example, seedlings' RHGR was the highest at the 

first year after herbicide application, whiIe it was the lowest at the fifth year after 

herbicide application (Figure 3.9). RHGRs for the second, third and fourth years were in 

between. Furtherrnore, there was no difference in RHGR regardless of the height at the 

year of herbicide application at the fifth year since herbicide application. 



Table 3.13 Regession equations for 1992 to 1998 for the released seedlings on the 9 1 

experimental site: annual relative height growth rate (RHGR) vs. height 

at herbicide application 

Year Regressive equation n R2 
1 992 Y=2.77 1 'XoS" 1 54 0.62 1 

Note: 
Y=initial height at the year when glyphosate application 
X=relative height growth rate (RHGR) 
n= number of seedlings 
RZ=corrected R-square 



Table 3.1 3 Regressive equations for 1994 to 1998 for the released seedlings 
on 93 experimental site: annuai relative height growth rate 
(RHGR) vs. height at herbicide application. 

Year Regressive equation n R2 
1994 ~ = 2 . 0 9 8 * ~ ~  148 0.729 

No te: 
Y=initiai height ot the year when glyphosate application 
X=relative height growth rote (RHGR) 
n= number of seedlings 
R2=correc ted R-square 



Table 3.14 Regressive equotions for first to fifth year for the released 
seedlings on 91 and 93 experimental sites: annual relative 
height growth rate (RHGR) vs. height at the herbicide 
application 

Year Regressive equation N R2 
1 s i  year Y=2.298'XCa 302 0.672 

2nd year Y=O.874*~"'~ 302 0.293 

3rd year Y=0.795'~-'= 302 0.379 

4th year Y 4 . 4  1 0 ' ~ ~ ' ~  302 0.127 

5th year y=0.238'xS-?' 302 0.006 

Note: 
Y=initial height at the year when glyphosate application 
X=relative height grow-th rate (RHGR) 
n= number of seedlings 
R2=corrected R-square 



Figure 3.7 The relationship between relative MgM growth rate (RHGR) and MgM at the 
herbicide application for black spnre  seedlings in the rebase plot on 91 
experimental site. defined by equations in Table 3.1 2. respectiirely 

O 20 40 60 
Total Height AT 1991 (cm) 

Note: Numbers cunes are representatie of different yean after herbicide 
application 



Figure 3.8 The relationship between reiative height growth rate (RHGR) and height at 
the herbicide application for bbck spmce seedlings on the release plot on 
93 experimentai site. defined by equations in Table 3.1 3, respective)y 

Total Height AT 1993 (cm) 
Note: Numben with cunes are representafive of different years after herbicide 

application 



Figure 3.9 The relationship between rebtive height growth rate (RHGR) and height 
at the herbicide application for black spruce seedlings in the release plots 
on 91 and 93 experimental sites, defined by equations in Table 3.14. 
respectiwly (first f ie-par rebtionship included) 

Total Height (cm) at herbicide application 
Note: Numbers w-th c u m s  are representative of 1 st, 2nd, 3rd. 4th and 5th year 

after herbicide applicatiori 



4. Discussion 

4.1 Current status of seedlings 

On both experimental sites, height, diameter, and biomass on the release plots were 

significantly (P4.000) greater than those in control plots (Table 3.2. Table 3.3). These 

results indicated that seedlings in the release plots responded significantly after herbicide 

application. The high percentage of growth improvement in height ( 1 17.5% and 7 1.2% on 

the 9 1 and 93 experimencai sites, respectively), diameter (148.3% and 104.3% on the 9 1 

and 93 experimental sites, respectively) and aboveground biomass (730.8% and 44i.3% 

on the 91 and 93 expenmental sites, respectively) (Table 3.2, Table 3.3) suggested that 

seedlings were under intense competition before herbicide application. Herbicide 

application significantly promoted the growth of the released seedlings. 

When considering vegetation competition, light is frequently reported as the rnost 

Iimiting factor for growth of crop seedlings (Radosevich et al. 1997). Strong positive 

correlations between light intensity and various growth variables were found in the 

pressnt study. Growth variables increased with the arnount of light received in the middle 

of the seedling crown (Figure 3.3, 3.4 and 3.5). These results suggest that the significant 

difference in height. diameter, and biomass between the release and control plots are 

attributable to different light intensity received by each seedling after herbicide 

application. 

Herbicide application caused the difference in light intensity between the release and 

control plots on each experimental site by killing (or weakening) cornpetitors (mainly 

trembling aspen and shrubs) of black spruce seedlings in the release plots. Black spmce 

seedlings, when released from the pressure of competition, could attain more or even full 

sunlight. compared to seedlings in the control plots. As a result, their growth was 

significantly increased. in contrast, black spruce seedlings in the control plots remained 

under intense vegeration competition. This cornpetitive pressure made them unable to 



capture enough light for their maximal growth. As a result, their growth was significantly 

suppressed. These results support the concept that black spruce seedlings can survive =d 

develop in low sunlight. but grow faster under full sunlight (Heinselman 1957; 1959, 

LeBarron 1948, Place 1955, Klinka et al. 1992). Therefore, the key to the successful 

establishment of spnice plantations in the boreal rnixedwood sites is to ensure that crop 

seedlings receive adequate light. It should also be noted that black spruce seedlings in this 

study were still in their juvenile stage of their life cycle with free (or indeterminate) 

growth. During this stage. favorable environmental conditions can stimulate more easily 

the flushing of elongation and radial growth than at any other stages of their life cycle 

(Bell 1991). Conversely, the lack of favorable environmental conditions at this time can 

more easily suppress growth than at any other stages of their life cycle (Logan and Pollard 

1976). Therefore, the significantly greater increase of height. diameter and aboveground 

biomass of black spruce seedlings in the release plots may be attributed to herbicide 

application. 

Seedling elongation (height) and radial growth reflect the relationship between the 

seedling and its growing environment. such as light, water and nutrients. A favorable 

orowing environment with sufficient resources (e.g. light, water and nutrients) promotes 
C 

fast growth. Usually, elongation growrh starts earlier than radid growth in each growing 

season (Belyea et al. 1951. Horton and Lees 1961). The rate of height growth figures 

strongly in the competitive ability of tree species (Harcombe 1987). So the change in 

height growth is fundamental evidence of environmental conditions which are k i n g  

changed or have been changed. On the other hand, diameter growth was found to be one 

of most consistent response variables to cornpetition (Morris et al. 1990). Together, the 

change in height and diameter growth best reflects the change of environmental 

conditions. Since the results of this study showed chat total height and diameter were 

significantly greater (Pc0.01) for seedlings in the release plots than in the control plots at 

both sites. it is evident that glyphosate application significantly improves resource supply 

by releasing seedlings from their cornpetitors rtt both sites. 



4.2. Annual height and diameter increment 

4.2.1 Annual height incrernent 

When considering the two experimental sites separately or in combination, annual height 

increment of the released seedlings was significantly greater (P4.01) than the unreleased 

seedlings for each year after herbicide application (Table 3.3, Table 3.5 and Table 3.6). 

The finding agrees with Reynolds and Roden (1996), who reported 3-year significant 

differences (PcO.0 1 ) in annuai height increment of black spruces between treatment and 

control. 

The 1998 height increment increased with the increase of light intensity (Figure 3.6). The 

result implied that the significant difference in annual height increment between the 

rslease and control plots was attributable to different light intensity after herbicide 

application. in other words, herbicide application released seedlings from their 

cornpetitors by allowing them to receive more light than those in the control plots, so 

annual height increment was significantly improved. 

The height of seedlings at the year of herbicide application is a reflection of competition 

intensity. Seedlings with greater initial height were under less pressure of competition; 

while seedlings with lesser initial height were under more pressure of competition. 

Vincent (1964) found, in a study on the competition between black spruce and speckled 

alder, that height growth was related to initial height and seedlings of the same initial s i te  

had a sirnilar response to release. Results from this study also indicated that seedlings 

under more intense competition responded more significantly to the release (Figures 3.7, 

3.5 and 3.9). 

As indicated by the relationship between height at the year of herbicide application and 

RHGR (Tables 3.13. 3.13 and 3.14). initial cornpetitive intensity affected the response of 

seedlings to herbicide. Figures 3.7, 3.8 and 3.9 display cIearIy that RHGR was negatively 



correlated with initial height at the year of herbicide application; the shorter the seedlings 

at the year of herbicide application, the greater their RHGR each year afier herbicide 

application. This indicates that seedlings under a heavier pressure of competition 

increased faster each year after release by herbicide application- This trend was 

signifiant during the first several years after herbicide application. This might be because 

seedlings growing in the shade were utilizing light more efficiently than those growing in 

full light (Logan 1969). As time passed. the negatively correlated relationship between 

RHGR and height at the year of herbicide application was gradually diminished and 

finally lost. The influence of initial competition on the response to herbicide application 

Iasted only 3-4 years. Height at the year of herbicide application accounted for 

approximately 30% to 67.2% of the variation in RHGR for the first three years after 

herbicide application (Table 3.14). For later years, only a very Iow percentage (0.6% to 

12.75%) of the variation in RHGR was accounted for by the height at the year of herbicide 

application. The curve for the fifth year in Figure 3.10 was essentidly flat. There 

seemingly was no difference in RHGR between seedlings with higher initiai height and 

those with lower initial height in fifth year after herbicide application. in general, the 

heavy competition resulted in the decrease of black spruce growth, while the release by 

herbicide application increased the light intensity thus promoted the growth of these 

seedlings. 

4.2.2 Annual diameter increment 

Diameter growth is one of the most consistent response variables to perenniai competition 

(-Morris et al. 1990). SimiIarIy to annual height growth. annual diarneter growth of 

released black spruce seedlings was significantly improved by herbicide spray 

application. When considering the two experimental sites separately or  in combination. 

nnnual diameter increment of released seedlings was significantly ( P 4 . 0 1 )  greater than 

unrelerised seedlings for each year during the whole study period (Table 3.7, Table 3.8 

and Table 3.9). The result agrees with Reynolds and Roden (1995). who reported the 



significant result (P<0.01) of annual diameter increment of black spruce during the first 

three year in their study. 

Annual diameter improvement was higher than that of annuai height improvement dunng 

the first four years d e r  herbicide application. The percentage of annual height 

improvement kept increasing, while the percentage of annual diarneter improvement 

decreased and even becarne lower than that of annual height improvement after four yean 

(Figure 3.1 and 3.2). This result implied that the diameter growth of seedlings was more 

Iimited than height growth under heavy competition. At the time of herbicide application 

in the study. black spmce seedlings had finished their bud development. Since the fint 

year heighr increment was dependent on the buds formed the year before herbicide 

application. it is reasonable that the percentage of annual diarneter improvement was 

higher than that of annual height improvernent at the first year after herbicide application. 

However. the consistently lower improvement in height growth for the next three years 

suggested that diameter growth had low pnority in carbon allocation when seedlins were 

facing intense light competition. With the increase in light. the height to diameter ratio of 

black spmce seedlings significantly (r = 0.540. P c 0.001) decreased in the study. 

.Although seedlings in the relcase plots on the two experimental sites were comparable in 

the arnount of Iight received, seedlings of the control plot on the 9 1 experimentai site 

received much less sunlight in 1998 than those on the 93 expenmental site. This 

suggested that seedlings of the control plot on the 91 experimentai site were under more 

intense competition compared to those on the 93 experimental site. at least in 1998 and 

perhaps in previous years as well. This difference in cornpetition intensity likely resulted 

in the difference in growth response between the two experirnental sites. Compared to the 

93 experimental sites. a much greater improvement in height (Tables 3.4 and 3.5) and 

diametrr (Tables 3.7 and 3.8) incrernents was observed on the 91 experimental sites when 

considering only 1998 or the period from herbicide application to 1998. 



5. Conclusion 

1)  GIyphosate spray application at a concentration of SUha significantly increased the 

growth of treated black spmce seedlings in height, root collar diameter, biomass and 

annual height and diameter incrernent. 

2) Height, root coilar diameter. biomass and 1998 height increment were strongly 

correlated with the light intensity at the middle of the seedling's crown, which suggested 

that the significant improvement in height, diameter, and biomass of the treated seedlings 

was mainly attributable to the increase in the amount of light after glyphosate spray 

application. 

3) Diameter growth improvement due to herbicide application was greater thm height 

orowth improvement for the first four years after herbicide application, which suggests 
CI 

that diarneter growth has a lower prionty of carbon allocation when seedlings were facing 

intense competition for light. 

4) hitial cornpetitive intensity significantly affected the height growth response of treated 

seedlings for 3-4 years. During the fint 3-4 years afier glyphosate spray application, 

seedlings under a heavier pressure of competition grew faster each year after k i n g  

released by glyphosate application. The shorter the seedlings were at the year of herbicide 

application, the greater their relative height growth rate (RHGR) every year of the first 3- 

4 years after herbicide application. 
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