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Abstract 

Initial s w i v d  and early seedling establishment are related to the physiological, 

morphological, and nutritional status of the planting stock when outplanted on cutover 

systems typically low in nutrients and available moishue. Approaches to produce bener 

seedlings for these sites have k e n  proposed. One involves the use of different nutrient 

regimes during seedling production as a way to increase establishment, survival, and growth. 

Traditionaiiy, seedlings are fertilized using a conventional regirne where the sarne amount 

of fertilizer is applied for each application during the production cycle. Another method, 

known as an exponential regime. tailors the nutrient supply to meet the demand of the plant. 

Jack pine seedlings wen grown at the Great Lakes Forestry Centre greenhouse in 

1994 under a conventional (CON), exponential (EXP), and halftxponential (H-EXP) 

nutrient regime. Initially, CON treated seedlings were greater in height and diameter and had 

twice the biomass of EXP and H-EXP treated seedlings. EXP treated seedlings had higher 

nutrient reserves and a lower shootxoot ratio than CON treated seedlings. Fifty days after 

outplanting. root, stem, needle, and total relative growth rates (RGRs) were significantly 

greater in EXP treated seedlings than CON and H-EXP treated seedlings. Foliar nutrient 

concentrations decreased during this period for each seedling. Subsequent harvests, however. 

showed no significant differences in biomass or relative growth rates for CON and EXP 

treated seedlings in the field or container study. H-EXP treated seedlings were unable to 

match the biomass and height nached by these hwo nutrient regimes. In the fall, total dry 

weights of CON treated seedlings were slightly greater than the EXP treated seedlings; both 

were significantly greater than H-EXP treated seedlings in the field. In a parallel container 
a 

study. total dry weights of EXP treated seedlings were slightly greater thaa CON treated 

seedlings and significantly greater than H-EXP treated seedlings. Regular watering of the 

container study encouraged EXP treated seedling growth to meet and surpass CON treated 

seedling biomass and height. 

in contrast to this, a drought cycle was imposed to mùnic late summer drought 

conditions in the field. During a severe drought, xylem water potential (yxy,) and stomatal 



conductance (gJ responded similarly for ail seedlings regardless of the nutrient regime. Once 

rewatered. differences were observed in the stornatfl conductances one week following 

seedling recovery. CON treated seedlings had p a t e r  g, than the EXP and H-EXP treated 

seedlings. After 3 weeks, seedling mortality was not significantly different among the three 

nutrient regimes. 

Although the outplanted seedlings responded similarly to drought, a duplicate jack 

pine crop grown under greenhouse conditions, and before outplanting, showed that EXP 

treated seedlings had significantly higher photosynthetic rates (A) than CON treated 

seedlings. H-EXP treated seedlings consistentiy had intermediate photosynthetic rates. H- 

EX. treated seedlings consistently had higher dark respiration rates (RJ followed by EXP 

and then, CON treated seedlings. After 54 h of darkness. R,, rates remained constant at 0.78, 

0.62, and 0.56 pmol rn-*s" for H-EXP. EXP. and CON treated seedlings, respectively. 

Similar % rates measured at 74 and 98 h of darkness suggest strongly that these values are 

the minimum maintenance respiration level for these jack pine seedlings. These results 

suggest that EXP and H - U 8  treated seedlings have a physiological advantage compared to 

CON treated seedlings prior to outplanting. 

Higher nutrient reserves, A, and & rates prior to outplanting may be responsible for 

the increased growth rates and biomass accumulation seen during the establishment of 

seedlings. This may be critical to seedling survivd especially when exposed to low 

temperatures or drought soon after outplanting. Once established, growth and physiological 

responses such as the response to drought are limited by site conditions. 
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Chapter 1 

General Introduction 

Public pressure and govemment legislation in the last decade have changed the way 

that the forest industry functions in Canada. Concerns about the protection of renewable 

naturai resources and a new emphasis on 'sustainable forestry' have revealed a number of 

potential problerns associated with past and present forestry practices including the issue of 

reforestation. 

In the current climate of govemment fiscal restra.int, most of the responsibility for 

regenerating and managing Canada's forests has been given to the logging companies 

themselves (CFS 1994). These responsibilities include the production of seedling stocks, site 

preparation, planting, and thiming of stands. 

Currently, forest renewal is the most pressing problem facing forest managers in 

Canada (Fellows 1986; Payandeh and Wood 1988). In 1994, The State of Canada's Forests 

reported that only 34% of the harvested lands had k e n  reforested either through planting, 

or through seeding, or both. The remaining areas were left to regenerate naturally after some 

site preparation. These areas, however, regenerate poorly and are designated as lands that are 

non-sufficiently regenerated (NSR) at least with respect to commercial species. According 

to the State of Canada's Foresu report (1994). areas growing non-commercial species have 

incnased fiom 1.1 million to 2.5 million hectares during a fifieen year period. A total of 1.4 

W o n  hectares (approximately 93,000 ha/yr) were added to the growing backlog of lands 

that had been not ngenerated with commercial species more than 10 years after hantest (CFS 

a 1994). With an increasing global demand for wood and the emphasis on sustainable 

development, both industry and govemment must balance protecting Our forests with 

expanding timber production (CFS 1994). To this end, large sums of money are invested 

annually in forest regeneration. 

Research in reforestation is intensifying given the number of different sites and 

species involved (Stewart pers. corn). More information on the environmental effects of 

harvesting practices and the effect they have on future regeneration of commercial timber 



species, especially conifers, is needed to develop good forestry practices. Common obstacles 

to ngeneration iuclude the susceptibility of young seedings to extreme environmental 

conditions, either nutrient-poor or acidic soils, and competing vegetation. In addition, 

economically viable solutions must be found to overcome the diffculty of planting on 

cutover sites with shallow soiis, and the need to reduce or find alternatives to the use of 

herbicides and chexnical pesticides (CFS 1994). Solutions to these problems, for logging 

companies attempting to regenerate cutover lands, will take time and will corne primarily 

through silviculturai studies. 

Jack pine (Pinus banksima Lamb.) is the second most important species harvested 

in Ontario, compnsing 34.3% of the total conifer species cut and is extensively utilized for 

lumber and pulp (Ontario Ministry of Natural Resources 1990). In Ontario, 60% of the lands 

artificially regenerated annually are either seeded or planted with jack pine (Morris and 

Forslund 199 1). Jack pine is a prefemd commercial species for regeneration because it can 

grow in a wide range of soi1 types (Fowells 1965) and is considered one of the fastest 

growing boreal conifers during the fint twenty years after planting (Kabzems and Kirby 

1956). Jack pine is also tolerant of adverse conditions attributed to large scale disnubances, 

such as fue and clear cutting. 

Newly outplanted seedlings in general. however, are susceptible to numerous 

environmentai conditions on cutover sites. For example, Williston (1972) reported that over 

a 16 year pend 57% of fust-year mortality in pine plantations was due to drought. 

Limitation of water and nutrients are common to cutover areas and can decrease seedling 

survivorship and growth. Research to determine what factors lirnit or increase survival, 

establishment, and performance of conifer seedlings in the field is a first step to addressing 

the problem of regeneration. One proposal to produce better seedlings recommends the use 

of different nutrient regimes during the production phase (Timmer and Armstrong 1987). if 

advantages arr accrued to these seedlings by altering their rearing conditions such as the 

nutrient regime, this may be a logical step towards resolving problems in regeneration. 

In traditional seedling production, seedlings are fertilized by adding the same amount 

of nutrient at each application throughout the production cycle. This method is referred to 



as a conventional nutrient regime. An alternative method of fertilizing seedlings which is 

gaining interest is the exponential nutrient regime. h.this regime, plants are grown so that 

the nutrient demands of the plant are met continuously throughout the growing process. 

Initially, seedüngs receive very littie nutrient but as they grow more fertilizer is given to meet 

the increase in demand. Thus, fertilizer applications follow the growth curve of the seedling. 

Timrner and Armstrong (1987) proposed the use of the exponential nutrient regime instead 

of a conventional regime as a way to produce superior seedlings with increased nutrient 

reserves and initial growth. 

To date. preconditioning of seedlings during their production cycle has been 

successful in improving outplanted survival and performance of seedlings in many tree 

species (Burgess 199 1). Studies by Timmer and Armstrong ( 1987) and MacCarthy (199 1) 

have pccxiuced exponentiaily grown seedlings with lower shoot:mt (SR) ratios (i.e. the root 

biomaîs is greater relative to the above-ground biomass of conventionally grown seedlings). 

higher nutrient reserves, and improved nutrient balance. What advantages do these 

characteristics give seedlings planted on nutrient-poor sites and how persistent is the 

preconditioning effect of the nutrient regime? 

The primary objective of this study was to evaiuate the effect of the initiai nutrient 

regimes on the performance of outplanted jack pine seedlings. Answenng the four following 

questions will determine whether there are advantages to producing exponentially grown 

seedlings: 

Does the initial nutrient regime affect growth, establishment. and survival 

throughout the fmt growing season? 

Does the nutrient regime enhance foiiar nutrient concentration within the seedling 

throughout the fmt growing season? 

Does the nutrient regime enhance drought tolerance of well established seedlings 

under a controlled environment? 

Does the nutrient regime affect carbon gain (photosyuthesis) or carbon loss 

(respiration) under ideal conditions fier gmnhouse production? 



Preface 

The following section was written to give the reaàer background information and an 

overview on nutrient regimes used in nurseries and what effects these production regimes 

have on seedling growth. Three major sections discuss the differences between the nutrient 

regirnes, the importance of nitrogen in relation to physiology and finally drought tolerance, 

or drought response. of conifer seedlings. The objective is to provide the reader with an easy 

to understand and progressive text. The intent is to highlight the fundamental principles and 

complexities associated with each major topic and how they relate to the performance of the 

outplanted seedlings. 



Chapter 2 

Litetahire Review 

Seedling production 

Each year, more than 500 million seedlings are grown in nurseries across Canada 

Recent production methods such as container-based nurseries place seeds in specially- 

designed containers such as FH408 Japanese paperpots filled with a horticulturai peat moss 

and mixed with either perlite or vermiculite. Peat moss is chosen because it is light (in 

weight), has desirable physical properties for root development, o high water holding 

capacity, a high cation exchange capacity and provides an acidic growing medium necessary 

for conifer growth (Brix and van den Dnessche 1974, Tinus and McDonald 1979; McCarthy 

199 1). Container seedlings are grown in a greenhouse under carefully controlled conditions 

for a period ranging from 13 to 16 weeks. Before shipment to the field for outplanting, the 

seedlings are either stored outside for 2 weeks (current stock) or they are left in a holding 

ana to overwinter (overwinter stock). This allows the seedlings to become acclimated to the 

outside environment. This phase in production is known as 'hardening' of seedlings. 

Through cumnt practice, growers and nurseries are able to produce high quality 

seedlings by maintainhg a high degree of conml over the growing environment and nutrient 

supply. Nutritional regimes for growing trce seedlings have k e n  the subject of a gnat ded 

of research (Timmer and Amutrong 1987; Troeng and Ackzell 1988; Burgess 1991; Stewart 

and Lieffers 1993; Brown et al. 1996). Different mixes of nutrients have been descnbed to 

suit different stages of seedling growth (Hoagland and Amon 1938. Epstein 1972; Ingestad 

1979; Carlson 1983). 

Conventional nutrient regime 

Traditionally, conifer production in nurseries is based on a standard fertilizer 

schedule that involves a constant nutrient addition. This @me is referred to as a 

conventional nutrient regime; it requires no change in the nutrient solution over the period 



during which the seedlings are grown. Timmer et al. ( 1991) describe a conventional nutrient 

regime by a simple model: 

NT=N, x t 

where NT is the total amount to be added over the season (i.e. 40 mg Nlseedling) and N,is 

the quantity applied on a specific day determined frorn the number of nutrient applications 

(t). The conventionai nutrient regime has drawbacks with respect to sustained growth and 

nutrition. Early in the production cycle, seedlings receive a higher application of nutnents 

than is required, owing to the fact that their demand is small. Later on in the cycle, seedlings 

receive fewer nutrients when their demand is high. Ingestad and Lund (1979) argue that when 

such overdoses are applied to seedlings early in their development, toxicity and lethal effects 

may result because of high externai salt concentrations. In the latter part of the production 

cycle. nutrient limitations or deficiencies may occur because seedling nutrient demand is not 

met by the stable nutrient supply. Seediings are either over- or under-supplied with nutrients, 

and optimum growth is not rnaintained (Ingestad 1982). 

Exponential nutrient regime 

Another nutrient regime, which purports to meet the nutritional demands of seedlings 

throughout their production cycle, is the exponential nutrient regime. This method of 

supplying nutrients arises as a consequena of adapting the concept of steady-state nutrition 

proposed by Ingestad (1982). Plants are grown with constant intemal nutrient concentrations, 

free fkom nutrient stress, by adding nutrients at an exponential rate rather than at a constant 

rate. To determine the amount of nutrient addition required for each application, the 

following equation from Ingestad and Lund (1979) was used as follows: 

NT = Ns (eM'- 1)  

where RAR is the relative addition rate required to hcrease Ns, the initial level of nitrogen 

(N), to a fmal level NT + Ns, where NT is the arnount of nitrogen to be added (i.e. 20 or 40 

mg N/seedling) for the following number of fertilizer applications (t). Drawbacks of this 



regime, are the requinment for constant monitoring of seedling intemal nutrient 

concentrations, continuous changes in the nutrient sol~tion, and high initial equipment costs. 

Conventionai vs. Exponentional nutrient regime 

The exponential nutrient regime parailels more closely natural conditions present in 

the field than does the conventional regime. For example, lower nutrient concentrations used 

initially with exponential nutrient scheduies match field soil solution concentrations (Linder 

and Rook 1984). The exponential nutrient delivery to restricted mot systerns within the small 

growth containers also simulates the nutrient flux achieved by expanding mots in a field soil 

with constant nutrient availability (Ingestad 1982). Overall. seedling growth and 

development occurs with a stable, intemal nutrient accumulation that conforms with steady- 

state nutrient uptake of natural, exponentially-growing seedlings in the field (Pettenson 

1986). These similarities to a field situation may condition or prepare seedlings for their 

future outplanting site. Timmer et al. (1991) suggest that this conditioning explains the 

improved growth performance of exponentially grown seedlings. 

Timmer and Armstrong (1987) fertilized red pine (Pinus resinosa Ait.) seedlings at 

an exponential rate and produced acceptable seedlings using only 25% of the fertilizer 

arnount typicaiiy used in Ontario production greenhouses. Superior quality nd pine seedlings 

were produced with respect to height, dry matter. root ana, nitrogen (N) k d  phosphorus (P) 

concentration, when grown using an exponential nutrient regime. In another study by 

MacCarthy (1991). biomass differences (Le. dry weights) were not evident between 

conventional or exponentiaily fertilized black spruce (Picea manana W1l.J B.S.P) seedlings 

at the end of the rotation. The exponentially grom seedlings, however. contained more N 

than the conventionaily grown secdlings. 

Seedlings that have acquired concentrations of nutrients during the production cycle 

that are in excess of the optimum are considered to be 'nutrient loaded'. In the present work, 

'nutrient loading' assumes an increase in the level of a nutrient, or nutrients above. the 

optimal requirernent without causing detrimental effects to the plant. If 'nutrient loading' of 

seedlings occurs during the production cycle. it is important to understand the nature and 



duration of its effect on seedling growth and establishment. 

Nitrogen and physiology 

Growth rates of woody plants depend on both the rate of photosynthetic carbon gain 

and the availability of essential nutrients, particularly nitrogen (N) (Kirsc hbaum et al. 1994). 

Photosynthesis is the process whereby the physical energy of sunlight is capnired and 

converted to chernical fom as carbohydrate. These carbohydrates are then converted into 

other cornpounds by various biochernical reactions that permit nutrient uptake and 

assimilation and reproduction by the plant (Lawlor 1995). Many studies have shown that 

increases in tissue nitrogen correlate with increased photosynthetic rates and growth rates 

(Gleeson 1993). This relationship is reflected in the fact bat N availability is the major factor 

limiting plant growth in many natural and agricultural environments (Robinson 1986). This 

is primarily because the photosynthetic system of a plant is dependent on the concentration 

of nitrogenîontaining enzymes, pigments, and electron transport components within leaves 

(Evans 1989; Reich et al. 1995). 

Photosynthesis and the resuitant growth are responsible for dry matter production 

(DMP) in plants (Evans 1989). Yet, surprisingly, plants oniy show a strong correlation 

between photosynthesis (A) and DMP in warm, high radiation environments (Gifford 1974; 

Evans 1993; Lawlor 1995). in many situations, DMP and net A are poorly comlated (Elmore 

1980; Evans 1983, 1984, 1993; Lawlor 1995). The reasons for this poor correlation are 

cornplex, but are probably attributed to other environmental factors (drought, temperattue) 

and physiological processes (respiration, ribulose- 1 J-biphosphate (RuBP) capacity), or the 

development of orgaas (leaves, fniits, and bu&) that influence growth and DMP (Bingham 

1969; Evans 1983; Lawlor 1995). 

Respiration is defîed as the conversion of carbohydrates into a source of energy 

(ATP) and substrates for growth and maintenance of existing plant structures. The 

preceeding defuiition separates respiration, huictionaiiy, into growth and maintenance 

components (Lawlor 1995). The developmental stage of the plant detennines the relative 

importance of each component. For exarnple, growth respiration is large (80% of total 



respiration) in the phase of vegetative growth. decreasing during reproductive growth to 20% 

with maintenance respiration changing nciprocally. . 

The rate of dark respiration (%) of leaves is ofien positively correlated with nitrogen 

concentration (Bouma et al. 1995; DeVisser et al. 1992). This relationship exists because 

nitrogen-based amino acids are essential for protein turnover and synthesis in plant growth. 

Furthexmore, an increase in carbohydrates, owing to a higher N and photosynthetic rates, 

supplies the plant with additional substrate for dark respiration. which is of great importance 

for biomass production (Lawior l99S). 

Drought tolerance or drought response of conifer seedlings 

The interaction ktween plant nutrition and drought response in conifer seedlings is 

cornplex. Before discussing the effect of nutrient regime on seedling survival following 

drought, it is necessary to define and discuss how plants respond to drought. 

On a global basis, drought limits plant growth and crop productivity mon than any 

other single envuonmental factor (Boyer 1982). Drought is a meteorological occurrence, 

usually described as a pend without rainfall that is of sufficient duration to cause depletion 

of soi1 moisture. Drought stress is a term that plant physiologists use to describe both 

environmental and plant-water deficits. While the seasonal timing and quantity of 

precipitation are obviously of major importance, other environmental factors c m  also cause 

drought stress. High winds, low relative humidity, reduced CO2, and high temperature al1 

have the potential to induce rapid water loss. High irradiance exacerbates al1 of these effects 

because of the influence of light on stomatal aperture (Reid et al. 199 1). 

Drought resistance in forest species may be achieved by two basic strategies, 

dehydration avoidance and dehydration tolerance (Kramer and Kozlowski 1979; Levin 1980; 

Kramer 1983; Newton et ai. 1991). Dehydration avoidance is accomplished by maintainance 

of high tissue water potentials ihrough the regulation of water uptake and loss (Kramer and 

Kozlowski 1979; Newton et al. 199 1).  Maximov (1929) described two kinds of dehydration 

avoiders: (1) water savers, which avoid drought by conservation; (2) water spenden. which 

avoid drought by absorbing sufficient water to keep up with losses. Dehydration tolerance, 



however, is accompiished by plants that tolerate low tissue water potentials and have a 

degree of cellular resistance that pemllts swival of plqnts in a dry environment (Kramer and 

Kozlowski 1979; Newton et al. 199 1). 

Coniferous seedlings may employ both strategies (dehydration avoidance and 

tolerance) and undergo a variety of morphological, biochemicd, and biophysical changes in 

response to moisture stress (Marshall et al. 199 1). Differentid drought resistance of conifer 

species is well documented and linked to species segregation across habitats varying in soi1 

moisture availability (Heth and Kramer 1975; Pereira and Kozlowski 1977b; Brix 1979; 

Livingston and Black 1987; Pailardy et al. 1995). For example, Grossnickle and Blake (1985 

and 1986) found that outplanted jack pine seedlings had greater stomatal control (i.e. were 

not as sensitive to changes in evaporative demand) and they produced more new rwts, which 

resulted in lower levels of daytime plant moisture stress, than black and white spruce 

seedlings. 

Seedling response to drought involves many complex activities at the cellular level. 

For example, the initial plant response to a lessened water supply is through turgor 

maintenance. The plant attempts to maintain turgor by either osmotiç or elastic adjustment. 

Osmotic adjustment is accomplished by the production of solutes with high water-binding 

capacity. In contrast, elastic adjustment is accomplished by the relaxation of the ce11 wail 

(Jones et al. 1981; Teskey and Hinckley 1986), both serve to maintain turgor. If turgor 

cannot be maintained, a reduction in turgor pressure occurs, which quickly reduces ceIl 

expansion and growth (Reid et al. 1991). 

Drought responses aiso involve complex activities at the organ level. At the leaf 

level, stomata constitute the major path of water loss accounting for 80420% in temperate 

tree species (larcher 1983; Tan 1992). Reducing transpiration by stomatal closure, therefore, 

provides the most effective conml over water loss during drought. Although the mechanisms 

for stomatal regulation are elaborate, there is agreement that abscisic acid ( M A ;  a plant 

hormone) can regulate stomatai behaviour during soi1 dryness (Schulze 1986, Harris and 

Outlaw 199 1; Zhang and Davies 1990, Tan 1992). Morphological features of mes can also 

play an important role in drought avoidance. For example, heavy wax deposits on leaves or 



in stomatal cavities, orientation of needles towards the light, and expansive root systems are 

a few rnechanisms used to avoid drought (DeYoe 1986). 

Nitrogen supply and drought stress have seldom been examined together to assess 

their potential for interaction (Stewart and Lieffea 1993). Various studies have shown 

contraàictory results with respect to conifer seedlings. For example, nitrogen fertilization has 

k e n  shown to increase rnidday xylem water potential of Scots pine (Pinus sylvestris L.) and 

in Douglas fu (Pseudotsuga menziesii Mirb.) (Hillerdal-Hagstromer et al. 1982; Brix and 

Mitchell 1986). Timmer and Miller (1991), however, found no increase or differences in 

xylem water potential of conventional or exponential treated red pine (Pinw resinusa Ait.) 

seedlings. A study by Stewart and Lieffen (1993) on lodgepole pine (Pinus contorta var. 

larifolia Engelm.) seedlings recommended preconditioning with a low nimgen addition rate 

because of the beneficial effect it had on drought resistance. It is apparent that research is 

needed to understand how seedling nitrogen status and drought intetact. 

Levitt (1980) reports that stress events registered by the seedling reflect imbalances 

or extremes in temperature, water, nutrien&, light, soi1 and atmospheric chemistry, and 

physical conditions. This provides us with a means and justification to precondition seedlings 

to their environment prior to outplanting. The advantages of additional nutrient nserves and 

an improved physiological status are increased photosynthesis, growth respiration, and 

drought resistance that are key to survival and growth performance. Environmental 

conditions and nutrient regime received during the greenhouse rotation are critically 

important to future growth and development (Kramer and Kozlowski 1979). 



Preface 

Research into the regeneration of conifer seedlings on nutrient-poor cutover sites is 

essential. An understanding of how the initial nutrient regime used in seedling production 

affects jack pine survival, establishment, and growth c m  guide nurseries to tailor seedling 

physiology, morphology, and nutritionai stams to specific outplanting sites. This chapter 

represents the bulk of my work dealing with the outplanting performance of conventional, 

exponential, and half-exponential treated jack pine seedlings during their fust field season 

at the Island Lake Tree improvement Area. A parallel study on poned seedlings under 

optimum conditions was carried out in an outdwr holding facility at the Great Lakes 

Research Centre. Results frorn both experiments suggest that exponential nutrient regimes 

c m  enhance outplanting performance in the field, especially on nutrient-poor sites. 



Chapter 3 

Effect of nutrient regime on growth of outplanted jack pine seedlings: Field and container 
s tudies. 

Abstract 

Jack pine (Pinus banhiana Lamb.) seedlings grown under conventional (CON), exponential 

(EXP), and half-exponential (H-EXP) nutrient regimes were outplanted and potted in 

nutrient-poor soils to determine how the initial nutrient regimes influence survival, 

establishment, and growth after planting. Pnor to planting, CON treated seedlings were 

greater in height. diameter, and biomass. Stem allocation in CON treated seedlings was 

significantly greater compared to the other regimes when accounting for seedling size. In 

contrast, EXP treated seedlings had larger nuuient reserves and a lower shoot:root ratio. 

Preconditioning with an exponential nutrient regime increased foliar concentrations of P, Zn, 

Mn, and S. Nutrient values of H-EXP and CON treated seedlings were sirnilar except for Ca, 

Mg, and Mn. Fifty to sixty days after planting, field and potted EXP and H-EXP treated 

seedlings had significantly greater seediing relative growth rates (RGR) compared to 

conventionally grown seedlings. During this same period, foliar nutrient concentrations for 

al1 seedlings dropped 62%, 69%- and 54% for N, P, and K, respectively. Subsequent 

harvests, after 50 to 60 days, showed no significant difierences in RGR between EXP, H- 

EXP, and CON treated seedlings. H-EX. grown seedlings remained significantly smaller 

than EXP and CON treated seedlings throughout the study. Overall, preconditioning 

seedlings with an exponential nutrient regime provided additionai nutrient reserves needed 

during the critical phase of establishment when either environmental stresses or nutrient-poor 

conditions limit survival and growth. 



Introduction 

Jack pine (Pinus bmksima Lamb.) can grow on a wide range of soi1 types (Fowells 

1965) and is considered one of the fastest growing boreal conifea during the first twenty 

years after planting (Kabzems and Kirby 1956). This characteristic rapid growth has 

contributed to the selection of jack pine for regeneration purposes whenever site conditions 

are suitable. In Ontario, 60% of the lands artificially regenerated on an annual basis are either 

seeded. or planted, with jack pine (Morris and Forslund 199 1). 

Cutover areas currently king reforested, however, are charactenzed by soils typically 

low in nutrients and available moisture. The marginal nutrient statu of these sites dong with 

their harsh environmentai conditions may limit jack pine swival and outplant performance. 

One suategy to improve early seediing swival and growth on nutrient-poor sites is 

preconditioning with a nutrient regime during the production phase. Plants can be 

preconditioned to tolerate a particular stress by subjecting them to moderate levels of the 

same, or similar, stress (Levitt 1980). Reconditioning stresses, such as reduced nitrogen (hi) 

and water supply are cornrnonly used during the production of conifer seedlings and have 

irnproved the subsequent survival and performance (Stewart and Lieffers 1993). 

Two nutrient regimes that have been utilized during seedling production are defined 

as conventional and exponentiai nutrient regimes. Conventionai regimes involve addition of 

the fertilizer at a constant amount at each application, whereas an exponentiai regime follows 

the nutrient demand of the plant. Initially, very littie fertilizer is applied; then as the plant 

grows, mon fertilizer is applied in an exponential fashion. Nutrient loading of seedlings cm 

be achieved by exponentially increasing fertilizer addition during nursery production. 

Nutrient loading is defined as supplemental fertilization to build up nutrient reserves for 

irnproving seedling outplanthg response (Simpson 1988; Tirnmer and Munson 199 1). in 

general, nutxient loading assumes an increase in the level of a nutrient, or nutrients, above 

the optimal requirement without causing detrimental effect to the plant. 

Research on a number of different conifea has revealed contlicting results with 

respect to the use of the exponential nutrient regime. Red pine (Pinus resinosa Ait.) seedlings 



under an exponential nutrient regime exhibited greater growth and increased nutrient content 

prior to and after planting when compared to conventiondly treated seedlings (Miller and 

Timmer 1994; Timrner and Armstrong 1987% 1989). Troeng and Ackzell(1988) obtained 

sirnilar results with Scots pine (Pinus sylvestris L.) seedlings. Black spruce (Picea mariana 

[Mill.] B.S.P) seedlings, however, showed no morphologicai diEerences between 

conventionai and exponentiaily fertilized seedlings after their production cycle (MacCarthy 

199 1 ; Timmer et al. 199 1). Inconsistent nsults were found between these two studies with 

respect to the nutrients. MacCarthy (1991) produced EXP treated seedlings that contained 

more N than their conventionally grown counterpart. In contrast, the exponential nutrient 

addition failed to induce nutrient loading in black spruce seedlings (Timmer et al. 199 1). 

The variation seen within the previous s u e s  reinforces the need to understand the 

effect of a nutrient regime on different conifer species. In addition, Rook (1972) cautioned 

that preconditioning effects are known to change with time for various stresses (i.e. drought. 

nutrient limitation, cold storage). Stewart and Lieffen (1993) found that nitrogen and 

watering preconditioning effects on lodgepole pine (Pinw conforta var. latifolia Engelm.) 

seedlings persisteci for at least 6 weeks. Further investigations are needed to determine how 

long preconditioning effects influence seedling growth. 

The a h  of this study was: to determine how the nutrient addition regime influences 

growth, survival, and nutrient stanis of jack pine seedlings, outplanted on a nutnent-poor 

field site and under optimum conditions in an outdoor holding ana. 



Methods and Materials 

Greenhouse production 

Jack pine seeds, coiiected fiom the Chapleau District, were sown in FH408 Japanese 

paperpots (Lannen Tehtaat Oy, Shkylii, Finland) (70-cm3 cavities; 336 per tray; 3.8 cm in  

diameter x 7.5 cm height; 9.4 cm2 surface area) in mid-February at the Great Lakes Forestry 

Centre (GWC) greenhouse in Sault Ste Marie, Ontario, Canada (46'30' N 8420' W). 

Germination success for three replicates of 100 seeds was 92.5%. Eighteen trays wen filled 

with a mixture of peat:vermiculite (3: 1 ratio, by volume) and covered with a thin layer of 

coasse silica grit. S d n g s  were grown for 13 weeks under three different nutrient regimes: 

conventional, exponential or halfexponential. The halfexponential regime was included to 

strenghten cornparisons between the conventional and exponential nutrient regirnes. Seedling 

trays were randornly assigned to a nutrient regime (Fig. 2). Moistened peat trays with non- 

experimental seedlings surrounded each seedling tray to limit the moistue gradient and 

ensured similar tray microenvironments. Seedling trays were not re-randomized periodically 

during the production cycle to prevent compaction of the growing medium. Nutrient addition 

began when seedlings were 2 weeks old. The fertilizer schedule is included in Figure 1 and 

Appendix 2A. Fertilizer composition is indicated in Appendix 2B. Seedlings were watered 

regularly and nuüient solutions were added every 3 to 7 days depending on the moisture 

levels of the trays. Seedlings were grown in a glas  greenhouse under an 18 h. extended 

photoperioci provided by Multi-vapor MV lOOO/BU/l lamps (General Electric, USA) and a 

daylnight air temperature of ZOUl 8°C. 

In total, conventional and exponential treated seedlings received 40 mg of 

nitrogenlseedling whereas half-exponential treated seedlings received 20 mg of 

nitrogenlseedling. The nitrogen supplied was based on preliminary studies and the 

assumption that ai l  nitrogen supplied was utilized by the seedling. The exponential and half- 

exponential nutrient regimes were modified so that a p a t e r  portion of N was provided 

earlier in the gmwth cycle (Fig. 1). However, we have continued to refer to these treatments 

as exponential and half-exponential. The constant rate of nutrïents added for the conventional 



nutrient regime was calculated with a simple equation from Timmer et al. (1991): 

(1) NT=Ntx t  

where NT is the total amount to be added over the season (40 mg Nheedling) and Nt is the 

quantity applied on a specific day determined from the number of fertilizer applications 

(t=19). To detennine the rate of nutrient additions required for the two exponentiai nutrient 

regimes at each application, the foliowing equation from Ingestad and Lund (1979) was used 

as follows: 

(2) N,=N,(~-'-1) 

where RAR is the relative addition rate required to increase Ns, the initial level of nitrogen 

(N), to a fuial level NT + Ns, where NT is the amount of nitrogen to be added (40 or 20 mg 

of nitrogen) for the following number of fertilizer applications (t=19). Two weeks after 

germination, the initial level of nitrogen (N,) in jack pine was 0.13 mg Nlseedling (see 

Appendix 3 for procedure). 

Biomass assessrnent after greenhouse production 

After completing a 13 week production cycle. 30 randornly selected seedlings were 

harvested to assess the biomass and the nutrient content of the needles for each nutrient 

regime. Ail other seedlings were bansfemd outside for a pend of two weeks under a shade 

cloth to condition them in preparation for outplanting. Seedlings were watered as required 

during this time. These initial measurements served as a reference to monitor changes in 

growth once the seedlings were outplanted. Stem heights were measured using a standard 

- d e r  and root collar diameters were rneasured with Max Senes Electronic Digital Cdiper 

(Fred V. Fowler Company Inc., Japan) accurate to 0.01 mm. Seedlings were washed, 

separaicd into components (needles. stems, and rwts), bagged and dried for over 48 h. in a 

forced-draft drying oven (Mode1 1645, Johns Scientific Inc., Toronto, Canada) at 800C. 

Component dry weights were rneasured on a Sartorius balance (MC 1 Analytic AC 2 10s. 

Sartorius Corporation, Bohemia, USA) accurate to 0.0001 g. Needles were ground with a 

moctar and pestle. 



Figure 1. Penodic (A) and cumulative (B) nitrogen added for conventional, exponential, and 

hdf-exponential nutrient regimes at each application during a 13 week growth pend 

in the GLFC greenhouse. 





Figure 2. Random design of jack pine seedling trays grown ai the GLFC greenhouse. Trays were randomiy assigned a nutrient 
regime indicated by the letters C, E, and H for the conventional, exponential, and half-exponential nutrient regimes and a 
number to indicate the replicate number from 1 to 5. 



Foliar nutrient concentrations were determined for the following elements: N 

(Nitrogen) by the Kjeldahi method (Maynard and Kaira 1991). and P (Phosphorus), K 

(Potassium), Ca (Calcium). Mg (Magnesium), S (Sulphur), Mn (Manganese), Zn (Zinc). Cu 

(Copper), and Fe (Iron) by ICAP AES (Inductively Coupied Argon Plasma Atomic Emission 

Spectrometry) (Havlin and Soltanpour 1980; Hogan and Maynard 1984). Owing to smali 

needle dry weights following production, six sets of seedlings per treatment (30 seedlings 

total) were pooled and used for nutrient analyses. 

Site preparation and outplanting 

Following hardening, seedlings were outplanted in the first week of June on a 

nuaient-poor jack pine cutover site located at the Island Lake Tree Irnprovement Area near 

Chapleau, Ontario, Canada (47'50' N 83'24' W). A 60 m x 60 m quadrat was rototilled one 

week prior to planting to ensure a homogeneous site with minimal cornpetition from other 

vegetation. The original vegetation on the site consisted of jack pine that had been harvested 

in 1972. The field experiment for seedlings from the three nutrient regimes had a random 

design (Sokal and Rohlf 198 1) with five rçplicates and one vacant plot (Fig. 3). Assignments 

of the nutrient regime and replicate number in the field were not related to the assignments 

of the greenhouse production schedule (Fig. 2). The paperpots were separated from each 

other and seedlings were planted, using Pottiputki planting tubes, 1 metre apart from each 

other in a 12 m x 12 m plot for a total of 144 seedlings for each replicate. A total of 720 

seedlings were planted h m  each nutrient regime. 

Seedling and soi1 condition at tirne of planthg 

Mer planting (mid-aftemoon), 5 seedlings per nutrient rrgimc were randody 

selected h m  the remaining plant stock to measure soi1 moistue content and seedling xylem 

water potentials. Collecteci samples were marked, sealed in plastic bags and stored in a coder 

until processed at the laboratory within a 6 hour period. Xylem water potentials (Yxy,) were 

measured on whole shoots using a Scholander pressure bomb (PMS Instrument Co., 

Corvaiiis. ûregon) to determine the water stress within the plant. A traditional gravimetric 



Vacant 

Plot 

Figure 3. The random field design of the jack pim seedlings h m  each nutrient regime with 

five replicates including one vacant plot at the Island Lake Tree Improvement Area. 

The letters C, E, and H represent the conventional, exponential. and halfexponential 

nutrient regimes respectively whercas the numbers 1 to 5 represent the replicate 

number. 



method determineci the soil moisture content within each seedling paperpot. Fresh and dry 

weights of soil samples were measured w ith a Sariorius balance (MC 1 Analytic AC 2 1 OS. 

Sartorius Corporation, Bohemia, N.Y., USA) to 0.01 g. accuracy. Dry weights were 

measured after drying in a forced draft oven at 80°C for more than 48 h. The soil moisture 

content was calculated as follows: 

(3) ((FW-DW)/DW) = gag-' soil water content 

where FW is the fresh weight and DW is the dry weight of the soi1 sample. Six additional 

soil samples were randornly selected within the rototilled site for nutrient analysis. Each 

sample was air dried and passed through a 2 mm sieve. At the GLFC analytical laboratory, 

the < 2 mm fiaction of the soil was analysed for nutrients (N, P, K. Ca, Mg. Fe. Cu, Mn, Zn. 

Al. and Na) (Maynard and Kalra 1991). Additional soil characteristics such as the cation 

exchange capacity (CEC), organic matter, and pH level were determined. A soi1 desorption 

c w e  was determined to observe the diying profile of the < 2 mm fraction of soil. This work 

was completed at Laurentian University using Soil Moisture Equipment Co. pressure plates 

at tensions of -0.03, -0.1, -0.4, and -0.8 MPa as described by Richards (1949). Triplicate soil 

samples were measured. A summary of al1 soil characteristics is included in Appendix 4. 

Outdoor container study 

To provide a compaxison to the field study initiated at ILTIA, a study utüizing potted 

seedlings was initiated at the Great Lakes Forestry Centre in Sault Ste. Marie, Ontario, 

Canada (4630' N 84020' W) during the second week of Iune 1994. One seedling fiom each 

nutrient regime was planted in a black plastic container (22.5 cm in diameter x 27.6 cm 

height) filled with soil fkom the Thessalon region (4650' N 8390' W). Seedling position was 

identified with a coloured tag and permanent mark on each container. A total of 350 

containers were kept weli-watered ihroughout the summer outside in an outdoor holding 

compound. Soil fiom the potted tree experiment was anaiyzed in the same manner as that 

described for the field experiment. A summary of these soi1 characteristics is included in 

Appendix 4. 



Biomass assessment and seedling growth in the field 

in July, August, and October, seedling survival was tallied for each plot. The stem 

height and root collar diameter of 30 randomly selected seedlings (in situ) were monitored 

for each nutrient regime and replicate. Stem heights were measured from the soi1 surface to 

the tip of the stem, to the nearest mm, using a d e r .  Root collar diameters were measured 

with a Max Senes Electronic Digital Caliper (Fred V. Fowler Company Inc.. Japan) accurate 

to 0.0 1 mm. 

Fi fty randomly selected seedlings from each treatment ( 1 Oheplicate) were 

destructively harvested per harvest. These seedlings were temporarily stored in plastic bags. 

placed in a coder, and then transfered into 2°C cold storage at the Great Lakes Forestry 

Centre until pmessed. Samples were processeci within 4 days of each harvest. The methods 

used to process seedlings were identical to those used for the biomass assessment after 

greenhouse production. In addition, ten random samples from each treatment (Ureplicate) 

were used to measure needle projected areas with a Delta-T Area Measurement System 

(Delta-T Devices Ltd.. Cambridge, England) and to deterrnine needle &y weight. 

Foliar nutrient analyses were determined on the ten samples with the greatest needle 

weights from each nutrient regime for each harvest. These samples ensured an adequate 

needle dry weight for al1 the nutrient analyses without pooling samples together. AU samples 

were ground in a Wylie mil1 (mesh size 20) and analysed using the methods previously noted 

for the biornass assessment after greenhouse production. 

Biomass harvest for the outdoor container study 

In the GLFC outdoor study, seedling swival was tallied for every container in July. 
a 

August, and September. At monthly intervais, thxty randomly selected pots (30ltreatment) 

were selected for destructive harvest. Processing of seedings was identical to the methods 

described for the biornass assessment afler greenhouse production. In addition, ten random 

samples from each nutrient ngime (Zreplicate) were used to measure needle projected areas 

with a Delta-T Area ~ e k r n e n t  System (Delta-T Devices Ltd., Cambridge. England) and 

to detemine needle dry weight. 



Statistical analysis of jack pine outplanting performance 

Statistical operations were performed with the foiiowing transformation to ensure the 

assumptions of normaiity and homogeneity of variances for parametic statistics were 

respected. One was added to each dry weight (1+ DW (g)), and then these vaiues were 

transfonned to their naturd log. The preplant harvest data were included in the outplanted 

and controlled environment data which were then analyzed using a one-way analysis of 

variance (ANOVA SAS@ PROC GLM). Cornparisons were made for each growth parameter: 

seediing height, mot collas diameter, mot, stem, needle, and total dry weight, and SIR ratio 

for each individuai harvest. Means were then compared with a S tudent Newman-Keuls test. 

A relative growth rate analysis was performed on thirty sarnples to determine 

differences among the nutrient regimes. Roots, stems, needles, and total seedling dry weights 

were ranked from highest to lowest weight and then paired for each harvest period. Mean 

relative growth rate (RGR) of each plant component was detemiined from the formula: 

(4) % RGR = (ln DW,- In DW, / b- t,) x 100 

where DW,= seedling dry weight at tirne t,; DWF seedling dry weight at tixne 5. A one-way 

analysis of variance (ANOVA SAS' PROC GLM) was performed on these calculated vaiues 

and means compared with a Student Newman-Keuls test. 

Biomass partitionhg or allometric analysis of jack pine seedlings was also examined 

for the nutrient regimes at each harvest. Allometry, a general terni given to the study of size 

and its consequences, has been represented by the following equation by Huxley (1924): 

(5 )  Y = bX" 

where the relative growth of Y (Le. organ weight) in relation to X (Le. total seedling weight) 

is determined with b and a as constants, which can be derived by linear regression after 

transformation of the two variables to natural logs. 

(6) ln(Y)=b'+crln(X) 

In this instance, a values represent the relative organ growth rate, and b' values represent 

initiai investments if dry weight allocation was truly linear. The technique based on 

Bongarten and Teskey (1987) accounts for the comlation between relative weights of leaf, 

stem, and mots to the total seedling weight (Ledig et al. 1970; Bongarten and Teskey 1987; 



Tan et al. 1995). in other words, the analysis controlled for the f z t  that a proportion of dry 

matter allocated to each organ may change with jncreasing plant size. Nanual log- 

transformed organ dry weights and shoot:root ratios were analyzed using the naniral log- 

transformed total dry weight as a covariate. Allocation of biomass for the nutrient regimes 

were compared separafely at each harvest using a mode1 fiom Bongarten and Teskey (1987): 

(7) Yij, = PO + Pa + P~x,, + Piix,, + Yj +6ij 
where Y,,, is the natural log-transformed organ dry weight of the kth seedling in the jth block 

of the ith regime (or ûeatment); Po and P, are average regression coefficients; P, and P, i  are 

the regime (or treatment) effect coefficients; xi,, is the nanual log-transformed total dry 

weight; y, is the block effect; and 6, is the block x regime (or treatment) interaction. The 

Generai Linear Mode1 (GLM) procedure in SASPC software (SAS Institute Inc. 1985) was 

used to fit the mode1 whereas residuals were examined to confm the model's validity. For 

example, significant treatment x log totd dry weight (Trt x log (TDW)) effects would 

indicate differences in the slopes of equation (6), and thus differences in the exponential 

factor of the allometric equation. In contrasi, significant treatment effects would indicate 

differences in intercept, or thc constant of proportionality of the allometnc equation, in cases 

where slopes are similar. 

To determine where the differences were within the allometric analysis, plant 

components were calculated as a proportion of total dry weight for the field study. Root 

weight ratio (RWR), stem weight ratio (SWR) and needle weight ratio (NWR) were analysed 

using a one-way analysis of variance (ANOVA SAS@ PROC GLM) to determine differences 

between the nutrient regimes at each harvest. Means were compared with a Student 

Newman-Keuls test,. 
a 

Statistical analysis of foliar nutnents 

To ensure that assumptions of normality and homogeneity of variances were 

respected, analyses werr p e r f o d  on naturai log-transformeci data. Data from the preplant 

and outplanted seedlings at the ILTIA were analysed using a one-way analysis of variance 

(ANOVA SAS@ PROC GLM) to determine differences between the nutrient regirnes at each 



harvest for the fdlowing elements: N, P. K. Ca, Mg, S. Mn, Zn, Cu, and Fe. Means were 

compand with a Student Newman-Keuls test. 



Greenhouse production- biomass assessrnent 

After 13 weeks of greenhouse growth. morphological differences were evident 

between the nutrient regimes. Conventional (CON) treated seedlings had significantly greater 

(ANOVA, F-236.57, P4.05) total dry weight, height, shoot:root ( S R )  ratio, and root 

collar diameter (Figures 4,s. and Appendix 5). Initially, CON treated seedlings had twice 

the biomass of exponential (EXP) treated seedlings even though both had received 40 mg 

N/seedling during the 13 week period. Total dry weight of CON treated seedlings was 0.3367 

g whereas EXP and halfexponential (H-EXP) treated seedlings dry weights were 0.1657 and 

0.1325 g, respectively (Fig. 4D). EXP and H-EXP treated seedlings were not significantly 

different except for differences in height. Preplant height measurements were significantly 

different (ANOVA, F2,=36.57, Pcû.05) for each nutrient regime, 1 1.3, 12.9, and 15.6 cm 

for H-EXP, EXP, and CON treated seedlings. respectively (Figures SC, SD, and Appendix 

4). Mean S I R  ratios were 3.82,4.66, and 5.48 for H-EXP, EXP, and CON treated seedlings, 

respec tively. 

Preplant needle, root, and S/R ratios (used to quanti@ an 'adequate' amount of root) 

were not significantly different when comcted for seedling size (Table 1). Allocation or 

partitioning to these components showed no significant treatment effecu (i.e. initial 

.investment) or significant treatment x log total dry weight interactions (i.e. relative organ 

growth rate). In contrast, partitioning to the stem had a significant treatment effect (i.e. a 

difference in the b constant; initial investxnent) and a significant treatment x log total dry 

- weight interaction (Le. a difference in the a constant; relative organ growth rate). Regressions 

coefficients ($= 0.98 and 0.99) between the log stem and total dry weights showed that dope 

differences were s m d  (AppendUr 6A). Slopes were either parallel or intenecting as the log 

organ and plant dry weights were grouped closely together. 

The allometric analysis (Table l), however, did not show which initial nutrient 

regime (Le. treatment) was different; ody  that differences were present. Therefore, plant 

components were tabulated as a proportion of total dry weight (Table 2). Af'ter the 



Figure 4. Mean rwt (A), stem (B), needle (C), and total (D) dry weights (g) (+SE) of jack 

pine showing the growth performance of CON, EXP, and H-EXP treated seedlings 

outplanted at the ILTIA. 



Needle Dry Weight (g) 
O O CI CI 

O Li O Li 

n f a 
s O m Total Dry Weight (g) 

Root Dry Weight (g) 
O O C, - 
O Li O Li 

Stem Dry Weight (g) 



Figure 5.  Mean mot collar diameter taken fiom harvest (A) and field (B) measurements and 

seedlings height taken from harvest (C) and field measurements (D) &SE) of jack 

pine seedlings outplanted at the LTIA. (n=SO harvest; n=150 field) 
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Tabk 2.One-way ANOVA of mean root, stem, and needle weight ratios (+SE) of jack 
pine seedlings grown using different nutrient regime, which were outplanted at 
the LTIA. Harvests were done 2 weeks pnor to planting, 50,80. and 130 days 

Nutrient Regime Root Weight Stem Weight Needle Weight 
Ratio Ratio Ratio 

Preplant 
Conventionai O. 1583' 0.2026a 0.6392a 

(0.0049) (0.0042) (0.0045) 

Exponential 

Haif-exponential 0.2 149' 0.17 10b 0.6141b 
(0.0072) (0.0056) (0.0070) 

July 
Conventional 0.238gb O. 1868' 0.5743~ 

(0.0049) (0.0039) (O ,0054) 

Exponential 0.236gb 0.1703~ 0.5928a 
(0.0043) (0.0053) (O.OQ6 1) 

August 
Conventionai 0.29 1 Ob O. 1917' 0.5 173' 

(0.0057) (0.0049) (0.0070) 

Exponential 

October 
Conventional 0.41 1 ab O. 1578' 0.4303' 

(0.0070) (0.0039) (0.0070) 

Exponentiai 0.4 i S4b O. 1 4Mb 0.4382a 
(0.0065) (0.0033) (0.0059) 

(0.0094) (0.0034) (0.0084) 
Means, foliowed by the same letter within a column and harvest, do not differ significantly 
( P d . 0 5 .  n-50 with the exception of the preplant means where n=30). 



production cycle, CON treated seedling had a significantly greater (ANOVA, F,= 1 1.10, 

Pc0.05) stem weight ratio (SWR) and lower (ANOVA, F23=22.70, P<0.05) root weight 

ratio (RWR) than the EXP or H-EXP treated seedlings (Table 2 and Appendix 7). Contrary 

to these results, preplant H-EXP treated seedlings had a significantly greater (ANOVA, 

F2,&2.70, PcO.05) root weight ratio (RWR) and lower (ANOVA, F2,= 5.83. P4.05) 

needle weight ratio (NWR) than EXP and CON treated seedlings. 

Greenhouse production-foliar nutrient concentrations 

Nutritional differences between treatments were apparent for the jack pine seedlings 

following greenhouse production. Replant nitrogen (N) concentrations of 2.98% N were 3.7 

to 5.7% higher in EXP treated seedlings compared to CON and H-EXP tkated seedlings with 

values of 2.86 and 2.80% N, respectively. EXP treated seedlings had a significantly greater 

(ANOVA F2,10=3.83, Pd.045) concentration of N than H-EXP treated seedlings (Table 3, 

Appendix 8). A simüar difference of 5 to 8.2% was found for potassium (K) concentrations 

with 1.22, 1.16, and 1.12% K for EXP. CON, and H-EXP treated seedlings, respectively. 

Proportionally, preplant EXP treated seedlings had 12 to 16% more phosphorus (P). zinc 

(Zn) and sulphur (S). These concentrations were significantiy greater in EXP treated 

seedlings for P (ANOVA F,,,o=26.15, P d . 0 5 ) .  Zn (ANOVA F2,,p6.47, P<0.05), and S 

(ANOVA F2,1,18.6, P4.05) compared to CON and H-EXP treated seedlings. In contrast. 

preplant EXP and H-EXP treated seedlings had 2 1% and 16% significantly more (ANO.VA 

F,,lo=13.65, Pc0.05) mangaiese (Mn) than CON treated seedlings. Calcium (Ca) 

concentration in preplant H - W 8  treated seedlings wexe 24% and 3545 significantly lower 

(ANOVA F,,,,=12.27, Pe0.05) than EXP and CON treated seedlings. Diffennces in 

magnesium (Mg) concentration were significantly different (ANOVA F,,,,=26.66, Pc0.05) 

for each nutrient regime. Preplant CON treated seedlings had a 1396 and 21% higher Mg 

concentration than EXP and H-EXP treated seedhgs. Finaiiy, preplant iron F e )  and copper 

(Cu) values were not significantiy different among treatments (Table 3, Appendix 8). 





Seedling water status at time of outplanting 

Mean soil moisnue content within the Japanese paperpots ranged between 2.20 to 

2.57 gag*' owing to variation in the water retention capacity of the peai mixture. Xylem 

water potentials (yxyi) on whole shoots ranging from -0.11 to -0.37 MPa confirmed that 

neghgible water stress existed within the seedlings during outplanting. These mid-day Y,, 

were 4.17, -0.22, and 4-27 MPa for CON, H-EXP, and EXP treated seedlings, respectively. 

Outplanting performance of field study 

Throughout the field season, minimal seedling mortality (0.5%) was obsewed at the 

LTIA. Seedling death occurred because crows plucked seedlings out of the soil. Seedling 

heights were lower following outplanting because of the position of each mot collar relative 

to the soil surface. This explanation resolves the possible confusion one might have when 

observing seedling heights for both the field (ILTIA) and container (GLFC) studies. 

At the fmt harvest (i.e. July), CON and EXP treated seediings were not signifcantly 

different in biomass or root collar diarneter (Fig. 4 A-D, 5 A-B. and Appendix 5). Height 

measurements of harvested seedlings were significantly (ANOVA F2,=65.91, Pcû.05) 

different with means of 12.8 1. 10.74, and 7.48 for CON, EXP, and H-EXP treated seedlings, 

respectively (Fig. 5C and Appendix 5). Additional height measurements taken from field 

seedlings (in situ) showed similar differences (Fig. 5D). 

During the fmt harvest interval (June-July), higher relative growth rates (RGRs) were 

observed in EXP treated seedlings for each plant component (root, stem, and needle) (Fig. 

6, Appendix 9). Both root and stem RGRs of EXP treated seedlings were significantly 

(ANOVA, F,z 12.66, P4.05) p a t e r  than H-EXP and CON treated seedlings (Fig. 6A, 
a 

6B). Neede RGRs of EXP and H-EXP treated seedlings were significantly (ANOVA, 

F2p15.71, P<0.05) pater than CON treated seedlings. Needle RGRs were 3.58,3.09, and 

1.96% for EXP, H-EXP, and CON treated seedlings, respectively (Fig. 6C). Total seedling 

RGRs were significantly (ANOVA, F2,= 15.50, P4.05) different for each nutrient regime 

with values of 3.73, 3.09, and 2.16% for EX., H-EXP, and CON treated seedlings, 

respectively (Fig. 6D). Higher seedling RGRs between outplanting and the fmt hamest 



explain the enhanced performance of EXP treated seediings, which increased their total mass 

6 fold. 

During the growing season, partitionhg differences between CON. EXP, and KWP 

grown jack pine seedlings in the field were similar to results following greenhouse 

production (Table 1). ûniy above-ground differences were found during each harvest interval 

(July, August, and October). Partitioning to the stem varied significantly in response to the 

initial nutrient regimes (i.e. treatment). Partitioning to the needles was also significant 

(P<0.05); but, only during July and August harvests. For each significant stem and needle 

dry weight ûeaûnent effect, a signiiificant (treatrnent x log TDW) interaction remained when 

the (log TDW) was used as a covariate (Table 1). One exception to this was found when the 

treatment x log TDW interaction was not significant for the log needle dry weight in July. 

Regression coefficients (?=CL92 to 0.98) between log needle and total dry weights varied 

slightly cornparrd to regression coefficients (?=O64 to 0.92) between the log stem and total 

dry weights. In general, slope differences were small (Appendix 6A and 6B). Curves were 

either parallel or intersecting as log organ and plant dry weights were grouped closely 

together. 

Throughout the growing season, CON treated seedlings maintaineci a significantly 

pater  (ANOVA, Fg24 .23 ,  Pc0.05) stem weight ratio (S WR) than the EXP and H-EXP 

treated seedlings (Table 2 and Appendix 7). In October, H-EXP treated seedlings had a 

.signiricantly pa te r  (ANOVA, F2,=4.5 1, P d . 0 5 )  root weight ratio (RWR) than the CON 

and EXP treated seedlings. In contrast, there were no significant differences for the needle 

weight ratios (NWR) between the nutrient regimes. 

After the fmt field harvest (July), root, stem, needle, and total RGRs were not 

signifcantiy different for any nutrient regime (Fig.6, Appendix 9). Stem heights and mot 

collar diameters measwd either fiom the field or during a harvest remained constant 

throughout (Fig. 5). Although minor differences were observed between harvest and field 

measurements, both showed similar trends regardless of the sarnple size (n=50, n=150). 

Unlike the EXP and CON treated seedlings, H-EXP treated seedlings wen unable to catch 



Figure 6. Mean mot (A), stem (B), needle (C). and total (D) relative growth rates (8) &SE) 

of conventional, exponential, and half-exponential grown jack pine seedlings 

outplanted at the ILTIA. One-way ANOVA (SAS') of the relative growth rate data, 

means followed by the sarne letter within a figure and harvest interval do not differ 

significantiy at Pcû.05, n=30. The harvest intervals are: O to 50 days (luly), 50 to 80 

days (August), and 80 to 120 days (October). 





up with respect to biomass, height. and root collar diameter. A general trend showed roots 

expanding at a greater rate than the shoots for al1 jack pine seedlings. Mean relative growth 

rates ranged between 1.2 to 1.94% for roots. 0.27 to 0.92% for stem and 0.14 to 0.49% for 

needles (Fig. 6, Appendix 9). This trend penisted throughout the season and gradually S R  

ratios values approached 1 .O. In the October harvest. SIR ratios were 1 .O, 1.2. and 1.25 for 

H-EXP, EXP, and CON treated seedlings, respectively (data not shown). 

Foliar nutrient concentration- outplanted experiment 

Foliar nutrient concentrations within al1 seedlings dropped to the lowest values 

observed during their fmt season after 50 days (i.e. July harvest) (Table 3, Appendix 8). N 

decreased approximately 62%, P decreased 69%. and K demased 5446 from initial preplant 

anaiysis. The nutrient statu for aii jack pine seedlings was comparable with one exception; 

H-EXP treated seedlings had significantly greater (ANOVA, F,,?6.O 1, P<0.05) Mn, 17 and 

20% more than EXP and CON treated seedlings, respectively (Table 3). 

Foliar nutrients increased from July to August in ai i  treatments. H-EXP treated 

seedlings had significantly greater (ANOVA. F2,,,25.36, Pc0.05) foliar P, Mn, and Zn than 

both CON and EXP treated seedlings. Calcium concentration for H-EXP treated seedlings 

(0.19% Ca) was not significantly different from that for EXP treated seedlings (0.17% Ca) 

but was significantly different (ANOVA, F,,&.68, Pe0.05) from the CON treated seedlings 

(0.16% Ca) (Table 3 Appendix 8). 

During the Octcber harvest, foliar nutrient concentrations were higher than amounts 

present in either July or August. Only Ca, Fe. and Cu levels surpassed foliar concentrations 

present pnor to outplanting. For the 3rd harvest, H-EXP treated seedlings had accumulated 

significantly mater (ANOVA. F,,,r 3.72, k0.05) concentrations of N, P, and S cornpared 

to CON and EXP treated seedhngs. No other significant difîerences were found in the foliar 

nutrients concentrations owing to the initial nutrient regime (Table 3). 

Outplanthg performance of outdoor container study 

In the container study, no mortality was observed at the G E  owing to favorable 



conditions during the s p ~ g  and summer and to artificial watering. The growth pedormance 

of potted jack pine seedlings was slightly different from the field trial. After the fint harvest 

(i.e. July, O to 60 days), potted EXP treated seedlings had significantly greater (ANOVA, 

F2,,2 10.32, P4.05) stem needie, and total dry weight, height and root collar diameter 

compared to CON and H-EXP treated seedlings (Fig. 7, 8, Appendix 10). In cornparison, 

total dry weights were 14 to 35% greater than outplanted seedlings with values of 1.4008, 

1.9 1 15, and 2.4 13 1 g for H-EXP, CON. and EXP treated seedlings. respectively (Fig. 7D). 

Root dry weight for EXP treîted seedlings (0.5876 g) was not significantly different from 

that for CON treated seedlings (0.4840 g) but was significantiy different (ANOVA, 

F2p4. 15, P4.05) fÎom H-EXP treated seedling (0.4149 g) (Fig.7A). 

Overall, EXP treated seedlings showed significantly higher (ANOVA, F2,r 14.99, 

P d . 0 5 )  RGRs for each plant component (root, stem, and neede) in the fust sixty days after 

potting (Fig. 9, Appendix I l ) .  For the July harvest (O to 60 days), total seedling RGRs were 

comparable to the rates observed for outplanted jack pines with values of 3.66, 3.14, and 

2.04% for EXP, H-EXP, and CON treated seedlings, respectively (Fig 9D). Jack pine root 

RGRs were superior to stem and neede RGRs with values of 4.17,3.72, and 2.83% for EXP, 

H-EXP, and CON treated seedlings, respectively (Fig 9). In subsequent harvests (August and 

September), relative growth rates were not significantly different for each nutrient regime 

with one exception. In August, root RGRs for CON and EXP treated seedlings were 

significantly greater (ANOVA, F2,m=3.74, P4.05) than the rwt RGR of H-EXP treated 

seedlings. Furthemore, negative RGRs in the September harvest (90 to 125 days) were 

typically low like those of the field trial; however, random sampling and pairing plant 

components in order of weight to caiculate the RGRs may have contributed to the negative * 
values observed (Fig. 9). 

After the fust harvest (August), height differences between the nutrient regimes 

penisted throughout the study. Differences in biomass and diameter were no longer present 

between EXP and CON treated seedlings 90 days after potting. H-EXP treated seedlings, 

however, had a significantly smaller biomass (ANOVA, Fur 19.35, P<0.05), height 

(ANOVA, FZ3=33. 15, P<0.05), and diameter (ANOVA, Fm=23.50, P d . 0 5 )  during the 



Figure 7. Mean root (A), stem (B), needle (C), and total (D) dry weights (g) kSE) of 

conventional, exponentiaî. and haif-exponential treated jack pine seedlings potted at 

the GLFC. 
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Figure 8. Harvest measunments of mean root collar diameter (A) and seedling height (B) 

&SE) of potted conventional, exponential, and half-exponential treated jack pine 

seedlings potted at the GLFC. (n=30) 
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Figure 9. Mean root (A), stem (B), needle (C), and total (D) relative growth rates (%) (+SE) 

of conventional, exponential. and half-exponential treated jack pine seedlings potted 

at the GLFC. One-way ANOVA (SAS') of the relative growth rate data, means 

followed by the same letter within a figure and harvest intervai do not differ 

significantly at Pcû.05, n=30. The harvest intervals are: O to 60 days (July), 60 to 90 

days (August), and 90 to 125 days (September). 



cal  I 



August harvest (Fig. 7, 8, Appendix 10). 

Dry weight partitioning of well-watered jack pine seedings differed from the field 

study. Belowground allocation of root dry weight and shwt:root ratios varied significantly 

(PcO.05) for the fmt and second hamests (i.e. July and August) in response to the initial 

nutrient regimes (Le. treatment) (Table 4). Significant treatment x log TDW interactions 

remained d e r  the log total dry weight was used as a covariate for the log mot dry weight and 

log S R  ratio in August. Regression coefficients (9=0.97 to 0.92) between the log root and 

total dry weights showed that dope differences in August were s m d  (Appendix 12C). 

Cwes were either parallel or intersecting as log organ and plant dry weights were grouped 

closely together. In contnst to the above regression coefficients, log SR ratio and total dry 

weights regession coefficients varied between 0.10 to 0.49. This indicated that there was no 

clear relationship between the log S R  ratio and the log total dry weight (Appendix 12G). 

Aboveground differences were also significant (P4.05) for the log stem dry weight with 

respect to the initial nutrient regimes throughout the study whereas no ditferences were found 

for log neeâie dry weight with respect to seedling size (Table 4). 





Discussion 

Greenhouse production 

Exponentialiy and haifexpoaentialiy grown jack pine seedlings with lower shoot:root 

ratios and higher nutrient reserves were significantly smailer (approximately haif the 

biomass) than theû conventionaliy grown counterparts after greenhouse growth (Fig. 4 and 

5). The amount and rate of nitrogen added determined seedling size and dry matter 

production. For exarnple, H-EXP treated seedlings grown with a poor nitrogen suppiy 

compared to a CON or EXP nutrient regime favored root growth at the expense of 

aboveground growth. This is observed in a low shootxoot ratio of 3.82 for H-EXP treated 

seedlings compared to ratios of 4.66 and 5.48 for EXP and CON treated seedlings. 

Essentially, the effect of nitrogen limitation on plants is to reduce shoot growth relative to 

rmts. Although the mechanism is not known, researchea have generalized that seedlings use 

a ratio of carbon to nitrogen as an intemal signal to establish priorities for growth allocation 

(Bazzaz et al. 1987; Chapin et al. 1987; DeYoe 1988). Poor nutrition leads to root growth 

whereas low food (Le. photosynthate) supply leads to crown growth. in the example of H- 

EXP treated seedlings, more photosynthate (i.e. carbohydrates) was available for transport 

to roots. Once there. these higher carbo hydrate levels stimulated increased root grow th and 

this resulted in a Iowenng of shootlroot ratios seen in many species (Boote 1977; Burgess 

1 99 1). Consequently, addi tional mots encourage seedling establishment and a more efficient 

exploitation of the soi1 for resources (nitrogen and water). 

Although CON and EXP nutrient regimes both received 40 mg Nlseedling, CON 

treated seedlings were initidy exposed to higher nutrient (nitrogen) concentrations (Fig. 1). 

Abovegound differences were evident in tenns of log stem dry weight partitionhg or stem 

weight ratio of these seedlings (Table 1, 2, Fig. 5). Initially during the greenhouse 

production, the high nitrogen supply improved shoot growth rate considerably for 

conventionally grown seedlings; but, rnay have also compromised root development 

(Ingestad and Lund 1979). Such a compromise is cause for concem during nursery 

production. Planting stocks must meet or exceed minimum standards of height, root c o k  



diameter, seedling biomass, and most importantly. maintain a desirable shoot: root ratio. A 

healthy root system, able to regenerate new roots, is çritical to survival and establishment 

(Klapprat 1988; Burdett 1990). Rapid resumption of water and mineral uptake during the 

establishment phase depends on the resource availability and the cornpetition between above 

and below-ground components for these resources. For example, large seedlings with high 

shoot:root ratio would probably show lower survival and restricted growth afier planting 

when exposed to either low soil temperaturts, water stress or nutrient-poor conditions 

(Troeng and Ackzeli 1988; Burdett et al. 1984). niese stresses cm potentially jeopardize the 

maintenance and expansion of a small mot system burdened with the water and nutrient 

demands of a large shoot. Such a great demand may result in seedling death because 

seedlings are more susceptible to environmental stress in the establishment phase (Krarner 

and Kowlowski 1979). 

Preconditioning with an exponential nutrient regime has produced seedlings with 

another advantage with respect to nutrients. Greenhouse growth has conditioned these 

seedlings to low soil nutrient concentrations where nutrient availability and upiake conform 

to natural exponentially growing seedlings in the field (Ingestad 1982; Petersson 1986). The 

exponential nutrient regime increased jack pine nutrient uptake of P, Zn, Mn, and S relative 

to nutrients accumulated in conventional treated seedlings; but did not differ in the uptake 

of macronutrients such as N, K or Ca Meanwhile, the nutrient uptake of H-EXP treated 

seedings was similar to amounts accurnulated in CON treated seediings except for Ca, MgT 

and Mn concentrations. Additional nutrient nserves or an increased ability for nutrient 

uptake are important for p w t h  because many forest stands in the northem hernisphere are 

considered to be nitrogen deficient (Nambiar 1984). 
s 

Recent studies on Scots pine (Pinus sylvestris L.) and black spruce (Picea mariana 

(Mill.) B.S.P.) have shown îhat exponentiaily grown seedlings had mate r  pst-plantation 

height growth and nutrient uptake compared to conventional counterpacts (Troeng and 

Ackzell 1988; Timmer and Munson 199 1; Timmer et al. 199 1). Mer greenhouse production, 

however, the exponential nutrient regime failed to induce nutrient or growth ciifferences of 

exponentially grown black spruce seedling (Timmer et al. 199 1). In contrast, another study 



induced nutrient loading and produced exponentially grown black spnice seedlings with 78% 

more N than conventional treated seedlings prior to outplanting (MacCarthy 199 1). Field 

performances of exponentially treated black spruce seedlings from both studies were simiiar. 

Timmer et al. (1991) suggest two distinct reasons that can explain the sirnilar growth 

response in the field. Fit, higher nutrient reserves were thought to enhance outplanting 

performance by aüowing seedüngs to retranslocate nutrients needed to maintain older tissues, 

whiie producing new tissues during the establishment phase. Second, seedling growth was 

attributed to lower shoot:root ratio and more effective nutritional adaptation of the 

exponential treated seedlings to the field environment. Regardless of the morphological or 

physiological reasons, an exponential nutrient regime can be useful to tailor conifer seedlings 

to their future outplanting sites. 

According to Liebig's classic law of the minimum (1 840), plant growth is regulated 

by the factor present in minimum amount; it also nses or falls as thîs factor is increased or 

decreased. Nitrogen is routinely the principal limiting factor because it is a structural 

constituent of amino acids which are precursors of proteins used as the building blocks and 

enzymes of plants. Moreover, nitrogen-containing enzymes, pigments. and electron transport 

components wiihin leaves are primady Iinked to photospthesis. which determines plant 

growth (Evans 1989; Reich et al. 1995). Yet, each essential element has an important 

metabolic role fmm a physiological viewpoint. Low nutrient availability can markedly affect 

. photosynthesis and plant growth. To minimize this problem, conifers have evolved effcient 

mechanisms to store and to cycle nutrients intemally (Larcher 1983. Ingestad and Lund 

1986). 

Outpianting performance 

Owing to a mild spring during planting, no differences in survival were found 

between outplanted or potted seeùlings from any nutrient regime. These conditions favored 

jack pine establishment and growth, which are adapted to harsh environments. Exponentiaiiy 

treated jack pine outperformed conventionaily u~ated seedlings during the establishment 

phase. During the first harvest interval (June-luly), RGRs for outplanted and potted EXP 



treated seedlings were ~ i ~ c a n t l y  greater than CON treated seedlings (Fig.6 and 9). Total 

RGRs for EXP treated seedlings were 42% to 44% greater than CON treated seedlings and 

14% to 17% greater than H-EXP treated seedlings. The potted EXP treated seedlings were 

greater in biomass and height whereas outplanted E W  ireated seedlings, without regular 

watering, matched the biomass of CON treated seedlings after 50 to 60 days (Fig. 4,7.8). 

This superior growth response is crirical to survival and growth during the establishment 

phase when seedlings are susceptible to many stresses. 

During this same period, a marked decrease of ai i  foliar nutrients was recorded (Table 

3). Concentrations of nitrogen, phosphorus and potassium decreased 62, 69, and 548, 

respectively. Their role was vital in the maintainance and production of new tissues during 

the establishment phase. The exceptional growth of EXP treated seedlings shows a key 

advantage of steady-state preconditioning. EXP treated seedlings allocated more resources 

to root production with root relative growth rates (RGRs) of 4.26 and 4.17% for both 

outplanted and potted jack pine. A high root growth potential is often correlated with high 

field survival (Klapprat 1988). Thenfore, EXP treated seedlings could irnprove regeneration 

success on marginal sites especially under severe or extended drought, or low soi1 

temperatures. 

Grossnickle and Blake (1986) reinforce this conclusion with research on needle 

conductances of newly planted ban-mot jack pine seedlings. Their findings suggest that jack 

pine seedlings showed the greatest control of plant water status through greater stornatai 

control and production of new roots compared to black and white spruce seedlings. This 

emphasis on mot growth compared to other conifers lead to improved establishment and 

growth. Although not investigated in jack pine, there is evidence that drought avoidance 

(McCIain 1973; Thomas and Wein 1985; Levitt 1972) in this species occurs by root 

extension (Wright et al. 1992; Tan and Hogan 1995). 

Site conditions may also answer why seedhg allocation favored roots. Throughout 

the field and potted studies, root RGRs were consistently greater than stem or needle RGRs 

(Fig.6). As previously noted, conditions low in resources (Le. low nitrogen supply) usually 

produce plants w ith relative1 y low shoot:root ratios. This supports certain theore tical models 



(Thomley 1972 a, b; Wareing and Patrick 1975) that predict that on poor sites a greater 

proportion of net primary production is allocated below ground than on rich sites 

(Nadelhoffer et al. 1985). Under limiting conditions, storing nutrient and carbon reserves 

occurs at a cost to current growth. These limited reserves are, then, allocated to the 

competing shoot for the purpose of m e r  carbon acquisition or to the roots for the purpose 

of acquiring soi1 resources (Monson et al. 1994). Both field and potted soils were nutrient- 

poor with low total soi1 nitmgen values of 0.09% and 0.3446 N respectively. Throughout the 

field season, S/R ratios decreased gradually to values of 1 .O, 1.2, and 1 -25 for H-EXP, EXP, 

and CON treated seedlings, respectively. 

After 50 or 60 days (August), harvest results showed no significant differences for 

relative growth rates, biomass, shoot:root ratio, and mot collar diameter between CON and 

EXP treated seedlings in both studies. H-EXP treated seedlings were unable to catch up to 

seedlings from the conventional and exponential nutrient regimes and remained smaller in 

size and biomass. Nutrient reserves reached their lowest level50 days after outplanting. This 

reduction or dilution of foliar nutrients coincided with reduced growth rate at the field site 

(Table 3, Fig. 6). , site or environmental conditions limited jack pine growth for the duration 

of the field season. Significant diffennces remained, however, between CON and EXP 

treated seedlings for height. Outplanted EXP treated seedlings were shorter than CON treated 

seedlings even though their outplanting performance, in ternis of relative growth rates and 

biomass accumulation, was far superior. Under ideal conditions (Le. well-watered potted 

study), however, EX. treated seedlings surpassed and remained taller than CON treated 

seedlings throughout the snidy. 

Although the growth response was the same after the establishment phase, H-EXP 

treated seedlings accumulated significantiy more N, P. and S reserves in the fa11 compared 

to CON and EX. treated seedlings (Table 3). The improved nutrition of H-EXP treated 

seedlings may enhance their outplanting performance in the next growing season or seasons 

if the difference in nutrient uptake of these seedlings is rnaintained. For other reasons related 

to irnproved drought resistance, Stewart and Lieffea (1993) endorsed the use of lower rates 

of N fertilization during nursery production. Further long term studies, however, are needed 



to answer and determine the true advantages of seedling preconditioning. 



After crop production. CON treated seedlings were superior in biomass (twice as 

large) whereas EXP and H-EXP treated seedlings had lower S R  ratios and improved nutrient 

uptake and nsewes. There were no significant differences in swival rates arnong the 

nutrient regimes. This may be owing to the mild growth temperatures in the spring and 

summer. After 50 to 60 days of growth, outplanted and potted EXP treated seedlings 

outperformed CON treated seedlings with respect to root. stem, needle, and total relative 

growth rates. This elimlliated biomass differences between CON and EXP treated seedlings. 

However, height differences remained throughout the study. Initiai foliar nutnent reserves 

dropped markedly during the fint harvest interval to the lowest level in the season. 

Subsequent RGRs were not different and growth was determined by resource availability and 

environmental conditions on site. Outplanting growth showed that overail CON treated 

seedling biomass increased 5.6 fold whereas EXP and H-EXP treated seedling initial biomass 

increased 9 to 10 fold. Although H-EXP treated seedlings did not match biomass or height 

of the two other nutrient regimes. these seedlings accumulated more nitrogen (N), 

phosphorus (P), and sulphur (S) reserves in the fall. 



The drought response of conifer seedlings is criticai to their continued survival and 

growth once established on a site. The following expriment examined stomatal 

conductances and xylem water potentials to determine if seedling response to drought was 

influenced by nutrient regime. Conventionai, exponential, and half-exponential treated jack 

pine seedlings were potted outside in June and transferred to a greenhouse environment in 

mid-August. Differences in this expriment should indicate if N preconditioning gave any 

advantage to the seedlings. Additional information on the persistance of the preconditioning 

effect 9 weeks after potting was obtained during the 18 day drought cycle. Overall. the 

drought response of the different treatments was identical with only a few exceptions. 

Seediing mortaii ty was not infiuenced b y nu trient regirnes. Follow ing the recovery of drought 

stress, however, stornatal conductances were significantly greater in conventionally treated 

seedlings. 



Chapter 4 

Effect of nutrient regime on drought response of estabushed jack pine seedlings on nutrient- 
poor soils. 

Abstract 

Jack pine (Pinus banhiana Lamb.) seedlings produced using conventional (CON), 

exponential (EXP), and half-exponential (H-EXP) nutrient regimes were potted in sand 

originating from a nutrient-poor site. Seedling were kept well-watered and acclimated to the 

greenhouse environment prior to the study. A drought cycle was conducted to determine if 

the nutrient regime enhanced the drought response of established seedlings. A control subset 

of non-droughted plants were also measured for cornparison purposes. During a severe 

drought, needle stornatal conductances (g3 and xylem water potentials ('f,,,) of these jack 

pine seedlings were measured. Under variable light. temperatun. and relative hurnidity, 

stomatal conductances (&) of non-droughted seedlings ranged from 100 to 350 m o l  nf2 s" 

whereas droughted seedling vaiues ranged from 210 to 0.88 mm01 me2 set throughout the 

drought cycle. In generd, stomatal conductance and xylem water potential responses of 

seedlings fiorn the different nutrient regimes were identical with only a few significant 

differences on day 5, 15. 16, and 17 of the drought. Seven days after the cessation of the 

drought. CON ueated seedlings had significantly greater stomatal conductances than EXP 

and H-EXP treated seedlings. Seedling mortality for al1 treatments ranged from 59 to 70%, 

three weeks after the cessation of the drought, but then were no significant differences 

among the nutrient regimes. 



Introduction 

On a global basis, drought limits plant growth and crop productivity more than any 

other single environmental factor (Boyer 1982). It is, therefore, not surprising that drought 

stress is the most common cause of seedling mortality in both naturally regenerated and 

planted (1-0 seedling) stands (Anonymous 1986; Newton et al. 199 1). Over a 16 year period, 

Williston (1972) repoxted that 57% of fmt-year mortality in pine plantations was due to 

drought. 

Nursery conditions and culture, however, affect the structural and functional 

characteristics of the planting stock, thereby determining how seedlings cope with planting 

stress and environmental conditions on a site (Burdett 1990). Seedlings pre-adapted to their 

outplanted environment (i.e. exposed to sub-lethai levels of stress through the production 

cycle) are known to perform best (Burdett 1983; Stewart and Lieffers 1993). Reconditioning 

agents, such as reduced nitrogen (N) supply and water stress, are comrnonly used during the 

production of conifer seedlings. These treatments can influence growth and physiology 

through water relations, photosynthesis, biomass production, and docation of biomass (SR 

ratio). 

Research on a number of different conifers has revealed conflicting results (i.e. 

physiological responses) to both nitrogen supply and drought stress. For example, nitrogen 

fertilization has been shown to increase xylern pressure potential of conifers both midday in 

Scots pine (Pinus sylvestris L.) and in Dougias fu (Pseudotsuga menziesii (Mirb.) Franco.), 

respectively (Hdlerdal-Hagstromer et al. 1982; Brix and Mitchell 1986); and, pn-dawn for 

* 
radiata pine (Phus  rodiata D. Don) (Linder et al. 1987). In contrast, no increase or 

clifferences were found in midday xylem pressure potential for either conventional or 

exponentiaiIy grown d pine (Pinus resinosa Ait.) seedlings exposed to a range of moisture 

regimes (Timmer and Miller 199 1). Furthemore, Green and Mitchell (1992) demonstrated 

that nitrogen nutrition had no effect on the photosynthctic and stomatal response of loblolly 

pine (Pinus taeda L.) seedlings exposed to drought. Additional nsearch is needed to 

undeatand how nitrogen and drought interact to intluence growth and development of 



seeàiings used in the forest regeneration. 

The duration and influence of these preconditioning agents on seedling performance 

is another important question to resolve. Very Little is known about the persistence of 

conditioning in forest planting stock over spans of weeks or months (Burden 1990). In 

addition, preconditioning effects are known to change with time (Rook 1972). A study by 

Stewart and Lie&rs (1993) showed that drought and N preconditioning persisted for 6 weeks 

regardless of the conditions that followed for lodgepole pine (Pinus contortu var. latifolia 

Engelm.) seedlings. For these reasons, the aims of the study were: 1. to assess whether the 

nutrient regime enhances the drought response of established jack pine seedlings; and, 2. to 

determine if the nutrient regime influences jack pine seedling recovery and survival after a 

severe drought stress. 



Methods and Materials 

Greenhouse and container siudy 

Seedling production and the nutrient regimes have been describeci previously in 

Chapter 3. In midzlune, jack pine seedlings fiom the conventionai, exponential, and half- 

exponentiaî treatments (one per treatmentlpt) were planted in a black plastic container (22.5 

cm diameter x 27.6 cm height) filled with sand from a nutrient-poor jack pine site near 

Thessalon, ON, Canada (4620' N; 83'30' W). Seedling position was identified with a 

coloured tag and permanent mark on each container. Characteristics of the gravelly fine sand 

were described in Chapter 3. In general, the fine gravelly sand retained very little soi1 

moisture when exposed to drought conditions (Appendix 13). For example, low soil 

moistures of 0.06 to 0.02 g*gal were measund under increasing soil moisture tensions of 

-0.03 to -0.8 MPa 

Throughout the surnmer, seedlings were allowed to establish themselves under well- 

watered conditions in an outdoor holding area Near the end of August, 150 containers each 

with 3 seedlings (Le. 150 seedlings per nutrient regime) were transferred and acclimated for 

three days in a Great Lakes Forestry Centre greenhouse. An additional subset of seedlings 

(30 containers in total) was also transfemd to the greenhouse and kept well-watered as a 

control throughout the drought cycle. 

Experiment time course and measurements 

After seedlings were watered thoroughly with an automated irrigation boom, the 

drought cycle was initiated by withholding water for 18 days until the sand was dry to the 

touch and seedling predawn xylem water potentials (Y,,,) indicated significant levels of 

interna1 water stress (i.e. minimal ovemight recovery of predawn 'fxy,). Greenhouse air 

temperatures monitored during the drought and recovery p e n d  varied between a minimum 

of 19.4OC to a maximum of 39.5" (Appendix 14). Stomatal conductances (gd were 

measured on 15 droughted and 15 non-droughted randomly selected trees (5 seedlings per 

nutrient @me) tbughout the day using a Li-Cor Li- 1600 steady-state porometer (LiCor 



Inc., Lincoln, NE) with a conifer foliage cuvette. Each set of seedlings was rneasured for 3 

consecutive rneasurement days under the assurnption that no significant growth occurred 

during the time interval. 

Throughout the study, measurements were taken when light levels wert above 300 

pmol rne2 s-' (PPFD-photosynthetic photon flux density). FogT heavy cloud cover, and min 

explain why various data points are rnissing from Figure 10 and 1 1. Stomatal conductances 

were measured daily on the same group of needles from each seedling. To ensure that the 

sarne needles (and therefore needle areas) were inserted into the conifer cuvette for 

subsequent & measurements, needles, located below the needles to be measured, were 

plucked out for a distance of 1 cm before initiating the experiment. Needles lost during the 

smdy were collecteci for needle m a  determination. Once measurements for a set of needles 

were completed, the needles were removed from the stem and stored in plastic bags at - 1@C 

until processed. Needle projected areas were measured using a Delta-T Area Measurement 

System (Delta-T Devices Ltd., Cambridge, England). From these projected needle areas, tme 

stomatai conductances were calculated using a one sided leaf equation: 

(1) & =  1 

(l/r,)*(A,/AJ - r,, (((8.3 l4* 104*(T+2ï3))/ P)) 

where & is the stomaial conductance in mm01 rnh2 d, r, is leaf nsistance in m o l  rn" s", A, 

. is m e  area of the sample in cm2 , A, is the area set at 4.00 cm2 in the Li-Cor Li- 1600 steady- 

state porometer, r,, is the boundary layer resistance for conifer needles set at 0.15 s cm-', T 

is the leaf temperature in O C  and P is the atmospheric pressure in KPê 

To monitor seedling intemal water stress, xylem water potentials (Yxyi) were 

measured on whole shoots using a Scholander pressun chamber (PMS Instruments, 

Corvallis, Oregon). Four randomly selected droughted containen (i.e. 4 seedlings pet nutrient 

regime) were measmd at 08:OO-(predawn), 12:30-(noon), and 1530-(aftemmn) on day 4, 

7, 1 1, 15, and 18 of the drought cycle. Seedlings selected for predawn measurements were 

transferred to a dark controlled-environment chamber (Conviron, Winnipeg, Manitoba, 

Canada) the previous night. This ensured that these seedlings were not exposed to light prior 



to taking the measurernent. Seediing stems were cut below the foliage with a scalpel. placed 

in a plastic bag and stored in a dark environment until prompt measurements could be made 

following precautions recommended by Ritchie and Hinckley (1975). During the final days 

of the drought cycle, some 'PX,, values surpassed the capacity of the Scholander pressure 

chamber (4.0 MPa); these values were simply recorded as king lower than this value. 

Drought recovery and survival 

At the completion of the drought period (18 days), al1 remaining jack pine seedlings 

were thoroughly rewatered using an automated irrigation boom. Stomatal conductances (&) 

of five randomly selected seedlings were measured at 12:OO h. 1,2. and 7 days after initiation 

of watering. Additional conductance rneasurements were measured during day 7 from 1O:OO 

to 14:ûû. Survival assessrnent for each nutrient ngime were made on 23 seedlings per 

treatrnent three weeks after cessation of drought. Visible cues such as signs of wilting. orange 

or brown brittle needles were used to determine seedling mortaiity. If seedling mortality was 

questionable, the prirnary stem was cut near the base to observe the xylem tissue for evidence 

of desiccation. 

Statistical analysis of data 

For each measurement period, needle stomatal conductances (gJ, leaf temperature, 

light levels, transpiration. difisive resistance, and xylem water potentials (Yxy,) were 

analyzed for differences between conventional, exponential, and halfexponential treated j ack 

pine seedlings. Results from nondmughted and droughted jack pine seedlings were analyzed 

separately using Kruskal-Wallis analyses owing to a smail sample size of (n=5 or 4). Data 

obtained within these three time intervals were pooled for anaiysis: morning (08:30- 10:30), 

noon (1 1:3&13:30), and afternoon (14:30-16:30). Stomatal conductances durhg the recovery 

period were also andyzed as previously described with hskal-Wallis analyses. Survival 

counts were compared using a Chi-square contingency table to determine if differences in 

mortality rate existed three weeks afier cessation of the drought. 



Results 

Preliminary seedling c harac teristics 

Seedling size and biomass for each nutrient regime was measund prior to the drought 

experiment. The following data were taken from the growth study presented in Chapter 3. 

As previously stated, CON and EXP treated seedlings were not significantly different in 

biomass or root collar diarneter during the August harvest (Table 5). Height differences 

remained with EMP treated seedlings k i n g  significantiy tailer (ANOVA, F2,M=33.15, 

Pd.05) than CON or H-EXP treated seedlings. Height values were 14.0. 12.3, and 8.1 cm 

for EXP, CON. and H-EXP treated seedlings, respectively. In cornparison, H-EXP treated 

seedlings were significantly smaller (ANOVA, F2,=23.50, Pd.05)  in diarneter than EXP 

and CON treated seedlings. Root collar diameters were 3.22,2.93, and 2.03 mm for EXP, 

CON. and H-EXP treated seedlings. respectively. A total dry weight of 1.57 13 g for H-EXP 

treated seedlings was also significantly smaller (ANOVA, F2#33. 15, P4.05) than the total 

dry weights of EXP and CON treated seedlings with values of 3.4663 and 3.1 166 g, 

respectively (Table 5, Appendix 9). 

S tomatal conductances of non-droughted jack pine seedlings 

Stomatal conductances (&) of non-dmughted jack pine seedlings fluctuated between 

100 to 350 mm01 ni2s" under a changing environment (Fig. 10). Variation in the standard 

errors between the three treatments indicated a few differences for the control seedlings. 

In the moming, &EXP treated seedlings had significantly lower g, on day 5 (K-W, 

xZif 6.66, Pc0.05) and day 15 (K-W, ~ ~ ~ ~ 5 . 4 2 ,  P4.05) (Fig. 10A). At noon, H-EXP 

treated seedlings had significantly lower & on &y 15 (K-W, x2,,=7.26, Pd.05) and day 16 

(K-W, ~ ~ ~ 5 . 4 2 ,  P d . 0 5 )  (Fig. 10B). Afiemoon coriductances were similar to the noon data 

with significantly lower g, on day 15 (K-W, x2,,=7.94, Pc0.05) and 17 (K-W. ~ ~ ~ ~ = 5 . 4 6 ,  

P<0.05) (Fig. IOC). In addition, CON treated seedlings had significantly lower & on day 1 

at noon (K-W. ~~,=6.50, Pd.05)  and in the aftemoon (K-W. ~ ~ ~ 7 . 7 6 ,  



Table 5. One-way ANOVA of growth parameters (WE) measured from potted jack pine 
seedlings grown using different nutrient regimes, which were kept well-watered prior 
to the droupht study at the GLFC. The hamest was completed 90 days after planting. 

Nutrient Regime Mass g. Height Diam. S R  
Root Stem Needle Total cm mm Ratio 

Conventionai 1.1838. 0.4842' 1 .4486. 3.1 166' 1 2.3b 2.93' 1 .593a 
(O. 102) (0.048) (O. 141) (0.284) (0.57) (0.156) (0.057) 

Exponen t ial 1.2941 a 0.5650" 1 ,6072. 3.4663a 14.0a 3.22" 1.678" 
(0.085) (0.042) (0.115) (0.235) (0.47) (0.125) (0.053) 

Half-exponential 0.6554~ 0.1 93gb 0.7220~ 1.57 1 3b 8.1 2.03~ 1.356* 
(0.037) (0.018) (0.060) (0.110) (0.53) (0.096) (0.054) 

Means, followed by the same letter within a column and harvest, do not differ significantly 
(P4.05. n=30). 



Figure 10. Mean stomatal conductances &SE) of non-droughted jack pine seedlings 

measured during the moming (A), noon (B), and afternoon (C) in the GLFC 

greenhouse. Time intervais were: moming (08: 30- 1 O:3O), noon ( 1 1 :3O- 1 3:30), and 

afternoon ( l4:3@ l6:3O). (n=5) 
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Pcû.05) (Fig. 10C). A summary of al1 ffiskal-Wallis mean scores, x2, and P values are 

included for the moming, noon, and aftemoon in Appendices 15, 16. and 17, respectively. 

Stomatal conductances of droughted jack pine seedlings 

Throughout the course of the expriment, drought had a profound effect on stomatal 

conductance (gJ of j ac k pine. Ini tially , droughted seedlings had comparable values to the 

control seedlings with values ranging between 120-210 mm01 m-2s-1. Jack pine stomatal 

response, with smaü standard erron, showed a gradual decrease in conductance. Between 

day 5 and 17, & dropped h m  105 to 0.88 mm01 m-2s-1 (Fig. 1 1). A general tnnd showed that 

moming stomatal conductances were consistently higher than noon or aftemoon 

measurements prior to stomatal closure. For example on day 5, stomatal conductances near 

100 m o l  mS2 s-' in the morning were 2 fold greater than values of 50 mm01 rn" s" measured 

at noon or aftemoon. Sirnilar results wen observed on days 8 to 10 of the drought cycle. On 

day 15, stomatal conductances ranged between 0.88 to 2.78 mm01 m'2s'1 throughout the day. 

These low values suggest that the seedlings had closed their stomata. 

No significant differences between the treatments were found in the stomatal 

response of the droughted seedlings in the morning or noon time interval (Fig. 1 IA-B, 

Appendix 18 and 19). One sipificant difference was found on day 17 for CON and H-EXP 

treated seedlings that had a significantly lower (K-W. ~ ~ , ~ = 6 . 0 0 ,  P4.05) stomatal 

conductance in the aftemoon (Fig. 1 1 C, Appendix 20). Stomatal conductances of 1.53 and 

1.72 mm01 m-2s'1 w e n  measured for H-EXP and CON treated seedlings whereas EXP treated 

seedling stomatal conductance was 2.99 m o l  m"s". 

Xylem water potentials 

Drought caused a severe reduction in the xylem water potentials ('f,,) throughout 

the experiment. Y,,,, measurements showed no signincant difierences for seedlings from each 

nutrient regime (Fïg. 12). Redawn 'Px,, ranged between -0.4 and -0.8 MPa from day 4 until 

day 1 1. During this moming interval, seedlings were under low or moderate water stress as 

they were able to replenish their water supply during the night Identical values around 



Figure 1 1. Mean stomatai conductance &SE) of droughted jack pine seedlings measured 

duing the moming (A). noon (B). and aftemoon (C) in the GLFC greenhouse. Time 

intervals wen: morning (O8:3O- lO:3O), noon ( 1  1 :3O- l3:3O), and aftemoon (1430- 

1 6:3O). (n=5) 
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Figure 12. Mean xylem water potentiais &SE) taken from conventionai (A), exponential (B), 

and halfsxponential (C) treated jack pine seedling throughout the ârought cycle. 

Predawn, rnidday, and aftemoon xylem water potentials were measund at 08:ûû. 

12:00, and 16:00, respectively. (n=4) 
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-0.80 to - 1.40 MPa at noon during &y 4 and 7 of the drought indicated an increase in drought 

stress. On &y 1 1. seedling noon and afternoon 'P,, were equal or below - 1.7 MPa, the point 

of hydroactive stomatal closure noted in the literanire for jack pine. Reduced stomatal 

conductances coincided with this event as values ranged between 40 and 11 mm01 m'* s'l 

throughout the day. At this critical point. ail 'f,,, continued to decrease from -2.0 to lus than 

4.0 MPa h m  &y 15 to 18. A summary of aU Kniskal-Wallis mean scores. x2. and P values 

are included in Appendix 2 1. 

Seedling recovery and survival 

Seven days afier initiation of watenng, CON treated seedlings had significantly 

higher (K-W. x2p6.62. P d . 0 5 )  nom stomataî conductance (92.9 mm01 mm2 s" ) compared 

to values for W8 and H-EXP treated seedlings of 5 1.9 and 28.32 mm01 s", respectively 

(Fig. 13). Kniskal-Wallis mean scons, x', and P values for these results are presented in 

Appendix 22. which also included needle area, temperature. diffisive resistance, and 

transpiration (data not presented). Other spot measwements at 10:00, 1 1:00, and 13:30 taken 

during day 7 of recovery showed a similar trend - CON treated seedlings had significantly 

higher (K-W. ~~,,=5.65, P 4.05) stomatal conductance (&) compared to EXP and H-EXP 

treated seedlings (Appendix 23; data not shown). Seedling mortality ranged between 59 to 

70% 3 weeks after the cessation of the drought cycle. No significant differences in seedling 

mortaüty were found between the nutrient regimes (contingency table andysis 2x3, x2 =2.38, 

P=0.305, Appendix 24). 



Figure 13. Mean stomarnl conductances &SE) of conventional, exponential, and half- 

exponential tnatcd jack pine seedlings measured at noon seven days after the 

initiation of wataing. (n=5) 
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Discussion 

Non-droughted seedlings 

Under changing light, relative humidity, and temperature in the greenhouse, diunial 

stomatai conductance (&) of non-droughted jack pine seedlings varied between 100 to 350 

mm01 m** s". Moming and noon stomatd conductances were higher indicating greater 

stomatal opening during these times. Aftemoon & rates, however, were slightly lower, which 

indicated a gradua1 closing that limited both water loss and CO2 uptake (Fig. 10). S tomatal 

response of jack pine seedlings from the different nutrient regimes was sirnilar except for a 

few isolated events. Morphological or physiological causes may explain these minor 

ciifferences under well-watered conditions. These results indicating that nutrient regime did 

not affect stomatal conductance under weli-watered conditions are not surprising. At the leaf 

leve!, stomata constitute the major path of possible water loss accounting for 80-90% in most 

temperate tree species (Larcher 1983; Tan 1992). When soi1 moisture is not limiting, light 

and the absolute humidity difference between the needle and the air (AHD) primarily 

determine stornatal conductance (Kaufmann 1982). This king the case, N supply should not 

affect g, provided that it was not lirniting. Stomata also play a key role in plant growth 

because they permit the entry of C 4  for carbon assimilation through the process of 

photosynthesis. 

Droughted seedlings 

During the 18 day drought cycle, jack pine seedlings from aîi treatments responded 

similarly (Fig. 1 1). InitiaUy, the stomatal conductance (gJ of jack pine seedlings gradually 

a 
decreased fiom 105 mm01 s'l in the moming and to approximately 50 m o l  me2 sms'l for 

noon and aftemoon hours. These observations support Reid et al. (199 1) that one of the first 

and most sensitive i-esponses to a lessened water suppiy is a nduction in turgor pressure 

which quickly reduces cell expansion and p w t h .  From day 5 to 17, & rates decreased until 

stomatal closure occucred The lack of difference in the stornatal response to increasing water 

stress between the initial nutrient regimes impiies that there were no physiologicai 

differences 9 weeks after potting to alter the response to drought. Stomata simply nacted to 



their environment. While the leaf water potential has ken  shown to control stomatal 

conductance, other factors such as leaf temperature, abscisic acid concentration, and intemal 

carbon dioxide concentration have also been shown to control leaf water loss (Hinckley et 

al. 1978; Jmis  1980: Grossnickle and Blake 1986). In addition, drought stress can suspend 

or slow down the normal process of photosynthetic development in developing tissues 

(Ludlow and Ng 1974). 

Another physiological measurement, the xylem water potentials ('Px,,), showed a 

similar trend for al1 treamients with values decnasing between -0.4 and -0.8 MPa from day 

4 to day 1 1. Seedling predawn Y,, were able to recover overnight from the low Y,,, (- 1 .O to 

- 1.27 MPa) experienced during the previous day (Fig. 12). At day 1 1, however, Y,, values 

were equal or above -1.7 M a ;  the point where jack pine seedlings lose turgor and where 

hydroactive stomatal closure occurs (Grossnickle and Blake 1986). From this point, 'P,, 

decreased until values werr below 4.0 MPa and the drought cycle was ended. No significant 

differences were found in either the stomatal conductance or xylem water potentials of CON, 

EXP, and H-EXP treated jack pine seedlings (Fig. L 1 and 12). Overdl, the results presented 

here support results obtained from Tirnmer and Miller (1991) that midday xylem water 

potentials for CON and EXP treated red pine seedlings wen sirnila when exposed to a range 

of moisture ngirnes. Marshall (1990) observed that jack pine roots can be rapidly desiccated 

and yet maintain turgor despite decrease in the water content. This is thought to occur 

through adjustment of their elastic rnodulus (Le. a function of ce11 wail elasticity, change in 

volume, and total volume), which seems to be related to the synthesis of a specific set of 

proteins. Tan and Hogan (1995) found that N-deficient jack pine seedlings showed a greater 

capacity to maintain turgor as tissue water potential declined. They attributed the increase 

in the ability to maintain turgor largely to cell wall elastic enhancement. Although foliar 

nutrient concentrations were diflerent after seedling production, no differences remained 

when seedlings were established in the field (50 to 60 days; stated in Chapter 3). A lack of 

difference in nutrient reserves may explain why seedlings reacted the same physiologically 

throughout the drought cycle. 



Drought recovery and swival 

Although seedling mortality was not simcantly different between nutrient regimes, 

a significant physiologicai difference did occur during seedling recovery. CON treated 

seedlings had significantly greater stomatal conductances compared to EXP and H-EXP 

treated seedlings 7 days after rewatering (Fig. 13). CON seedling mots rnay have replenished 

to a greater extent their water supply from the soil than the EXP and H-EXP treated 

seedlings. A larger store of water within a plant can help make up for the deficit between 

transpiration and uptake rates comrnonly experienced by a plant during the course of the &y 

(Stewart and Liefiers 1993). Furthemore. the water uptake of CON treated seedlings rnay 

influence to a greater extent its stomatal response. growth, and sumival. Tan et al. (1992) 

noted that the ability to sustain a higher CO, assimilation due to a higher & in the faster- 

growing progenies of black spruce rnay have hastened their recovery after stress relief. 

Higher rates of photosynthesis supplied additional carbon for osmotic adjustment, thereby 

promoting turgor maintenance. 

The quick recovery of CON treated seedlings rnay be a response to their previous 

history and development. The conventional nutrient regime used in the nursery production 

rnay have influenced seedling morphology or physiology in a manner that was not examined. 

Under a conventional nutrient regime, nutrients were over supplied in the early part of the 

production cycle, and under supplied in the later part. This resulted in larger seedlings dong 

with more self-shading within the production trays. Exposure to cenain stresses can cause 

a degree of hardening such that the plants kcome more tolerant not only of that stress. but 

also of other stresses (Jones et al. 1989). A plant's ability to adapt and recover quickly fiom 

various stresses is critical to its swival. One can argue that numerous stresses have limited 

the growth of CON treated seedlings and rnay have conàitioned these seediîngs to recover 

quickly from stress. 



huing a severe drought, 

a similar rrsponse for al1 jack 

xylem water potentials and stomatai conductances showed 

pine seedlings regardless of the initiai nutrient regimes. 

Stomatai closure coincided with the xylem water potentials reaching -1.7 MPa; the point 

where jack pine seedlings lose turgor. This suggested that the preconditioning effect did not 

persist 9 weeks alter seedlings were potted. Once rewatered, however, stomatal conductance 

diffennces were observed one week into the ncovery process. CON treated seedlings had 

significantly greater stomatal conductance rates than EXP and H-EXP treated seedlings. 

After 3 weeks, scedling monality of 59 to 70% was not significantiy different among nutrient 

regimes. 



Preface 

To understand seedling field performance with respect to differences between the 

nutrient regimes, photosynthesis and dark respiration were measured after completing the 

greenhouse production phase. Seedlings h m  a dupiicate jack pine crop were produced using 

the same methods and nutrient regimes at the GLFC greenhouse during the winter of 1995. 

These physiological expeninents were performed on a smali subset of seedlings under ideal 

conditions to determine if the nutrient regimes gave any advantages to these seedlings. 



Chapter 5 

Effect of nutrient ngime on photosynthesis and dark respiration of jack piae seedlings in a 
controlled environment. 

Abstract 

Jack pine (Phus  banhiana Lamb.) seedlings produced using conventional (CON). 

exponentiai (EXP), and hdfcxponential (BEXP) nutrient regime demonstrated significant 

differences with respect to photosynthesis and dark respiration rates under ideal growth 

conditions. Mean photosynthetic rates (A) for EXP and H-EXP treated seedling were 

significantiy greatcr at 1 1:00 h with means of 6.51 and 5.60 pmol rnm2s" compared to a lower 

rate of 4.82 pmol rn'*s'' for CON treated seedlings. Lower A values at 14:OO h had means of 

5.74.5.16, and 3.69 pmol m'2s" for EXP, H-U8, and CON treated seedlings, respectively. 

A values at 16:O h were similar to means taken at 11:OO h. In ideal conditions, dark 

respiration (Rd) of H-EXP treated seedlings was consistantly higher throughout the 

experirnent. Mer two hours in darkness, mean Rd for H-EXP, U8, and CON treated 

seedlings were 2.00, 1.6 1. and 1.43 pmol m%', respectively. M e r  54 h of darkness, % rates 

remained constant. H-EXP, EXP, and CON treated seedltigs had mean & of 0.78.0.62, and 

0.56 pmol rne2s? Similar low Rd values were measured after 74 and 98 h of darkness. This 

suggests strongiy that the values indicate the minimum maintenance respiration level of these 

jack pine seedlings. 



Introduction 

Growth rates of w d y  plants depend on the rate of photosynthetic carbon gain, the 

availability of essentiai nutrients, particularly nitrogen (N) and respiration (Marschner 1986; 

Kirschbaum et al. 1994; Lawlor 1995). Many studies have shown that increases in tissue 

nitrogen are positively correlated with increased photosynthesis and growth rates seen in a 

wide variety of plant species (Schulze and Hall 1982; Gleeson 1993; Schulze et al. 1994). 

This relationship exists primady because the photosynthetic system of a plant is dependant 

on the concentration of nitrogen-containing enzymes, pigments, and electron transport 

components within leaves (Evans 1989; Reich et al. 1995). The rate of dark respiration of 

leaves is aiso often positively comlated with Ritrogen concentration (De Visser et al. 1992; 

Makino and Osmond 199 1; Pons et al. 1989; Van der Werf et al. 1994; Bouma et al. 1995). 

Because both photosynthesis and respiration are dependant on avdable nitrogen, dry matter 

production (DMP) should also be strongly comlated to the availability of nitrogen. 

With this information, nurseries can attempt to precondition seedlings with a specific 

nitmgen supply to improve the nutrient content, photosynthesis, respiration, and the resultant 

growth of seedlings. Consequently, preconditioned seedlings should have an improved 

performance in the field. Timmer et al. (1987) advocated the use of an exponential nutrient 

regime as a way to produce superior seedlings and improve regeneration especially on 

nutrient-poor or difficult sites. 

Traditionaily, seedlings fertilized using a conventional nutrient regime received the 

sarne amount of fertilizer at each application throughout the greenhouse growth. An 

altemaiive is to apply an exponentiai nutrient regime that is tailored to meet the demand of 
a 

the plant. In short, plants are grown with constant interna1 nutrient concentration, fkee from 

nutrient stress, by addiag nutrients at an exponential raie rather than at a constant rate. The 

equation described in Ingestad and Lund (1979) to calculate the rate of nutrient addition for 

an exponential nutrient regime was as follows: 

N, = N, (eut - 1) 

where RAR is the relative addition rate required to increase Ns, the initial level of nitrogen 



(N), to a final level NT + Ns, where NT is the amount of nitrogen to be added for a number 

of fertilizer applications (t). This preconditioning method cm raise nutrient reserves prior to 

outplanting through a process called nutrient loadhg. Nutnent loading is defmed as increased 

intemal nutrient concentrations without changing total dry mas, giving nse to what has been 

referred to as luxury consumption (Timmer and Munson 199 1). 

Research on different conifer species has revealed contrasting results for the use of 

the exponential nutrient regime. Exponentially treated seedlings have exhibited p a t e r  

growth and increased nutrient content after planting compared to conventionally grown 

seedlings for red pine (Pinus resinosa Ait.) and Scots pine (Pinus sylvestris Le), respectively 

(Miller and Timmer 1994; Timmer and Armstrong 1987% 1989; Troeng and Ackzeli 1988). 

In contrast, exponentially treaicd black spmce (P icea m a h  w11.1 B.S.P.) seedlings were 

not significantly different in biomass or nutrient content than conventionally treated 

seedlings after the production cycle. The exponential black spruce seedlings did outperform 

their conventional counterparts once outplanted (Timmer et al. 199 1 ) .  

The duration and influence of the nutrient preconditioning is critical to improve 

outplanting performance. Stewart and Lieffers (1993) found that preconditioning lodgepole 

pine (Pinus contma var. latifolia Engeln) with nitrogen relative addition rate and drought 

stress regimes penisted after 6 weeks. Although many unanswered questions need 

investigation, the aim of the present study is to assess if physiological differences between 

conventional, exponential, and half-exponential grown jack pine seedlings exist under ideal 

conditions after greenhouse production. Does the nutrient regime enhance carbon gain 

(photosynthesis) or carbon loss (respiration) in a controiled environment? Evaluating the 

physiological responses of jack pine seedlings is a fint step to understanding early seedling 

survival and performance in the field. This information will help tailor seediing size, 

nutrition, and physiology to their future outplanting sites. 



Methods and Miterials 

Plant material 

A jack pine seedling crop, grown using the methods described in Chapter 3 during 

the fawinter of 1995 at the Great Lakes Forestry Centre, Sault Ste Marie, Ontario, Canada, 

was used for this experiment. The last fertilizer application was on Ianuary 17, 19%. The 

dark respiration study was initiated 11 days after the last fertilizer application. Owing to 

experimental problems, the photosynthesis study was initiated 47 days after the last fertiiizer 

application. 

Photosynthesis experiment 

Fifteen randomly selected jack pine seedlings (5 per nutrient regime) were placed in 

a controlied-environment chamber (Conviron, Winnipeg, Manitoba, Canada) two days prior 

to initiating the study. Each seediing paperpot was inserted in a standard plastic leach tube. 

placed on a holding tray, and imgated from a water basin placed underneath. This prevented 

the Japanese paperpots from drying aut and provided adequate moisture throughout the 

experiment. Ideal environmental parameters included an 1 8/6 hour light/dark period, 70% 

relative humidity, a 25OCl 18'C dayhight temperature, and arnbient CO2 concentration. 

Photosynthetic rates (A) were measured at 11:00, 14:00, and 16:00 h daily during three 

consecutive days. Spot measurements were taken on whole shoots of seedlings using a Li- 

6200 photosynthetic system (LiCor Inc., Lincoln, NE, USA) equiped with a 1 Litre cuvette. 

A continuous light level, supplied from 6 Multi-vapour MVRlOOOCN (General Electric, 

USA) and 6 250 Q/CL tungsten-hdogen (Sylvania, Quebec, Canada) lamps, for al1 samples 

during measunment was approximately 1ûûû pmol a2s-1 (PPFD) at bench height. Seedlings 

were measureâ altemately in sequence (i.e. CON 1, EXP 1, and H-EXP 1 followed by CON2, 

EXP2, and H-EXP2). To prevent CO2 buildup within the environmental chamber, the door 

was kept wide open and a face mask co~ec t ed  outside the chamber was wom during the 

experiment. The constraints to caiibrate the photosynthetic system and take measurements 

pemiitted only 2 time intervals to be completed each day. A total of 10 meawements was 



obtained for each time interval and nutrient @me. After completing al1 measurements, 

needles from each seedling were plucked, isolated and stored in plastic bags at -10°C until 

processing. Neecüe projected areas were measured using a Delta-T Area Measurement 

System (Delta-T Devices Ltd., Cambridge, England). All projected needle areas permitted 

recalculation of the physiological data on a relative basis with the RECOMP software 

package (LiCor Inc., Lincoln, NE, USA). Al1 calculations are based on a one sided leaf 

formula previously mentioned in Chapter 4. 

Analysis of photosynthesis data 

Cornparisons to determine if physiological differences exist between conventional, 

exponentid, and half-exponential treated jack pine seedlings were analyzed on natural log- 

transfonned data using a one-way analysis of variance (ANOVA SAS@ PROC GLM). Means 

for al1 variables (n= IO) were then cornpared with a Snident Newman-Keuls test. 

Dark respiration experiment 

Fifteen mdomly selected seedlings (5 per nutrient ngime) were placed in a darkened 

controlled-environment chamber (Conviron, Winnipeg, Manitoba, Canada). Each seedling 

paperpot was inserted in a standard plastic leach tube, placed on a holding tray, and soaked 

from the beneath for 30 minutes a day during the expriment. This prevented the Japanese 

paperpots from drying out and provided adequate moism.  Environmental conditions 

included total darkness, rmm relative humidity (45.60% RH), temperature between 20-25*C, 

and ambient CO, concentration. Rior to physiological measurements, key seedling growth 

parameters were measund to ensure the assumption of no significant growth during the 

experiment was respected. These measurements were also taken in the dark with a srnaii 

green light. Seedling lengths (root collar to stem top, root collar to needle base, and the 

longest needle) were measured with a standard der.  Seedling root collar and needle base 

diameters were measured 3 times each at 45" degree angles from one anothcr using Max 

Series Electronic Digi ta1 Cdiper (Fred V. Fow ler Company Inc., Japan). Respiration rates 

(Rd) were measured after seedlings were in total darkness for 2,26,54,74, and 98 h. Spot 



measurements were taken on the top, isolated section of the crown or the whole shoots 

(depending on seedling size) using a Li6200 photos~thetic system (LiCor Inc., Lincoln, 

NE) equipped with a 1 Litre cuvette. A small green light focused on the instrument panel 

away from the seedlings made it possible to measure seedlings sequentially (i.e. CONL, 

CON2, CON3, CON4, and CON5 foliowed by EXPI, W82, EXP3, -4, and EXPS). The 

sampling order would rninimize variation and could account for differences between the 

nutrient regimes. After completing al1 measurements, the method to determine the projected 

needle areas from each seedling was identical to the methods described for the photosynthe- 

sis experiment. 

Analysis of respiration and growth data 

Cornparisons to determine if physiologicd differences exist between conventional, 

exponentiai, and half-exponential treated jack pine seedlings were analyzed using a non- 

parametric statistical analysis owing to a s m d  sample size (n=5). Means for al1 variables 

were compared with a Kmskal-Wallis test. To determine if any growth changes occurred 

during the study a Kruskd-Wailis test was aiso used to compare the means. 



Photosynthesis 

hiring each measusement period, EXP grown jack pine seedlings had significantly 

higher (ANOVA, F2,,,a3.97, P4.05) photosynthesis (A) and stomatal conductance (g) rates 

than CON treated seedlings (Table 6). The difference in A and gs was apparent because 

needle area and intemal leaf CQ values were not significantly different for all measurements 

(Table 6, AppendUt 25). H-EXP mated seedüngs had intermediate photosynthetic rates; but, 

these were only significantly higher than CON treated seedling at 14:00 h (Fig. 14). At 1 1:00 

h, EXP, H-EXP, and CON treated seedlings had photosynthetic rates (A) in descendhg order 

of 6.5 1,5.60, and 4.82 pmol m'2s't, respectively. Lower photosynthesis values were measured 

at 14:OO h. EXP and H-EXP treated seedlings had means of 5.74 and 5.16 pmol m-2s-' 

whereas CON treated seedlings showed a significantly lower (ANOVA, F2,,&.74, P4.05) 

photosynthetic rate of 3.70 pmol rn'*s", the lowest photosynthesis rate measured in this snidy 

(Fig. 14). During the same time, stomatd conductances (gb were also significantly lower 

(ANOVA, F2.,,29.36, P8.05) for CON treated seedlings (approxirnakly half the values seen 

in EXP and H-EXP treated seedlings). At 16:ûû h, the photosynthesis rates (A) had increased 

and values were similar to rates observed at 1 1:00 h. Overail, needle conductance (gJ rates 

also showed a similar trend as the photosynthesis &ta (Table 6). Stomatal conductances for 

the EXP and H-EXP treated jack pine seedlings were significantly higher than those of 

seedlings produced using a conventional nutrient regime (Appendix 25). 

Dark Respiration 

Throughout the experiment, dark respiration (RJ of H-EXP grown jack pine 

seedlings was consistantly higher than that of EXP treated seedlings and the latter generally 

had higher values than those of CON treated seedüngs (Fig. 15). After two hours in darkness, 

respiration rates (Rd) fell for H-EXP, EXP, and CON treated seedlings to 2.00, 1.62, and 

1.43 pmol rn'*sd', respectively (Table 7, Appendix 26). 



Table 6. Mean needle areas and gas exchange parameters & SE) of jack pine seed- 
lings undcr ideal growth conditions in a photosynthesis study. One-way 
ANOVA (SAS.) of natural log-transfomed data, means followed by the sarne 
letter within a column and tirne interval are not significantly different (Pc0.05, 
n= 1 0) * d 

Physiological parameters 

Nutrient Regiw Needle Photosyn- Conduct- Intemal Trans- 
Area thesis ance Ieaf CO2 piration 
cm2 pmoi rn-*s*l moi m*2s*1 ppm mm01 m-*d 

Conventionai 9.7V 4.82b O. 1 80b 296.66' 
(0.72) (0.32) (0.0 16) (2.82) 

Exponential 

Half-exponential 10.1 za 5 .Wb 0 . W  308.3 1' 8.69' 
(0.83) (0.42) (0.095) (6.05) ( 1.62) 

Conventional 

Exponential 

Conven tionai 

Exponential 

Hal f-exponen tial 1 0.1 7 5. 16ab 0.282a 305.42' 6.33a 
(0.83) (0.54) (0.065) (4.38) (1.1 1) 



Figure 14. Mean noon stomatal conductances &SE) of conventional, exponential, and half- 
exponential treated jack pine seedlings seven days after rewatering. (n=5) 
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Figure 15. Mean dark respiration rates &SE) of conventional. exponential, and half- 
exponential treated jack pine seedlings measured at 2.26,54,76, and 98 hours in 
darkness. (n=5) 
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After 26 hours of dark, Rd dropped to almost half the values noted after only two h o u  of 

darkness. Dark respiration rates were significantly different (K-W, xZ2,= 10.20, P 4.05) for 

seedlings nom each nutrient regime during this time interval. H - W 8 ,  EXP, and CON treated 

seedlings had R,, values of 1.00,0.84, and 0.63 pmol rn'*~', respectively. At 26 hours of dark, 

the transpiration rates (E) of CON treated seedlings was also significantly lower (K-W, 

~ ~ ~ = 5 . 5 4 0 ,  P d . 0 5 )  cornpared to EXP and H-EXP treated seedlings (Table 7, Appendix 26). 

At 54 h, H-EXP, EXP, and CON treated seedlings had lower dark respiration rates of 0.77, 

0.62, and 0.57 pmol m'2s'' respectively. During this time interval. H-EXP treated seedlings 

had significantly greater dark respiration rates than CON treated seedlings; whereas, EXP 

treated seedlings had an intermediate Rd value. 

After 54 h of darkness. respiration rates were not significantly different from one 

another and remained constant until the end of the expriment with one exception. A 

significantly lower respiration rate (%) of 0.013 pmol m*2s*' was measured on a convention- 

ally grown seedling &ter 98 h in darkness (Fig. 15, Appendix 26). Growth measurements 

including seedling iengths and diameten remaineci constant during the experiment (Table 8). 

Kruskal-Wallis mean scores, x2, and P values were not significant which verified that no 

significant growth did occur (Appendix 27). 



Table 7. Mean needle areas and gas exchange parameters &SE) of jack pine seedlings 
under ideal growth conditions in a dark respiration study. One-way ANOVA 
(SAS? of naturai log-transfomed data, means followed by the sarne letter 
within a colurnn and time intemal are not sisfferent (Pc 0.05, n=5) 

Physioiogical parame tea 

Nutrient Time Needle Respiration Conduct- Internai Tram 
Regime in dark Area pmol n ~ * ~ s "  ance leaf CO2 piration 

h. cm2 moi m-*d ppm m o l  rn-*s" 

Conventionai 2 123.80" 1.43' 0.029' 5 16.3* 0.295" 
(4.55) (0.23) (0.008) (77.3) (0.074) 

Exponentiai 2 67.63b 1.62' 0.039' 448.6a O.42Za 
(14.77) (0.34) (0.008) (30.1) (0.092) 

Half- 2 29.W 2.001 0.024" 492.0' 0.249" 
exponentiai (4.32) (O. 10) (0.002) (14.3) (0.0 14) 

Conventional 26 123.80" 0.63' 0.0 17" 486.3' 0.259b 
(4.55) (0.02) (0.m) (54.1) (0.094) 

Exponential 26 67.63b 0.84b 0.034" 40 1.8' 0.57ga 
(14.77) (0.05) (0.006) (12.8) (0.1 10) 

Haif- 26 27.W 1 .O08 0.037' 403 -2" 0.646' 
exponential (3.94) (0.05) (0.m) (1 1.8) (0.079) 

Conventional 54 123.8V 0.57b 0.0 1 Sb 461.1' 0.278b 
(4.55) (0.07) (0.005) (45.3) (0.084) 

Exponentiai 54 67.63b 0.62* 0.029. 393 Sa 0.525" 
( 14.77) (0.02) (0.005) (10.3) (0.09 1 ) 

Half- 54 27.09' 0.77" 0.037' 385.1" 0.725" 
exponential (3.94) (0.05) (0.003) (2.2) (0.052) 

Conventional 74 I23.8CP 0.W 0.0 1 3b 487.4' 0.230b 
(4.55) (0.09) (0.005) (57.6) (0.083) 

Exponential 74 67.63b 0.7 1' 0 .02p 424.3. 0. 397ab 
( 14.77) (0.06) (O-oO4) (2 1.4) (0.089) 

Hdf- 74 27.09C 0.78. 0.03 1' 395.8' 0.597' 
exponential (3.94) (0.60) (0.rn) (8.5) (0.069) 

Conventional 98 123.8CY 0.43b 0.0 15' 420.9 0.257" 
(4.55) (0-04) ( O * W )  (2 1.4) (0.066) 

Exponential 98 67.63b 0.67' 0.022' 409.7a 0.4 13' 
(14.77) (0.02) (0.004) (13.9) (0.074) 

Hal f- 98 27.W 0.77' 0.026a 407 .4a 0.486" 
exponential (3.94) (0.0‘0 (0.004) ( 13.23) (0.079) 



Table 8. Mean morphological characteristics &SE) of CON, EXP, and H-EXP grown 
jack pine seedlings kept in darkness for up to 98 hrs. (n=5) 

Nutrient Regirnc Time h. Lengths (cm) Diameters(mm) 

Root collar to Longest Root Needle 
stem tipheedle base needle collar base 

Conventional 2 1.82 10.14 12.22 2.27 2.44 
(O. 15) (0.72) (1.00) (0.04) (0.05) 

26 1.82 10.22 12.16 2.25 2.39 
(O. 14) (0.72) (1.00) (0.05) (0.04) 

54 1.84 10.18 12.18 2.29 2.42 
(O. 1 1) (0.72) (1.01) (0.05) (0.04) 

76 1.82 10.18 12.16 2.14 2.30 
(0.12) (0.70) (1.00) (0.06) (0.05) 

98 1.84 10.26 12.22 2.12 2.30 
(0.1 1) (0.70) (1.04) (0.06) (0.05) 

Ex ponential 2 2.08 9.50 12.10 1.78 1.93 
(0.12) (1.22) ( t .30) (0.08) (0.09) 

26 2.18 9.64 12.08 1.75 1.92 
(O. 1 2) (1.21) ( 1.33) (0.08) (O. 10) 

54 2.12 9.52 12.14 1.77 1.95 
(O. 15) (1.20) (1.31) (0.09) (0.11) 

76 2.10 9.54 12.16 1.70 1.87 
(O. 16) ( 1.20) (1.33) (0.09) (0.09) 

98 2.16 9-70 12.24 1 .70 1.80 
(O. 17) ( 1.22) (1.31) (0.10) (0.09) 

. Half-exponentid 2 1.74 4.90 9.06 1.41 1 .58 
(0.17) (0.17) (0.89) (0.05) (0.05) 

26 1.78 4.98 9.12 1.40 1.55 
(O. 15) (O. 16) (0.85) (0.05) (0.05) 

54 1.80 4.98 9.18 1.37 1.60 
(O. 15) (0.18) (0.90) (0.05) (0.06) 

76 1.82 5 .O2 9.20 1.40 1.56 
(0.12) (0.19) (0.86) (0.05) (0.06) 

98 1.88 4.94 9.28 1.33 1.42 
(0.08) (0.18) (0.85) (0.05) (0.06) 



Discussion 

Ph0 tosynthesis 

Jack pine seedlings grown using an exponential nutrient regime had greater 

photosynthetic rates (A) than seedlings grown conventionally in ideal environmental 

conditions. Half-exponential seedlings, that received half the total amount of nitrogen (i.e. 

20 mg N) during the nursery growth, had A values similar to those of conventionally grown 

seedlings. Higher f o l k  nutrient concentrations (&ta presented in Chapter 3) and A observed 

in exponentially p w n  jack pine seedlings support the preceding statement. Physiological 

ciifferences are explained because leaf photosynthesis has k e n  linked in a linear fashion to 

leaf nitrogen concentration (N) (Field and Mooney 1986; Schulze et al. 1994). Tan and 

Hogan (1995) produced jack pine seedlings using different nutrient relative additions rates 

(RARs) for 6 weeks to examine what lirnits the A of jack pine seedlings. Their results 

showed that N-deficient jack pine seedlings reduced the carboxylation capacity to a greater 

extent than the electron transport or photophosphorylation components of photosynthesis. 

A slightly excessive capacity in electron transport over carboxylation could allow for a more 

rapid photosynthetic response to any sudden increase in N availability (Tan and Hogan 

1995). Other studies, on hydroponically grown Picea sirchensis, Thuja plicata, and Tsuga 

heterophylla seedlings, found that photosynthetic rates (A) increased linearly with foliar 

nitrogen concentration to a maximum of 21 mg g" (Brown et al. 1996). Ultirnately, the 

synthesis of al1 plant components is a result of capturing solar radiation and using the energy 

to drive the biophysical and biochemicai processes (Monteith 1977; Lawlor 1993). Higher 

A, seen prior to outplanting, could be maintained in the field if environmental conditions 

particularly N uptake are not limiting. Overail, the results presented here suggest that 

exponentidy grown seedlings should have a faster growth rate and increased dry matter 

production (ie. carbon gain) than conventional seedhgs. 

Dark Respiration 

Respiration is a continuou pnmss regulated by both the energy demand of the plant 



and the concentration of key metabolites (Taiz and Zeiger 199 1). Under ideal conditions, 

jack pine seedlings grown using a half-exponentid nutrient regime had greater dark 

respiration rates (%) than CON treated seedlings. EXP treated seedlings had intermediate 

% values throughout the study (Table 7). Although the higher & values for H-EXP txzated 

seedlings were surprising, the nutrient supply is known to affect both carbon partitioning 

between different plant organs and carbon allocation towards metabolic pathways such as 

glycolysis, starch formation or sucroneogenesis (Wingler et al. 1994). For example during 

the final weeks of production, EXP and H-EXP treated seedlings received a greater arnount 

of nitrogen compared to the conventional nutrient regime. A surplus of nitrogen can diven 

photosynthates away from the formation of storage or transport carbohydrates such as starch 

or sucmse to that of amino acid or protein synthesis, which is important for growth (Wingler 

et al. 1994). 

Dark respiration is a factor of great imponance for biomass production because it acts 

as a source of ATP and provides the essential carbon skeleton as glucose is broken down into 

CO2 and H,O. In C, crops it represenu about 50% of the carbon assimilated, a large demand 

and one substantially reducing dry matter production (DMP) compared to the total 

photosynthetic potential of the canopy (Lawlor 1995). However, dark respiration has been 

separated, functionally, into growth and maintenance components (Lawlor 1995). After 54 

h in darkness, H-EXP, EXP, and CON treated seedlings had dark respiration rates of 0.77. 

0.62, and 0.57 pniol rn'zs", respectively (Fig. 15). These rates remained constant until the end 

of the snidy and indicated that jack pine seedlings had reached their minimum maintenance 

respiration Ievel. Respiration rates above the minimum level should, thenfore, represent that 

attributed to growth respiration. The resdts presented here suggest that half-exponentially 

grown seedlings have a higher maintenance and p w t h  respiration rate (Le. carbon loss) ihan 

the two other nutrient regimes. This wodd indicate that carbon loss in H-EXP treated 

seedlings is attributed io growth and a higher relative growth rate. The following supports 

observations by Dijkstra and Lambers (1989) bat fast-growing species with a higher rate of 

nitrate uptake and higher RGR aiso have a higher shoot and root respiration. 



Under ideal conditions, EXP treated seedlings had sigdicantly higher photosynthetic 

rates than CON üeated seedlings throughout the day. H-EXP treated seedlings consistently 

had intermediate photosynthetic rates. For the dark respiration study, however, H-EXP 

treated seediings consistently had higher respiration rates followed by EXP and then, CON 

treated seedlings. After 54 h of darkness, respiration rates remained constant at 0.78,0.62. 

and 0.56 km01 m%' for H-EXP, EXP, and CON treated seecllings, respectively. Similar rates 

measured at 74 and 98 h of darbiess suggest strongly that ihese values are the minimum 

maintenance respiration level for these jack pine seedlings. Both photosynthesis and dark 

respiration rates suggest that EXP and H-EXP treated seedlings have a physiological 

advantage for growth compared to CON treated seedlings prior to outplanting. 



Chapter 6 

In conclusion, preconditioning jack pine seedlings during the production phase is an 

important process in irnproving production standards and regeneration success. Seedlings 

physiologically prepared or acclimated to their outplanting site can improve seedling 

establishment and growth especially on sites where nutrients and soi1 moisture availability 

are low. 

Prior to outplanting, our findings have show that: exponentially grown seedlings had 

higher photosynthesis (A) and dark respiration (R,,) rates compared to conventionally grown 

seedlings. Combined with higher nutrient concentrations and lower S R  ratios, seen after the 

greenhouse growth. exponentially grown seedlings outperformed conventionally grown 

seedlings only during the fmt 50 to 60 days d e r  outplanting. Only height differences 

remained beiween CON and W8 treated seedlings whereas H-EXP remained significantly 

smaller throughout the study. During this same period, al1 treatments favored allocation to 

roots. Superior root RGRs were critical to the resurnption of water and nutrient uptake, which 

has also been noted as a drought avoidance strategy in jack pine. EXP treated seedlings root 

RGRs were significantly greater than CON and H-EXP seedling root RGRs. These results 

support the use of an exponentid nutrient regime to increase survival and growth for 

seedlings exposed to low temperatures, nutrient availability or drought soon after 

outplanting. 

Once established and the initial nuaient concentrations had been depleted or diluted, 

jack pine relative growth rates, biomass accumulation, and physiology were limited by site 

conditions. Stomatal conductances and xylem water potentials responded similady regardes 

of the initial nutrient regime when exposed to drought. Conventional seedlings, however. 

recovered more quickly showing signincantly greater stomatal conductances sevea days after 

rewatering. Seedling modity ranged between 59 and 70% aAet 18 days of dmught, but was 



not related to the initial nutrient regirne. 

M y  fmdhgs suggest that EXP and H-EXP treated seedlings have a physiological 

advantage corn- to CON treated seedlings when initially outplanted. Further long-term 

studies are needed to recommend the use of exponential nutrient regime. Subsequently, tree 

growth is based cm the €nt  principles of ecophysiology in which resource acquisition and 

allocation under various environmental conditions will dictate annuai diameter and height 

growth, as well a foliage production and other f e u s  of interest (Rentice and Helrnisaari 

199 1). 
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Appendix 1. List of Abbreviations used throughout the text. 

Chernical tenns 

cation exchange capacity expressed in milliequivalents per 100 
grams of soil (the sum of exchangeable cations that a soil can 
absorb) 

CO2 carbon dioxide 

ICAP AES inductively coupled argon plasma atornic emission spectrometry 

PH -log (%+) 

Generai and physiological ternis 

A photosynthesis rate 

4, 

ABA 

4 

photosynthetic capacity 

abscisic acid 

area setting in cm2 for the Li-Cor Li- 1600 steady-state porometer 

A, tnie area of the sample in cm2 

ATP adenosine triphosphate 

AHD 

c3 
CFS 

CON 

DMP 

DW 

EXP 

FMA 

FW 

absolute humidity ciifference between the needle and the air 

plants that fix CO, initially into 3-phosphoglyceric acid (3-PGA) 

Canadian Forest Service 

conventional nutrient regime 

dry matter production 

dry weight 

exponential nutrient regime 

Forest Management Agreement 

h s h  weight 

g &ram 

GLFC Great Lakes Forestry Centre 



gs 

h 

H-EXP 

ILTLA 

MPa 

N, 
NSR 

Nt 

Nt 
NWR 

ON 

P 

PPFD 

RAR 

rbl 

Rd 

RGR 

r1 

RuBP 

RUR 

RWR 

S/R ratio 

t 

stomatal conductance 

hour 

half-exponentid nutrient regime 

Island Lake Tree hprovement Area 

megapascals 

initial level of nitrogen 

non-sufficiently regenerated land 

the quantity of nitrogen applied on a specific day 

the amount of nitrogen to be added 

needle weighi ratio 
(needle biomass per plant biomass) 

Ontario 

atmospheric pressure in KPa 

photosynthetic photon flux deosity 

relative addition rate 

boundary layer resistance in s cm*' 

dark respiration 

relative growth rate 
(increase in mass per unit mass per time) 

relative humidity in % 

leaf resistance in mm01 m*2s" 

ribuiose- 1,s-biphosphate 

relative uptake rate 

root weight ratio 
(root biomass per plant biomass) 

specific leaf area 
(leaf area per unit leaf weight) 

stem weight ratio 
(stem biomass per plant biomass) 

shoot:root ratio 

number of fertilizer applications 



S tatisticai tenns 

ANOVA 

F 

K-W 

SNK 

x2 

Ieaf temperature in OC 

total dry weight 

xylem pressure potentiai in MPa 

analysis of variance 

degrees of freedom 

F- statistic 

Kniskal-Wallis test 

sarnple size 

probabili ty 

regression coefficient 

standard deviation 

standard error 

S tudent Newman-Keuls test 

Kniskal-Wallis chi-square 



Appendix 2A. Nitrogen application for the three nutrient regimes: conventional 
(CON), exponential (EXP). and half-exponential ( H - E n )  during the green- 
house production at the Great Lakes Forestry Centre in Sault Ste. Marie, 
Ontario. 

Date Approximate Applied N Cumulative N Added 
1994 weeks after (mg) (mg) 

germination 

Con Exp H-exp Con Exp H-exp 

March 9 4 1.75 1.49 0.74 1.75 1.49 0.74 

March 12 1.75 0.97 0.49 3.50 2.46 1.23 

March 15 5 1.75 0.65 0.32 5.25 3.11 1.55 

March 2 1 6 1.75 0.60 0.30 7.00 3.71 1.85 

Marc h 28 7 2.10 0.53 0.27 9.10 4.24 2.12 

April 14 9 2.10 0.57 0.29 15.40 5.92 2.96 

April 19 10 2.10 0.72 0.36 17.50 6.64 3.32 

May 2 12 2.10 2.00 1.00 25.90 12.33 6.17 

May 6 2.10 2.57 1.29 28.00 14.90 7.45 

May 10 13 2.10 3.32 1-66 30.10 18.22 9.11 

May 13 2.10 4.27 2.14 32.20 22.49 11.25 

May 17 14 2.10 5.51 2.75 34.30 28.00 14.00 

May 20 2.10 5.71 2.86 36.40 33.71 16.86 

May 24 15 2.10 5.71 2.86 38.50 39.42 19.71 



- - - - - - -- ----- - 

Appendix 2B. Rrtilizer composition required for the three nutrient regimes. 

Solution # Compound Concentration (M) Amount for 1 L (g) 

1 NbNO3 3.57 3.57 x MW 

2 M2m 0.25 0.25 x MW 

K2HP04 0.476 0.476 x MW 

K2S01 o. 198 0.198 x MW 

3 Mg SO4 1.235 1.235 x MW 

4 CaCI, 0.75 0.75 x MW 
- - -  

Solution # Compound Concentration (mM) Amount for f L (mg) 

5 FeEDTA 625 625 x MW 

H3BO3 92.5 92.5 x MW 

CuSO, 2.35 2.35 x MW 

MnCI, 36.5 36.5 x MW 

ZnSO, 4.6 4.6 x MW 

H,MoO, 0.365 0.365 x MW 



Appendh 3. S-d procedure to detemiine N,, the initial level of nitrogen within jack 
pine &gs, used to calculate the nutrient additions of an exponentid nutrient 
regime. 

FoIImhg 2 w œ b f  growth, jack pim seedlings were sampleè fbm their germination trays 

for f o u  nitmgcnaalysis. Owing to the srnall amount of foliar material, the needles were 

colîectivcly pooY to complete the nutrient analysis. Foliar nitrogen (N) analyses were 

d#amind iisiigik Kjeldahl method at the Great Lakes Forestq Centre in Sault Ste. Mane, 

Ontario. 

Tbe Ytiallevel.dnitrogen within jack pine seedlings was 0.13 mg Nkeedling. 



Appendix A Soü characteristics of samples taken from the Island Lake Tree Improvement 

Area (ILTIA) and Wells Township near Th+salon. 

Jack pine seeàlïngs were outplanted and potted in different areas and soil types. Soil samples 

from the rotitilled field site at the Island Lake Tree Improvement Area (ILTIA) near 

Chapleau, Ontario, Canada was classified as a brunisol whereas soi1 used in the potting 

expriment was h m  a sandy outwash plain located in Wells Township near Thessalon, 

Ontario, Canada 

Soil analysis of ILTIA samples displayed a nutrient-poor profile with a total percent soi1 

nitrogen of 0.09% N. Mean extractable values (in %) for each element are listed as follows: 

1 1.17 phosphorus (P), 49.91 potassium (K), 1 19.22 calcium (Ca), 1 1.76 magnesium (Mg), 

1.60 iron (Fe), 0.12 copper (Cu), 4.55 manganese (Mn), 1 .O9 zinc (Zn), 83.80 aluminium 

(Al), and 14.68 % of sodium (Na). Brunisolic soils typically have high concentrations of bon, 

copper and aluminium. The mean cation exchange capacity (CEC) was 3.225 meq11ûûg, the 

organic material content was 4.17% and fmally, the pH level was acidic at 4.5. 

A soil desorption c w e  From six ILTIA field samples indicate how soil particles retain 

moisture under increasing drought conditions (included below). For example at a soil tension 

of -0.03 MPa (the lowest measure of soil drought). moisture present in the soil ranged 

between 0.18 to 0.27 gagb1. From -0.1 to -0.8 MPa, very little soil moisme, approximately 

0.10 to 0.07 gag", remahed in the soil. 

In cornparison, the Thessalon area soil for the potting trial was a typical fine graveliy sand. 

A soil desorption c w e  for six samples gave a steeper c w e  than obsemed in the next page. 

Analysis of this soil varied only with respect to nitrogen and iron composition. For example, 

the potted soil contained approximately 4 times more total nitrogen with 0.3446 N and 

approximately 16 times lower iron content with 0.10 ppm of Fe. Comparable values for P. 

K. Ca, and Mg were present for the field and potted soils. The cation exchange capacity 

(CEC) was 4.66 meq/lûûg, the organic matter content was considerably lower (A0 fold 

difference) at 0.357% and fhaily, the pH level for the potted soil was less acidic at 5.62. 



Soi1 moisture tension (MPa) 

+ GLFC S O L  



Appeadix 5. Means of growth parameters &SE) from outplanted jack pine seedlings grown 
using different nutrient regime on a nutrieni-p0or site at the ILTIA. Harvests times: 2 
weeks 130 days after planting, 

d 

Nutrient Regime Mass (g.) Height Diam. 
Root Stem Needle Total (cm) (mm) 

Preplant 
Conventional 

Exponential 0.047 1 0.1657~ 0.2589~ 1 2.gb 1 .38b 
((0.04) (0.011) (0.017) (0.35) (0.032) 

Hal f-ex ponen tial 0.045 lb 0.0357~ 0. 132sb 0.2 1 3 3 ~  1 1.3' 1 .2gb 
(0.003) (0.002) (0.009) (0.014) (0.33) (0.034) 

ANOVA F 34.06 74.6 1 62.04 62.84 36.57 67.25 
P < o r =  0.000 1 0.000 1 0.000 1 0,000 1 0,000 1 0.000 1 

Jul y 
Conventionai 0.3866a 0.3060a 0.95400 1 .6466a 12.8' 26ta 

(0.022) (0.0 18) (0.059) (0.097) (0.34) (0.074) 

Exponentiai 0.372 1 a 0.2654a 0.948S 1 .586 1 a 10.7~ 2.54a 
(0.0 16) (0.0 13) (0.045) (0.068) (0.36) (0.060) 

Half-exponential 0.2557~ 0.15 Ptb 0.617 lb  1 .026Zb 7.Sc 2.03~ 
(0.0 13) (0.009) (0.030) (0.050) (O. 29) (0.052) 

ANOVA F 17.38 36.75 18.60 22.97 65.9 1 27.56 
P < o r =  0.000 1 0.000 1 0.000 1 0.000 1 0.000 1 0.000 1 

August 
Conventional 0.6156a 0.4034a 1. 1351a 2.1541a 1 2Sa 2.8ga 

(0.038) (0.027) (0.081) (0.140) (0.38) (0.095) 

Exponentiai 0.6557" 0.37&ta 1 .0792' 2. t 1 13" 1 1 .2b 2.88a 
(0.038) (0.026) (0.068) (O. 128 (0.32) (0.094) 

Half-exponential 0.43 1 4 ~  0.1920~ 0.69 Mb 1.3 1 4 ~ ~  8.2' 2.18~ 
(0.02 1) (0.0 1 1) (0.033) (0.062) (O. 27) (0.066) 

ANOVA F 12.77 29.41 14.29 17.06 43.74 22.53 
P < o r =  0.0001 0.000 1 0.000 1 0.000 1 0.0001 0.000 1 



October 
Conventiond 1.2052~ 0.47 1 1 a 1,3003' 2.9767' 13,2a 2.7 la 

(0.064) (0.028) (0.079 j (o. 163) (O .40) (0.090) 

Ex ponential 1.0890' 0.39 1 3b 1.1977. 2.6780a 10.7~ 2.79" 
(0.054) (0.025) (0.084) (O. 156) (0.3 1) (0.080) 

Half-exponential 0.8530~ 0.25 14' 0.8838b 1 .988Zb 8.1' 2.20~ 
(0.037) (0.0 17) (0.057) (O. 104) (0.26) (0.067) 

Means, foiiowed by the same letter within a column and harvest, do not differ significantly 
(P4.05, n=SO with the exception of the preplant means where n=30). 



- 

Appendix 6A. Surmnary of regression equations between log (stem DW) and the 
log (total DW) with significant interactions for each 'harvest and-fertiliza- 
tion renime out~lanted at the ILTIA. 

Harves t Nutrient Regime b[Ol b[ll Regression 
coefficient 

? 

Preplant Conventional 0.389 0.948 0.992 

Preplant Exponential 0.357 0.949 0.983 

Preplan t Half-exponential 0.275 0.898 0,987 

Jul y Conventional 1 .568 0.906 0.899 

Jul y Exponentiai 1.489 0.780 0,643 

Jul y Haif-exponential 1.44 1 0.742 0.839 

Au pst Conven tional 1.65 1 0.983 0.877 

August Exponentiai 1.606 0.870 0.9 17 

Aupst Hdf-exponential 1,601 0.798 0,873 

October Conventional 1.729 0.845 0,863 

October Exponential 1.777 0.845 0.827 

October Haif-exponentiai 1.698 0.7 18 0.859 



Conventional 
3 = 0.99 

i Exponential 
---- r2 = 0.98 
A Half-exponential 

..... *..**.* r2 = 0.99 

Log e Total Dry Weight (g) 

Fig. 6A. The relationship between stem dry weight and total 
seedling dry weight after the greenhouse growth. (n=30) 



0 Conventional 
r2 = 0.90 

i Exponential 
--- 2 r = 0.64 
A Half-exponential 

Fig. 6B. 

Log, Total Dry Weight (g) 

The relationship between stem dry weight and total 
seedling dry weight 50 days after outplanting at the 
ILTIA. (n=30) 



Conventional 

i Exponential 
---- r2 = 0.92 
A Half-exponential 

.-....-.-... r2 = 0.87 

Log e Total Dry Weight (g) 

Fig. 6C. The relationship between stem dry weight and total 
seedling dry weight 80 days after outplanting at the 
ILTIA. (n=30) 



Log, Total Dry Weight (g)  

Fig. 6D. The relationship between stem dry weight and total 
seedling dry weight 130 days after outplanting at the 



Appendk 6B. Summary of regression equations between log (needle DW) and the 
log (total DW) with significant interactions for each harvest and fertiliza- 
tion re @.me outplanted at the ILTIA. 

Harves t Nutrient Regime b[Ol bE 11 Regression 
- coefficient 

3 

Preplant Conventional 0.389 0.948 0.992 

Preplant Exponential . 0.357 0.949 0.983 

Preplan t Half-exponential 0.275 0.898 0.987 

July Conventional 0.547 0.938 0.985 

Jul y Exponential 0.5 13 0.893 0.968 

July Hal f-exponen tial 0.488 0.958 0.973 

August Conventional 0,662 0.9 1 1 0.978 

August Exponential 0.675 0.963 0.976 

August Half-exponen tial 0.643 1 .O09 0.97 1 

October Conventional 0.869 0.868 0.955 

October Exponential 0.843 O. 849 0.960 

October Hal f-exponential 0.80  0.8 12 0.916 



Conventional 
r2 = 0.99 

i Exponential 
---- r2 = 0.98 
A Half-exponential 

. *  .......... r2 = 0.99 

1 1 I 
I 

1 

-3 -2 - 1 

Log, Total Dry Weight (g )  

Fig. 6E. The relationship between needle dry weight and total 
seedling dry weight after the greenhouse growth. (n=30) 



Conventional 
r2 = 0.985 
Exponential 
r2 = 0.97 

Fig. 6F. 

-1 O 

Log, Total Dry Weight (g) 

The relationship between needle dry weight and total 
seedling dry weight 50 days after outplanting at the 
ILTIA. (n=30) 



Conventional 
r2 = 0.98 
Exponential 
r2 = 0.98 

- Fig. 6G. 

Log, Total Dry Weight (g) 

The relationship between needle dry weight and total 
seedling dry weight 80 days d e r  outplanting at the 
ILTIA. (n=30) 



0 Conventional 

i Exponential 
---- r2 = 0.96 
A Half-exponential 

. m . . -  ....... r2 = 0.92 

-1 O 1 

Log, Total Dry Weight (g )  

Fig. 6H. The relationship between needle dry weight and total 
seedling dry weight 130 days after outplanting at the 
ILTIA. (n=30) 



Appendix 7.One-way ANOVA of calculated mot, stem, and needle weight ratios from 
jack pine seedlings outplanted at the ILTU. Harvest times: 2 weeks prior to 

Nutrient Regime Hamest RWR S W R  NWR 

Conventional Preplant O. 1583' 0.202îja 0.6392' 
(0.0049) (0.0042) (0.0045) 

Exponen tial Preplant 0. 1818b 0.1 80Sb 0.6376' 
(0.0055) (0.0047) (0.0058) 

Half-exponentid Preplant 0.2 149" 0.171ob 0.6141b 
(0.0072) - (0.0056) (0.070) 

ANOVA F 22.70 11.10 5.83 
P < o r =  0.000 1 0.000 1 0.0042 

Conventionai July 0.238gb 0.1 868. 0.5743b 
(O.ooS9) (0.0039) (0.0054) 

Exponential Jul y 0.2369b 0. 1703b 0.5928' 
(0.0043) (0.0053) (0.006 1 ) 

Half-exponential Jul y 0.2555' O. 1436' 0.6008' 
(0.0065) (0.0040) (0.0057) 

ANOVA F 3.69 24.23 5.63 
P < o r =  0.0272 0.000 1 0.0044 

Conventionai Aug. 0.29 i ob 0. 0.5 173' 
(0.0057) (0.0049) (0.0070) 

Exponential Aug. 0.3 143' 0.1757~ 0.5 100" 
(0.0053) (0.0032) (0.0047) 

Half-exponential Aug. 0.327 la O. 1 W  0.528Y 
(0.0057) (0.0034) (0.00SO) 

ANOVA F 10.75 39.19 2.85 
P c o r =  0.000 1 0.000 1 0.0612 

Conventional Oct. 0.41 l S b  0. L 578' 0.4303' 
(0.0070) (0.0039) (0.0070) 

Exponential Oct. 0.4 1 54b 0. 14Mb 0.4382' 
(0.0065) (0.0033) (0.0059) 

Half-exponential Oct. 0.44 1 8' O. 1226' 0.4356' 
(0.0094) (0.0034) (0.0084) 

ANOVA F 4.5 1 25.48 0.3 1 
P<or= 0.0 126 0.000 1 0.73 12 

Means, followed by the same letter within a column and harvest, do not differ significantly (Pcû.05. 
n=50 with the exception of the p ~ p i a n t  means where n=30). 
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ANOVA F 
P<or= 

Conventionai Oct. 2.05~ 0.18~ 0.65' 0.24' 0. 17' 0.1 5b 62.3' 6.62' 385.3. 55.03' 
(O. i 56) (0.012) (0.024) (0.01 1) (0.009) (0.010) (9.36) (0.95) (29.65) (8.884) 

Exponential Oct. ~ . 3 3 ~  0 .19~  0.7V 0.22' 0.15' 0.15~ 55.Q 6.28' 417.3' 56.62' 
(O. 135) (0.014) (0.04 1) (0.010) (0.007) (0.010) (8.42) (0.99) (34.53) (6.183) 

Half-exponential Oct. 2.7ga 0.22' 0.75' 0.24' 0.14" 0. 59.3' 7,36a 438,7"45.13' 
(O. 12 1) (0.007) (0.023) (0.01 5) (0.007) (0.006) ( 1 1.74) (0.86) (25.26) (9.882) 

ANOVA F 6.70 3.84 2.93 1.57 2.30 3.72 0.22 0.05 0.85 1.59 
P<ox= 0.0043 0.0340 0.0708 0.2269 0.1192 0.0374 0.8038 0.9503 0.4402 0.2222 



- -  

Appendix 9. Mean relative growth rates RGR 9& &SE) of mot, stem, needle, and total 
biomass of jack pine seedling grown using different nutrient regime, which were 
outplanted in a nutrient-poor site at the ILTIA. One-way ANOVA (SAS') of n a t d  
log-transformed data; means, followed by the sarne letter within a column and 
harvest, df=2, P4.05, n=30). 

a 

Mean Relative Growth Rates (96) 

Nutrien t Root Stem Neede Total 
Regime 

0-50 Days 

Conventional 2.974b (0.063) 1.943' (0.054) 1 .95Sb (0.064) 2.157 (0.054) 

Exponentiai 4.259' (0.053) 3.585' (0.049) 3.578. (0.065) 3.724 (0.065) 

Half-exponential 3.333b (0.10 1) 2.680b (0.082) 3.09 1 a (0.040) 3 .Ob (0.027) 

ANOVA F 12.66 12.82 15.7 1 15.50 
P < o r =  0.000 1 0.000 1 0.000 1 0,000 1 

50-80 Days 

Conventionai 1.58 1' (0.1 12) 0.924' (0.054) 0.493. (0.064) 0.87 la (0.070) 

Exponential 1.608' (0.096) 0.7 17' (0.073) O. 142' (0.094) 0.633' (0.096) 

Half-exponential 1.939' (0.134) 0.888' (0.093) 0.3 17' (0.044) 0.842 (0.029) 

ANOVA F 0.3 1 0.08 0.24 O. 14 
P < o r =  0.7345 0.9224 0.7898 0.8687 

80- 130 Days 

Conventionai 1.365' (0.085) 0.27V (0.065) 0.321. (0.068) 0.677' (0.075) 

Exponential 1.200. (0.030) 0.352' (0.044) 0.322' (0.065) 0.65CY (0.044) 

Half-exponential 1.278' (0.052) 0.40 1' (0.044) 0.3 13' (0.065) 0.7 14' (0.049) 

ANOVA F 0.18 0.10 0.00 0.03 
P < o r =  0.8379 0.9072 0.9995 0,9738 



Appendlr 10. Means of growth parameten CSE) measured from jack pine seedlings grown 
using different nutrient regime, which were pofted and kept weil-watered throughout 
the surnmer at the GLFC. Harvests were done 2 weeks prior to planting, and 60,90, 
and 1 2 5 s  

Nutrient Regime Mass g. Height Diam. SR 
Root Stem Needle Total c m  mm Ratio 

Preplant 

Conventional O 524ga 15.6a 1.92a 5.477" 163dPa; (6.029) (0.39) (0.055) (O. 184) 

Exponential 0.047 1 0.1657~ 0.2589~ 1 2.gb 1.38~ 4 . 6 ~ 8 ~  b% (0.004) (0.0 1 1) (0.0 17) (0.35) (0.032) (O. 184) 

Half-exponential 0.045 1 0.0357~ 0.1 32sb 0.2 133~  1 1.3' 1 .29~  3.818' 
(0.003) (0.002) (0.009) (0.014) (0.33) (0.034) (O. 175) 

ANOVA F = 34.06 74.61 62.04 62.84 36.57 67.25 71.37 
P < o r =  0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

h l  y 

Conventional 0.484~~ 0.2987b 1. 12Wb 1.91 1 5 ~  12. lb 2.69b 3.014~ 
(0.045) (0.027) (O. 100) (O. 168) (0.50) (0.108) (0.087) 

Exponential 0.5876' 0.397ga 1 2.4 13 1 a 1 3Sa 3.07" 3.143a 
(0.049) (0.029) (O. 1 12) (O. 185) (0.45) (O. 1 15) (0.085) 

Half-exponentiai 0.4 14gb 0.1628' 0.8093' 1.4008' 7.7' 2.30' 2.393' 
(0.029) (0.0 12) (0.055) (0.090) (0.4 1) (0.060) (0.088) 

N O V A  F = 4.15 25.70 10.48 10.32 44.55 15.23 28.16 
P < o r =  0.0190 0.000I 0.0001 0.0001 0.0001 0.0001 0.0001 

August 

Conventional 1.1838a 0.4842. 1 .4486a 3.1 166. 12.3~ 2.93. 1 .593a 
(O. 102) (0.048) (O. 14 1) (0.284) (0.57) (0.156) (0.057) 

Exponential 1.294 la O.565Oa 1 ,6072. 3.4663' l4.Oa 3.22' 1.678" 
(0.085) (0.042) (0.1 15) (0.235) (0.47) (0.125) (0.053) 

Half-exponential 0.6554~ 0.1939~ 0.7220~ 1.57 1 3b 8. lC 2.03~ 1.356a 
(0.037) (0.0 18) (0.060) (0.1 10) (0.53) (0.096) (0.054) 

ANOVA F = 19.52 29.73 19.35 22.43 33.15 23.50 1.62 
P < o r =  0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.2046 



September 

Conventional 

Exponential 

1.232. 0.454' 1.096 2.783' 12.2~ 2.85a 1.2503' 
(0.090) (0.039) (0.097) (0.2 16) (0.50) (O. 123) (0.042) 

Half-exponential 1.146~ 0.230~ 0.725~ 1.903~ 8.3 ' 2 . 1 ~ ~  1.0048a 
(0.062) (0.0 L 8) (0.056) (O. 132) (0.38, (0.099) (0.03 1 ) 

ANOVA F = 6.35 20.89 7.36 9.36 33.53 14.07 2.30 
P < o r =  0.0027 0.0001 0.0011 0.0002 0.0001 b . W l  0.1064 



Appendix 11. Mean relative growth rates % &SE) of root, stem, needle, and total biomass of 
seedlings grown using different nutrient r e m e ,  which were potted and kept well- 
watered. ûne-way ANOVA (SAS@) of naturai log-transfomed data; means, followed 
by the same letter within a column and harvest, do not differ significan-tly (Pd.05, 
n=30, df=2) 

Mean Relative Growth Rates (%) 

- - 

0-60 Days 

Conventional 2.826b (0.077) 1 .632' (0.056) 1 .89gb (0.068) 2.04 lC (0.063) 

Exponential 4.169. (0.048) 3.537' (0.049) 3.532' (0.039) 3.664. (0.037) 

Half-exponential 3.72W (0.034) 2.497b (0.039) 3.047' (0.036) 3.14 1 (0.029) 

ANOVA F = 14.99 23 .50 19.26 20.36 
P<or= 0,000 1 0.000 1 0.000 1 0.000 1 

60-90 Days 

Conventional 2.982' (0.068) 1.4 19' (0.107) 0.653' (0.099) 1.526 (0.082) 

Exponentiai 2.74 la (0.072) 1.199. (0.069) 0.45 la (0.049) 1.286 (0.054) 

Half-exponential 1 . S M b  (0.088) 0.4 13' (0.102) -0.552' (0.090) 0.335a (0.16 1) 

ANOVA F = 3.74 1.53 2.17 2.39 
P<or= 0.0276 0.22 18 0.1208 0.0979 

90-125 Days 

Conventionai 0.249. (0.078) 0.0 14' (0.1 17) -0.62 la (O. 1 17) -0.15 la (0.1 10) 

Exponen tial 0.13Y (0.035) -0.288' (0.07 1) - 1 .05S8 (0.059) -0.423' (0.046) 

ANOVA F = 1.45 0.93 1.54 1.46 
P < o r =  0.2395 0.3975 0.2 194 0.2368 



Appendix 12A. Summary of regression equations between the log (mot DW) and 
log (total DW) with significant interactions for each harvest and fertiliza- 
tion regime potted at the GLFC. 

Harves t Nutrient Regime b[Ol b[ 11 Regession 
coefficient 

i2 

Preplant Conventional 1.9725 1 .O454 0.8242 

Preplant Exponential 1.465 1 0.9 19 1 0.7783 

Preplant Halfexponential 0.7825 0.9 153 0.7825 

J ~ Y  Conventionai 1.3415 0.95 18 0.9567 

Jul y Exponential 1 . 4M2  0.985 1 0.9435 

Jui y Half-exponential 1.1095 0.89 18 0.8460 

August Conven tional 0.9443 1.0645 0.9682 

August Expooential 0.977 1 1-01 14 0,9238 

Aupst Hal f-exponential 0.939 1 1.1911 0.9220 

Oc to ber Conventional 0.8047 1.01 10 0.9539 

October Exponential 0.77 18 1 .O447 0.9487 

October Half-exponential 0.69 17 0.9964 0.9605 - 



Conventional 
r2 = 0.82 
Exponential 
r2 = 0.78 

-4 -3 -2 

Log e Total Dry Weight (g) 

Appendix 12A. The relationship between root dry weight and 
total seedling dry weight after the greenhouse 
growth. (n=30) 



Conventional 
r2 = 0.96 
Exponential 
r2 = 0.94 
Half-exponential 
r2 = 0.85 

-2 -1 O 

Log, Total Dry Weight (g) 

Appendix 12B. The relationship between root dry weight and 
total seedling dry weight 60 days after potting 
at the GLFC. (n=301 



Conventional 
r2 = 0.97 
Exponential 
r2 = 0.92 
Half-exponential 
r2 = 0.92 

- 1 O 1 

Log, Total Dry Weight (g)  

Appendix 12C. The relationship between root dry weight and 
total seedling dry weight 90 days after potting 
at the GLFC. (n=30) 



nal 

#A i Exponential 

Log, Total Dry Weight (g )  

Appendix 12D. The relationship between root dry weight and 
total seedling dry weight 125 days after potting 
at the GLFC. (n=30) 



Appendix 128. Summary of regression equations between the log (shoot:root 
ratio) and the log (total DW) with significant interactions for each harvest 
and fertilization regime potted at the GLFC. - - . 

Harvest Nutrient Regime bEO1 b[ 11 Regression 
coefficient 

$ 

Preplant Conventional -2.4 168 1 .O179 0.2655 

Preplant Exponentiai -2.2654 0.56 19 0.1061 

Preplant Hal f-exponen tial -2.3 15 1 0.5333 0.1020 

Jul y Conventional 1.24 10 -0.6995 0.0540 

Jul y Exponentiai 0.076 1 0.5522 0.0 148 

July Half-exponentiai 0.3673 -0.1873 0.0069 

August Conventional 0.2623 1.5955 0.24 15 

August Exponentiai 0.80 10 0.7348 0.103 t 

August Haif-exponentiai 0.0287 1.2462 0.4943 

October Conventionai 0.7877 0.6600 0.0659 

October Exponentiai 0.8699 0.9328 0.1622 

October Half-exponen tial 0.569 1 0.4836 0.0385 



Conventional 

i Exponential 
---- r2 = 0.1 I 
A Half-exponential 

.. . . ..* .... . 
A 

r2 = O. 10 

Log Total Dry Weight (g) e 

Appendix 12E. The relationship between shoot:root ratio and 
total seedling dry weight after the greenhouse 
growth. (n=30) 



Conventional 
r2 = 0.05 

i Exponential 
---- r2 = 0.02 
A Half-exponential 

............ r2 = 0.01 

O 1 2 

Log, Total Dry Weight (g) 

Appendix 1 2F. The relationship between shoot:root ratio and 
total seedling dry weight 60 days after potting 
at the GLFC. (n=30) 



Conventional 
r2 = 0.24 

i Exponential 
---- r2 = O. IO 
A Half-exponential 

m . . - . - - . . . * .  r2 = 0.49 

Log, Total Dry Weight (g) 

Appendix 12G. The relationship between shoot:root ratio and 
total seedling dry weight 90 days after potting 
at the GLFC. (n=30) 



a Conventional 
r2 = 0.07 

i Exponential 
---- r2 =0.16 
A Half-exponential 

..-......,.. r2 = 0.04 

Log, Total Dry Weight (g) 

Appendix 12H. The relationship between shootxoot ratio and 
total seedling dry weight 125 days after potting 
at the GLFC. (n=30) 



Appendix 12C. Summary of regression equations between log (stem DW) and the 
log (total DW) with significant interactions for each harvest and fenilka- 
tion regime potted ai the GLFC. 

Harvest Nutrient Regime b[Ol bu ]  Regression 
coefficient 

3 

Preplant Conventionai 1.2900 0.864 1 0.9243 

Preplant Exponentiai 1.2187 0.8395 0.87 14 

Preplant Half-exponential 1 .588 1 0,9433 0.8 196 

July Conventional 1.9077 1 .O565 0.9405 

Jul y Exponential 1.757 1 0.96 13 0.9543 

July Half-exponential 1.8658 0.85 19 0.7938 

August Conven tional 1.8 176 0.9320 0.9409 

August Exponentiaî 1.7598 0.90 1 O 0.9 125 

August Half-exponential 1 S956 0.6900 0.7780 

October Conventional 1,7097 0.8759 0.7730 

October Exponential 1.6020 0.768 1 0.8324 

Oc tokr  Half-exponential 1.8403 0.8 168 0.77 14 



Conventional 

i Exponential 

-4 -3 -2 

Log, Total Dry Weight (g) 

Appendix 121. The relationship between stem dry weight and 
total seedling dry weight after the greenhouse 
growth. (n=30) 
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Appendix 12J. The relationship between stem dry weight and 
total seedling dry weight 60 days after potting 
at the GLFC. (n=30) 
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i Exponential 
---- r2 = 0.91 
A Half-exponential 
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Appendix 12K. The relationship between stem dry weight and 
total seedling dry weight 90 days after potting 
at the GLFC. (n=30) 



Conventional 
r2 = 0.77 
Exponential 
r2 = 0.83 

Log e Total Dry Weight (g) 

Appendix 12L. The relationship between stem dry weight and 
total seedling dry weight 125 days after potting 
at the GLFC. (n=30) 



Appendix 13. Desqtion cuve of fme gravelly sand used for the poned snidy taken from 
Wells Towship near Thessalon, Ontario. Mean soi1 moisture gag-' &SE) are plotted 
for a sampk site n=6 for each soi1 moisture tension in MPa. 

Soi1 moisture tension (MPa) 



Appendix 14. Daily air temperature (OC) fluctuation experienced by jack pine seedlings within 
amgreenhouscor and d u r i n g t h e t  cycleand rfovelye period. 

Temperature (OC) 

Month Day 6:00 h. 9:UO h. 12:OO h. 15:OO h. 18:W h. 

20.2 
21.8 
20.6 
21.7 
21.5 
22.9 
25 .O 
22.3 
24.7 
23.8 
25.5 
19.4 

21.2 
22.0 
24.1 
24.3 
NIA 
23.2 
24.0 
23 .O 
24.8 
22.6 
23.7 
24.1 
23.7 
24.8 
27.3 
26.5 
24.7 
25.2 
24.2 
24.6 
28.0 
26.2 
26.0 
21.2 

22.6 
20.3 
20.2 
21.0 
21.2 
22.5 
26.2 
22.1 
22.1 
24.0 
24.1 
19.8 

21.3 
2 1.2 
23.3 
23.0 
NIA 
25.7 
25.1 
28.1 
28 .O 
27.2 
27.0 
25.7 
24.9 
26.0 
27.5 
26.4 
24.7 
26.2 
25.8 
25.0 
28.0 
26.5 
26.4 
21.9 

27.8 
29.7 
27.8 
24.8 
27 .O 
26.2 
30.8 
26.8 
26.0 
28.0 
25 .O 
23.7 

29.3 
29.2 
27 .O 
27 .O 
NIA 
33.5 
27.6 
29.9 
28.8 
30.0 
31.5 
31.1 
30.2 
29.3 
28.0 
26.6 
29.4 
30.0 
29.3 
27.3 
30.6 
31.4 
31.2 
31.3 

29.0 
33.2 
29.2 
28.9 
27.8 
33.0 
33.9 
3 1.0 
26.6 
27.2 
29.0 
25 .O 

29.0 
29.8 
28.1 
28 .O 
NIA 
35.0 
25.3 
31.1 
32.3 
31.5 
34.0 
34.3 
32.5 
3 1.7 
30.0 
27.0 
31.0 
32.0 
33.1 
28.0 
39.5 
32.3 
34.0 
33.0 



Appendix 15. Kruskal-Wallis mean scores, x2, and P values reportcd for non-droughted jack 
pine seedlings in the moraing (8:30 - 10:30) dping day 5.8, 10, and 15 of drought 
cycle. Seedlings grown for 13 weeks using a conventional, exponential, and hdf- 
exponential nutrient regime were poned in sand and well-watered for 2 months p ior  
to drought in ariable 

- 

Mean Scores 

Nutrient Regime Needle Needle Di fisive Transpiration S tomatal 
Area Temperature resistance Conductance 

Day 5 
Conventional 10.20 8.10 12.30 12.00 10.40 

Exponential 6.80 8 .ûû 7.80 7.80 9.80 

Half-exponential 7.00 7.90 4.00 4.20 3.80 

Kmskal-Wailis x2 1.8200 0.0050 8.4200 7.6200 6.6600 
P 0,4025 0,9975 0.0 148 0.022 1 0.0358 

Day 8 
Conventional 10.20 7.30 10.60 11.00 8.60 

Exponential 6.80 9.10 6.40 6.60 8.40 

Day 10 
Conven tional 

Exponentiai 7.80 7-30 7.80 7.80 7.20 

Kruskal-Wallis x2 3.1400 1 S646 4.2200 3.6600 1 S200 
P 0.2080 0.4574 0.1212 0.1604 0.4677 

Day 15 
Conventional 6.20 7.10 10.00 10.20 9.80 

Exponentid 7.20 8.90 8.80 8.80 10.00 

Half-exponentiai 10.60 8.00 5.20 5.00 4.20 

Kruskal-Wallis x2 2.6600 0.4101 3.1200 3.6200 5 A200 
P 0.2645 0.8 146 0.2 10 1 O, 1637 0.0665 



AppendIx 16. Kniskal-Wallis mean scores, x2, and P values reported for non-droughted 
jack pine seedlings at noon hour during day 1 ,,5.9, 1 1, 15. and 16 of drought 
cycle. Seedlings grown for 13 weeks using a conventional, exponential, and half- 
exponentiai nutrient regime were potted in sand and well-watered for 2 months 
prior to 

Mean Scores 
- -  - - -- 

Nutrient Regime Needle Needle Diffusive Transpiration S tomatal 
Area Temperature resistance Conduc tance 

Day 1 
Conventional 10.80 6.10 9.40 9.40 5 .O0 
Exponential 8.20 7.40 10.60 10.60 12.00 
Half-exponential 5 .O0 10.50 3.80 4.00 7.00 

Kniskal-Wallis x2 4.2200 2.5688 6.7400 6.1800 6.5000 
P c o r =  O. 12 12 0.2768 0.0344 0.0455 0.0388 

Day 5 
Conventional 7.20 9.00 10.20 10.40 9.00 
Exponential 7.80 7.00 7.60 7.90 9.40 
Half-exponential 9.00 8.00 6.20 5.70 5.60 

Kniskal-Wallis x2 0.4200 0.5054 2.060 2.7699 2.1800 
P c o r =  0.8 106 0.7767 0.3570 0.2503 0.3362 

Day 9 
Conventional 10.60 7.00 1 1.20 1 1.40 10.60 
Exponential 7.80 5.30 7.40 6.90 6.40 
Hal f-ex ponentîal 5.60 1 1.70 5.40 5.70 7.00 

Kmskai-Wallis x2 3.1400 5.5646 4.3400 4.53 12 2.5800 
P < o r =  0.2080 0.06 19 0.1 142 O. 1038 0.2753 

Day 11 
Conventional 10.60 7.60 11.00 10.20 9.00 
Exponentid 7.80 6.70 7.20 8.40 7.60 
Half-exponential 5.60 9.70 5.80 5.40 7.40 

Kruskai-Wallis x2 3.1400 1.2176 3.62ûû 2.9400 0.3800 
P < o r =  0.2080 0.5440 O. 1637 0.2299 0.8270 



Day 15 
Conventionai 6.20 8 .O0 10.00 10.20 10.20 
Exponential 7.20 6.70 8.80 8.60 10.20 
Half-exponential 10.60 9.30 5.20 5.20 3.60 

Kruskal-Wallis 2 2.6600 -0.8496 3.1200 3.2600 7.2600 
P<or= 0.2645 0.6539 0.2 10 1 O. 1959 0.0265 

Day 16 
Conventionai 7.40 8.40 10.60 11.00 9.80 
Exponentid 4.60 7.80 7.20 6.80 10.00 
Half-exmnential 12.00 7.80 6.20 6.20 4.20 



Appendix 17. Kniskal-Wallis mean scores, 2, and P values reported for non-droughted jack 
pine seedlings in the aftemoon (14:30 - 16:30) during day 1,5,9, 10, 15, 16, and 17 
of drought cycle. Seedlings grown for 13 week using a conventionai, exponential, 
and half-exponential nutrient regime were potted in sand and well- watered for 2 
months prior t m a b l e  ands ime)  

d 

Mean Scores 

Nutrient Regime Needle Needle Diffusive Transpiration S tomatai 
Area Temperature resistance Conductance 

Day 1 
Conventional 10.80 8.80 8.20 8.20 3.60 

Exponentiai 8.20 6.80 10.60 10.60 1 1.20 

Half-exponential 5.00 8.40 5.20 5.20 9.20 

Kniskai-Wdis x2 4.2200 0.5630 3.6600 3.6600 7.7600 
P < o r =  O. 1212 0.7546 0.1604 0.1604 0.0207 

Day 5 
Conventional 10.20 6.80 10.80 1 1.40 8.80 

Exponential 6.80 10.80 5.40 5.60 7.40 

Half-exponen tial 7.00 6.40 7.80 7.00 7.80 

Kruskal-Wailis x2 1.8200 3.0359 3,6600 4.5800 0.2600 
P < o r =  0.4025 0.2 192 O, 1604 0.1013 0.878 1 

Day 9 
Conventional 10.60 7.40 1 1.20 1 1.60 9.80 

Exponential 7.80 10.10 7.20 7.00 6.00 

Half-exponential 5.60 6.50 5.60 5.40 8.20 

Kniskai-Wallis x2 3.14ûû 1.7676 4.1600 5.1800 1.8200 
P < o r =  0.2080 0.4 132 O. 1249 0.0750 0.4025 

s 

Day 10 
Conventional 9.60 10.60 8.80 8.80 6.40 

Exponential 7.20 6.70 7.60 7.60 9.20 

Half-exponential 7.20 6.70 7.60 7.60 8.40 

Kruskai-Wallis xZ 0.9600 2.567 1 0.2400 0.2400 1 .O400 
P < o r =  0.6 188 0.277 1 0.8869 0.8869 0,5945 



Day 15 
Conventionai 

Exponential 7.20 9.20 8.70 9.10 10.40 

Hal f-exponentiai 10.40 6.10 5.40 4.90 3.40 

K m  kai- Wallis x2 2.6600 1,3925 2.7 199 3.71 16 7.9400 
P c o r =  0.2645 0,4985 0.2567 0.1563 0.0 189 

. - 

Day 16 
Conventional 7.40 9.60 9.80 10.40 9.00 

Exponentiai 4.60 8.00 7.60 8.00 10.20 

HaIf-exponential 12.00 6.40 6.60 5.60 4.80 

Kmskal- W allis x2 6.9800 1.2800 1.3400 2.8800 4.0200 
P < o r =  0.0305 0.5273 OS 117 0.2369 0.1340 

Day 17 
Conventional 7.40 10.50 9.60 10.10 9.60 

Exponential 4.60 8.80 8.80 8.50 10.20 



--  

Appendix 18. Kmskal-Waliis mean scores, x', and P values reported for droughted jack pine 
seedlings in the morning (8:30 - 10:30) during day 5,8, 10, and 15 of drought cycle. 
Seedlings grown for 13 weeks using a conventional, exponentiai, and halfcxponen- 
tial nutrient regime wen potted in sand and well-watered for 2 months pnor to 
drought in A u 1  

Mean Scores 

Nutrient Regime Neede Needle Diffisive Transpiration Stomatal 
Area Temperature resistance Conductance 

Day 5 
Conventional f 0.20 7.50 10.20 10.40 8.60 

Exponen tial 7.60 6.90 8.60 8.40 8.40 

Half-exponential 6.20 9.60 5.20 5.20 7.00 

Kruskai-Wallis x2 2.0600 1.0086 3.2600 3.4400 O. 3 800 
P<or= 0.3570 0.6039 O. 1959 O. 179 1 O. 8270 

Day 8 
Conven tional 10.20 6.90 10.50 10.50 9.40 

Exponential 7.60 8.40 8 .50 8.50 7.80 

Day 10 
Conventional 

Exponentiai 7.60 6.10 8.00 9.00 7.80 

Day 15 
Conventional 9.20 8.00 9.50 9.30 9.00 

Exponential 10.20 7.60 8.30 8.40 7.80 



-- -- 

Appenàix 19. Kniskal-Wallis mean scores, x2, and P values reported for droughted jack pine 
seedlings at noon hour during day 1.5.9, 1 1 ,  15, and 16 of drought cycle. Seedlings 
grown for 13 weeks using a conventional. exponential. and half- exponential nutrient 
regime were potted in sand and well-watered for 2 months prior to drought in August. 
(n-5 for each variable and regime) 

Mean Scores 

Nutrient Regime Needle Needle Diffusive Transpiration S tomatal 
Area Temperature resistance Conductance 

Day 1 
Conventionai 9.80 5 ,90 10.70 10.60 9.80 

Exponential 9.60 7.00 8.30 8.40 8.00 

Kruskai-Wallis x2 4.340 3,7685 4.1023 3.9800 1.6200 
P<or= 0.1 142 O. 15 19 O. 1286 0.1367 0.4449 

Day 5 
Conventionai 10.20 6.00 9.40 9.40 7.20 

Exponential 7.60 8.20 8.60 8.60 8.00 

Kruskai-Wallis x2 2.0600 1.8464 1 .580 1 S8ûû 0.3200 
P c o r =  0.3570 0.3973 0.4538 0.4538 0.852 1 

Day 9 
Conventional 9.60 5.60 10.20 10.20 9.40 

Exponential 7.60 9.10 8.60 8.60 8.80 

Half-exponential 6.80 9.30 5.20 5.20 5.80 

Kniskal- Wallis x2 1 .W 2.1924 3.2600 3.260 1 .8600 
P < o r =  0.5945 0.334 1 O. 1959 O. 1959 0.3946 

Day 1 1  
Conven tional 9.60 7.00 9.00 9.00 8.40 

Exponential 7.60 7.40 8.00 8 .O0 8 .ûû 

Hal f-exponential 6.80 9.60 7.00 7.00 7.60 



Day 15 
Conventional 9.20 10.80 

Exponential 10.20 6.10 10.10 9.40 9.00 

Hal f-exponentiai 4.60 7. IO 4.40 4.40 5.80 

Day 16 
Conventional 9.20 8.70 9.50 9.20 8.60 

Exponential 10.20 8.20 9.20 9.30 8.40 

Haif-exponential 4.60 7.10 5.30 5.50 7.00 

Kniskal-Wallis x2 4.4600 0.3392 2.7949 2.3534 0.3800 
P c o r =  O. 1075 O. 8440 0.2472 0.3083 0.8270 



Appendix 20. Kniskal-Wailis mean scons, x2, and P values reported for droughted jack pine 
seeâiings in the aftemoon (14:30 - 16:30) during &y 1,5,9, 10, 15. 16. and 17 of 
drought cycle. Seedlings grown for 13 weeks using a conventional, exponentiai, and 
half-exponential nutrient regime were potted in sand and well- watered for 2 months 

Mean Scores 

Nutrient Regime Needle Nemile Diffisive Transpiration Stomatal 
Area Ternmrature resistance Conductance 

Day 1 
Conventionai 9.80 6.20 8.80 8.80 8.20 

Exponential 9.60 7.80 9.00 9.00 8.60 

Day 5 
Conventionai 10.20 8 -00 9.20 9.20 7.40 

Exponential 7.60 8.30 8.80 8.80 7.80 

Haif-exponential 6.20 7.70 6.00 6-00 8.80 

Kruskal-Wallis x2 2.0600 0.0463 1 S200 1 . 520  0.2600 
P <or= 0.3570 0.977 1 0.4677 0.4677 0.878 1 

Day 9 
Conventionai 9.60 7 -70 10.20 10.00 8.80 

Exponential 7.60 7.10 7.20 7 -40 8.40 

Haif-exponential 6.80 9.20 6.60 6.40 6.80 

Kniskal-Wallis x2 1 .O400 0.6022 1.8600 1 .580  0.5600 . P <or= 0.5945 0.7400 0.3946 0.4538 0.7558 

Day 10 
Conven tional 9.60 8-60 9.80 9.40 9.20 

Exponential 7.60 7 -70 8.40 8.40 8.20 

Hal f-exponential 6.80 7 .70 5.80 6.20 6.60 

Kmskal-Wallis x2 1.0400 O. 1355 2.0600 1.3400 0.8600 
P <or= 0.5945 0.9345 0.3570 0.5 1 17 0.6505 



Day 15 
Conventional 9.20 8-40 

Exponential 10.20 7.30 1 1.40 1 1.30 1 1.20 

Half-exponential 4.60 8.30 4.20 4.30 5.20 

Kruskal- Wallis x2 4.4600 0.1 877 6.5400 6.1961 4.5600 
P <or= O. 1075 0.9 104 0.0380 0.045 1 O. 1023 

Day 16 
Conven tionai 9.20 7.70 9.40 9.20 9.00 

Exponentiai 10.20 8.20 10.60 10.80 10.20 

Half-exponential 4.60 8.10 4.00 4.00 4.80 

Kruskal-Wallis x2 4.4600 0.035 1 6.1911 6.3200 4.020 
P <or= 0.1075 0.9826 0.0453 0.0424 0.1 340 

Day 17 
Conven tional 9.20 7.20 6.60 6.80 6.00 

Exponentiai 10.20 8.10 12.20 12.00 12.00 



Appendix 21. Kmskai-Wallis mean scores, x2, and P values reported for xylern water poten- 
tials ('f.4 faken during day 4 , 7 ,  11 ,  15, and 18 of  the jack pine seedling drought 
cycle. Seedlings were grown at the GLFC greenhoue for 13 weeks using a conven- 
tionai, exponential, and half-exponential nutrient regime. (n=4 for each variable and 
i__- 

Mean Scores 

Nutrient Regime Day 4 DG 7 Day 1 1  Day 15 Day 18 

Predawn 

Conventional 6.13 6.50 6.75 7.00 6.63 

Exponential 6.50 6.13 5.63 6.75 6.38 
-. . - 

Half-exponential 6.88 6.88 7.13 5.75 6.50 

Kmskai-Wallis x2 0.088 1 0.0868 . 0.3776 0.2692 0.0099 
P < o r =  0.9569 0.9575 O. 8279 0.874 1 0.9950 

Noon 

Conventionai 6.38 6.38 7.75 6.50 7.00 

Exponen tial 5.13 6.88 6.00 7.50 7.00 

Half-exponential 8 .OO 6.25 5.75 5.50 5 .50 

Kniskal-Wallis x2 1.2879 0.0675 0.7308 0.6 154 0.5739 
P < o r =  0,5252 0.9668 . 0.6939 0.735 1 0.7505 

Aftemoon 

Conventional 5.38 7.25 6.25 6.75 6.75 

Exponentiai 6.00 5.25 7.25 7.38 5.50 



Appuidix 22. Kruskai-Wallis mean scores, x2, and P values repoaed for recovering jack pine 
seedlings taken at n w n  1,2, and 7 days after rewatering seedlings from a severe 
drought cycle. Seedlings grown for 13 weeks using a conventional, exponential, and 
half-exponentiai nutrient regime were poned in sand and weil- watered for 2 months 

u = 5  for each 

Mean Scores 

Nutrient Regime Needle Needle Diffusive Transpiration S tomatal 
Area Temperature resistance Conductance 

Day 1 

Conventionai 9.80 7.00 1 1.20 1 1.20 1 1.40 

Exponentiai 9.40 8.40 8.60 8.60 7.20 

Half-exponentiai 4.80 8.60 4.20 4.20 5 A0 

Kruskai-Wailis x2 3.8600 0.38 14 6.27 12 6.2600 4.7400 
P < o r =  O. 145 1 0.8264 0.0435 0.0437 0.0935 

Day 2 

Conventionai 9.80 7.20 10.60 10.80 10.80 

Exponentiai 9.40 8.40 7.10 7.10 6.60 

Day 7 

Conventionai 9.50 5.125 10.25 10.25 10.00 

Exponentiai 7.00 6.625 6.75 6.75 6.00 



- - - -  

Appenàix 23. Kniskal-Wallis mean scores, x2, and P values reported for recovering jack pine 
seedlings taken at 10:00, 11:ûû. 12:00, and 13:30 of day 7 after rewatering seedlings 
from a severe drought cycle. Seedlings grown for 13 weeks using a conventional, 
exponential, and haif-exponential nutrient regime were potted in sand and well- 

a d  r e e  

Mean Scores 

Nutrient Regime Needle Needle Diffûsive Transpiration S tornatal 
Ana Temperature nsistance Conduc tance 

10:oo 
Conventionai 9.50 4.25 10.25 10.25 9.75 

Exponential 7.00 8.25 6.50 6.75 6.00 

Hal f-exponential 3.00 7.00 2.75 2.50 3.75 

Kniskai-Wailis x2 6.6 154 2.6800 8.6538 9.2692 5.6538 
P<or= 0.0366 0.26 18 0.0 132 0.0097 0.0592 

11:oo 
Conventional 9.50 4.38 10.50 10.50 10.00 

Exponential 7.00 7.38 6.50 6.50 6.25 

- -- -- 

12:oo 
Conventional 9.50 5.13 10.25 10.25 10.00 

Haif-exponential 3 .O0 7.75 2.50 2.50 3.50 

ffiskai-Wallis x2 6.6 154 1 .O902 9.2692 9.2692 6.6 154 
s P <or= 0.0366 0.5798 0.0097 0.0097 0.0366 

l3:3O 
Conventional 9.50 3.63 10.50 10.25 10.00 

Exponential 7.00 6.13 6.50 6.75 6 . 0  

Halfsxponentiai 3.00 9.75 2.50 2.50 3.50 

Kruskal- Wallis xZ 6.6 154 5.9 193 9.8807 9.2692 6.6 154 
P <or= 0.0366 0.05 18 0.0072 0.0097 0.0366 



Appendix 24. Contingency table for survivai rates of droughted jack pine seedlings from 
each nutrient regime. 

- -- -- 

FREQUENCY 
EXPECTED Number of seed- Number of seed- TOTAL 
TOT PCT lings alive lings dead 
ROW PCT 
COL PCT 

Conventional 

Exponential 

Half-exponential 6 17 23 
8.3 14.7 
8.7 24.6 33.3 
26.1 73.9 
24.0 38.6 

TOTAL 25 44 69 
36.2 63.8 100.0 

CHI SQUARE = 2.38 with df = 2, P value = 0.305 



Appendix 25. Needle areas and gas exchange parameters for the photosynthesis study of 
jack pine seedlings in ideal growth conditions.. One-way ANOVA (SAS? of 
naturai log-transformed data, actual means &SE) followed by the same letter 

Physiological parameters 

Nu trient Regime Needle Pho tosp  Conduct- Interna1 Transpi- 
Area thesis nance leaf CO, ration 
cm2 u mo~rn~/s  mol/m2/s D D ~  rnmoVm2/s 

11:oo 
Conventional 9.78" 4.82b O. 1 80b 296.66' 4.62b 

(0.72) (0.32) (0.0 16) (2.82) (0.38) 

Exponen tial t 0.2 la 6.5 1" 0,332' 306.96' 7.7ga 
(0.63) (0.43) (0.029) (3.25) (0.62) 

Half-exponential 10.12" 5.w 0.4W 308.3 la 8.69. 
(0.83) (0.42) (0.095) (6.05) ( 1.62) 

ANOVA F = O. 10 4.29 5.7 1 2 .O7 5.25 
P < o r =  0.9040 0.024 1 0.0 126 O. 1454 0.01 18 

14:W 
Conventional 9.25' 3 .70b 0.1 23b 29 1 .93a 3. lZb  

(0.6 1) (0.55) (0.022) (4.14) (0.45) 

Exponential 

Hal f-exponential 10.12' S. 16' 0.283" 303.16" 6.58' 
(0.83) (O. 54) ( 0 - m l  (6.73) (1.15) 

ANOVA F = 0.48 4.74 9.36 2.03 10.88 
P < o r =  0.6238 0.017 1 0,0008 0.1503 0.0003 

16:O 
Conventional 9.25' 4.73b O. 156" 29 1 .2gb 3.97b 

(0.6 1) (0.5 1) (0.020) (2.85) (0.49) 

Exponential 10.2 1' 6.54' 0.3W 303.17' 6-96' 
(0.63) (0.3 1) (0.025) (3.94) (0.52) 

Half-exponential 10.12' 5.16~ 0.282" 305.42. 6.33" 
(0.83) (0.54) (0.065) (4.38) (1.1 1) 

ANOVA F = 0.48 3.97 6.43 3.98 6.73 
P < o r =  0.6238 0.0308 0.0052 0.0305 0.0043 



- - - - - - - - - --- - 

Appendix 26. Kruskal-Wallis x2, and P values reponed for physiological means &SE) of 
jack pine seedlings under ideal growth conditions in a dark respiration study. (df=2, 
n=5 for variables and r e p e )  

- Mean Scores of Physiological parameters 

Nutrient Regime Needle Respiration Conduct- Internai Transpiration 
Area nance leaf CO2 

2 h  
Conventional 12.00 9.60 7.00 7.60 7.00 

Exponential 6.60 7.60 9.40 6.20 9.40 

Kmskai-Wallis xZ 10.646 2.99 1 1.8029 1 .O00 1.8029 
P =  0.0049 0.224 0.4060 0.6065 0.4060 

26h 
Conven tional 13.00 12.80 4.40 10.30 4.20 

Exponential 7.60 7.40 9.40 6.60 9.40 

ffiskai-Wallis x2 11.601 10.26 4.940 2.0 186 5.540 
P =  0.0030 0,0059 0.0846 0.3645 0,0627 

54 h 
Conventiond 13.00 10.80 3.80 1 1.40 3.80 

Exponential 7.60 9.40 8.60 6.80 8.20 

Half-exponential 3.40 3.80 11.60 5.80 12.00 

Kniskai-Wallis x2 11.601 6.860 7.740 4.460 8.42 
P =  0.0030 0.0324 0.0209 O. 1075 0.0 148 

76 h 
Conventional 13.00 11.00 5.00 10.20 4.60 

Exponential 7.60 7.80 7.20 8.20 7.60 



98 h 
Conventional 13.00 13.00 5.00 8.00 4.80 

Exponential 7.60 7.60 8.40 8.20 8.40 



Appendù 27. Kruskal-Wallis mean scons, x2, and P values reported for each growth 
parameter of jack pine seeàlings kept in continuous dark conditions. (df=2; n=5) 

Mean Scores for Growth Measurements 

Nutrient Regime Time Seedling Collar- Neeàie Root Needle 
h. Length Needle Length Coiiar Base Di- 

Length Diameter ameter 

Conventional 2 12.20 12.00 13.60 15.20 15.40 

98 13.90 14.10 13.20 8.60 10.80 

Kruskai-Wallis x2 0.2673 0.2472 0.089 1 4,5247 2.5733 
P 0.99 18 0.9930 0.9990 0.3396 0.63 16 

Exponentiai 2 1 1.30 1 1.80 12.70 14.0 14.10 

98 14.20 12.40 i4.70 10.40 7.90 

Kruskal-Wallis x2 0.3676 0.4882 0.5362 0.9 197 3.274 
P 0.9850 0.9746 0.9699 0.92 17 0.5 13 1 



TEST TARGET (QA-3) 




