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 Controlling competing vegetation with the application of herbicides and 

increased seedling size at planting has been shown to increase seedling survival and 

growth.  These two important reforestation tools have often been studied 

independently of each other, limiting comparisons that can be made between them.  

This study utilized a factorial treatment structure to test for interactions among four 

different vegetation control treatments and three seedling size classes in a randomized 

complete block design. The first year results reported in this thesis indicate that the 

effects of vegetation control and seedling size are additive, and stem volume increased 

with vegetation control and increased seedling size.  Stem volume ranged from 6.2cm3 

for seedlings in the smallest size class that received a fall site preparation only to 

36.2cm3 for seedlings in the largest size class that received a fall site preparation and a 

spring release.  Seedlings that were excavated after the first growing season showed 

that competition negatively impacted root growth.  Monthly vegetation surveys 



indicated that herbicide application was effective in reducing competing vegetation to 

below 15% in treated plots, increasing cumulative soil moisture by 21% throughout 

the growing season.  The spring release treatment also altered the vegetation 

community, reducing forbs across the growing season in treated plots but had little 

effect on perennial species.  Future measurements will continue to assist nursery and 

land managers in decisions regarding nursery cultural practices and vegetation control 

treatments. 
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CHAPTER 1 - LITERATURE REVIEW 

1.1 Reasoning 

This thesis summarizes the first year results of a study designed to test the 

interaction of nursery cultural practices and the effect of competition from the 

vegetation community on bareroot Douglas-fir (Pseudotsuga menziesii (Mirb.) 

Franco) seedlings.  By quantifying the effects of nursery cultural practices and 

competition from the vegetation community on Douglas-fir seedlings, this research 

has been designed to better aid land owners in ecological and economic decisions and 

to increase successful plantation establishment.  This literature review will discuss 

issues and concepts in seedling morphology, nursery cultural practices, vegetation 

management, vegetation community development, and soil moisture.  These topics 

directly relate to and affect the success of plantation establishment.   

1.2 Seedling Morphology 

 Early attempts at artificial regeneration were deemed unsuccessful as they did 

not achieve desired stocking levels (Hermann 1964; Wakeley 1954).  This led 

researchers to begin examining specific morphological traits of seedlings to help guide 

reforestation efforts.  Easily obtained morphological traits such as shoot length, root 

collar diameter, and shoot to root ratio were used, with the idea that larger seedlings 

would perform better once planted (Mullin and Christl 1981).  Engstrom and 

Stoeckeler (1941) and others advised that root collar diameter was the best predictor of 

out-planting success (Wilson and Campbell 1972, Mexal and Landis 1990; South 

1985; Haase et al. 2006).  South et al. (1985) reported a 17.5% increase in volume 
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growth of 13 year old loblolly pine (Pinus taeda L.) seedlings that were planted with a 

larger initial diameter (>4.7mm) than the next smallest size class (3.2-4.7mm). Rose 

and Ketchum (2003) reported volume increases of 35% to 43% on Douglas-fir 

seedlings after four growing seasons with a root collar diameter increase of 2mm on 

two sites in Washington.   

 Shoot to root ratio (S:R ratio) describes the potential for water loss through 

transpiration and the capacity of seedlings to offset that loss by water absorption 

through the root system (Lopushinksy and Beebe 1976).  Studies have shown that 

seedlings with lower ratios have better survival rates and increased growth over 

seedlings with higher ratios (Lopushinksy and Beebe 1976, Hermann 1964).  A low 

ratio becomes increasingly important on droughty sites, as smaller root systems in 

proportion to larger shoots will not be able to overcome the transpirational losses of 

the crown (Herman 1964).  However, S:R ratio by itself does not guarantee seedling 

performance, as root structure is equally as important as root volume (Davis and 

Jacobs 2005).  A fibrous root system with a large surface area for water and nutrient 

absorption is more important during seedling establishment than seedling with a large 

woody root system (Rose et al 1991). 

Height to diameter ratio (H:D ratio) of seedlings has been shown to be a good 

indicator of past stress, with ratios increasing as seedlings experience more stress 

(Cole and Newton 1987, Rose et al. 1997, Wagner et al. 1996).  High H:D ratios 

indicate that as seedling experience competition, they allocate more resources to 

height growth and less to diameter growth (Hughes et al. 1990, Cole and Newton 
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1987,  Rose et al. 1998).  Studies have shown that seedlings with ratios above 70 

experience a rapid decline in growth and vigor, potentially leading to the death of the 

seedling (Cole and Newton 1987, Rose et al. 1997).  Rose et al. (1997) reported that 

maximum Douglas-fir seedling growth potential is achieved when ratios are in the 

high 40s and low 50s.  Decreasing H:D ratios through the application of herbicides 

during the years following establishment may increase treatment effects by increasing 

seedling vigor and growth potential (Cole and Newton 1987, Rose et al. 1997, Dinger 

and Rose 2009).   

1.3 Nursery Cultural Practices 

The density at which seedlings are grown in the nursery has been shown to 

alter caliper, shoot volume, and root volume with seedlings grown at lower densities 

correlated with increased growth and survivorship when out-planted (Shipman 1964, 

Wilson and Campbell 1972; van den Driessche 1982; South 1993).  Research in the 

US on loblolly and slash pine (Pinus elliottii Engelm.) indicate that seedlings grown at 

lower seedbed densities had longer root lengths and greater absorptive capacity than 

seedlings grown in higher densities (Shipman 1964).  A study on coastal Douglas-fir 

seedlings thinned to six different seedbed densities reported that seedling caliper 

increased with wider spacing while root:shoot dry weight ratio decreased (van den 

Driessche 1982).  This resulted in increased shoot growth 3 years after planting for the 

two lowest densities when compared to higher planting densities.   

There are, however, disadvantages of planting larger seedlings.  Larger 

seedlings increase planting time, reducing the amount of seedlings that can be properly 
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planted each day.  Nurseries charge more for larger seedlings, as low seedbed densities 

are required to produce bigger seedlings, decreasing the number of seedlings that can 

be grown per area (Mexal 1980, South et al. 1985).   

1.4 Vegetation Management 

 Controlling competing vegetation through the application of herbicides is a 

common silvicultural practice in the United States (Cole and Newton 1987, Newton 

and Preest 1988, Walstad and Kuch 1987, Wagner et al. 2006).  The goal of reducing 

competing vegetation is to channel limited site resources to the desired crop, 

increasing growth and shortening time to canopy closure (Newton and Preest 1988, 

Rose et al. 1999).  In the Pacific Northwest (PNW), which is dominated by a 

Mediterranean climate with cool moist winters and dry warm summers, soil moisture 

is often the most limiting factor during the growing season, and heavy competition 

from the vegetation community can deplete soil moisture reserves early in the growing 

season reducing seedling growth and survivorship (Newton and Preest 1988, Franklin 

and Dyrness 1973, Nambiar and Sands 1993).   

 Vegetation management in forestry has evolved from agricultural research on 

the effects of competition on crop yield.  Research on corn, tomatoes, and sorghum 

showed that controlling vegetation early in the crop cycle increased yield (Neito et al. 

1968, Weaver and Tan 1983, Burnside and Wicks 1967).  This led to the development 

of a critical period concept, which is the time period when competing vegetation must 

be controlled to avoid a reduction in crop yield.  For example, Neito et al. (1968) 

reported that after three weeks, competition from the vegetation community did not 
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negatively affect the yield of corn and beans.  Those results led other researchers to 

conduct critical period experiments on a variety of crops, identifying the timeframe 

when the vegetation community must be reduced to avoid a loss in crop yield 

(Buchanan and Burns 1970, Van Acker et al. 1993). 

 While vegetation management research showed that reducing competition 

improved seedling growth, it was not until Robert Wagner’s work in the mid-1990s 

that the critical period concept was introduced into forestry (Squire 1977, Wagner et 

al. 1989, Lauer et al. 1993, Thompson and Pitt 2003, Wagner et al. 1996).  Unlike 

agricultural research which operated on weekly or monthly timescale for the reduction 

in the vegetation community, Wagner’s research focused on the first five years after 

planting.  His research demonstrated that like annual crops, the critical period was 

different depending on the species, and ranged from 2 to 5 years (Wagner and 

Robinson 2006).  These findings led researchers in the PNW to examine critical 

periods on species native to the region.  Maguire et al. (2009) reported that after five 

growing seasons the critical period for maximizing Douglas-fir productivity was 2-4 

years, but admitted that long-term monitoring is needed to indicate if a difference in 

final yield is detectable.  While reports on vegetation control are often in the short-

term relative to the life of the stand, research indicates the importance of early 

vegetation control in increasing Douglas-fir survival and growth. 

1.5 Vegetation Community Development. 

 Following the harvest of merchantable timber, water, light, and nutrients are 

made available for a variety of early-seral plant species (Chen 2004).  An unchecked 
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vegetation community is able to reinvade a site through seeds in the existing seed 

bank, vegetative sprouting, or seed rain (Dyrness 1973).  The rapid growth, 

discontinuous germination, and high seed production common to many early-seral 

plant species allows them to rapidly establish and exploit resources that have been 

made available following harvest (Baker 1974).  Once the vegetation community 

becomes established, it often negatively affects seedling growth by competing for 

available resources (Zutter and Miller 1998, Richardson et al. 1999). 

 There are many theories that describe plant succession, but the one land 

managers are most concerned with is the inhibition model (Connell and Slatyer 1977).  

The model predicts that early-seral species suppress the establishment of seedlings by 

inhibiting their growth and increasing mortality rates.  The inhibition model was 

developed by agricultural researchers examining plant succession in abandoned farm 

fields and reported that certain ealy-colonizing plants reduced germination and growth 

of plants that arrived later (Keever 1950, Parenti and Rice 1969).  In forestry, it has 

been reported that early-seral plants can reduced seedling establishment for up to 45 

years (Niering and Goodwin 1974).  The application of herbicides to decrease the 

vegetation community on recently disturbed sites has been shown to reduce the 

inhibitory effects of early-seral plant communities by freeing up site resources and 

improving seedling growing conditions (Walstad and Kuch 1987, Newton and Preest 

1988). 

The goal of critical period and reduction of the vegetation community is to 

reduce competition only while it has negative effects on crop yield, after which it is 
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allowed to reinvade (Nieto et al. 1968, Wagner et al. 1996).  While a study has not 

been found that examines the critical period throughout an entire rotation, studies have 

reported that short-term reductions in the vegetation community increase seedling 

growth (Sands and Nambiar 1984, Cole and Newton 1987, Sutter and Miller 1998) 

Once the seedlings have become established and herbicide applications cease, the 

vegetation community is able to rapidly re-establish itself with minimal effect on stand 

yield or species diversity (Freedman et al. 1993, Sullivan et al. 1998, Chen 2004, 

Maguire et al. 2009). 

 The initial reinvasion of the vegetation community post herbicide application 

is usually dominated by herbaceous forbs followed by woody shrub species (Halpern 

1989, Sullivan et al. 1998, Lautenschlager and Sullivan 2002).  The composition of the 

vegetation community will be dependent upon existing seedbank, proximity to 

adjacent stands, and the relationship of the site to high traffic areas such as highways 

(Halpern and Franklin 1990).  Vegetation cover will remain high until canopy closure, 

at which point a decrease in abundance and species diversity will occur as the canopy 

decreases the amount of light reaching the forest floor (Zutter and Miller 1998).   

1.6 Soil Moisture 

 The availability of soil moisture during the summer months in Mediterranean 

climates is often the most important factor limiting survival and growth of newly 

planted seedlings (Woodmans and Kozlowski 1954, Arnott 1975, Newton and Preest 

1988, Mitchell and Correll 1987).  Soil water deficits decrease plant growth through 

increased stress which leads to reduced cellular expansion and photosynthesis (Brix 
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1979, Newton and Preest 1988, Nambiar and Sands 1993, Xu and Li 2006).  The 

ability to retain soil moisture from precipitation over the winter months into the 

summer drought acts as soil moisture reserve, allowing seedling growth to continue in 

the absence of continued precipitation (Harrington and Tappeiner 1991).  

Newly planted seedlings often have a limited root system, allowing them to 

exploit a small portion of the soil profile (Nambiar and Sands 1993). Competition in 

this zone from herbaceous vegetation can further decrease soil moisture, in turn 

reducing seedling growth (Nambiar and Sands 1993).  Increased amounts of stress as a 

result of competition can cause a reduction of active photosynthetic activity to only a 

few hours early in the morning (Brix 1979).  Competition can also cause seedlings to 

enter a state of quiescence, environmentally induced dormancy, shortening their 

growing season over seedlings that experience less competition from the vegetation 

community (Harrington and Tappeiner 1991) 

Reduction of the vegetation community has been shown to increase soil 

moisture in top 20-30cm of the soil profile, resulting in increased seedling growth over 

no-action control treatments (Dinger and Rose 2009).  Studies on radiata pine (Pinus 

radiata) have shown that reduction in the vegetation community through the 

application herbicides increased soil moisture resulting in increased stem volume 

growth (Squire 1977, Nambiar and Zed 1980).  In the American Southeast, reduced 

vegetation cover has increased soil moisture and improved growing conditions of 

loblolly pine (Wittwer et al. 1986).  In the PNW, research has shown that Douglas-fir 

seedling growth is improved with increased soil moisture as a result of a reduction in 
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the vegetation community (Cole and Newton 1987, Newton and Preest 1988, Rose et 

al. 1999).   

1.7 Nursery and Vegetation Management Research Needs 

 Vegetation management research has shown that decreasing the vegetation 

community through the application of herbicides increases soil moisture, resulting in 

increased seedling survivorship and growth (Sands and Nambiar 1984, Newton and 

Preest 1998).  Nursery research has shown that cultural practices that lead to larger 

seedlings increase seedling growth and survivorship (South et al. 1985, Jobidon et al. 

1998).  Typically, these two silvicultural options have been studies separately, limiting 

the comparisons that can be made between the two.  This study was initiated to 

provide land managers with information on combined effects of vegetation control and 

cultural practices on Douglas-fir bareroot seedling growth and survival.   
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CHAPTER 2 – THE COMBINED EFFECTS OF VEGETATION CONTROL AND 
SEEDLING SIZE CLASS ON DOUGLAS-FIR (Pseudotsuga menziesii (Mirb.) 
Franco) SEEDLING PRODUCTIVITY ON A SITE IN OREGON 
 
2.1 Introduction 

 Competition for water, light, and nutrients between newly planted seedlings 

and the existing plant community can reduce seedling survivorship and growth (Cole 

and Newton 1987; Newton and Preest 1988; Rose and Rosner 2005; Dinger and Rose 

2009).  During the summer months in the Pacific Northwest (PNW), characterized by 

hot and dry climate, competition for soil moisture with other plants in the vegetation 

community is often the limiting factor reducing growth and survivorship (Franklin and 

Dyrness 1973; Preest 1977).  An understanding of the impact of timing and duration of 

vegetation control on seedling establishment is needed to assist land managers in 

meeting minimum reforestation standards required by state law (ODF 2010). 

The reduction of competing vegetation is typically achieved through the 

application of herbicides (Wagner et al. 2006).  Herbicides are usually applied prior to 

planting the seedlings in the fall, known as a fall site preparation, followed by a spring 

application of herbicides as a release treatment in the first year or two of establishment 

(Newton and Preest 1988; Harrington et al 1995; Ketchum et al. 1999).  This 

timeframe falls during the critical period of vegetation control, and is designed to 

maximize seedling response to improved growing conditions while eliminating 

herbicide applications when their effect will be minimal (Nieto et al. 1968, Wagner 

2000, Maguire et al. 2009).  Eliminating unnecessary herbicide applications has 

economic benefits, by decreasing costs associated with spring release treatments, and 
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ecologic benefits, by allowing the vegetation community to re-establish providing 

early-seral plant communities that are valuable for wildlife and other uses (Wagner et 

al. 2006, Swanson et al. 2010). 

Seedling morphological traits, such as height, caliper at ground-line, and shoot 

to root ratio, are used as grading characteristics at the nursery prior to planting 

(Hermann 1964; Chavasse 1977; Krumlik and Bergerud 1985).  Ground-line caliper 

has become the popular method of grading seedlings prior to planting for nursery and 

land managers in the PNW.  The measurement is easily obtained at the nursery, and 

large calipers are generally correlated with larger root systems, which have been 

shown to increase reforestation success (Rose et al.1991; Long and Carrier 1993).  

One study examining three different root size categories in Oregon found that after 

eight growing seasons, Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) seedlings 

in the largest root volume category had 28% more stem volume than seedlings in the 

two smaller root-volume categories (Rose et al. 1997).  Larger root volumes will tend 

to have more surface area to make initial soil contact and exploit soil moisture 

reserves, that can offset initial transplant shock (Hasse and Rose 1993).   

Nursery cultural practices to produce seedlings with larger calipers and root 

systems increase production costs.  The increased production costs occur for two main 

reasons, first, larger seedlings in the PNW are currently grown for two years, either as 

1+1 (grown in nursery bed for one year, lifted from nursery bed and transplanted into 

another nursery bed) or p+1 (grown in a small Styrofoam container for one season and 

transplanted into a nursery bed for the second year).  Second, larger seedlings are 
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grown at lower nursery bed densities, meaning fewer seedlings can be grown per area 

(van den Driessche 1982, Balneaves 1983).  van den Driessche (1982) reported that 

interior Douglas-fir seedlings grown in 12cm spacing in a nursery bed had larger 

initial calipers than seedlings grown at higher densities.  After the first growing 

season, seedlings grown at lower seedbed densities had higher shoot growth than 

seedlings grown at higher densities.  However, there are drawbacks to planting larger 

seedlings.  Because fewer seedlings can be grown per nursery bed, nurseries charge a 

premium for larger seedlings (Mexal 1980).  Second, the time required to physically 

plant a larger seedling in a manner that will better guarantee success is increased, 

decreasing the amount of seedlings that can be planted per day. This makes it 

important for land managers to know if increased costs associated with larger 

seedlings result in improved survivorship and growth. 

 Both the management of competing vegetation and the use of seedlings with 

larger initial calipers have been shown to increase growth and survivorship.  However, 

these two management options are typically studied separately, limiting the 

comparisons among different strategies (Long and Carrier 1993; Maguire et al. 2009; 

Wagner et al 1996; Rose et al. 2006).  The objectives of this experiment were: 1) to 

determine the combined effects of seedling size class and duration of vegetation 

control on seedling growth 2) to determine if there is a positive (synergistic) 

interaction with respect to growth between seedling size class and duration of 

vegetation control and 3) to determine if larger seedlings can tolerate increased 

vegetation cover when vegetation control treatments are delayed one year.   
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2.2 Materials and Methods 

2.2.1 Site Description 

Milltown Hill is located on Lone Rock Timber land approximately 8km east of 

Yoncalla, OR (43° 35’ 21” N, 123° 11’ 1’ W).  The elevation is 275m and slopes west 

at 15% with a site index of 33m at 50 years.  The soils consist of colluvium and 

residuum derived from basalt.  They are classified as fine, mixed, active mesic Xeric 

Palehumults (NRCS 2011).  Regional average precipitation derived from a nearby 

weather station (12 km NW) is 117.5cm, with 108.1 cm of precipitation falling 

between October-May (Western Regional Climate Center 2012).  The 2.85ha study 

site is located within a 20ha clear-cut that was shovel logged in the summer of 2011 

and averaged 120m3/ha of Douglas-fir.  Following the harvest, the site was slash piled 

then sub-soiled using a 76cm soil ripper. 

2.2.2 Experimental design 

 Treatments were established using a randomized complete block design.  Four 

levels of vegetation control and three seedling size classes were randomly assigned in 

a factorial treatment arrangement and replicated four times for a total of 48 

experimental units (Appendix 1).  During the initial year of establishment in 2012, 

there were only six distinct treatments but the application of herbicides in the spring of 

2013 will create twelve treatments.  This thesis covers only the first year results and 

only six treatments (Table 1).  Each plot is 24.4 x 24.4 meters and contains a total of 

36 measurement seedlings planted in a 3.05 x 3.05 meter grid surrounded by a row of  
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Table 1.  Treatment combinations of vegetation control treatments and seedling size 
class used in the study.   

Treatment Vegetation Control Seedling Size 
Class 

1 Fall Site Preparation Only (FO) 1 (5-7mm) 
2 Fall Site Preparation/Spring Release (FT) 1 (5-7mm) 
3 Fall Site Preparation Only (FO) 2 (8-10mm) 
4 Fall Site Preparation/Spring Release (FT) 2 (8-10mm) 
5 Fall Site Preparation Only (FO) 3 (11-13mm) 
6 Fall Site Preparation/Spring Release (FT) 3 (11-13mm) 

Footnote: Currently there are only 6 treatments.  Application of a spring release in 
2013 will create 12 unique treatment combinations. 
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buffer seedlings inside each experimental unit.  The expected mean squares (EMS) for 

this experiment are presented in Table 2. 

2.2.3 Vegetation Control Treatments 

 The results reported here are from the first year, meaning that the FOO and 

FOT treatments are identical as are FTO and FTT (Table 3).  The second herbicide 

application in the spring of 2013 will differentiate into four distinct vegetation control 

treatments. 

 A chemical fall site preparation occurred on all plots on September 28th, 2011, 

with a broadcast application of Accord ® XRT (glyphosate) at a rate of 3.5 liters/ha, 

Chopper ® (imazapyr) at a rate of 35.1 g/ha, and Escort ® XP (metsulfuron methyl) at a 

rate of 36.5 ml/ha (Table 4).  On April 2nd, 2012 the first year spring release treatment 

occurred.  Assigned plots received a broadcast application of Velpar ® DF 

(hexazinone) at a rate of 2.2 kg/ha and Transline ® (clopyralid) at a rate of 876.9 ml/ha 

(Table 4).  On June 11th, 2012, a 2% solution of Buccaneer ® (glyphosate) was used to 

spot-spray areas within a plot where the spring release was not effective at reducing 

the vegetation community. 

2.2.4 Seedlings 

Seedling size class (SSC) 1 was sown as 211A (growing cavity volume of 30.8 

cm3) container seedlings at IFA Klamath Falls in March 2010, and transplanted in 

May 2011 at IFA Canby (Canby, OR), at 28 trees per linear bed foot.  SSC2 was sown 

as 211A (growing cavity volume of 30.8 cm3) container seedlings at IFA   
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Table 2. Expected mean squares for the mixed ANOVA model.  Block is a random 
effect while seedling size class and vegetation treatments are fixed effects.   
Source                                 df                         EMS                                                            
Block (b)                              3                      σ2 + 6 σ2

bl 
Seedling Size Class (ssc)     2                      σ2 + 8 θ2

c 
Vegetation Treatment (v)     1                      σ2 + 12 θ 2v 
SSC x V                       2                      σ2 + 4 θ 2cv 
Error                                  39                     σ2                                               
Total                                  47 
Footnote: These are only for the first growing season.  After the application of a spring 
release treatment in the spring of 2013, there will be 4 distinct vegetation treatments, 
altering the expected mean squares. 
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Table 3. Description of the four vegetation control treatment regimes 

Treatments Fall 2011 Spring 2012 Spring 2013 

FOO Yes No No 

FOT Yes No Yes 

FTO Yes Yes No 

FTT Yes Yes Yes 
Footnote: This report only documents the first year of growth meaning that FOO and 
FOT are currently the same treatment as are FTO and FTT.  The shaded area 
represents treatments that will be delineated with the application of the spring release 
in 2013 and are not discussed in this thesis. 
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Table 4. Herbicides and rates applied in vegetation control treatments. 
Fall Site Prep (2011) Spring Release (2012) 
Date                             September 28th, 2011 Date                                     April 2nd, 2012 
Herbicides Applied                     Rate Herbicides Applied                     Rate 
Accord XRT                               3.5 l/ha Velpar DF                                  2.2 kg/ha 
Chopper                                 730.8 ml/ha Transline                               876.9 ml/ha  
Escort                                        36.5 ml/ha 
 

                                            June 11th, 2012 
 Buccaneer                            2% solution 
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Klamath Falls (Klamath Falls, OR) in March 2010 and transplanted in September at 

IFA Canby (Canby, OR), at 20 trees per linear bed foot.  SSC3 was sown as 410A 

(growing cavity volume of 37.8 cm3) container seedlings at Arbutus Grove Nursery 

(North Saanich, BC) in February 2010 and transplanted in August at Lewis River 

Nursery (Woodland, WA), at 14 seedlings per linear bed foot.  All seedlings came 

from Oregon seed zone 10, for south central Oregon. 

2.2.5 Seedling Size Class 

 On October 27th, 2011, prior to lifting the seedlings from the nursery, height 

and caliper at ground-line measurements were taken on 10 random samples of 30 trees 

per size class (n=300 per size class, 900 total).  Descriptive analysis was conducted on 

this data, and three distinct SSC were chosen based on caliper at ground-line.  SSC1 

was to have a caliper between 5-7mm, SSC2 was to have a caliper between 7-10mm, 

and SSC3 was to have a caliper between 11-13mm (Figure 1).  Upon lifting and 

sorting at the nursery, seedlings were measured at ground-line to ensure they were 

within these size requirements.  Seedlings were bundled together within their size 

class, and were transported to a cold storage facility for one week prior to outplanting.  

Seedlings were planted on January 19th, 2012.  Each seedling was protected from 

animal browse by a 15cm x 81cm Vexar® tube held in place with two bamboo stakes.  

2.2.6 Seedling Growth 

On March 3rd, 2012, initial seedling measurements were recorded on the newly 

planted seedlings.  Caliper (mm) at ground-line and height (cm) from ground-line to   
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Figure 1. Caliper distribution of seedlings resulting from measurements taken of trees 
within nursery beds used for descriptive analysis with seedling size class marked on 
graph. 
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the top of the terminal bud were recorded.  Survivorship was also recorded, and a 

seedling was considered alive if it had at least one green needle.  On December 6th, 

2012, caliper and height were measured again to establish first year responses to 

treatment regimes.  Due to a manufacturer-flawed caliper used during measurements, 

caliper had to be re-measured on March 29th, 2013 and survivorship was also assessed 

on this date.  Seedling stem volume was calculated using the formula for the volume 

of a cone, Volume= (πd2h)/12, where d is caliper and h is height.  Survivorship 

percentage was calculated by the formula (number alive/total planted)*100. 

2.2.7 Vegetation Community 

 Five permanent 1-meter radius subplots were established within each 

experimental unit for a total of 240 subplots in order to monitor plant community 

responses to the treatment regimes.  Four of the subplot locations were assigned using 

a stratified random approach.  Each treatment plot was divided into four equal sections 

and one vegetation plot was randomly assigned to each strata.  The fifth vegetation 

plot was placed in the middle of each plot.  Subplots were placed equidistant among 

measurement seedlings.   

 The vegetation community was assessed four times in 2012, June 11th, July 

10th, August 21st, and September 18th.  Subplots were defined with four 1-meter pieces 

of PVC pipe that are connected in the center.  Percent cover for each species was 

recorded.  Species origin, lifespan, and growth type were compiled from plant 

identification resources (Hitchcock and Cronquist 2001; Pojar and MacKinnon 2004; 

Whitson et al. 2009; USDA Plant Database 2013).  If plants could not be identified to 
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species, family or genus level determinations were used.  If the plant was an immature 

seedling and could not be identified, it was recorded as unknown species, and included 

in analysis of sum percent cover, but not for growth type, species origin, or lifespan. 

2.2.8 Soil Moisture 

 Volumetric soil moisture was assessed using a Hydrosense TDR probe with 

20cm prongs (Model # CS-620 Spectrum Technologies, Plainsfield, IL).  Readings 

were taken the day following the vegetation community assessment plus additional 

dates on October 19th and November 16th, for a total of six survey dates.  At a location 

just outside of the vegetation sub-plot, the prongs were inserted into bare mineral soil 

and the sensor reading provided an estimate of soil moisture with units of measure as 

m3 H2O/m3 of soil.  

 To calibrate the Hydrosense TDR probe to site soils, 24 soil cores were taken 

on each measurement day horizontally centered at 10cm using an AMS slide hammer 

which contained a 5.1cm x 5.1cm removable sleeve.  A shovel was used to expose 

bare mineral soil at a location just outside one of the vegetation sub-plot in each plot 

in blocks two and four.  A sensor reading was recorded for this location, and then the 

core was extracted.  Cores were immediately placed inside a marked sealable plastic 

bag and transported back to lab facilities at Oregon State University. The cores were 

removed from their sleeves and weighed.  Cores were then placed in a drying oven at 

40°C and dried for 72 hours.  Next, the cores were reweighed to obtain their dry 

weight.  Volumetric soil moisture ((weight of soil water/weight of dry soil)*bulk 

density) was calculated to compare with the sensor reading.  Regression analysis was 
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conducted on this data set, with sensor values as the independent variable and soil core 

values as the dependent variable. A quadratic equation was selected for calibration 

(Table 5). 

2.2.9 Excavation Seedlings 

 Upon lifting and sorting at the nursery, 160 seedlings per size class (total=480) 

were placed in seedling bags and transported to a cold storage facility at Oregon State 

University.  The following day, seedlings had their roots gently washed to remove any 

debris from the nursery, and were placed back in the storage facility.  Seedlings were 

then removed ten at time to ensure their root systems would not be exposed to 

desiccating conditions, and had shoot and root volume (cm3) measured by 

displacement.  Displacement methodologies are as follows, first, the shoot was 

immersed in a container of water placed on a balance up to its root-collar.  The amount 

of water displaced (g) is equal to the volume (cm3) of the shoot (Rose et al. 1997).  

The root system was then assessed by immersing the roots to root-collar.  These 

numbers were recorded, and a permanent identification tag was placed on each 

seedling.  Seedlings were then bundled in groups of ten, and were labeled for planting.   

Ten seedlings per experimental unit were randomly assigned a planting 

location equidistant between permanent measurement seedlings not occupied by a 

vegetation sub-plot.  Seedlings were planted on February 4th, 2012 and were protected 

from browse by 15cm x 81cm Vexar ® tube held in place with two bamboo stakes.    
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Table 5.  Calibration equation for Hydrosense TDR with 20cm prongs. 
Calibration n Calibration Equation  R2 

Hydrosense TDR 138 y=-1.7185+1.4123x-0.0095x2 0.6229 
Footnote: Due to a broken sensor, only 18 of 24 cores were taken back for analysis on 
the October 2012 survey, creating 138 samples instead of 144. 
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On March 21st, 2012, initial seedling measurements were recorded on the newly 

planted seedlings.  Caliper (mm) at ground-line and height (cm) from ground-line to 

the top of the terminal bud were recorded.  Survivorship was also recorded, and a 

seedling was considered alive if it had at least one green needle. 

 On December 7th, 2012, the ten seedlings per plot were excavated.  A shovel 

was inserted two feet away from the seedling, and was carefully worked around the 

entire seedling to loosen up the soil.  Soil was then removed by hand until a gentle pull 

would remove the seedling from the ground.  Seedlings were bundle together by plot 

and placed inside a plastic bag and transported back to a cold storage facility at 

Oregon State University.  The following day, the seedlings were carefully washed to 

remove any debris that remained from the field.  Shoot volume (cm3) and root volume 

(cm3) were assessed by the method described above.  The permanent identification tag 

was used to track changes in seedling shoot and root volume during the growing 

season.  

 Following shoot and root volume assessment, seedlings were cut at root-collar 

and had their roots and shoots placed in separate, marked paper bags.  Seedlings were 

then oven dried at 68°C for 72 hours.  Once dry, needles, branches, and stems were 

separated and weighed.  Needle dry weight and limb dry weight were then added 

together to obtain a shoot dry weight.  Root dry weight (g) was also recorded at this 

time. All samples per plot were averaged together to create plot means. 
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2.2.10 Environmental Data 

 A Hobo Microstation (Model # H21-002, Onset Computer Corporation, 

Bourne, MA) was installed on March 6th, 2012 to collect environmental data every 4 

hours.  A rain gauge smart sensor (Part #S-RGB-M00s) with a 0.2mm rainfall tipping 

bucket, a temperature/relative humidity gauge (Part #S-THB-M00x), a photosynthetic 

active radiation sensor (Part #S-LIA-M003), and wind speed sensor (Part #S-WSA-

M003) from Oneset Computer Corporation (Bourne, MA) are connected to the station.  

The station is centrally located within the site to obtain representative results for the 

study area. 

2.3. Statistical Analysis 

 Data collected for this study were analyzed in Statistical Analysis Software 

version 9.3 (SAS Institute Inc Cary, NC) as a randomized complete block design.  

Analysis of Variance assumptions of linearity, normality, and constant variance were 

examined on the residuals of each variable.  Effects were considered significant at 

α=0.05. 

2.3.1 Seedling Analysis 

 A mixed model analysis (PROC MIXED in SAS) was used to test for 

treatment effects on survivorship, caliper, volume, and height of the field data.  

Survivorship required an arcsine square-root transformation to meet ANOVA model 

assumptions and means were back-transformed.  Blocks were considered random 

effects, and initial seedling size class and vegetation control treatments were 

considered fixed effects.  Fischer’s Protected LSD was used to test for differences 
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among treatment means.  Seedling size and seedling growth at the end of the first 

growing season were analyzed.  Seedling growth was calculated by subtracting the 

measurements from December 6th, 2012 and March 29, 2013 from the initial 

measurements taken on March 3rd, 2012. 

2.3.2 Vegetation Community Analysis 

 Vegetation community analysis was conducted using Excel, Microsoft Access, 

and SAS.  Field observations were entered into an Excel spreadsheet, which allowed 

for the data to be imported into Microsoft Access.  The query design function was 

used to create a common database based on species, growth form, lifespan, and origin.  

This created a list of 115 unique plant species (Appendix 2), which were then attached 

to each of the vegetation subplots.  If a species occurred within a subplot, the percent 

cover recorded for the species was inserted, if it was not present within a subplot it 

was omitted (Dinger 2012).  The master data set was used to provide this information 

across all four of the survey dates.  Sum percent cover was derived by adding all the 

species cover values located within each subplot.  The five subplots per plot were then 

added together to form a plot mean for each survey date. 

 The completed data set was then imported into SAS for statistical analysis.  A 

mixed model analysis (PROC MIXED) was used and Fischer’s Protected LSD was 

used to test for differences in plant cover between vegetation control treatments.  

Blocks were random effects and vegetation treatments were fixed effects.  Seedling 

size class was not used in the analysis. 
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 The vegetation community was analyzed by comparing treatment means for 

each survey date in FO and FT treatments.  Each survey date was further assessed by 

comparing the means of the 115 species by vegetation treatments on growth habit by 

species (forb, shrub/vine, grass, etc.), species origin (exotic or native), and species 

lifespan (annual, biennial, perennial) by survey date.  If the plant was an immature 

seedling and could not be identified to the species level, it was omitted from growth 

habit, origin, and lifespan analysis. 

2.3.3 Soil Moisture Analysis 

 Volumetric soil moisture was calculated by averaging the calibrated 

observations recorded from the 5 sample points within each main plot across the six 

survey dates, four corresponding with the vegetation treatments, plus two additional 

dates.  The calibrated averages were then added together to create a cumulative total.  

For example, in block one, plot one, readings for the six survey dates were 0.40, 0.36, 

0.29, 0.23, 0.40, 0.44 m3 H2O/m3, for a cumulative total of 2.12 m3 H2O/m3.  A mixed 

model analysis (PROC MIXED) was used with blocks being assigned random and 

vegetation control treatments were fixed effects.  Fischer’s Protected LSD was used to 

test for differences between the cumulative means and the vegetation control 

treatments. Seedling size class was not used in analysis. 

2.3.5 Excavation Seedling Analysis 

 Analysis of variance for mixed models (PROC MIXED in SAS) was used to 

test for treatment effects on survivorship, shoot volume, stem volume, shoot dry 

weight, root dry weight, and shoot to root ratio (S:R ratio).  Survivorship required an 
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arcsine square-root transformation to meet ANOVA model assumptions and means 

were back-transformed.  Blocks were considered random effects, initial seedling size 

class and vegetation control treatments were considered fixed effects.  Fischer’s 

Protected LSD was used to test for differences among treatment means. 

 Regression analysis was conducted with dry root weight as the independent 

variable (x) and dry needle weight as the dependent variable (y).   

2.3.6 Orthogonal Contrasts 

 Five orthogonal contrasts were created to test for statistical differences among 

specific treatment options by partioning the treatment sums of squares.  Contrast one 

tested for a vegetation control effect by comparing the fall site preparation only with 

fall site preparation and a spring release (Table 6).  Contrast two compared the effect 

of SSC3 versus seedlings in SSC1 and SSC2.  Contrast three compared differences 

between SSC1 and SSC2.  Contrast four was used to determine if the difference 

caused by SSC3 was the same at both vegetation control levels.  Contrast five 

examined if differences between SSC1 and SSC2 were the same at both vegetation 

control levels.
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Table 6.  Preplanned orthogonal contrasts testing specific treatment combinations. 
 FO FO FO FT FT FT 
Ortogonal Contrasts SSC1 SSC2 SSC3 SSC1 SSC2 SSC3 
1) Herbicide Effect -1 -1 -1 1 1 1 
2) Effect Caused by SSC3 -1 -1 2 -1 -1 2 
3) Effect Between Seedling SSC1 and SSc2 -1 1 0 -1 1 0 
4) Is the effect of SSC3 the same at both levels of Vegetation Control 1 1 -2 -1 -1 2 
5) Is the effect between Seedling SSC1 and SSC2 the same at both levels 
of Vegetation Control 1 -1 0 -1 1 0 

Footnote:  FO and FT represent vegetation control treatments.  Seedling Size Class (SSC) 1 had an initial caliper of 5-7mm, 
SSC2 had an initial caliper of 8-10mm, and SSC3 had an initial caliper of 11-13mm. 
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2.4 Results 

Summary:  Seedling survival was greater than 94% and was not different among the 

treatments.  The effects of vegetation control and seedling size class on stem volume 

are additive, and volume increased with a spring release treatment and increased 

seedling size.  Vegetation control treatments had no impact on seedling height but 

seedling size classes were different from each other.  Seedling caliper and height to 

diameter ratio (H:D ratio) were affected by a significant interaction between 

vegetation control and seedling size class (SSC) (p-values of 0.0064 and 0.0007, 

respectively).  Within a SSC, seedling root volume was significantly larger in plots 

that received a fall site preparation with a spring release (FT) than plots that received 

a fall site preparation only (FO).  Sum vegetation cover was below 15% from May to 

August in FT plots, while in FO plots sum vegetation cover reached a peak in July at 

43%.  The spring release treatment was effective at reducing forbs across the growing 

season, but had minimal effect on perennial species.  Cumulative soil moisture in FT 

plots was 2.40 m3 H2O/m3 soil, a 21% increase over FO plots, which averaged 1.99 

m3 H2O/m3 soil.  

2.4.1 Initial and First Year Seedling Morphology  

 The initial goal of planting three distinct seedling size classes (SSC) was 

achieved on January 19th, 2012, with all three size classes differing in volume, caliper, 

height, and height to diameter ratio (H:D ratio) (Table 7 and Table 8).  As of March 
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Table 7.  Analysis of variance table one month after planting for treatment effects on Volume, Caliper, Height, and H:D Ratio. 
Measurement Source DF Sums of Squares Mean Square F-value Pr>F 

Initial Block 3 25.0121 8.3374 3.21 0.0334* 
Volume Veg. Treat (VT) 1 0.0403 0.0403 0.02 0.9016 

 Stock Size (SS) 2 2446.0996 1223.0498 470.69 <0.0001* 

 
VT*SS 

Error 
2 

39 
0.7490 

101.3387 
0.3745 
2.5984 

0.14 
 

0.8662 
 

Initial Block 3 2.2292 0.7431 2.93 0.0456* 
Caliper Veg. Treat (VT) 1 0.1875 0.1875 0.74 0.3953 

 Stock Size (SS) 2 244.0417 122.0208 480.89 <0.0001* 

 
VT*SS 

Error 
2 

39 
0.1250 
9.8958 

0.0625 
0.2537 

0.25 
 

0.7829 
 

Initial Block 3 46.1667 15.3889 5.30 0.0037* 
Height Veg. Treat (VT) 1 5.3333 5.3333 1.84 0.1833 

 Stock Size (SS) 2 7717.1667 3858.5833 1327.81 <0.0001* 

 
VT*SS 

Error 
2 

39 
0.6667 

113.3333 
0.3333 
2.9060 

0.11 
 

0.8919 
 

Initial Block 3 28.9167 9.6389 0.59 0.6265 
H:D Ratio Veg. Treat (VT) 1 18.7500 18.7500 1.14 0.2914 

 Stock Size (SS) 2 3154.2917 1577.1458 96.21 <0.0001* 

 
VT*SS 

Error 
2 

39 
4.6250 

639.3333 
2.3125 

16.3932 
0.14 

 
0.8689 

 
Footnote. * indicates significance at α=0.05. 
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Table 8. Initial seedling measurements one month after planting by Seedling Size Class (SSC) and Vegetation Treatments (Veg 
Trt) for Volume (Vol), Caliper (Cal), Height (Ht), and H:D Ratio (HDR).  Values within a column with different letters are 
statistically different at α=0.05 using Fischer’s LSD test.  Standard errors were calculated by treatment over replication and are 
in parentheses.   

Treatment SSC Veg Trt Vol (cm3) Cal(mm) Ht(cm) HDR 
1 1                    

(5-7mm) 
FO 2.8c (0.16) 5.4c (0.18) 33.8c (0.58) 62b (1.13) 

2 FT 2.7c (0.11) 5.6c (0.18) 32.9c (0.44) 62b (2.17) 
3 2                    

(8-10mm) 
FO 9.4b (0.17) 7.8b (0.16) 58.4b (0.63) 77c (1.48) 

4 FT 9.7b (0.50) 7.9b (0.13) 57.9b (0.69) 75c (1.65) 
5 3                 

(11-13mm) 
FO 20.2a (1.22) 11.0a (0.27) 62.3a (0.96) 57a (0.82) 

6 FT 19.9a (0.67) 11.0a (0.19) 61.6a (0.73) 57a (0.60) 
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29th, 2013, the average seedling survival was greater than 94% and was not 

statistically different across all treatments (Table 9). 

 Seedling volume increased with seedling size class (SSC) (p-value of <0.0001) 

and vegetation control treatments (p-value of <0.0001), and there was no evidence of 

an interaction between the two at the end of the first growing season (p-value of 

0.7579) (Table 9).  This indicates that the effects are additive, for example, the benefit 

gained from planting larger seedlings was similar regardless of vegetation treatments, 

and vice versa.  Within a SSC, seedlings in plots that received a fall site preparation 

with a spring release (FT) had larger volumes than seedlings that received a fall site 

preparation only (FO) (Table 10).  Seedling volume in treatment 1 (initial planting 

caliper of 5-7mm, FO) averaged the lowest, 6.5cm3, and seedling volume in treatment 

6 (initial planting caliper of 11-13mm, FT) averaged the largest at 36.7cm3. 

Seedling height after the first growing season was significantly affected by 

SSC, but not by vegetation control treatments (p-value <0.0001 and 0.1833, 

respectively) (Table 9).  Seedling height for treatments 1 and 2 averaged 42.8cm and 

42.2cm, respectively, and were not statistically different from each other (p-value of 

0.5091) (Table 10).  Seedling height in treatments 3 and 4 averaged 65.5cm and 

65.7cm, respectively, and were not statistically different from each other (p-value of 

0.8232).  Seedling height in treatments 5 and 6 averaged 72.5cm and 71.7cm, 

respectively, and were not statistically different (p-value of 0.3972). 

Seedling caliper after the first growing season was affected by a significant 

interaction between vegetation treatments and SSC (p-value of 0.0064) (Table 9).  
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Table 9.  Analysis of variance for treatment effects at the end of the first growing season for Volume, Caliper, Height, 
Height to Diameter ratio (H:D Ratio), and Survival.   

Measurement Source DF Sums of Squares Mean Square F-value Pr>F 
Volume Block 3 22.4650 7.4883 1.98 0.1333 

 Veg. Treat (VT) 1 175.5270 175.5270 46.34 <0.0001* 
 Stock Size (SS) 2 5448.5325 2724.0662 719.26 <0.0001* 

 
VT*SS 

Error 
2 

39 
0.6554 

147.7159 
0.3277 
3.4883 

0.09 
 

0.9173 
 

Caliper Block 3 2.1274 0.7091 2.98 0.0428 
 Veg. Treat (VT) 1 20.0208 20.0208 84.27 <0.0001 
 Stock Size (SS) 2 200.4597 100.2298 421.86 <0.0001 

 
VT*SS 

Error 
2 

39 
2.7370 
9.2660 

1.3685 
0.2376 

5.76 
 

0.0064* 
 

Height Block 3 31.7625 10.5875 2.75 0.0555 
 Veg. Treat (VT) 1 2.1586 2.1586 0.56 0.4583 
 Stock Size (SS) 2 7741.6374 3870.8187 1006.03 <0.0001* 

 
VT*SS 

Error 
2 

39 
2.5634 

150.0574 
1.2817 
3.8476 

0.33 
 

0.7187 
 

H:D Ratio Block 3 120.3305 40.11016 5.66 0.0025 
 Veg. Treat (VT) 1 608.9845 608.9845 86.00 <0.0001 
 Stock Size (SS) 2 1127.368 563.6842 79.60 <0.0001 

 
VT*SS 

Error 
2 

39 
125.9448 
276.1628 

62.97241 
7.0811 

8.89 
 

0.0007* 
 

Survival Block           3 0.0817 0.0272 1.67 0.1890 
 Veg. Treat (VT)           1 0.0001 0.0001 0.01 0.9572 

 Stock Size (SS)           2 0.0098 0.0049 0.30 0.7413 
 VT*SS           2 0.0916 0.0458 2.81 0.0724 
 Error         39 0.6358 0.016   

Footnote. * denotes significance at α=0.05.  40 
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Table 10. Treatment means at the end of the first growing season by Seedling Size Class (SSC) and Vegetation Treatments 
(Veg Trt) on Volume (Vol) and Height (Ht).  Values within a column with different letters are significant at α=0.05 using 
Fischer’s LSD test.  Standard errors were calculated by treatment over replication and are in parentheses.   

Treatment SSC Veg Trt Vol (cm3) Ht (cm) 
 1 1                    

(5-7mm) 
FO 6.2f (0.18) 42.8c (0.57) 

2 FT 10.0e (0.69) 42.2c (0.80) 
3 2                    

(8-10mm) 
FO 17.2d (0.86) 65.5b (0.57) 

4 FT 20.8c (0.37) 65.7b (0.71) 
5 3                     

(11-13mm) 
FO 32.0b (0.80) 72.5a (1.07) 

6 FT 36.2a (0.73) 71.7a (0.55) 
 

41 
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This is a result of a positive interaction between seedlings in SSC1 when compared to 

SSC2 and SSC3 (Figure 2).  The interaction indicates that seedling caliper is 

dependent upon both SSC and vegetation control treatments.  In all cases, within a 

SSC, seedlings in FT plots had larger calipers than seedlings in FO plots. 

Height to diameter ratio (H:D ratio) after the first growing season was affected 

by a significant interaction between vegetation treatments and SSC (p-value of 

0.0007) (Table 8).  This is caused by a steeper decline in H:D ratio of seedlings in size 

class 1 (5-7mm initial caliper) when compared to the two other size classes (Figure 3).  

Within SSC, seedlings in FT plots averaged lower H:D ratio than seedlings in FO 

plots. 

2.4.2 First Year Seedling Growth 

Seedling volume growth after the first growing season was affected by 

vegetation treatment and SSC (p-value <0.0001 and<0.0001, respectively) (Table 11).  

Seedlings in treatment 1 averaged 3.8cm3 of volume growth significantly lower than 

any other treatment (Table 12).  Seedlings in Treatments 2 and 3 had 7.6 cm3 and 

8.2cm3 of volume growth, respectively, and were not statistically different from each 

other (p-value of 0.5404).  Seedlings in Treatments 4 and 5 averaged 11.8cm3 and 

12.2cm3, respectively, and were not statistically different from each other (p-value of 

0.6293). Seedlings in treatment 6 averaged the largest volume growth at 16.9cm3. 

Seedling height growth after the first growing season was significantly affected 

by SSC, but not by vegetation control treatment or by an interaction between the two 

(p-value <0.0001, 0.3051, and 0.2723, respectively) (Table 11).  Seedling height 
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Figure 2.  Seedling caliper (mm) at the end of the first growing season (2012). 
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Figure 3. Seedling H:D ratio at the end of the first growing season (2012). 
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Table 11.  Analysis of variance for treatment effects at the end of the first growing season on volume growth, height 
growth, caliper growth and change in H:D ratio. 

Measurement 
 

Source 
 

DF 
Sums of 
Squares 

 
Mean Square 

 
F-value 

 
Pr>F 

Volume Block 3 17.7139 5.9046 1.70 0.1829 
 Veg. Treat (VT) 1 194.5806 194.5806 56.02 <0.0001 * 
 Stock Size (SS) 2 625.9271 312.9636 90.10 <0.0001 * 

 
VT*SS 

Error 
2 

39 
2.8368 

135.4633 
1.4184 
3.4734 

0.41 
 

0.6676 
 

Height Block 3 12.5166 4.1722 2.84  0.0504 
 Veg. Treat (VT) 1 1.5881 1.5881 1.08 0.3051 
 Stock Size (SS) 2 61.4889 30.7444 20.91 <0.0001 * 

 
VT*SS 

Error 
2 

39 
3.9561 

57.3448 
1.9781 
1.4704 

1.35 
 

0.2723 
 

Caliper Block 3 3.5176 1.1725 3.10 0.0376* 
 Veg. Treat (VT) 1 17.7706 17.7706 47.00 <0.0001 * 
 Stock Size (SS) 2 2.0471 1.0236 2.71 0.0792 

 
VT*SS 

Error 
2 

39 
2.4281 

14.7443 
1.2141 
0.3781 

3.21 
 

0.0512 
 

H:D Ratio Block 3 207.7203 69.2401 2.98 0.0428* 
 Veg. Treat (VT) 1 414.0200 414.0200 17.85 0.0001* 
 Stock Size (SS) 2 835.7167 417.8584 18.01 <0.0001* 

 
VT*SS 

Error 
2 

39 
147.6564 
904.8128 

73.8282 
23.2003 

3.18 
 

0.0525 
 

Footnote. * indicates significance at α=0.05. 
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Table 12.  Year 1 treatment means by Seedling Size Class (SSC) and Vegetation Treatments (Veg Trt) for volume growth 
(Vol), caliper growth (Cal), height growth (Ht) and change in height to diameter ratio (HDR).  Values within a column with 
different letters are statistically different at α=0.05 using Fischer’s LSD test.  Standard errors were calculated by treatment 
means over replication and are in parentheses.   

Treatment SSC Veg Trt Vol (cm3) Ht (cm) Cal (mm) HDR 
1 1                    

(5-7mm) 
FO 3.8d (0.18) 9.1ab (0.38) 2.0d (0.16) 4b (1.79) 

2 FT 7.6c (0.74) 9.1a (0.53) 3.9a (0.35) 15a (2.89) 
3 2                    

(8-10mm) 
FO 8.2c (0.75) 6.7c (0.41) 2.3cd (0.21) 11a (1.74) 

4 FT 11.8b(0.68) 7.9bc (0.32) 3.2b (0.26) 15a (1.94) 
5 3                     

(11-13mm) 
FO 12.2b (0.79) 10.1a (0.68) 2.0d (0.22) 1b (1.09) 

6 FT 16.9a (0.71) 10.0a (0.29) 2.9bc (0.15) 4b (0.58) 

46 
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growth ranged from 6.7cm to 10.1cm.  Seedlings in Treatment 3 averaged the lowest 

and seedlings in treatment 5 averaged the highest (Table 12). 

Seedling caliper growth at the end of the first growing season was moderately 

affected by an interaction between vegetation treatments and SSC (p-value of 0.0512) 

(Table 11).  Within a SSC, seedlings in FO plots averaged less caliper growth than 

seedlings in FT plots (Table 12).  Seedlings in Treatment 2 had the largest caliper 

growth, which averaged 3.9mm and was significantly higher than seedlings in 

Treatment 4, which averaged 3.2mm of growth (p-value of 0.0341).  Seedlings in 

Treatment 6 averaged 2.9mm of caliper growth, and were not different from seedlings 

in Treatment 3 or seedlings in Treatment 4 (p-values of 0.0617 and 0.3360, 

respectively).  

 Change in H:D ratio at the end of the first growing season was moderately 

affected by an interaction between vegetation treatments and SSC (0.0525) (Table 11).  

Change in H:D ratio was significant among treatments for seedlings in size class one 

FO and FT plots, but not for seedlings in size class two or three.  Seedlings in 

Treatment 1 and 2 decreased their H:D ratios from 62 to 58 and 62 to 47, respectively 

(p-value of <0.0001) (Table 12).  Seedlings in Treatments 3 and 4 decreased their H:D 

ratios from 77 to 66 and 75 to 60, respectively (p-value of 0.1290).  Seedlings in 

Treatments 5 and 6 decreased their H:D ratios from 57 to 56 and 57 to 53 (p-value of 

0.2104). 
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2.4.3 Orthogonal Contrasts 

 Orthogonal contrasts were used to confirm the results above.  Table 13 

demonstrates that the differences in volume are a result of vegetation treatments and 

seedling size class, and no interaction occurs.  Height was affected by differences 

among the three seedling size classes, but not by vegetation control treatments or an 

interaction.  Caliper was affected by a significant interaction between vegetation 

treatments and SSC1and SSC2 (p-value of 0.0126) (Caliper contrast 5, Table 13).  

H:D ratio was significantly affected by an interaction among all three seedling size 

classes and vegetation control treatments (H:D ratio contrasts 4 and 5, Table 12). 

 Orthogonal contrasts were also used to examine differences that occurred 

among treatments on seedling growth.  Volume growth was significantly affected by 

vegetation control treatments and seedling size class (contrasts 1, 2, and 3, Table 14), 

and no interactions are suggested by contrasts four and five.  Height growth was only 

affected by seedling size class, as shown by the results from contrast two and three.  

Caliper growth was affected by a moderate interaction between vegetation control 

treatments and seedlings in size class one and two (p-value of 0.0453) (Caliper 

contrast 5, Table 14) treatments and seedlings in size class one and two.  Change in 

H:D ratio was affected by a moderate interaction between vegetation treatments and 

size class one and two (p-value of 0.0583). 

2.4.4 Vegetation Cover 

Sum percent cover in FT (fall site preparation with a spring release) plots was 

lower than FO (fall site preparation only) plots across the four survey dates (Table 15).   
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Table 13. Orthogonal contrasts for treatment effectiveness at the end of the first growing season on volume, caliper, height, 
and H:D ratio. 

Measurement Contrast   DF Contrast SS F-Value      Pr>F 
Volume 1. Veg. control treatment 1 200.6419 73.80 <0.0001* 
  2. Effect caused by Size Class 3 1 4506.1206 615.53 <0.0001* 
  3. Difference between size class 1 and 2   1 966.7673 123.44 <0.0001* 
  4. Interaction between veg. control and size class 3 1 1.5659 3.30 0.5022 
  5. Interaction between veg. control and size class 1 and 2 1 0.089708 6.79 0.8721 
Height 1. Veg. control treatment 1 2.1586 0.50 0.4840 
  2. Effect caused by Size Class 3 1 3467.9744 801.09 <0.0001* 
  3. Difference between size class 1 and 2 1 4273.6630 987.21 <0.0001* 
  4. Interaction between veg. control and size class 3 1 1.0352 0.24 0.6274 
  5. Interaction between veg. control and size class 1 and 2 1 1.5282 0.35 0.5556 
Caliper 1. Veg. control treatment 1 20.0208 73.80 <0.0001* 
  2. Effect caused by Size Class 3 1 166.9748 615.53 <0.0001* 
  3. Difference between size class 1 and 2 1 33.4848 123.44 <0.0001* 
  4. Interaction between veg. control and size class 3 1 0.8947 3.30 0.0765 
  5. Interaction between veg. control and size class 1 and 2 1 1.8422 6.79 0.0126* 
H:D Ratio 1. Veg. control treatment 1 608.9844 64.51 <0.0001* 
  2. Effect caused by Size Class 3 1 137.1977 14.53 0.0004* 
  3. Difference between size class 1 and 2 1 990.1706 104.89 <0.0001* 
  4. Interaction between veg. control and size class 3 1 60.7398 6.43 0.0150* 
  5. Interaction between veg. control and size class 1 and 2 1 65.2051 6.91 0.0119* 

Footnote. * indicates significance at α=0.05. 
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Table 14. Orthogonal contrasts for treatment effectiveness at the end of the first growing season on volume growth, caliper 
growth, height growth, and change in H:D ratio. 

Measurement Contrast DF Contrast SS F-Value Pr>F 
Volume 1. Veg. control treatment 1 194.5806 53.35 <0.0001* 
  2. Effect caused by Size Class 3 1 480.1408 131.65 <0.0001* 
  3. Difference between size class 1 and 2 1 145.7864 39.97 <0.0001* 
  4. Interaction between veg. control and size class 3 1 2.6700 0.73 0.3971 
  5. Interaction between veg. control and size class 1 and 2 1 0.1668 0.05 0.8317 
Height 1. Veg. control treatment 1 1.5881 0.95 0.3341 
  2. Effect caused by Size Class 3 1 35.9562 21.62 <0.0001* 
  3. Difference between size class 1 and 2 1 25.5327 15.35 0.0003* 
  4. Interaction between veg. control and size class 3 1 1.5251 0.92 0.3438 
  5. Interaction between veg. control and size class 1 and 2 1 2.4310 1.46 0.2335 
Caliper 1. Veg. control treatment 1 17.7706 40.87 <0.0001* 
  2. Effect caused by Size Class 3 1 1.7453 4.01 0.0516 
  3. Difference between size class 1 and 2 1 0.3019 0.69 0.4094 
  4. Interaction between veg. control and size class 3 1 0.5772 1.33 0.2558 
  5. Interaction between veg. control and size class 1 and 2 1 1.8509 4.26 0.0453* 
H:D Ratio 1. Veg. control treatment 1 414.0200 15.63 0.0003* 
  2. Effect caused by Size Class 3 1 760.6980 28.72 <0.0001* 
  3. Difference between size class 1 and 2 1 75.0187 2.83 0.0998 
  4. Interaction between veg. control and size class 3 1 47.2658 1.78 0.1888 
  5. Interaction between veg. control and size class 1 and 2 1 100.3905 3.75 0.0583 

Footnote. * indicates significance at α=0.05. 
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Table 15. Analysis of variance table for treatment effects on sum percent vegetation cover by survey date. 
Measurement  Source DF Sums of Squares Mean Square F-value Pr>F 

June 
2012 

Block 3 326.6033 108.8678 1.75 0.1703 
Vegetation Treatment 

Error 
1 
43 

7350.7500 
2669.2833 

7350.7500 
62.0764 

118.41 
 

<0.0001* 
 

July 
2012 

Block 3 349.2625 116.4208 3.00 0.0409* 
Vegetation Treatment 

Error 
1 
43 

13300 
1668.8958 

13300 
38.8115 

342.68 
 

<0.0001* 
 

August 
2012 

Block 3 404.6425 134.8808 3.15 0.0344* 
Vegetation Treatment 

Error 
1 
43 

6472.8075 
1840.0225 

6472.8075 
42.7912 

151.26 
 

<0.0001* 
 

September 
2012 

Block 3 542.8367 180.9456 4.45 0.0083* 
Vegetation Treatment 

Error 
1 
43 

3550.0800 
1748.7333 

3550.0800 
40.6682 

87.29 
 

<0.0001* 
 

Footnote.  * Denotes significance at α=0.05. 
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In FT plots, sum percent cover remained below 15% throughout the 2012 summer 

(Figure 4A).  In FO plots, sum percent cover increased to 43% in July, the peak of the 

growing season.  After this survey date, sum percent cover in FO plots decreased.   

2.5.5 Vegetation Community Development 

Vegetation treatments also altered the composition of the vegetation 

community during the 2012 growing season.  In FO plots, forbs remained dominate 

over the four survey dates, peaking in July, with an average sum percent cover of 36% 

(Figure 4B).  In FT plots, forbs were the dominant growth type in the June survey, 

with a sum percent cover of 9%, after which they decreased, until the September 

survey when FT plots were a mix of forbs and vine/shrub species. 

The composition of exotic and native species was affected by vegetation 

treatments during the 2012 growing season.  In FO plots, native species accounted for 

more of the sum percent cover in the June survey than exotic species.  However, by 

the July survey, exotic species were more prevalent, with a sum percent cover of 25%, 

and remained so throughout the remainder of the survey dates (Figure 4C).  In FT 

plots, native and exotic species were similar throughout the entire growing season, 

with natives accounting for slightly more of the sum percent cover. 

Annual, biennial, and perennial species were also affected by the application of 

a spring release treatment.  In FO plots, annual species accounted for 17% of sum 

percent cover in the June survey and decreased throughout the remainder of the 

growing season, accounting for only 1% in the September survey (Figure 4D).  During 

this period, biennial and perennial species increased, accounting for 14% and 11% of  
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Figure 4.  A) Sum percent cover averaged byvegetation control treatments (FO and 
FT) across the four survey dates in 2012.  Sum percent cover is then broken down into 
B) sum percent cover by growth type (Forb, Grass, Sedge, Shrub/vine and Tree), C) 
origin Exotic and Native), D) lifespan (Annual, Biennial or Perennial) D) for FO and 
FT vegetation treatments.   



54 
 

sum percent cover, respectively, in the September survey.  In FT plots, perennial 

species accounted for 4% of sum percent cover in the June survey increasing to 9% in 

the September survey. 

2.4.5 Soil Moisture 

FT plots had significantly higher cumulative soil moisture over the six survey 

dates when compared to the fall site preparation only (FO) (p-value of <0.0001) 

(Table 16).  The cumulative soil moisture for FT plots was 2.40 m3 H2O/m3, a 21% 

increase over FO plots which averaged 1.99 m3 H2O/m3 (Table 17). 

 On the initial survey in June 2012, both FO and FT plots averaged 0.46 m3 

H2O/m3.  After this survey date, FT plots had higher soil moisture across the sample 

period when compared to FO plots (Figure 5).  On the July 2012 survey, FO plots 

decreased to 0.36 m3 H2O/m3 while FT plots averaged 0.43 m3 H2O/m3.  The rate of 

depletion on the August 2012 survey increased for both FO and FT plots, averaging 

0.20 m3 H2O/m3 and 0.32 m3 H2O/m3, respectively.  The depletion rate slowed during 

the September 2012 survey with FO plots averaging 0.17 m3 H2O/m3 and FT plots 

averaging 0.30 m3 H2O/m3, an increase of 76% for the survey date with lowest 

average soil moisture.  After this survey date, increases in volumetric soil moisture 

were recorded in both FO and FT plots, as precipitation increased, and in the 

November 2012 survey, FO plots averaged 0.45 m3 H2O/m3 and FT plots averaged 

0.46 m3 H2O/m3. 
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Table 16. Analysis of variance for vegetation treatment effects on cumulative soil moisture over the six survey dates. 
Measurement Source   DF Sums of Squares Mean Square F-value Pr>F 

Cumulative Soil Block 3 0.0159 0.0053 0.76 0.5218 
  Veg. Treatment 1 2.0186 2.0186 290.42 <0.0001* 
  Error 43 0.2989 0.007     

Footnote.  * Denotes significance at α=0.05. 
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Table 17. Mean cumulative volumetric soil moisture (m3 H2O/m3 soil) between the 
two vegetation treatments in 2012.  Values within a column with a different letter are 
statistically different at α=0.05 using Fischer’s LSD test.  Standard errors were 
calculated by treatment over replication and are in parentheses.   

Treatment Cumulative 
FO 1.99b (0.01) 
FT 2.40a (0.02) 
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Figure 5. Calibrated volumetric soil moisture by vegetation treatment across the six 
survey dates. 
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2.4.6 Environmental Data 

 From March 3rd, 2012 through July 20th, 2012, a total of 54.3cm of rain was 

recorded on the site (Figure 6).  From July 21st, 2012-October 11th, 2012 only 0.04cm 

of rain was recorded.  Average daytime high temperatures increased from March-

August, reaching a peak of 28.0°C.  During this time period, the average minimum  

relative humidity was 41% and the average maximum photosynthetic active radiation 

was 1528 µmol/m-2/sec-1.  Due to a HOBO micro station failure, no data were 

recorded between October 23rd, 2012-Novermber 16th, 2012 and from December 12th, 

2012-Febraury 5th, 2013. 

2.4.7 Excavation Seedling Results 

Grading used during lifting and sorting at the nursery created three distinct 

seedlings size classes (SSC) with regards to root volume, shoot volume, and shoot to 

root ratio (S:R ratio) (Table 18).  

Regression analysis with dry root weight as the independent variable (x) and 

dry needle weight as the dependent variable (y) showed that there was a strong 

relationship between the two variables (R2=0.9252) (Figure 7).  This result 

demonstrates that the excavation techniques deployed in this study were successful at 

minimizing the loss of fine roots.   

Seedling root volume increased with vegetation control treatments and SSC 

(Table 19) (Figure 8).  Within a SSC, seedlings in FT plots had significantly higher 

root volumes than seedlings in FO plots.  Prior to planting, seedlings in Treatment 6  
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Figure 6. Environmental data for Milltown Hill from March 5th, 2012-March5th, 2012 
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Table 18. Initial analysis of variance table for treatment effects on excavation seedlings for Shoot Volume, Root Volume and 
Shoot to Root Ratio. 

Measurment Source DF Sums of Squares Mean Square F-value Pr>F 
Shoot Volume Block 3 274.0773 91.3591 1.40 0.2565 

  Veg. Treat (VT) 1 101.7919 101.7919 1.56 0.2187 
  Stock Size (SS) 2 73443.0000 36721.0000 563.84 <0.0001* 
  VT*SS 2 101.8388 50.9194 0.78 0.4646 
  Error 39 2539.9590 65.1272   

Root Volume Block 3 43.0203 14.3403 0.79 0.5063 
  Veg. Treat (VT) 1 0.0300 0.3000 0.01 0.9678 
  Stock Size (SS) 2 36111.0000 18055.0000 995.97 <0.0001* 
  VT*SS 2 8.3363 4.1681 0.23 0.7957 
  Error 39 707.0117 18.1285   

Shoot:Root Block 3 0.0554 0.0185 0.46 0.7132 
Ratio Veg. Treat (VT) 1 0.0352 0.0352 0.87 0.3557 

  Stock Size (SS) 2 25.5915 12.7598 317.50 <0.0001* 
  VT*SS 2 0.0060 0.0030 0.07 0.9289 
  Error 39 1.5718 0.0403   

Footnote.  * indicates significance at α=0.05. 
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Figure 7.  Regression analysis on excavation seedlings between Dry Root Weight (g) 
and Dry Needle Weight (g).   
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Table 19.  Analysis of variance table for treatment effects after the first growing season for excavation  
seedlings on Shoot Volume, Root Volume and Shoot to Root Ratio. 

Measurment Source DF Sums of Squares Mean Square F-value Pr>F 
Shoot Volume Block 3 425.4121 141.8040 1.46 0.2410 

  Veg. Treat (VT) 1 1341.8618 1341.8618 13.79 0.0006* 
  Stock Size (SS) 2 97850.0000 48790.0000 501.53 <0.0001* 
  VT*SS 2 67.3337 33.6668 0.35 0.7096 
  Error 39 3794.0106 97.2823     

Root Volume Block 3 470.5637 156.8546 2.35 0.0869 
  Veg. Treat (VT) 1 3242.6256 3242.6256 48.66 <0.0001* 
  Stock Size (SS) 2 37370.0000 18685.0000 280.40 <0.0001* 
  VT*SS 2 211.9656 105.9828 1.59 0.2168 
  Error 39 2450.2875 62.8278     

Shoot:Root Block 3 0.1907 0.0636 0.99 0.4076 
Ratio Veg. Treat (VT) 1 1.6354 1.6354 25.46 <0.0001* 

  Stock Size (SS) 2 2.0738 1.0367 16.14 <0.0001* 
  VT*SS 2 0.1041 0.0521 0.81 0.4520 
  Error 39 2.5051 0.0642     

Footnote: * indicates significance at α=0.05. 
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Figure 8.  Year-1 changes in excavation seedling root volume by treatment. 
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had 293% more root volume than seedlings in Treatment 1.  After the first growing 

season, the difference in root volume increased to 367% between the two treatments.  

It is noteworthy that seedlings in Treatment 2 were not statistically different than 

seedlings in Treatment 3 (p-value of 0.9430), this is the only instance in which 

seedlings from a smaller size class had enough root volume growth to match the size 

class above (Table 20). 

Seedling shoot volume after the first growing season was also affected by 

vegetation control treatments and SSC (Table 19).  Seedling shoot volume ranged 

from 42cm3 for seedlings in Treatment 1 to 160cm3 for seedlings in Treatment 6, an 

increase of 282% (Figure 9).  The application of a spring release did not cause a 

difference in shoot volume for seedlings in Treatments 1 and 2 (p-value of 0.1528), 

however, in the two other SSC, seedlings in FT plots had higher shoot volumes than 

seedlings in FO after the first growing season.  The largest shoot volume growth 

occurred for seedlings in Treatment 6, which averaged 43cm3 of growth, and was 

higher than any other treatment (Table 20) (Figure 9). 

Seedling S:R ratio was affected by vegetation control treatments and seedling 

size class.  The largest observed S:R ratio was from seedlings in Treatment 3, which 

averaged a ratio of 2.4, while seedlings in Treatment 1 averaged the lowest ratio at 1.5 

(Table 19) (Figure 10).  Seedlings in Treatment 4 decreased their S:R ratio from 2.9 to 

2.0 after the first growing season, the largest decrease observed (Table 20) (Figure 

10).  Seedlings in size class 1 and 3 increased their S:R ratio during the first growing  
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Table 20.  Analysis of variance table for treatment effects after the first growing season for excavation seedlings on Shoot 
Volume Growth, Root Volume Growth and Change in Shoot to Root Ratio. 

Measurment Source DF Sums of Squares Mean Square F-value Pr>F 
Shoot Volume Block 3 384.4314 128.1438 1.60 0.2043 
Growth Veg. Treat (VT) 1 2182.8170 2182.8170 27.31 <0.0001* 
  Stock Size (SS) 2 4638.1100 2319.0550 29.01 <0.0001* 
  VT*SS 2 165.3926 82.6963 1.03 0.3650 
  Error 39 3117.6822 79.9406     
Root Volume Block 3 412.8704 137.6235 2.19 0.1046 
Growth Veg. Treat (VT) 1 3262.3816 3262.3816 51.93 <0.0001* 
  Stock Size (SS) 2 515.5598 257.7799 4.10 0.0241* 
  VT*SS 2 149.1149 74.5574 1.19 0.3160 
  Error 39 2450.2875 62.8279     
Shoot:Root Block 3 0.0511 0.0170 0.19 0.9007 
Ratio Change Veg. Treat (VT) 1 1.1907 1.1907 13.47 0.0007* 
  Stock Size (SS) 2 13.1875 6.5937 74.61 <0.0001* 
  VT*SS 2 0.0871 0.0435 0.49 0.6148 
  Error 39         

Footnote.  * Denotes significance at α=0.05. 
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Figure 9. Year 1 changes in excavation seedling shoot volume by treatment.   
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Figure 10. Year 1 changes in excavation seedling shoot to root ratio by treatment. 
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season.  The largest increase occurred for seedlings in Treatment 1, increasing from 

1.3 to 2.0. 

Seedling root dry weight followed a similar pattern as root volume, being 

affected by vegetation treatments and SSC (Table 21).  Within each SSC, seedlings in 

FT plots had higher root dry weights than seedlings in FO plots (Figure 11).  Root dry 

weights averaged from 8g for seedlings in Treatment 1 to 36g for seedlings in 

Treatment 6.  Similar to root volume, there was not a difference in root dry weight 

between seedlings in Treatment 2 and 3 (P-value of 0.4552).  This is the only 

occurrence of root dry weights not being different from one another among the 

different size classes.   

Seedling dry needle weight was affected by vegetation control treatments and 

seedling size class (Table 21).  Dry needle weights ranged from 6g for seedlings in 

Treatment 1 to 19g for seedlings in Treatment 6 (Figure 12).  The only difference that 

occurred for seedlings within a SSC were those in size class two (Treatments  3 and 

4), with the application of a spring release increasing dry needle weight over seedlings 

that received a fall site preparation only (p-value of 0.0077).  Dry needle weight in 

size class one and three were not different within their size class (p-values of 0.2237 

and 0.0603, respectively). 

Seedling dry shoot weight (sum of the dry limbs and dry needles) was affected 

by vegetation control treatments and SSC (Table 21).  Dry shoot weight ranged from 

14g for seedlings in Treatment 1 to 57g for seedlings in Treatment 6 (Figure 13).  

Seedlings in size class 1 (Treatments 1 and 2), were not different from each other (p-   
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Table 21. Analysis of variance table for treatment effects after the first growing season on Dry Root Weight, Dry Needle 
Weight, and Dry Shoot Weight.  

Measurment Source DF Sums of Squares Mean Square F-value Pr>F 
Dry Root Weight Block 3 91.2399 30.4133 4.40 0.0093* 
  Veg. Treat (VT) 1 352.3174 352.3174 50.92 <0.0001* 
  Stock Size (SS) 2 3988.4729 1994.2365 288.24 <0.0001* 
  VT*SS 2 28.1975 14.0988 2.04 0.1440 
  Error 39 269.5858 6.9186     
Dry Needle Weight Block 3 26.0163 8.6721 3.74 0.0186* 
  Veg. Treat (VT) 1 27.6311 27.6311 11.93 0.0013* 
  Stock Size (SS) 2 1201.5585 600.7793 259.3000 <0.0001* 
  VT*SS 2 2.8810 1.4405 0.62 0.5422 
  Error 39 90.3591 2.3169     
Dry Shoot Weight Block 3 95.2649 31.7550 1.95 0.1376 
  Veg. Treat (VT) 1 351.2150 351.2150 21.56 <0.0001* 
  Stock Size (SS) 2 11198.0000 5598.7687 343.68 <0.0001* 
  VT*SS 2 18.8114 9.4057 0.58 0.5661 
  Error 39 635.3409 16.2908     

Footnote.  * Denotes significance at α=0.05. 
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Figure 11. Dry root weight of excavated seedlings by treatment after the first growing 
season.  Columns with different letters are statistically different from each other. 
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Figure 12. Dry needle weight of excavated seedlings by treatment after the first 
growing season.  Columns with different letters are statistically different from each 
other. 
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Figure 13. Seedling dry shoot weight of excavated seedlings by treatment after the 
first growing season.  Columns with different letters are statistically different from 
each other. 
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value 0.2237).  Seedlings in size class 2 and 3 in FT plots had higher shoot dry 

weights than seedlings in FO plots. 

2.5 Discussion 

2.5.1 Seedling Response 

Due to the initial differences at the time of planting, morphological differences 

are still present after the first growing season.  Other studies have reported initial size 

differences lasting from 5-21 years on a variety of conifer species, including Douglas-

fir (Jobidon et al. 2003, Mitchell et al. 1988, South and Mitchell 1999, Rose and 

Ketchum 2003).  The results reported here agree with these general trends, as one 

growing season with reduced vegetation cover and increased soil moisture was not 

enough time for seedlings to overcome large initial size differences.  Improved 

growing conditions benefited seedlings in FT plots, as there was an improvement of 

morphological measurements when compared to seedlings in FO plots.   

The literature indicates varied results concerning the effects of vegetation 

control and seedling size on volume.  South et al. (2001) reported that fourth year 

gains from planting large loblolly pine seedlings and intensive vegetation control were 

additive and suggested investing in high quality nursery stock before investing in 

vegetation control.  Jobidon et al. (2003) reported a synergistic effect between 

vegetation control and seedling size on black and white spruce seedlings, indicating 

that both large seedlings and vegetation control are needed in combination to 

maximize growth.  Rose and Ketchum (2003) reported an additive effect on Douglas-

fir seedlings four years after planting.  Rosner and Rose (2006) reported that the 
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effects of vegetation control increased with larger initial seedlings.  The first year 

results reported in this thesis indicated that the effects of vegetation control and 

seedling size are additive, and volume increased linearly with vegetation control and 

increased seedling size at planting (Table 10).  Future measurements are required to 

determine if the effects remain additive or become synergistic with time. 

Excavation seedling root volume was the one exception to smaller size class 

reaching the next class above.  Seedlings in Treatment 2 (5-7mm initial planting size, 

FT plot) were able to overcome significant differences after one growing season, and 

were not different from seedlings in Treatment 3 (8-10mm initial planting size, FO 

plot).  There are two possible explanations why this is the only case in which one 

season of growth was able to overcome initial differences.  First, excavation seedlings 

in Treatment 3 had initial S:R ratios approaching 3, indicating that the surface area for 

transpirational loss is greater than the surface area for water absorption, while 

seedlings in Treatment 2 had S:R ratios below 1.5, indicating a more balanced 

relationship between transpirational loss and water absorption (Lopushinsky and 

Beebe 1976).  Second, while root volume was statistically different at planting, the 

difference between Treatments 2 and 3 was 6cm3, while the difference in initial shoot 

volume were 46cm3. The high shoot volume of seedlings in Treatment 3 potentially 

increased seedling stress throughout the growing season, reducing root growth, as soil 

water around the seedling’s root system was depleted earlier in the growing season. 
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The increased root growth of seedlings in FT plots was the result of the 

reduced vegetation community and increased soil water throughout the growing 

season.  Seedling roots the first year after planting are often limited to the top 20-30cm 

of the soil profile and competition from the vegetation community  has been shown to 

decrease soil water availability around the seedling root system (Grossnickle 2005).  

Researchers have reported that decreased soil water as a result of competition 

negatively affects seedling root growth (Kaufmann 1968; Smit and van den Driessche 

1992).   The increase in root volume most likely occurred during the fall months 

(September and October), when soil moisture and temperature created favorable root 

growing conditions.  Douglas-fir root systems have been shown to grow in two 

phases, the first is in the spring prior to seedling bud break, and the second is in the 

fall once stem elongation and radial growth has ceased (Krueger and Trappe 1966).  It 

is possible that the 76% improvement in soil water in FT plots over FO plots during 

the September survey created favorable conditions for root growth.  

High seedling survival among treatments in this study is consistent with other 

studies of various conifer species (Rose et al 1997, South et al 2001, Jobidon et al 

2003).  Jobidon et al. (2003) reported that eight years after planting four size classes of 

black spruce, survival was 96%, and was not affected by vegetation control or seedling 

size class.  Studies with Douglas-fir have shown that seedling survival was not 

affected by vegetation control treatments (Dinger and Rose 2009; Newton and Preest 

1988) or seedling size classes, (Rose et al 1997; van den Driessche 1992).  The high 
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survival obtained in this study is a result of the careful nursery cultural practices 

(Burdett and Simpson 1984), cold storage of seedlings prior to planting (Blake 1983; 

Haase and Rose 1993), favorable weather conditions on planting day (Rose et al. 

1991), and an experienced planting crew (Rose 1992). 

2.5.3 Vegetation 

 Vegetation survey results presented here show that the application of a spring 

release reduces vegetation cover in treated plots, which has been widely supported in 

forestry literature (Sands and Nambiar 1984, Wittwer er al. 1986, Cole et al. 2003, 

Newton and Preest 1988).  Plots that received a spring release benefited from soil 

activity of the herbicides used, with half-lives ranging from 40-70 days for both 

hexazinone and clopyralid (Ahrens 1994).  Increasing cover in the FT plots suggests 

herbicides were breaking down and efficacy was reduced as the growing season 

progressed.  However, the increase was delayed long enough to offset summer drought 

conditions. 

The application of a spring release changed the composition of the vegetation 

community.  The spring release was effective at reducing the abundance of forbs and 

annual species in FT plots.  A spring release is designed to limit competitive plant 

growth and retain resources longer into the growing season (Dinger and Rose 2009, 

Harrington and Tappenier 1991).  Reducing annual species in the spring can also limit 

seed production and dispersal, potentially providing a carryover effect into the 

following growing season (Ball and Miller 1990).  The increase in perennial species 

throughout the growing season in FT plots and the lack of difference between FO and 
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FT treatments in September demonstrates an important implication of the spring 

release treatments.  During spring herbicide applications, translocation of herbicides to 

the root system is often inadequate, and thus does not provide long term control 

(Freedman et al 1993).  In this experiment, perennial species were capable of 

overcoming the damaged caused by a spring herbicide application in FT plots. 

Species origin, native or exotic, was affected by vegetation control treatments.  

A study by Chen (2004) observed that exotic species may be enhanced shortly after 

herbicide application, reporting an increase in exotic species richness after herbicide 

applications ceased.  Results reported here agree with these findings, as exotic species 

accounted for 50% of sum cover from the July survey onwards in FO plots, while FT 

plots remained a mix of exotic and native species across the sample dates.  However, 

these are only first year results, long-term monitoring should be established to 

determine if native species will be able to constitute a greater proportion of the plant 

community. 

2.5.4 Soil Moisture 

 The six soil moisture measurements reported here show that the application of 

a spring release increased soil moisture, allowing seedlings in those plots to have 

improved growing conditions.  Interspecific competition for soil moisture has been 

shown to decrease growth in a variety of conifer species (Sands and Nambiar 1984, 

Wittwer et al. 1986, Newton and Preest 1988).  Studies on radiata pine in Australia 

have shown that competition from the vegetation community increased stress on one-

year old seedlings resulting in decreased stem volume (Squire 1977, Nambiar and Zed 
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1980).  Dinger and Rose (2009) took bi-weekly soil moisture measurement and found 

that when interspecific competition was reduced to below 20%, volumetric soil 

moisture remained above 30% increasing seedling volume growth by 355%.  The 

results reported in this thesis agree with these general trends.  Soil moisture remained 

above 30% across the growing season, increasing seedling growth when compared to 

FO plots.  

 Increases in soil moisture as a result of vegetation control can lengthen the 

amount of productive growing time (Harrington and Tappeiner 1991).  Douglas-fir 

saplings cease growth and enter quiescence 48 to 70 days sooner when the vegetation 

community was left uncontrolled compared to when it was reduced (Harrington and 

Tappeiner 1991).  The shorter growing period has been shown to have a larger effect 

on caliper, as seedlings facing higher stress levels typically allocate more resources to 

height growth (Waring 1987; Cole and Newton 1987; Harrington and Tappeiner 1991; 

Jobidon et al. 1998).  Results reported here agree with these studies, as marked 

depletion of soil moisture in FO plots following the July 2012 survey, with volumetric 

soil moisture values remaining low until the October 2012 survey, decreasing radial 

growth of these seedlings, while height growth was not affected by increased 

competition.   

2.6 Conclusions and Management Implications 

 Early establishment and rapid growth of newly planted seedlings after harvest 

is important for reforestation success and effective land management.  Treatments 

employed in this study were designed to provide forest managers with information 
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about the combined effects of nursery cultural practices and vegetation management 

on seedling survival and growth.  First year results indicate that one growing season 

with improved conditions is not enough time to overcome significant size differences 

at the time of planting.  The combined effects of vegetation control and seedling size 

on stem volume was additive, indicating that volume gained from planting a larger 

seedling was similar regardless of vegetation treatments, and vice versa.  Increased 

competition reduced root growth of the excavated seedlings, likely a result of low soil 

moisture availability during September and October.  The application of a spring 

release reduced vegetation cover below 15% in treated plots, increasing soil moisture 

above 30% across the growing season.  The spring release was effective at reducing 

the abundance of forbs in FT plots throughout the summer months.  Future 

measurements are required to determine if the main effects remain additive on stem 

volume of if a synergistic response occurs. 
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Appendix 1: Site map 
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Appendix 2: Plant Species 
Scientific Name Family Origin Lifespan Habit 
Abies grandis Pinaceae Native Perennial Tree 
Acer Macrophyllum Aceraceae Native Perennial Tree 
Adenocaulon bicolor Asteraceae Native Perennial Forb 
Antennaria corymbosa Asteraceae Native Perennial Forb 
Anaphalis margaritacea Asteraceae Native Perennial Forb 
Apiaceae spp. Apiaceae . . Forb 
Arbutus menziesii Ericaceae Native Perennial Tree 
Asteraceae spp. Asteraceae . . Forb 
Bromus spp. Poaceae . . Grass 
Camissonia spp. Onagraceae . . Forb 
Campanula spp. Campanulaceae . . Forb 
Cardamine nuttallii Brassicaceae Native Perennial Forb 
Cardamine oligosperma Brassicaceae Native Annual Forb 
Caprifoliaceae spp. Caprifoliaceae . . Forb 
Caryophyllaceae spp. Caryophyllaceae . . Forb 
Campanula scouleri Campanulaceae Native Perennial Forb 
Cerastium arvense Caryophyllaceae Native Perennial Forb 
Chenopodium album Chenopodiaceae Native Annual Forb 
Cirsium arvense Asteraceae Invasive Perennial Forb 
Cirsium edule Asteraceae Native Biennial Forb 
Cirsium vulgare Asteraceae Invasive Biennial Forb 
Conyaza canadensis Asteraceae Native Annual Forb 
Corylus cornuta Betulaceae Native Perennial Tree 
Collomia heterophylla Polemoniaceae Native Annual Forb 
Crepis capillaris Asteraceae Invasive Annual Forb 
Cryptantha scoparia Boraginaceae Native Annual Forb 
Crepis setosa Asteraceae Invasive Annual Forb 
Cyperaceae spp. Cyperaceae . . Sedge 
Cytisus scoparius Fabaceae Invasive Perennial Shrub 
Daucus carota Apiaceae Invasive Biennial Forb 
Dicentra formosa Fumariaceae Native Perennial Forb 
Epilobium angusifolium Onagraceae Native Annual Forb 
Epilobium minutum Onagraceae Native Annual Forb 
Epilobium paniculatum Onagraceae Native Annual Forb 
Erechtites minima Asteraceae Invasive Annual Forb 
Fabaceae spp. Fabaceae . . Forb 
Fragaria spp. Rosaceae . . Forb 
Galium parisiense Rubiaceae Invasive Annual Forb 
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Scientific Name Family Origin Lifespan Habit 
Galium spp. Rubiaceae . . Forb 
Gaultheria shallon ericaceae Native Perennial Shrub 
Galium triflorum Rubiaceae Native Perennial Forb 
Geranium molle Geraniaceae Invasive Annual Forb 
Geranium robertianum Geraniaceae Native Annual Forb 
Gnaphalium spp. Asteraceae . . Forb 
Hieracium albiflorum Asteraceae Native Perennial Forb 
holodiscus discolor Rosaceae Native Perennial Shrub 
Holcus lanatus Poaceae Invasive Perennial Grass 
Hypericum perforatum Hypericaceae Invasive Perennial Forb 
Hypochaeris radicata Asteraceae Invasive Perennial Forb 
Iris tenax Iridaceae Native Perennial Forb 
Lamiaceae spp. Lamiaceae . . Forb 
Lactuca muralis Asteraceae Invasive Annual Forb 
Lactuca serriola Asteraceae Invasive Annual Forb 
Leucanthemum vulgare Asteraceae Invasive Perennial Forb 
Linnaea borealis Caprifoliaceae Native Perennial Forb 
Liliaceae spp. Liliaceae . . Forb 
Lolium spp. Poaceae . . Grass 
Lotus micranthus Fabaceae Native Annual Forb 
Malva spp Malvaceae . . Forb 
Madia sativa Asteraceae Native Annual Forb 
Mahonia nervosa Berberidaceae Native Perennial Shrub 
Medicago spp Fabaceae . . Shrub 
Medicago lupulina Fabaceae Invasive Annual Forb 
Monardella leucocephala Lamiaceae Native Annual Forb 
Monita sibirica Portulacaceae Native Annual Forb 
Nemophila parviflora Hydrophyllaceae Native Annual Forb 
Oenanthe sarmentosa Apiaceae Native Perennial Forb 
Orchidaceae spp. Orchidaceae . . Forb 
Osmorhiza chilensis Apiaceae Native Perennial Forb 
Oxalis oregana Ocalidaceae Native Perennial Forb 
Plantago spp. Plantaginaceae . . Forb 
Plantago lanceolata Plantaginaceae Invasive Annual Forb 
Poaceae spp Poaceae . . Grass 
Polypodium spp. Polypodiaceae . . Forb 
Polystichum mumitum Polypodiaceae Native Perennial Forb 
Portulaca spp. Portulacaceae . . Forb 
Prunu emarginata Rosaceae Native Perennial Tree 
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Scientific Name Family Origin Lifespan Habit 
Pseudotsuga menziesii Pinaceae Native Perennial Tree 
Pteridium aquilinum Polypodiaceae Native Perennial Forb 
Quercus garryana Fagaceae Native Perennial Tree 
Ranunculus spp Ranunculaceae . . Forb 
Ranunculus uncinatus Ranunculaceae Native Annual Forb 
Rhamnus purshiana Rhamnaceae Native Perennial Tree 
Ribes spp Grossulariaceae . . Shrub 
Rosa spp Rosaceae . . Shrub 
Rumex acetosella Polygonaceae Invasive Perennial Forb 
Rubus spp Rosaceae . . Shrub 
Rubus leucodermis Rosaceae Native Perennial Shrub 
Rubus procerus Rosaceae Invasive Perennial Shrub 
Rubus ursinus Rosaceae Native Perennial Shrub 
Satureja douglasii Lamiaceae Native Perennial Forb 
Sambucus spp Caprifoliaceae . . Shrub 
Senecio sylvaticus Asteraceae Invasive Annual Forb 
Senecio bulgaris Asteraceae Invasive Annual Forb 
Sida spp. Malvaceae . . Forb 
Silene spp Caryophyllaceae . . Forb 
Sonchus asper Asteraceae Invasive Annual Forb 
Sonchus spp Asteraceae . . Forb 
Stellaria spp Caryophyllaceae . . Forb 
Stellaria media Caryophyllaceae Invasive Annual Forb 
Symphoricarpos albus Caprifoliaceae Native Perennial Shrub 
Toxicodendron diversilobum Anacardiaceae Native Perennial Shrub 
Trifolium spp Fabaceae . . Forb 
Trientalis latifolia Primulaceae Native Perennial Forb 
Unknown forb spp . . . Forb 
Unknown forb spp . . . Forb 
Unknown forb spp . . . Forb 
Unknown spp. . . . . 
Vaccinium spp Ericaceae . . Shrub 
Vicia spp Fabaceae . . Forb 
Viola spp Violaceae . . Forb 
Yerba spp. Lamiaceae . . Forb 
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