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Abstract  
 
This extension note describes 
adjustments in nursery cultural practices 
for encouraging better root development 
and mycorrhization of interior Douglas-
fir container seedlings.  In this study, we 
tested a range of soil moisture, aeration, 
nitrogen fertilization and phosphorus 
fertilization treatments on shoot, root 
and mycorrhizal development.  We 
found that that the best nursery regime 
for enhanced root development and 
mycorrhization included addition of 
mineral soil to the growing medium, and 
(a) maintaining moisture content at 30-
50% CC, (b) using 90% peatmoss and 
10% styrolite for optimal aeration, and 
(c) adding nitrogen fertilizer at rates 
between 20 and 40 ppm and phosphorus 
fertilizer at a rate of 10 ppm during the 
establishment stage.  This fertilizer 
formulation amounts to N20-40 P10 K80 
during the establishment stage, and N60-
80 P10 K80 during the growth stage.  
Where mineral soil was not added to the 
growing medium, our results suggest 
that the best root development will occur 
at 50-100% CC moisture content, with 
straight peatmoss (i.e., no styrolite 
added), and same fertilizer regime as 
with mineral soil.    
 
Introduction 
 
Douglas-fir is difficult to establish in the 
British Columbia interior dry-belt 
because of climatic stresses, including 
summer drought, summer frost, and 
harsh winters (Simard et al. 2003; 
Heineman et al. 2003).  Planted 
seedlings must overcome transplant 
shock, establish root-soil contact 
quickly, and commence water and 

nutrient uptake rapidly to survive the 
first season.  They must also compete 
with pinegrass for water, which is an 
important factor in early mortality of 
both Douglas-fir and lodgepole pine.  In 
order to survive the first year, planted 
seedlings require a healthy, robust root 
system with abundant, diverse 
mycorrhizae.  We hypothesize that 
chronic lack of mycorrhization of 
standard nursery-grown Douglas-fir 
predisposes seedlings to early mortality 
because they cannot connect rapidly 
with soil pores and take up essential 
water and nutrients (Berch et al. 1999).  
These factors do not appear as important 
in the moist IDF subzones, where 
seedlings are comparatively easy to 
establish, because soil resources are 
more available to non-mycorrhizal roots.  
The critical nature of mycorrhization in 
dry-belt ecosystems is supported by a 
recent study in the IDFdk subzone, 
where reduced mycorrhizal richness and 
abundance was associated with lower 
survival and growth of newly planted 
seedlings (Simard et al. 2003). 

Root and mycorrhizal development 
in nursery stock depends on many 
factors that can be controlled in the 
nursery, including the structure, 
nutrition, pH, moisture, temperature, and 
aeration of the growing medium.  
Specific nursery practices that can be 
adjusted to influence the architecture and 
volume of the root system include the 
fertilizer and watering regimes, 
container design, cavity size, copper 
treatment, and use of plant growth 
regulators or other bio-stimulants 
(Campbell et al. 2003).  Commercially 
available biological inoculants have been 
used to influence the mycorrhization of 
Douglas-fir (Berch et al. 1999).  Clearly, 
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there are several factors controlling 
Douglas-fir mycorrhization and root 
structure in commercial nurseries that 
need to be explored, evaluated, and 
improved, so we can begin to produce 
better Douglas-fir stock with improved 
mycorrhization, root morphology, and 
out-planting survivability. 
 
Our objectives 
 
The overall objective of this study was 
to identify nursery factors leading to 
improved mycorrhization and rooting 
structure of nursery-grown interior 
Douglas-fir seedlings. The specific 
research objectives were: 
1) to determine the cause of poor 

mycorrhization of interior Douglas-
fir PSB stock in the nursery,  

2) to identify appropriate growing 
conditions for promoting healthy 
root structure and mycorrhization,  

 
Methods 
 
We conducted four factorial experiments 
where different nursery cultural practices 
(moisture, aeration, N fertilizer, and P 
fertilizer) were systematically varied 
with and without forest soil mycorrhizal 
inoculation.  Within each of these 
experiments, treatments were replicated 
12 times in a completely randomized 
design, where each replicate consisted of 
separate 415B styroblocks containing 18 
seedlings each. 
 
Aeration experiment 
 
The aeration experiment used a 2x5 
factorial set of treatments where the first 
factor was soil inoculation (two levels: 
with or without field soil added) and the 
second factor was aeration (five levels). 
Aeration was manipulated by adding 

styrolite to peat moss; 100% peat most is 
the standard medium used by most 
commercial nurseries.  The following 
aeration treatments were applied:  

• straight peat moss (A1),  
• Peat + 10% Styrolite (A2),  
• Peat + 20% Styrolite (A3),  
• Peat + 30% Styrolite (A4),   
• Peat + 40% Styrolite (A5).   
Treatments A1-A5 had no field soil 

added, and treatments A6-A10 were the 
same aeration treatments but with field 
soil added, for a total of 10 treatments. 
The seedlings were harvested 29 weeks 
after sowing.  
 
Moisture experiment 
 
The moisture experiment used a 2x5 
factorial set of treatments where the first 
factor was soil inoculation (two levels: 
with or without field soil added) and the 
second factor was moisture (five levels).  
Moisture content was expressed as an 
equivalent of container capacity 
(equivalent to field capacity).  The 
following moisture levels were applied: 

• Container Capacity, which is the 
equivalent for Field Capacity 
(M1),  

• 5% of CC (M2),  
• 10% of CC (M3),   
• 20% of CC (M4)  
• 30% of CC (M5).   
Treatments M1-M5 had no field soil 

added, and treatments M6-M10 were the 
same aeration treatments but with field 
soil added, for a total of 10 treatments. 
The seedlings were harvested 21 weeks 
after sowing.  

 
Nitrogen and Phosphorus experiments 
 
The design of these experiments was 
based on common nursery operational 
rates. Information obtained from 
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different British Columbia nurseries  
served as a guideline to select the 
nutrient regimes for our experiments. 
We varied N and P gradually, while 
keeping the other nutrients at standard 
nursery levels (Table 1).  
 
Table 1.   N and P treatment levels in 
the N and P experiments 
 
 

Treatment Symbol Nutrient levels (ppm) 
 

Without 
field soil 

With 
field 
soil 

Establishment 
Stage 

Rapid Growth 
Stage 

N N1 N6 N10 P20 K80 N30 P20 K80 
 N2 N7 N20 P20 K80 N60 P20 K80 
 N3 N8  N40 P20 K80 N80 P20 K80 
 N4 N9 N60 P20 K80 N100 P20 K80 
 N5 N10 N100 P20 K80 N120 P20 K80 
        
P P1 P6 N100 P5 K80 N100 P5 K80 
 P2 P7 N100 P10 K80 N100 P10 K80 
 P3 P8 N100 P15 K80 N100 P30 K80 
 P4 P9 N100 P25 K80 N100 P40 K80 
 P5 P10 N100 P60 K80 N100 P50 K80 
         
*Bold typed numbers represent standard nursery levels. 
 
General greenhouse conditions 

 
The four experiments were conducted in 
a climate-controlled greenhouse at UBC. 
We used the same general cultural 
treatments as those used in BC conifer 
container nurseries. Seedlings were 
grown in standard 415B styroblock 
containers that were cut into smaller 
blocks (3 x 6 = 18 cavities for each) for 
more efficient use of the greenhouse 
bench space.  Each cut styroblock was 
equivalent to a single replicate (or 
experimental unit) in every experiment.  
Each treatment was replicated 12 times, 
and each replicate styroblock contained 
18 trees, for a total of 216 seedlings per 
treatment. 

Containers were filled with growing 
media and sowed manually. The basic 

growing medium was composed of: 0.5 
m³ Rich Grow Peat moss, 0.5 m³ Sun 
Grow Peat moss, 1.0 kg/m³ Dolomite, 
1.0 kg/m³ Gypsum, 4 cubic feet/m³ 
Styrolite, 4 cubic feet Field Soil (if 
applied),and 77 liters of H2O. As 
described in the Experimental Designs 
above, field soil (10% by volume) was 
added to half of the treatments. 

Interior Douglas-fir seeds (seedlot # 
48520) were stratified at The BC 
Ministry of Forest Tree Seed Centre. 
Two stratified seeds were sown per 
cavity, and they were covered with a 
protective 5 mm layer of forestry sand.  
Seeds were sowed between October 18 
and 20, 2003.  The seeds were watered 
and fertilized with 30 ppm N right after 
sowing.  In order to grow seedlings 
through the winter and obtain the type of 
growth similar to a spring sown crop, we 
used assimilation lighting (High Pressure 
Sodium Lights). During the three 
germination and growth stages we 
adhered to the climatic regimes 
recommended by Kolotelo et al. (2000). 
 
Treatment application methods 

 
We conducted a pilot study to determine 
container capacity for media 
formulations and water volume required 
to reach the treatment soil moisture 
contents.  We determined total porosity, 
aeration porosity and water-holding 
porosity for all 10 media mixtures used 
in the experiments, and how they 
correspond to the additions of certain 
volumes of styrolite and field soil. 

 
Irrigation  
In general, we adhered to the percent of 
irrigation weight recommended by the 
nurseries.  When designing the watering 
regime, we took into consideration that 
Douglas-fir is very sensitive to over-
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irrigation, and can produce excessive top 
growth at the expense of caliper and root 
growth under high water levels. 
Treatment moisture levels were 
calculated as a percentage of the 
Container Capacity (amount of water in 
the block after full saturation and 
drainage).  Three blocks in every 
treatment were constantly monitored to 
determine when the moisture level had 
dropped below the treatment level, thus 
requiring irrigation. In the aeration, 
nitrogen and phosphorus experiments, 
seedlings were watered each time to full 
saturation. In the moisture experiment, 
by contrast, we were applying 
comparatively small amounts of water.  
As a result, every styroblock was 
weighed and irrigated separately. 
Fertigations were usually applied in the 
morning to let the leaves dry before 
night and to prevent infection from 
fungal diseases.  

 
Fertilization 
We used fertigation to apply our 
fertilizers. From weeks 1 to 10, we 
applied Peters Conifer Starter (7-40-17), 
and from week 10 to 21 we applied 
Conifer Grower (20-7-19) according to 
the experimental design (Table 1).  At 
both stages, some macronutrients were 
added to complete our target nutrient 
concentrations. 

 
Measurements 
 
At the time of harvest, six trees from 
each block (the middle row only, to 
exclude edge effects) were harvested and  
every tree was evaluated for height, root 
collar diameter, and root and shoot 
biomass (dry weight). Roots and shoots 
were separated at the root collar, 
washed, and dried at 70˚C for biomass 
measurements.  

In the moisture experiment, many 
were gradually dying or barely 
surviving, so we quantified mortality 
patterns over the period of the moisture 
experiment  All dying plants were 
harvested weekly, their height, shoot and 
root biomass was measured, and their 
root systems were examined under the 
microscope to count the number of root 
tips and determine mycorrhizal status 
where possible. At that stage, 
colonization had just started and it was 
not always possible to distinguish the 
ectomycorrhizae morphotype. 

In every experiment, two seedlings 
were also randomly selected from each 
experimental unit for morphotyping.  
Mycorrhizal root tips were examined at 
100 X and 400 X, described in detail, 
and identified based on known 
mycobionts (Goodman et al. 2004. 
Agerer !987-!995, Ingleby et al. 1990).   

 
Data analysis 
All variables in each experiment were 
analyzed using a two-way factorial set of 
treatments in a completely randomized 
design using the Mixed Procedure (SAS, 
V8, 2004).  In the moisture experiment, 
mortality data was analyzed using the 
GLM procedure because of the 
unbalanced sample size.  Means were 
separated using the Least Squared 
Means test.  Differences were considered 
significant at α=0.05. 
 
Results and discussion 
 
Aeration experiment 
 
Increasing aeration had no beneficial 
effect on seedling diameter or height 
growth regardless of whether or not 
mineral soil was added.  Nor did 
increasing aeration benefit shoot or total 
biomass unless mineral soil was added, 
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in which case the optimal aeration 
treatment was achieved with 30% 
styrolite addition.  For optimizing root 
biomass and root:shoot ratio, the best 
treatment was 10% styrolite with 
mineral soil (Figure 1).  In that case, 
mineral soil may have increased nutrient 
availability, either by increasing 
nutrients in soil solution or by providing 
mycorrhizal inoculum to facilitate 
greater root development and nutrient 
uptake.  At this low styrolite level, losses 
in water holding capacity were minimal, 
and mineral soil may have compensated 
for this loss by retaining water for longer 
periods between watering than pure peat. 
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Figure 1.  Comparison of root biomass 
and root: shoot ratio among aeration and 
soil inoculation treatments.  All main 

effects and interactions were significant 
at α=0.05. 
 
Moisture experiment 
 
Mortality 
 
Seedling mortality was pronounced in 
the two lowest moisture contents (5% 
and 10% CC), but no mortality occurred 
in any of the higher level treatments 
(Figure 2).  Mortality was significantly 
higher at 5% CC (55% mortality) than 
10% CC (15% mortality) and was higher 
where no mineral soil was added (46% 
mortality)  than where it was added 
(25% mortality).  Mortality was 
dramatically reduced when soil water 
was increased from 5% to 10% CC, and 
was eliminated altogether at 15% CC 
and higher.  Adding mineral soil to the 
growing medium reduced the risk of 
mortality at both of the lowest moisture 
contents, possibly because of longer 
water retention, but also because of 
improved water uptake resulting from 
greater mycorrhization.   
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Figure 2.  Cumulative percent mortality 
in the moisture experiment over the 
course of the experimental period.    
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Of the seedlings that died, seedlings 
grown in 10% CC with soil were 
significantly taller and had greater shoot 
biomass than those in the other three 
treatments where mortality occurred.  
Similarly, addition of soil to both the 5% 
and 10% CC treatments resulted in dying 
seedlings that had significantly greater 
root biomass and root:shoot ratios than 
either of those moisture contents without 
soil, indicating that the presence of 
mineral soil in the growing media 
facilitated root development.  The 
positive effect of mineral soil on root 
development is evident in degree of 
mycorrhization of dying seedlings, but 
not in their root architecture as 
determined by root tip counts.  There 
were significantly more mycorrhizal root 
tips in the 5% and 10% CC treatment 
with soil than in those moisture levels 
without soil, indicating that mineral soil 
effectively served as mycorrhizal 
inoculum to seedlings, increasing not 
only their root biomass, but also their 
root:shoot ratio and total biomass.   
 
Growth 
Root biomass increased with soil 
inoculation and soil water content, but 
the increases from soil inoculation were 
greatest between 10% and 30% CC than 
at the extreme treatments (Figure 2a).   

Soil inoculation appeared to have 
the greatest proportional benefit on root 
biomass at 30% CC, even though the 
largest rooted seedlings grew at field 
capacity.  Total biomass was also 
greatest at field capacity, but soil 
inoculation had the proportionately 
greatest benefits at 20-30% CC, resulting 
in seedling that were almost as large as 
those grown at field capacity without 
soil inoculation (Figure 2b).  
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Figure 3.  Comparison of seedling (a) 
root biomass, and (b) total biomass 
among moisture and soil inoculation 
treatments (p<0.0001 for main effects 
and interactions for both variables). 
 
Nitrogen experiment 
 
Root biomass was significantly reduced 
by N100 compared with the lower N 
fertilization rates, and did not vary 
among the four lowest N rates where no 
soil inoculum was added (Figure 10a).  
With the addition on field soil, root 
biomass was significantly greater at N20 
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and N40 than any of the other nitrogen 
treatments. These results indicate that 
the highest nitrogen level is suppressive 
of root growth while stimulating shoot 
growth, whereas N20-N40 stimulate root 
growth while still maintaining adequate 
height and diameter growth.  This is 
reflected in root:shoot ratios (Figure 
10b).  Addition of mineral soil had little 
effect on root:shoot ratio. 
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Figure 4.  Comparison of root biomass 
and root: shoot ratio among nitrogen and 
soil inoculation treatments.  Nitrogen 
effects, soil effects and their interactions 
were significant (p<0.05). 
 
Phosphorus experiment 
 
Seedling height, shoot biomass and total 
biomass were significantly higher at P25 

and lower at P10 than the other 
phosphorus treatments.  The effects of 
phosphorus on root biomass were the 
opposite, where root biomass was 
highest in P10, lowest in P25 and P60, 
and intermediate in P5 and P15 (Figure 
4).  The low level of phosphorus in P10 
stimulated root development at the 
expense of shoot growth, perhaps 
through increased mycorrhization.  At 
P5, phosphorus levels were too low for 
adequate root or shoot development, and 
at P25, luxuriant shoot growth resulted 
in the greatest cost to root development. 
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Figure 5. Comparison of shoot and root 
biomass among phosphorus and soil 
inoculation treatments. Phosphorus and 
soil effects were significant for both 
variables (p<0.0001), and there were no 
significant interactions (p<0.05). 
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Addition of soil inoculum had a very 
small suppressive effect on shoot and 
root growth. Mycorrhizal inoculation 
may have caused a small carbon drain on 
seedlings, but the beneficial effects of 
mycorrhization were almost identical to 
those resulting from addition of 
phosphorus fertilizer.   
 
Summary 
 
Our results suggest that the best nursery 
regime for enhanced root development 
and mycorrhization includes addition of 
mineral soil to the growing medium and 
(a) maintaining moisture content at 30-
50% CC, (b) maintaining aeration levels 
achieved with 90% peatmoss and 10% 
styrolite, (c) adding nitrogen fertilizer at 
rates between 20 and 40 ppm during the 
establishment stage, and (d) adding 
phosphorus fertilizer at a rate of 10 ppm 
during the establishment stage.  This 
fertilizer formulation amounts to N20-40 
P10 K80 during the establishment stage, 
and N60-80 P10 K80 during the growth 
stage.  These formulations would result 
in N:P ratios ranging between 2:1 and 
4:1 during the establishment stage, and 
6:1 and 8:1 during the growth stage, 
which is within the range of current 
practice.  The fertilization rate is lower 
than that currently applied in any of the 
commercial conifer nurseries. 

Where mineral soil is not added 
to the growing medium, our results 
suggest that higher moisture contents 
(between 50 and 100% CC) and straight 
peatmoss without addition of styrolite 
will result in the best root and shoot 
growth.  The same fertilizer regime 
recommened above is also recommended 
where mineral soil is not added. 
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