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Soil physical, chemical, and biological components as well as climate and

physiographic characteristics can interact to have a great effect on forest regeneration

and seedling growth response to different establishment activities. The objective of

this project was to increase the understanding of the interactions between soil type,

controlled-release fertilizers, and soil water content on Douglas-fir [Pseudotsuga

menziesii (Mirb.) Franco] seedlings.

Douglas-fir seedlings were sown in late February 2001 and transplanted into

pots at OSU in mid-May. Two forest soil types (Jory and Apt) were mixed with five

different controlled-release fertilizer (CRF) treatments (Customblen®, Wilgro®,

Osmocote®, and two Apex®), and one control unfertilized treatment. Three moisture

regimes were randomly assigned to each of the soil/fertilizer treatments (12, 18 and

24% soil water content based on soil dry weight). The same volume of soil was put



into each pot. The same weight for each soil (2700 g of Jory and 2300 g of Apt) was

used based on volume. The study design was a factorial completely randomized block

design with five replications.

Seedlings differed greatly by fertilizer treatment, soil type, and moisture

regime in many of their morphological and nutritional characteristics. Seedlings grown

in the wettest moisture treatment were larger than those grown in the drier treatments,

and had the greatest nutrient concentrations and contents.

Unfertilized control seedlings were larger in the Apt soil than in the Jory soil.

These differences were also apparent with the application of fertilizers. Among the

fertilizers, Wilgro® tended to have the greatest effect on seedlings, especially under

the wettest moisture regime. Vector analysis showed that for some nutrients, Apex®

(Amn), Apex® (Nit), and Osmocote Plus® had antagonistic or toxic effects. For these

fertilizers, a higher P concentration remaining in the prills, correspond to the lower

soil total and available P concentration. FESEM pictures suggested that a large

proportion of nutrients were still inside the prills. Wilgro® and Customblen® were

mostly dissolved at the time of sampling, and corresponded to greater total and

available soil Phosphorus with these two fertilizers.

The use of CRF in the Pacific Northwest offers potential to optimize resources

and meet seedling nutritional requirements. The study results suggest that CRF

application must consider soil moisture availability with more conservative

applications on dry sites.
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Effect of Soil Type, Fertilizer, and Soil Moisture on 1+0 Douglas-fir [Pseudotsuga

menziesii (Mirb.) Franco] Seedlings.

1. INTRODUCTION

Fertilization at the time of planting is a common silvicultural practice in

Pacific Northwest forests (Chappell et al. 1992). Addition of nutrients is often found to

increase growth of planted seedlings and future wood production (Weetman and

Fournier 1984). However, the fertilization procedure is not clear and reports of

seedling responses to fertilization vary considerably among locations (Peterson 1984;

Brockley 1988; van den Driessche 1997). The interactions of numerous physical,

chemical, and biological properties present in forest sites affect the ability of seedlings

to successfully respond to fertilizers. Understanding the processes that cause these

responses enable us to manage selected soil properties to optimize nutrient availability

and plant productivity (Havlin et al. 1999). The interaction among the effects of

moisture, nutrients, soil, light and other site characteristics on seedling morphology

and physiology are not easy to understand. Increasing the availability of one resource

may change the availability of another (Sloan 1992). Roberts et al. (1985) found in

soil sampled in Western Canada that forms of phosphorus (P) were closely

interconnected with moisture regime and soil development. Increased soil moisture

was associated with a higher biomass production and available P. Soil characteristics,

like texture, are also related to seedling water stress. Bernier (1992) found an

interaction between soil texture, water supply, and seedling transpiration. Soil with

fine particles presented a clear advantage for white spruce (Picea glauca (Moench)
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Voss) seedling establishment.

Fertilizer characteristics and application practices influence seedling responses.

There are as many positive responses to fertilization as there are negative. It also

varies by fertilizer type, fertilizer formulation, application rate and release, and

fertilizer placement (van den Driessche 1988; Cellier and Stephens 1980; Shaw 1997;

Reddell et al. 1999).

In forest sites, nutrient availability is seasonal and brief (Mead and Preston

1994), and only a few forest soils provide an optimum supply of nutrients (Smith et al.

1997). Seedling success can be reduced on many sites because of susceptibility to

nutrient and moisture stress (Duryea and Lavender 1982). But productivity of some

stands is not consistent with nutrient availability (Kayahara et al. 1995), and the

presence of some nutrients may affect the growth response of some conifers to

fertilization (Radwan and Shumway, 1983). Nilson and Wikiund (1995) found that

nitrogen (N) fertilization alone could be a limiting nutrient for Norway spruce because

it could cause soil nutrient imbalances.

1.1 Controlled-Release Fertilizers

The use of fertilizer in reforestation activities requires reliable knowledge

about product formulation, release mechanisms, and site characteristics in order to

meet nutrient demands over specific developmental stages through the growing

season. The use of fertilizers can create problems that can be hard to control. Once

fertilizers are applied, a significant portion can be lost through leaching (Cole et al.
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1981; Wang and Alva 1996), volatilization (Nason et al. 1988), surface runoff, or

immobilization (Belton and Davis 1986). Since the 1940s, research has been done

with the objective of developing controlled-release fertilizer (CRF) technology able to

match fertilizer nutrient release with plant requirements (Goertz 1993). During the last

decade, forest nurseries and reforestation field practices have been incorporating the

use of CRFs (Haase and Rose 1997).

CRFs with long release rates can supply seedlings with nutrition for more than

one growing season thereby providing a consistent source of nutrients (Donald 1991;

Walker 2002) as compared to conventional water-soluble fertilizers. Also due to their

gradual release, the potential for seedling damage associated with nutrient toxicities

and nutrient loss though leaching can be reduced (Hauck 1985; Goertz 1993; Huett

1 997a).

Applications of organic fertilizers related to soil microbial activity have been

used since the 1950's, as ureaforms. Ureaform is composed of methylene urea

polymers of different size and solubility. Large polymer chains have lower water

solubility than shorter chains and thus release N over longer period. Ureaform has

been used as a source of N in fertilizers. Gleason et al. (1990) found that ponderosa

pine (Pinusponderosa Dougi. Ex Laws) seedlings increased their growth with the

application of ureaform briquettes.

Different release systems have been developed with several nutrient

formulations, release times, and coating technologies (Hauck 1985). Polymer-coated

CRF are the most common fertilizers because they provide a consistent nutrient
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release (Goertz 1993). Soil temperature is one of the key factors that regulate nutrient

release from coated prills, while the influence of moisture is minimal (Lamont et al.

1987; Kochba et al. 1990). Huett and Gogel (2000) found that CRFs nutrient release

patterns differed at 30 °C and 40 °C under controlled conditions.

Field experiments show inconsistent seedling responses to CRF fertilization,

due to a complex interaction among fertilizer type, seedlings, and site conditions. Van

den Driessche (1988) reported for Douglas-fir height responses of 12 to 31% after 3 to

6 years with CRF containing from 8.4 to 16.8 g of N per tree. Walker (2002) reported

that, in the Eastern Sierra Nevada, JeftIey pine (Pinusjeffreyi Grey. & Balf) seedling

growth after application of CRF was only evident after the second growing season.

Applications of CRF to the root zone of Douglas-fir (1+0 plugs) stimulated shoot and

root growth in the following two growing seasons (Carlson and Preisig 1981). Hunt

(1989) reported that the application of CRF to Engelmann spruce (Picea engelmannii

Parry ex Engeim.) seedlings was detrimental to mycorrhizal intensity and diversity,

and root weight, but had a positive effect on seedling shoot growth.

Even though research has shown that CRF can have positive effects on

seedling performance, little is known about the interaction of forest soil

characteristics, such as soil texture or soil moisture, on nutrient release and availability

and how this will affect seedling performance.
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1.2 Soil Nutrition

Understanding site characteristics is critical in determining the ecological and

operational variables relevant to reforestation practices (Hobbs 1992). Seedling

responses depend on interactions among chemical, physical, and biological aspects of

forest soil (Fisher and Mexal 1984). Soil physical properties, like bulk density and

texture, influence seedling growth through the effect on soil moisture, aeration,

temperature, chemistry, and organic matter. Even regions with highly productive

forests, as in the Pacific Northwest, there is a large variation in local forest

productivity due to differences in soil properties and nutrient supply. Several studies

reveal that nutrient supply varies considerably due to soil mineralogy, moisture

content, pH, and texture (Gent et al. 1986; Munson and Timmer and Armstrong 1989;

Haywood and Burton 1990; Gijsman 1991; Radwan 1992). These differences are

based on the soils ability to provide essential elements for plant growth. Powers and

Jackson (1978) reported that ponderosa pine response to fertilizer was influenced by

soil type. Gent et al. (1986) reported that loblolly pine (Pinus tadea L.) stands did not

respond to fertilization on very poorly drained clay sites, while stands on very poorly

drained barns were the most responsive. Black (1988) found a poor effect of fertilized

mineral soil from the Pacific Northwest on Douglas-fir seedling growth compared to

fertilized peat-vermiculite. He concluded that high P fixation in natural soils, and poor

structure and aeration may cause a weak fertilizer response.

Nutrient mobility in soils is dependent on soil properties. Nutrient mobility

becomes very apparent when even small amounts of clay are present (Fisher and
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Binkley 1999). N is a very mobile element in soil, and a large portion is available for

plants if it is not leached. N is the most frequently deficient nutrient in productive

ecosystems (Brix and Ebell 1969) and its availability is related to many biotic and

abiotic factors (Sylvia et al. 1998). Marschner (1995) reported that seedling growth is

strongly influenced by the addition of N, less so for phosphorus (P) and magnesium

(Mg), and no response is usually noted for all other nutrients. The fertilization of

seedlings with appropriate levels of N generally tends to increase the growth of both

the root and shoot components although the response tends to be greater in the shoot

resulting in decreased root:shoot dry weight ratios (Marschner 1995).

Nitrogen sources differ in chemical and physical properties, and these cause

differences in their fates and effects, particularly after application (Nason et al. 1990).

Debell et al. (1999) reported that growth of Douglas-fir was independent of N source

during the first 40 days of their experiment. Thereafter, growth was greater when

ammonium was the N source compared with nitrate or ammonium nitrate. N

mineralized from soil organic matter is the major source of nutrients available in most

forest ecosystems and the rate of this microbially-mediated process often limits forest

productivity (Reich et al. 1995).

Other studies showed that P could be a very limiting element in forest sites. P

is a very immobile element, and much of P applied is first required to satisfy the

absorptive capacity of the soil before the plant can use it. Concentrated

superphosphates are the most commonly used sources of P. Other water-soluble P

fertilizers are mono- and diammonium phosphate and ammonium polyphosphate.
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Phosphorus has been reported to be limiting in some Douglas-fir sites

(Heilman 1971; van den Driessche 1991), and it does not occur as abundantly in soils

as N and K. The high reactivity of P to soil properties make it immobile in the soil

with movement no more than 2 or 3 cm from the point of application. The quantity of

total P in soils has little or no relationship to the availability of P to plants (Havlin et

al. 1999). The efficiency of P fertilization in forest stands is not constant, and high P

concentration may influence other micronutrient distribution (Shuman 1988). Nilsson

and Wikiund (1995) found that trees used only 47% of applied P.

Phosphorus movement is strongly related to P partitioning between the solid

and liquid soil phases and the soil water content, which determines the soil area

available for P movement (Havlin Ct al. 1999). Precipitation reactions are slower than

adsorption reactions and thereby less important in short term processes such as P

transport to roots. When phosphate is added to soil, P adsorption reactions reach quasi-

equilibrium within several hours (Kafkafi et al. 1998). Reactions of root exudates in

soils that may affect P availability to plants can affect surface reactions, which modify

the chemical and electrical properties of clay mineral and oxide surface and can also

affect complexation of ions found in the soil solution that react with P (Mullen 1999).

If the soil has a small amount of Al, inorganic P will be mostly available in the soil

solution (Fox and Comerford 1992). Additionally, soil P availability changes over

time (Dormaar 1972; Elliot et al. 1984) in relation to soil characteristics and moisture

availability. O'Halloran et al. (1985, 1987) reported that up to 90% of the variability in

P could be caused by changes in texture, especially in sandy soils.



1.3 Moisture Stress and Nutrient Availability

Moisture stress is one of the major factors that affect seedling survival and

growth (Hobbs 1992). The availability of soil water to plants depends on the quantity

of water stored in the soil and its relationship to soil water potential (Lambers et al.

1998). Water is an important component in nutrient uptake by roots, mass flow, and

diffusion (Marschner et al. 1986). The availability of water not only affects nutrient

absorption, but also metabolic activity, soil aeration, and salt concentration of the soil

solution (Havlin et al. 1999).

Moisture availability and fertilization have an interactive effect on seedling

physiological and morphological development. Nambiar and Sands (1993) stated that

it is not possible to have water stress without some degree of nutrient stress in forest

systems. Rose et al. (1993), and Haase and Rose (1993), found that as soil water

decreased, Douglas-fir seedlings responded with symptoms of transplant shock, lower

growth, and delayed budbreak. Lotan and Zahner (1963) reported a 40% increase in

shoot growth of watered plants as compared to drought-stressed plants. According to

Kozlowski (1987), diameter increment is affected more than height growth by

variations in moisture conditions. Timmer and Miller (1991) reported that red pine

(Pinus resinosa Alt.) seedling growth, nutrient status, and water relations were

affected more by moisture availability than fertilization after 16 weeks.

Nutrient uptake differs according to soil moisture conditions. Several studies

have demonstrated increases in seedling nutrient concentration, particularly for N

(Pharis and Kramer 1964; McClain and Armson 1976; Haase and Rose 1994).

8
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Although absorption of N is reduced on dry soils, it is normally not reduced as much

as P and K (Havlin et al. 1999). Kahn (1992) reported that decreasing soil water

content resulted in reduced total foliar and root nutrient concentration on containerized

Douglas-fir for almost all nutrients except N, which was significantly higher at the

lowest soil water content.

Safir and Nelson (1985) suggested that improving P nutrition alone could

enhance seedling tolerance to moisture stress. Other studies with Douglas-fir seedlings

indicate that enhanced P nutrition, in the presence of N deficiency, does not affect the

resistance of seedlings to water stress (Dosskey et al. 1993).

1.4 Research Objectives

During the last several years, different research has examined the application

of CRFs to conifers in reforestation practices. These results showed variable seedling

responses to fertilization. A possible explanation for these differences could be related

to forest soil characteristics and how they influence the source of nutrients. Few

experiments have examined the effects and interactions of different CRFs and soil

type on Douglas-fir seedlings under controlled moisture regimes.

The research literature supports the idea that Douglas-fir seedling response to

fertilization will be a function of controlled-release fertilizer characteristics, soil

mineralogy, and soil moisture level. The general objective was to determine the effect

of two western Oregon forest soil types, six fertilizer treatments, and three levels of

soil moisture on Douglas-fir seedlings in semi-controlled environmental conditions.
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The specific objectives were to determine how each of these components affected

Douglas-fir seedling performance after one growing season, and if there were any

specific interactions among them.

The fact that this experiment was run in a shade house using individual pots for

each seedling provided the opportunity to measure and evaluate seedling, soil, and

fertilizer reactions to the treatments and fate of CRF prills during the study period.

2. MATERIALS AND METHODS

2.1 Seedlings

Douglas-fir 1+0 seeds (seedlot MOL SOS-15) from Microseed Nursery

(Ridgefield, WA) were sown in late February 2001 into Hiko V-13 containers.

Seedlings were grown under standard nursery operational procedures until they were

transplanted into 2.83 liter Tall One TreepotsTM (Stuewe & Sons, Inc. Corvallis, OR)

at the end of May 2001. A metal screen was installed in the bottom of each pot to

prevent soil loss. Initial mean height was estimated to be 4.1 cm (SE ± 0.2) from a

sample of 25 seedlings.
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2.2 Soil Types

Two forest soil types were collected from representative Western Oregon

forestlands differing in texture, taxonomy and distribution.

Soil A, the Jory soil series, was collected from the McDonald-Dunn Research

Forest on the western edge of the Willamette Valley in Oregon. This series consists of

very deep, well-drained soils that formed in colluvium weathered mostly from basic

igneous bedrock. The taxonomic class correspond to a fine, mixed, active, mesic Xeric

Palehumults. The typical pedon is silty clay loam, cultivated (Knezevich 1975), the

dominant type of clay is alophan.

Soil B, the Apt soil series, was collected from Starker Forests, Inc. land

approximately 5 miles north of Nashville, OR on the crest of the coast range. This

series consists of deep, well-drained soil formed from colluvium. The taxonomic class

corresponds to fine, mixed, superactive, mesic Typic Haplohumults and the typical

pedon is clay, forested (USDA 1997).

At each site, soils were collected to a depth of 30 cm. Twigs, roots, rocks, and

other debris were removed. The same volume of soil was put into each pot. Because of

differences in bulk density between the two soils, 2700 g of Jory soil and 2300 g of

Apt soil were used to fill each pot to equivalent volumes. A thin layer of composted

organic matter was applied to the surface of each pot to prevent development of a

hydrophobic surface. One composite sample of each soil was sent to Central

Analytical Laboratory (CAL) at Oregon State University for chemical and physical

characterization (Table 2.1 and Table 2.2).



Table 2.1. Soil texture and chemical characterization.

Table 2.2. Soil nutritional characterization.

12

2.3 Fertilizer Treatments

Five controlled-release fertilizers (CRF) with different release mechanisms and

N forms were used (Table 2.3). Osmocote Plus® and Customblen® are manufactured

by 0. M. Scotts Company (Marysville, OH), and their release mechanism is regulated

by a thermoset copolymer and coating thickness. Osmocote Plus° is composed of a

homogeneous mix of macro and micronutrients encapsulated in the prills. The main

sources are ammonium nitrate, ammonium phosphate, potassium nitrate, calcium

phosphate, magnesium phosphate, and boric acid. Customblen® fertilizer is made of

homogenous N-P-K. The main sources of nutrients are derived from ammonium

nitrate, ammonium phosphates, calcium phosphates, and potassium sulfate.

Apex® fertilizers (Flower & Foliage®, and Gold®) are manufactured by

Simplot (Boise, ID) and their nutrient release mechanism occurs by osmotic diffusion

Soil Clay Silt Sand CEC Db pH

% % Meq/lOOg g!cc

Jory 29.8 47.2 22.6 36.6 1.01 5.8

Apt 18.9 48.3 32.8 74.3 1.12 5.2

Soil TKN

ppm

TP

ppm

Av. P

Ppm

K

ppm

Ca

meq/

lOOg

Na

meq!

bOg

Mg

meq/

lOOg

Fe

ppm

Al

ppm

Jory 1208 1076 4 238 8.2 0.14 3.6 44.3 28.6

Apt 2953 1070 6 412 1.5 0.14 1.9 14.4 36.2
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through a polyurethane coating layer. The sources of nutrients of Apex® flower &

foliage (nit) are ammonium nitrate, and a blend of the polyurethane coating with

calcium phosphate, di-ammonium phosphate, mono-ammonium phosphate, potassium

sulfate, zinc sulfate, sodium molybdate, ferrous sulfate, manganese sulfate, and

magnesium sulfate. Apex® Gold (amn) is a homogeneous mix that contains the

polyurethane coating, ammonium nitrate, calcium phosphate, ammonium phosphate,

and potassium sulfate.

Wilgro® is a blend in which only the N is controlled-release. The N is

manufactured by Nu-Gro Technologies, Inc., under the name of Nitroform®. This is a

mixture of ureaform and water-insoluble fractions, and the release is controlled by soil

moisture content and microbial activity. The other nutrients are derived from water-

soluble sources like mono-ammonium phosphate (MAP), GRANTJBOR., KMAG,

Riffer, Rifffertough, copper sulfate, zinc sulfate, and Gypsum.

Because the fertilizers differ in composition, application rate was based on

1.44 grams of N per pot. Because N concentrations differed significantly among

Wilgro®, Osmocote®, and Apex® fertilizers, there was a significant difference in the

application rates of other nutrients. Applications of Wilgro® and Osmocote® had more

P and K than the Apex® and Customblen® treatments.

Total nutrient content for each fertilizer is listed in Table 2.4. A non-fertilized

control treatment was also included to evaluate natural soil fertility. All fertilizers

were uniformly mixed with the soil by placing the exact amount (g) of soil and

fertilizer in a clean bucket and mixing thoroughly before filling each pot.



Table 2.3. Fertilizer description and N form.

oil volume basis = 2000 m soil/ha and soil Db== 1 g/cc

14

Trade
Name

Fertilizer Rate
(g/pot)

N
IForm (%)]

Release Rate
at 21 °C
(months)

Equivalent
Field Rate
(kglha)*

Apex
Gold

Simplot
18-6-12

8 Aminoniacal
(9.50)
Nitrate
(8.48)

9 6.440

Osmocote
Plus

Scotts
15-9-12

9.6 Ammoniacal
(7.00)
Nitrate
(8.00)

9 7.730

Apex
flower &
foliage

Simplot
18-6-12

8 Aminoniacal
(7.74)
Nitrate
(10.26)

9 6.440

Wilgro Nu-Gro
8-6-8

18 Ammoniacal
(0.97)
Urea
(1.94)
Water Insoluble
(5.09)

:0m ito 2

33%fromi2to24

14.490

Customblen Scotts
18-5-12

8 Nitrate
(9.50)
Ammomacal
(8.50)

9 6.440



Table 2.4. Total nutrients applied for each fertilizer treatment.

2.4 Moisture Treatments

Three soil moisture regime treatments were applied to the pots (12, 18 and

24%). Twelve pots (one from each soil and fertilizer treatment) were randomly

selected from each moisture and replication for use as indicators of soil moisture.

Moisture content was monitored by periodic weighing. Soil water content was

determined using the following formula (Haase and Rose 1994):

WC=TW-DS-S-P
DS

15

Apex Gold Osmocote - Apex flower Wilgro Customblen
Fertilizer (Amn) Plus (Nit) 8-6-8 18-5-12

18-6-12 15-9-12 18-6-12 (g) (g)

(l) (g) (g)

Rate (gpot) 8 9.6 8 18 8
NO3 0.68 0.67 0.82 - 0.68
NH4 0.76 - 0.62 0.23 0.76
Insoluble N - - - 0.87 -
UreaN - 0.77 - 0.33 -
TotaiN 1.44 1.44 1.44 1.44 1.44

0.48 0.86 0.48 1.02 0.4
TotaiP 0.21 0.38 0.21 0.44 0.18
K20 0.96 1.15 0.96 1.36 0.96
TotalK 0.80 0.96 0.80 1.13 0.80
Ca - - - 0.58 -
B - 0.002 - 0.068 -

Cu - 0.005 - 0.136 -

Mg 0.07 0.01 - 0.67 -

S 0.14 0.22 0.32 1.99 -

Fe 0.04 0.65 - 0.11 -
Mn 0.02 0.006 - - -
Mo 0.001 0.002 - 0.024 -
Zn 0.004 0.005 - 0.2 -



TW(DSxWC)+DS+ S+P
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Where,

WC = Water content

TW Total weight (g)

S = Weight of seedling in each pot (negligible)

P = Weight of pot (85.66 g)

DS = Weight of dry soil in each pot

By rearranging the previous equation, the weight of the pots at the desired soil

water content was determined using the following equation:

Prior to initiation of the moisture treatments, ten pots were filled with the same

amount of soil (by weight) in each. From this group, five pots were oven dried for 48

hours at 68° C and reweighed for determination of the average soil dry weight (DS).

The other five pots were completely watered and reweighed after 2 hours to calculate

water content at field capacity and thereby aid in determination of moisture treatments.

This was done for both soil types.

Representative pots from each moisture treatment replication were weighed

periodically and all pots in that treatment were re-watered to field capacity once the

majority of the representative pots dried down to the specified moisture content.

Irrigation was applied to individual pots until substantial draining through the bottom

of the pots was observed. Pots were color coded by moisture treatment in order to



facilitate maintenance of the study.

Watering intervals differed between soil moisture regimes, soil type, and

block. Seedlings that received the 12%, 18%, and the 24% moisture regime were

watered approximately every 35 days, 20 days, and 10 days, respectively. In general,

seedlings grown in the Jory soil were watered with more frequency than seedlings

grown in the Apt soil (Figure 2.1).

2.5 Measurements

Seedling morphology and nutrient analysis

Seedlings were sampled for morphological characteristics in November 2001.

Three seedlings from each treatment combination were washed free of soil and

measured for total height (cm), stem diameter (mm), shoot/root volume (cm3) using

the water displacement method (Burden 1979), and shoot/ root dry weight (g).

At the final measurement, foliar samples of the three seedlings sampled were

dried (70°C for 72 hr), ground in a Wiley mill (40-mesh screen), weighed, and

combined into composite samples for foliar nutrient concentration using Leco 2000

and ICP systems (OSU, Central Analytical Lab, Corvallis, OR).

Nutrient content was calculated using foliar weight and concentration, and data

were analyzed via vector analysis (Haase and Rose 1995). This allows for comparison

of nutrient content, concentration, and a biomass in an integrated graphic format.

These diagrams are comparative, and in this case they were used to compare the effect

of fertilization and moisture on foliar nutrient content, concentration and dry weight.

17
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Figure 2.1. Seedling watering frequency for a period of 60 days since the beginning of
the experiment differed by moisture regime and soil type.
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Unfertilized control treatment and the driest moisture treatment were used as reference

levels. Based on each vector magnitude and direction, the diagram allows the

detection of dilution effect, nutrient imbalance, and excess (Haase and Rose 1995)

(Figure 2.2).

Relative unit dry weight

Relative nutrient content

Figure 2.2. Interpretation of directional shift in nutrient concentration, nutrient
content, and dry weight. Adapted from Haase and Rose (1995).

Direction of
shift

Response in
Interpretation Possible

diagnosis
Dry

weight
Nutrient

Conc. Content

A + - + Dilution Non-limiting
B + 0 + Sufficiency Non-limiting
C + + + Deficiency Limiting
D 0 + + Luxury cunsumption Non-toxic
E - ++ +- Excess Toxic
F - - - Excess Antagonistic



Soil nutrient analysis

Concurrent with seedling sampling, soil from each treatment replication was

composited and analyzed for total (Total Kjeldahl digest using hot H2 SO4) and

available P (Bray P1) (OSU, Central Analytical lab, Corvallis, OR).

Remaining prills analysis

To examine fertilizer nutrient release, remaining prills of Apex® (amn), Apex®

(nit), Osmocote Plus®, and Customblen® from the wettest and driest moisture

treatments, were removed from each soil type. Prills were weighed and analyzed for

total P concentration and content (Total Kjeldahl digest using hot H2SO4 at OSU,

Central Analytical lab, Department of Crop and Soil Science, Corvallis, OR).

Osmocote Plus® and Apex® prills (unused prills and prills that were in the soil

for 7 months) were photographed using Field Emission Scanning Electron Microscope

(FESEM) for high resolution and high quality imaging of prill microstructures (OSU,

Electron Microscope Facility, Department of Botany and Plant Pathology, Corvallis,

OR).

2.6 Experimental design and statistical analysis

This study was installed in a three-way factorial (2 soil types x 6 fertilizer

treatments x 3 moisture regimes) completely randomized block design with five

replications. The blocking factor was determined according to the seedlings position

inside the shelter house at the OSU Forest Research Laboratory. Each block had 36

20



21

treatments (experimental unit) with 6 pots (sampling unit) in each treatment, for a total

of 216 pots in each block. The total seedlings used in the experiments were 1080 (6

pots * 36 treatments * 5 blocks).

Inspection of normality, variance of the residuals, and linearity was performed.

Seedling height, stem diameter, shoot and root volume, shoot and root dry weight, and

nutrient concentration variables required logarithmic transformation in order to

validate these assumptions; means of back transformed data are presented.

Relationships among total height, stem diameter, shoot volume, root volume,

shoot/root ratio, shoot dry weight, and foliar dry weight were examined using

correlation analysis. Response variables that were well correlated (Pearson correlation

coefficient >0.6) were analyzed using multiple analysis of variance (MANOVA).

Non-correlated variables were analyzed using analysis of variance (ANOVA). If a

significant fertilizer, soil, and/or moisture effect was detected using MANOVA

(p<O.O5 in Wilk statistic), adjusted Tukey procedure was used for multiple

comparisons among the treatments (a 0.05). In the cases where no significant

interactions were detected, main effects (fertilizer, soil, or moisture) were used to

determine significant differences. Statistical Analysis System (SAS Institute Inc.,

Cary, NC, USA) software was used for all data analysis.
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3. RESULTS

3.1. Summary

Seedlings differed greatly by fertilizer treatment, soil type, and moisture

regime in many of their morphological and nutritional characteristics. Two-way

interactions were detected for many of the response variables. Regardless of these

interactions, moisture regime was the most influential factor. Seedlings grown in the

wettest moisture treatment were larger than those grown in the drier treatments and

had the greatest nutrient concentrations and contents.

Natural differences in soil characteristics resulted in significant differences

between seedlings grown in the Apt and Jory soils. Unfertilized control seedlings were

larger in the Apt soil than in the Jory soil. These differences were apparent even with

the application of fertilizers.

Among the fertilizers, Wilgro® tended to have the greatest effect on seedlings,

especially under the wettest moisture regime. Vector analysis showed that for some

nutrients, Apex® (Amn), Apex® (Nit), and Osmocote Plus® had antagonistic or toxic

effects. For these fertilizers, a higher P concentration remaining in the prills,

corresponded to lower soil total and available P concentration. FESEM pictures

suggested that a large proportion of nutrients were still inside the prills. Wilgro® and

Customblen® were mostly dissolved at the time of sampling, resulting in greater total

and available soil P with these two fertilizers.



3.2. Plant Morphology

Seedling height, stem diameter, shoot volume, root volume, and shoot and root

dry weight were positively correlated with each other (Table 3.1). All whole plant

morphological parameters were significantly affected by fertilizer, moisture and soil

type treatments. MANOVA indicated that there was a significant fertilizer x moisture

(p = 0.0204), fertilizer x soil (p = 0.0348), and moisture x soil (p = 0.0014) interaction

effect on seedling morphology. This indicated that the effect of one component was

influenced by the presence of one the others.

Moisture treatment was the key driving force for seedling development with

better result in seedlings that received the wettest moisture regime than those that

received less water. Seedling morphological parameters had significant differences

among fertilizer type and moisture regime (Figures 3.1 and 3.2). Seedlings fertilized

with Wilgro®, Osmocote Plus® and Customblen® tended to have greater stem diameter

under the wettest moisture regime (Figure 3.1). For seedlings grown in 12% or 18%

there were no significant differences among fertilizer treatments, although fertilized

seedlings tended to be smaller than the unfertilized control seedlings (Figure 3.1).

Seedlings fertilized with Wilgro® tended to have the best performance with significant

differences in shoot and root development between the wettest and driest moisture

regimes (Figure 3.2).

Seedlings grown in the Jory soil tended to be smaller than seedlings grown in the

Apt soil under the 12% and 18% moisture regime treatment. There were no significant

morphological differences between soils in the 24% moisture regime (Table 3.2).

23



Seedlings grown in the Apt soil tended to be larger than seedlings grown in the Jory

soil with the exception of seedlings fertilized with Osmocote Plus® (Figure 3.3 and

Table 3.3). Seedling grown with Wilgro®, Osmocote Plus®, and Customblen® had

higher shoot:root ratios than unfertilized seedlings.

Table 3.1. Correlation coefficients among morphological parameters (p <0.001, for all
combinations)

Height Stem Shoot Root Shoot dry Root dry
diameter volume volume wei'ht wei'ht

24

Height 1.000 0.792 0.855 0.729 0.854 0.776

Stem diameter 0.792 1.000 0.881 0.814 0.882 0.871

Shoot volume 0.855 0.881 1.000 0.865 0.950 0.893

Rootvolume $729 0.814 0.865 1.000 0.838 0.93'7

Shoot dry
weight 0.854 0.882 0.950 0.838 1.000 0.876

Root dry weight 0.776 0.871 0.893 0.937 0.876 1.000



Figure 3.1. Mean seedling (a) height and (b) stem diameter for seedlings grown with
different fertilizers and moisture regimes. Brackets indicate 95% confidence interval.
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Table 3.3. Mean values for seedling morphology grown with different soil types and
fertilizer treatments. Means followed by different letters in the same column differed
significantly among treatments at a 0.05.
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Table 3.2. Mean values for seedling morphology grown with different soil types and
moisture treatments. Means followed by different letters in the same column differed
significantly among treatments at a 0.05.

Treatment
Height Stem

diameter
(cm) (mm)

Shoot
Volume

(cmi)

Root Shoot dry
Volume weght
(cmi) (g)

Root dry
weight

(g)
Jory
Apex (Amn) 14.7 b 2.5 b 2.3 c 2.8 cie 0.9 c 0.7 c

Osmocote Plus 16.0 b 2.7 ab 2.9 b 2.5 e 1.1 abc 0.7 bc

Apex (Nit) 15.0 b 2.7 ab 2.8 b 2.8 de 0.9 bc 0.7 c

Wilgro 16.5 ab 2.8 ab 3.0 ab 2.9 cde 1.0 abc 0.8 bc

Customblen 15.5 b 2.7 ab 3.0 ab 3.0 cde 1.0 abc 0.7 c

Control 15.1 b 2.6 b 2.7 c 3.2 bcde 0.9 c 0.8 bc

Apt
Apex (Anm) 15.5 b 2.6 ab 2.9 b 3.7 abcd 1.0 abc 0.9 abc

Osmocote Plus 14.7 b 2.6 b 2.7 c 3.2 bcde 0.9 abc 0.8 bc

Apex (Nit) 14.9 b 2.5 b 2.7 b 3.3 bcde 0.9 c 0.8 bc

Wilgro 17.4 ab 2.9 ab 4.1 ab 4.4 ab 1.3 ab 1.0 ab

Customblen 16.2 ab 2.9 ab 3.5 ab 4.0 abc 1.2 abc 1.0 abc
Control 18.7 a 3.0 a 4.4 a 4.9 a 1.3 a 1.2 a

Treatment
Height

(cm)

Stem
diameter

(mm)

Shoot
Volume

(cm)

Root
Volume
(cmi)

Shoot dry
weight

(g)

Root dry
weight

(g)
Jory
12% 14.1 b 2.2 d 2.0 c 2.0 d 0.7 b 0.7 c
18% 14.9 b 2.8 bc 2.5 c 2.7 c 0.9 b 1.0 b
24% 17.5 a 3.3 a 4.2 ab 4.3 ab 1.4 a 1.3 a

Apt
12% 14.4 b 2.4 cd 2.5 c 2.8 c 0.9 b 0.5 d
18% 16.7 a 2.8 b 3.3 b 3.9 b 1.1 a 0.7 c
24% 17.6 a 3.1 ab 4.4 a 5.3 a 1.4 a 1.1 ab



ll INI LWr CLIIThbIn Coned

AOxThrO 8T Ap xHIQ lin, Cwpbn CI
PII

Figure 3.2. Mean (a) shoot volume, (b) root volume, (c) shoot dry weight, and (d) root dry
weight for seedlings grown with different fertilizers and moisture regimes. Brackets indicate 95%
confidence interval.
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Figure 3.3. Mean seedling shoot:root ratio for different fertilizer (a), and soil and
moisture regime (b). Brackets indicate 95% confidence interval.

28

1.6

1.4

1.2

0.8

0.6

0.4

0.2

Apex (Amn) Osmocote Apex (Na) WiGro Customblen Control
Plus



3.3. Foliar analysis

Fertilizer treatment, soil moisture regime, and soil type had significant effects on

foliar nutrients (Tables 3.4 and Table 3.5). Fertilizer had a significant main effect on P

(p<O.001), Ca (p<O.001), S (p<O.001) and Mg (p<O.001) foliar concentrations. Soil

type had a significant main effect on Ca (p<O.001) and Mg (p<O.001) foliar

concentrations. Moisture regime had a significant main effect on P (p<O.0001), Mg

(p<O.001), and S (p<O.001) foliar concentrations. In addition, significant fertilizer x

soil, fertilizer x moisture, and soil x moisture interaction effects were detected for

some nutrients (Tables 3.4 and Table 3.5).

Vector diagrams (Figures 3.4, 3.5, 3.6, and 3.7) show the effect of fertilizer type

on foliar nutrient concentration and content. N concentration and content increased

with all fertilizer applications and moisture regimes relative to the unfertilized control

treatment (Figure 3.4). However, the relatively high N content and concentration,

along with lower foliar dry weight, suggests toxicity in seedlings fertilizedwith Apex®

(Amn), Apex® (Nit), and Osmocote Plus®.

P concentration and content decreased with most of the fertilizer treatments

relative to the unfertilized control (Figure 3.4). For seedlings fertilized withWilgro®

and Customblen® there were no changes in foliar dry weight relative to the control,

but a lower P content and concentration. The lower P concentration, content, and dry

weight suggest an antagonistic effect from treatments fertilized with Apex® (amn),

Apex® (nit) and Osmocote Plus®.

The higher K and Ca concentrations may indicate toxicity in seedlings fertilized
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with Apex® (Amn), Apex® (Nit) and Osmocote Plus® (Figure 3.5). Seedlings

fertilized with Wilgro® had simultaneous increases in foliar weight, nutrient

concentration, and nutrient content relative to the control for N, K, Ca, Mg, and S

indicating that these nutrients were limiting (Figures 3.4, 3.5, and 3.6).

Seedlings grown in the wettest moisture regime had higher N and P contents and

foliar dry weight than those grown in the drier moisture treatments. N concentration

did not increase with a higher moisture level, indicating that moisture was not a

limiting factor in nutrient uptake (Figure 3 .7a). The higher P concentration with higher

moisture application indicates that water can be a limiting factor in P uptake (Figure

3.7b).

Foliar nutrient concentrations for these nutrients were adequate for most of the

fertilizer applications. B excess (390 ppm) was detected on seedlings fertilized with

Wilgro®. Foliar Fe concentration was extremely high for all fertilizer treatments

(Landis et al. 1989).



Significant fertilizer x soil interaction
Significant fertilizer x moisture interaction
Significant moisture x soil interaction
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Table 3.4. Mean seedling foliar macronutrient concentration and content. Means
followed by different letters for each treatment parameter in a column had a significant
main fertilizer, moisture or soil effect at a 0.05.

Treatment Needle
Wt (g) Conc (2)

%

N
Content

(mg)
Cone

%

P
Content 1)

(mg)

Cone (1.2)

%

K
Content3

(mg)

FertiJizar

Apec (Am) 0.60 3.52 20 ab 0.10 e 0.7 1.06 6.0 b
Osmocote Plus 0.62 3.77 24 ab 0.09 c 0.7 1.22 7.0 ab
Apec (Nt) 0.60 3.66 22 ab 0.10 c 0.7 1.10 6.0 b
Wilgro 0.81 2.49 20 ab 0.11 b 1.1 1.26 10.0 a
Customblen 0.76 3.24 24 a 0.11 bc 1.0 1.07 8.0 ab
Control 0.77 2.10 16 b 0.18 a 1.5 1.0 8.0 ab

Moisture

24% 0.90 a 3.17 27 a 0.18 a 1.7a 1.16 10.0
18% 0.65b 3.28 20 b 0.11 b 0.7b 1.08 7.0
12% 0.53 e 2.96 16 c 0.08 C 0.4 c 1.11 6.0

Soil

Jory 0.66b 2.98 b 19 b 0.13 0.9 0.88 6.0
Apt 0.73 a 3.30 a 23 a 0.12 1.0 1.36 10.0

Treatment Needle
Wt (g) ConC

%

Ca
Content'

(mg)
ConC
%

Mg
Content

(mg)
ConC
%

S
Content

(mg)

Fertilizar

Apec (Am) 0.60 0.38 be 2.0 0.156 b 0.9 b 0.081 b 0.47 b
Osmocote Plus 0.62 0.42 ab 3.0 0.153 b 0. 9 b 0.075 bc 0.49 b
Apec (Nt) 0.60 0.41 ab 2.0 0.168 b 1.0 b 0.056 C 0. 33 C
Wilgro 0.81 0.47 a 4.0 0.228 a 1.7 a 0.101 a 0. 86 a
Customblen 0.76 0.39 bc 3.0 0.157 b 1.1 b 0.061 bc 0.46 b
Control 0.77 0.34 c 2.0 0.156 b 1.2 b 0.077 be 0.65 ab

Moisture

24% 0.90 a 0.39 4.0 a 0.152 b 1.4 a 0.10 a 0. 87 a
18% 0.65 b 0.41 3.0 b 0.164 b 1.1 b 0.07 b 0. 46 b
12% 0.53 C 0.41 2.0 C 0.193 a 1.0 b 0.06 C 0.29 C

Soil

Jory 0.66b 0.50 a 3.0 0.190 a 1.2 a 0.07 0.52 b
Apt 0.73 a 0.30 b 2.0 0.150 b 1.1 b 0.08 0.58 a



Significant fertilizer x soil interaction
Significant fertilizer x moisture interaction
Significant moisture x soil interaction
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Table 3.5. Mean seedling foliar micronutrient concentration and content. Means
followed by different letters for each treatment parameter in a column had a significant
main fertilizer, moisture or soil effect at a 0.05.

Treatment Needle
Wt (g)

Mn
Cone (2) Content

ppm (mg)
Cone
ppm

Cu
Content

(mg)
Conc
ppm

B
Content

(mg)
Fertilizer

Apex(Am) 0.60 271.25 0.16 ab 8.36 0.005 b 33.17 0.02 e
Osmocote Plus 0.62 239.34 0.15 ab 6.57 0.004 b 42.30 0.03 be
Apex(Nt) 0.60 214.86 0.13 b 6.87 0.004b 32.32 0.02e
Wilgro 0.81 256.96 0.21 a 12.31 0.011 a 392.22 0.31 a
Customblen 0.76 203.22 0.16 ab 8.97 0.007 ab 43.40 0.03 b
Control 0.77 202.15 0.16 ab 7.83 0.006ab 31.0 0.02 bc

Moisture

24% 0.90 a 261.90 0.24 a 8.42 0.008 a 82.65 0.07 a
18% 0.65 b 229.75 0.15 b 9.51 0.006 ab 85.38 0.05b
12% 0.53 e 202.23 0.11 c 7.52 0.004 b 119.18 0.06b

Soil

Jory 0.66b 208.21 0.14b 8.87 0.006 83.75 0.05b
Apt 0.73 a 254.39 0.19 a 8.10 0.006 107.7 0.07 a

Treatment Needle
Wt (g) ConeW

ppm

Zn
Content

(mg)

Fe
Cone Content2
ppm (mg)

Cone
%

Na
Content

(mg)
Fertilizer

Apex (Am) 0.60 48.91 0.03 e 799.14 ab 0.48 125.83 0.07 ab
smoeote Plus 0.62 37.66 0.02 c 709.94 ab 0.44 133.34 0.08 ab
Apex (Nt) 0.60 59.11 0.04 be 621.73 ab 0.38 123.54 0.07 b
Wilgro 0.81 184.88 0.15 a 765.55 ab 0.62 142.77 0.12 a
Customblen 0.76 43.97 0.04 be 508.99 b 0.39 104.32 0.07 ab
Control 0.77 89.44 0.07 b 850.23 a 0.66 104.16 0.08 b

Moisture

24% 0.90 a 91.57 a 0.08 a 664.47 0.60 102.24 a 0.09
18% 0.65 b 72.83 ab 0.05b 718.48 0.47 117.82 a 0.07
12% 0.53 e 67.58 b 0.04 b 744.84 0.39 146.92 b 0.07

Soil

Jory 0.66 b 59.83 0.04 b 852.51 a 0.56 a 123.34 0.08
Apt 0.73 a 94.82 0.07 a 566.01 b 0.41 b 121.32 0.09
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Figure 3.4. Vector diagrams for total foliar N (a) and P (b) by fertilizer treatment.
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Figure 3.6. Vector diagrams for total foliar Mg (a) and S (b) by fertilizer treatment.
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3.4. Soil available and total phosphorus (F)

Fertilizer and soil type had significant main effects on mean soil total P for soil

sampled from pots that received the wettest moisture regime (p<0.000l and pO.0059,

respectively) (Figure 3.8). There was a significant fertilizer and soil type interaction

effect on mean available soil P (p=O.003 1) (Figure 3.9). Soil total and available P were

significantly higher than the other fertilizer treatments with Wilgro® fertilizer,

regardless of soil type (Figures 3.8 and 3.9). In the Jory soil, all fertilized treatments

had higher soil available P than the unfertilized treatment, but in the Apt soil only

Osmocote Plus®, Wilgro® and Customblen® had higher soil available P compared to

the unfertilized soil (Figure 3.9).

3.5. Residual total Pfrom remaining prills

Residual total P in the prills differed by fertilizer type and moisture regime.

Total P concentration in Scoffs and Simplot fertilizer prills extracted from the soil had

a significant interaction between fertilizer type and moisture regime

(p=0.0036).Osmocote Plus® had significantly higher residual P levels in the wettest

moisture regime (Figure 3.10) while no significant differences were detected for

Apex® prills by moisture regime. Customblen® prills had lower residual P

concentration regardless of moisture treatment, and had significant difference in the

final total P between the two moisture regimes (Figure 3.10).
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3.6. Fertilizer prills FESEM pictures

FESEM pictures showed that, after 7 months, the coating system is still

apparent in Apex® (Amn), Apex® (Nit), and Osmocote fertilizers (Figure 3.11 and

3.12). No remaining Wilgro® fertilizer was found in any of the treatments, and most of

the Customblen® prills were empty at the time of sampling, especially in the wettest

moisture regime.

Figure 3.8. Mean soil total P by fertilizer treatment (wettest moisture regime).
Brackets indicate 95% confidence interval.
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Figure 3.9. Mean soil available P by soil and fertilizer treatments (wettest moisture
regime). Brackets indicate 95% confidence interval.

Figure 3.10. Mean total P concentration from residual prills removed from soil that
received the wettest and the driest moisture treatments, with significant fertilizer x
moisture interaction effects. Brackets indicate 95% confidence interval.
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Figure 3.11. FESEM pictures of Osmocote Plus® prills sampled at the end of the
experiment (a). The pictures show that after 7 months, fertilizer was still inside the
prill (b) and most of the coating system was clearly detectable (c).
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Figure 3.12. FESEM pictures of Apex® prills sampled at the end of the experiment
(a). The pictures show that after 7 months, prills still have the same shape (b), but
most of the coating system and the fertilizer were diffused (c).
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4. DISCUSSION

4.1. Plant morphology

Moisture treatment was much more important than either fertilizer treatment

(Timmer and Miller 1991) or soil type on seedling development. Clearly, the wettest

moisture treatment applied in this experiment created significant differences in

seedling shoot and root characteristics. Regardless of fertilizer and soil treatment, as

moisture stress increased, seedling height, stem diameter, shoot and root volume

declined.

At the time of planting seedlings were only 4 cm tall. After transplanting

seedling growth was mostly limited by water availability (Burdett et al. 1984), and the

small seedlings had a very low capacity to store water (Newton and Preest 1988) as

well as to avoid transplant stress.

In general, moisture regimes had a greater effect on seedlings grown in the Apt

soil. Watering frequencies were lower in this soil, as a consequence of its higher water

infiltration after pots were saturated. In the Jory soil water tended to flow between the

soil and pot sidewalls, resulting in less water held by the soil. By the end of the

experiment a top layer of hard soil was formed in each pot, increasing the resistances

to water infiltration. The clay content of the Jory soil was 10% higher than the Apt

soil, and for the same volume of soil potted, it was heavier than the Apt soil. This

tendency to create this hard soil layer can affect seedling root development and

nutrient uptake. Page-Dumroese et al. (1998) reported that an increase of 15 to 20% in

soil bulk density can reduce Douglas-fir seedling roots by nearly 64%. Black (1988)
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found a poor response of Douglas-fir seedling that grew in potted Jory soil after about

three months because potted soil had poor aeration and high P fixation as compared to

peat-vermiculite.

Differences in soil moisture directly affect seedling nutrient uptake and

fertilizer release dynamics. Timmer and Armstrong (1989) found that nutrient loading

is more effective under well-watered conditions. The rate of nutrient released in CRFs

is directly related to water vapor pressure and the difference between the inside and

the outside of the prills, particularly under low soil moisture content (Kochba et al.

1990).

Soil moisture treatments and fertilizer type had a significant interaction effect

on seedling morphology. The effect of water was only significant for some of the

fertilizer treatments. Under the wettest moisture regime, seedlings were larger with

bigger stem diameter, shoot and root volume than the driest treatments for all the

fertilizer applications, especially in seedlings fertilized with Wilgro®. Dickson (1971)

reported that black walnut (Juglans nigra L.) seedlings had a significant response to

fertilization and soil type only with adequate soil moisture.

Wilgro® fertilizer tended to release a more rapid flush of nutrients than the

other fertilizers because of its water-soluble composition. According to the fertilizer

manufacturing information, Wilgro° releases about 30% of its controlled-release N

during the first one or two months, and most of the P and K are released shortly after

application. The other fertilizers have a slower release mechanism even though some

studies indicated that Osmocote® release most of the N and K soon after application
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(Huett 1997a; Huett 1997b). Lamont et al. (1987) found that under laboratory

conditions, resin coated fertilizers released more nutrients during the first week than in

subsequent weeks.

Although unfertilized seedlings tended to be larger than seedlings fertilized

with Apex® (Amn), Apex ® (Nit), and Osmocote Plus®, differences among them may

not be considered biologically meaningful. The lack of fertilizer effect for the 12%

and 18% soil moisture treatments on seedling morphology may be partly explained by

limitations in seedling development and the effect of moisture on fertilizer release

mechanisms. These results were not anticipated, since a number of studies showed a

positive seedling response to CRF applications. Differences in tree height of nearly

31% were measured for Douglas-fir trees after 6 years with Osmocote (17-7-12) and

Agriform® (20-10-5) at rates of 8.4 to 16.8g of N per tree in comparison with

unfertilized trees (van den Driessche 1988). Field applications of2lg of Osmocote®

(17-5-11) stimulated Douglas-fir seedling shoot growth by 42% compared to

unfertilized controls (Carlson and Preisig 1981).

4.2. Nutrient uptake

Nitrogen

Seedlings did not always respond positively to N fertilization. Negative or no

response of Douglas-fir seedlings to N fertilization has been observed in other studies

(Radwan and Shumway 1985). Soil type had a significant effect on foliar nutrient

concentration. N levels of seedlings grown in the Apt soil were above sufficiency
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range and no significant response to N application was detected.

Although fertilized seedlings received the same amount of N, nutrient

accumulation and concentration varied with fertilizer type. Based on vector diagrams,

most of the fertilized seedlings had some level of N excess or toxicity. Despite a

fertilizer x moisture interaction, each fertilizer application increased N concentrations.

N concentrations for seedlings fertilized with Apex® (Amn), Apex® (nit), Osmocote

Plus®, and Customblen® treatments were above sufficiency ranges determined by

Miles and Jones (1996), and Landis et al.(1989) for Douglas-fir. Only unfertilized

seedlings and those fertilized with Wilgro® had values of N concentration that are

classified by these authors as normal. Wilgro® fertilizer had more soluble components

than the other fertilizers which may have reduced nutrient accumulation and excessive

plant uptake.

Vector diagrams as interpreted by Haase and Rose (1995) showed that N was

at luxury levels for seedlings fertilized with Customblen®, and was in excess for

seedling fertilized with Apex® (Amn), Apex® (Nit), and Osmocote Plus®. Only

seedlings fertilized with Wilgro® showed some level of N deficiency after application.

Timmer and Miller (1991) reported a lower nutrient concentration and

electrical conductance in red pine seedlings with lower available water. Long periods

of water stress affected nutrient solubilization and mineralization.

The significantly higher shoot and root development of seedlings fertilized

with Wilgro® under the highest moisture level indicated that the fastest release

mechanism controlled by microbial activity coupled with soluble components
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stimulated seedling development when soil moisture levels were adequate. N is the

only controlled release component of this fertilizer, and only about 60% of the N

source is water insoluble (Table 2.3). The rest of the fertilizer is composed by water

soluble forms (MAP). Previous studies have revealed that N additions as MAP raised

P levels in the soil, lowered soil pH, and eventually increased P uptake (Peryea 1990).

By the end of the study it was clear that most of this fertilizer was dissolved.

The vector diagram (Figure 3.7) showed that N concentration was not limiting

with more available water. Seedlings with a higher soil moisture level had greater N

content and dry weight but not concentration, indicating that N was diluted in the plant

by greater growth.

High N application rates can increase salts accumulation and reduce root

development, especially in seedlings grown under drier moisture regimes. Jacobs

(2002) reported that Douglas-fir seedlings fertilized with Osmocote Plus® 15-9-12 at

high rates inhibited root growth. Timmer and Armstrong (1987) found that high N

fertilization rates might reduce root development. Hunt (1989) found that Engelmann

spruce seedlings fertilized with Osmocote® or Nutricote® had greater shoot

development and total weight, but less root weight than seedlings fertilized with only

soluble fertilizer. He also found a detrimental effect of Osmocote® on seedling

mycorrhizal development.

Phosphorus

From foliar analysis and soil information it appeared that P became the most
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limiting nutrient. P uptake by plants is closely related to the immobility of this

nutrient. Poor root development, clay content, and pH affect P uptake. All the fertilizer

treatments had lower foliar P concentration as compared to the unfertilized control

treatment. Unfertilized seedlings had greater root development and no fertilizer

accumulation that may have increased P uptake. P levels from fertilized seedlings

were comparable to Miles and Jones (1996), and Landis et al.(1989) critical standards

for deficiency in Douglas-fir.

The higher foliar N concentration of fertilized seedlings and the zero, or

negative effect of P on fertilized seedlings indicated that nutrient imbalances may have

occurred. Limitations of nutrient elements can affect optimal physiological activities

reducing growth and photosynthesis (Munson and Miller 1989b; Ingestad 1977). In

Douglas-fir forest sites that are high in N but low in soil available P, only addition of P

will produce some nutritional benefits (Radwan and Shumway 1985). Van den

Driessche and El-Kassaby (1990) reported that 2 year-old Douglas-fir seedlings grown

under different N and P fertilizer treatments had opposite concentrations of these

nutrients.

Whole seedling N concentration decreased with increasing P level, and P level

decreased with increasing N concentration. Roth and Newton (1996) found that

fertilization significantly increased Douglas-fir N concentration but had no effect on

foliar P concentration although tended to decrease after fertilizer application. A

possible explanation for this could be the lack of initial N deficiency or to a change in

soil chemistry produced by the fertilizer.
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Moisture treatments produced increases of 125% in P foliar concentration from

the driest and the wettest moisture regime with acceptable concentrations for seedlings

grown under the wettest one (Miles and Jones, 1996). Timmer and Miller (1991)

found a positive moisture effect on red pine seedling P concentration after repeated

fertilizer applications during 16 weeks (conventional application). In contrast, Haase

and Rose (1994) found that Douglas-fir seedlings increases in foliar P (22%), N

(35%), and K (13%) concentrations when seedlings were grown under drier

conditions. This could be explained by differences in the level of plant water stress

that affect nutrient use rates, decreased metabolic activity, and nutrient uptake.

Dickson (1971) found that smaller walnut plants grown under water stress conditions

had higher foliar N concentration and lower P concentration compared to those grown

at field capacity.

Other nutrients

Vector analysis showed that other macronutrients like K, Ca, Mg, and S were

limiting to growth for seedlings fertilized with Wilgro® (Figure 3.5 and Figure 3.6).

This fertilizer enhanced nutrient uptake, based on greater seedling weights and

increased foliar nutrient concentration and content. In this case, nutrient availability

can be limiting with the 18 g rate. Apex® (amn), and Apex® (nit) showed excess levels

for K and Ca.

Wilgro® incorporated other macro and micronutrients in comparison to the

other fertilizers. This difference in the nutrients applied (Table 2.4) produced
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variations in the final foliar concentration of K, Ca, Mg, S, Cu, B, Zn, and Na.

According to Miles and Jones (1996), and Landis et al. (1989) foliar nutrient

concentrations for these nutrients were adequate for most of the fertilizer applications.

According to the values recommended by these authors B excess was detected on

seedlings fertilized with Wilgro®. Foliar Fe concentration was extremely high for all

fertilizer treatments, as compared with ranges considered by Landis (1989). IN both

cases, no visual symptoms of toxicity were detected at any time during the study.

Micronutrient deficiencies are problematical to diagnose because the symptoms are

often a result of imbalances between different nutrients, especially Fe (Landis et al.

1989). The use of nutrient ranges for seedling need to be used only as reference. Many

factors like seedling age, sampling methods, and laboratory analysis affect nutrient

levels and interpretation results.

4.3. Total and available soil P

The soluble source of P (MAP) in Wilgro® fertilizer, significantly increased

the total and available P in both soils. All the other CRF tended to increase the

available P in comparison to the unfertilized treatment. At the end of the study,

available P was only a minimal fraction of the total P measured in both soils.

P is highly insoluble in acid soils (Metzger 1941) and under low soil moisture

conditions, soluble P additions to the soil are normally fixed, and in time, form highly

insoluble forms. The amount of available P was lower than that expected in both soils,

even under the wettest moisture regime. In addition to poor seedling root development
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(Jacobs 2002), soil P fixation (Appendix 2), and different CRF release rates

(Aizugaray 2002) can affect nutrient availability.

Moisture treatment had a significant effect on P uptake and availability. More

rapid release rates of polymer-coated fertilizers have been measured in soils between

50 and 100% of field capacity than in similar soils with 0 and 25% (Kochba et al.

1990). The release mechanism of polymer-coated CRF is closely related to moisture

level because water vapor condenses inside the prill, dissolves the particles, and builds

enough hydrostatic pressure to expand the micropores of the coating and release the

fertilizer through them (Goertz 1993).

Soil pH may can also have affect P availability. The Jory soil and the Apt soil

had pH of 5.8 and 5.2, respectively (Appendix 2). Under these acidic conditions, P

may be adsorbed to iron and aluminum to form insoluble compounds (Mengel and

Kirkby 2001).

After 7 months, remaining prills still had P inside them. Simplot and Osmocote

Plus® prills were easily collected from the soil, as opposed to Customblen® prills that

were broken up or empty. Soil moisture had a significant effect on total P

concentration in residual fertilizer prills. P concentrations were correlated with the

initial P. No P differences were detected between the 12% and the 24% soil moisture

regime for the Apex and Customblen® fertilizer prills. On the other hand, Osmocote

Plus® prills had significant differences between moisture treatments in the final P

concentration indicating that the release mechanism of this fertilizer could be affected

by water. Differences in seedling response to fertilization and moisture treatments
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were reported by Townsend (1995). He found that under well-watered conditions

Sitka spruce (Picea sitchensis (Bong.) Carr.) seedlings fertilized with Osmocote® grew

more than unfertilized seedlings. But, under water stress conditions, unfertilized

seedlings had a better performance.

Alzugaray (2002) found remaining micro and macronutrients on buried

Simplot® CRF prills removed from a field experiment after sixty-two weeks. Only

about 22 to 38% of initial P content was released after 62 weeks in a field

environment. The study concluded that since other nutrients, such as Al and Fe, were

present within the prills, that these nutrients were likely adsorbed to P particles

forming insoluble compounds. FESEM pictures from Apex and Osmocote Plus®

fertilizers, confirmed that fertilizer salts were still present inside the prills, even in the

wettest soil moisture regime.

5. CONCLUSIONS

The use of controlled-release fertilizers in the Pacific Northwest may offer a

good opportunity to optimize the use of resources and match seedling nutritional

requirements during the growing season. The study results suggest that CRF

application must consider site characteristics like soil moisture availability in order to

be most effective. Although different types of CRF had dissimilar release patterns,

most of the significant effects were found with increasing available water. The

benefits that this type of technology offers will be effective with the right choice of

fertilizer and good knowledge of the soil characteristics that interact with the fertilizer,



like clay content and initial nutritional levels.

Further studies are necessary in order to increase the understanding of the

effect of soil moisture level and the different coating systems on specific nutrient

releases and availability. The release mechanisms of CRFs on forest soil are not

uniform, due to the site variability that affect soil temperature and moisture content.
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Appendix A. Statistical analysis tables

Table A.!. Manova test criteria, for seedling total height, stem diameter, root and
shoot volume and root and shoot dry weight using Wilks' Lambda statistics

> FValue F Value Num DF Den DF Pr

Table A.2. Anova table for log S:R volume

Table A.3. Anova table for 10 S:R d
Effect Num Den F Value Pr > F

DF DF
F 5 140 4.95 0.003
S 1 140 25.82 <.0001
F*S 5 140 1.05 0.3905
M 2 140 5.97 0.0032
F*M 10 140 1.67 0.0927
S*M 2 140 3.30 0.0397
F*S*M 10 140 0.66 0.7569
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B 0.55018131 3.68 24 472.17 <.0001
F 0.60383983 2.43 30 542 <.0001
S 0.58481360 15.97 6 135 <.0001
M 0.38087641 13.96 12 270 <.0001
F*S 0.69631750 1.71 30 542 0.0116
F*M 0.50887838 1.63 60 712.36 0.0024
M*S 0.73548056 3.74 12 270 <.0001
F*S*M 0.60446168 1.20 60 712.36 0.1529

Effect Num Den F Value Pr > F
DF DF

F 5 140 2.85 0.017
S 1 140 11.18 <.0011
F*S 5 140 1.89 0.0996
M 2 140 0.94 0.3943
F*M 10 140 0.80 0.6263
S*M 2 140 0.28 0.7544
F*S*M 10 140 0.32 0.9737



Table A.4. Anova table model for foliar nutrient concentration and content analysis.
Detected p-values for macronutrients (a) and micronutrients (b) foliar concentration,
and macronutrients (c) and micronutrients (d) foliar content.

4. a. p-values for foliar macronutrient concentrations

*log transformation was required after test for normality

4.b. p-values for foliar micronutrient concentrations

*log transformation was required after test for normality
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Factor N K* Ca Mg S
F <.0001 <.0001 0.0005 <.0001 <.0001 <.0001
S 0.0002 0.3841 <.0001 <.0001 <.0001 0.3761
M 0.0066 <.0001 0.0279 0.3779 <.0001 <.0001
F*S 0.1611 0.1793 0.0086 0.7183 0.6494 0.4337
F*M 0.0216 0.5532 0.1115 0.7569 0.3802 0.1047
S*M 0.1412 0.0743 0.0001 0.3187 0.4982 0.7334
F*S*M 0.7394 0.1601 0.6195 0.1670 0.3112 0.2466

Num
Df

Den
Df

Block 3 70
F 5 70
S 1 70
M 2 70
F*S 5 70
F*M 10 70
S*M 2 70
F*S*M 10 70

Factor Zn * Mn * Na Cu * Fe B *

F <.0001 <.0001 0.0929 0.0002 0.0341 <.0001
S 0.0205 <.0001 0.8239 0.0638 <.0001 0.0083
M 0.0199 <.0001 0.0005 0.1478 0.5811 0.558
F*S 0.0244 0.0507 0.9930 0.0306 0.6481 0.0181
F*M 0.2499 0.0101 0.8781 0.6862 0.0855 0.2764
S*M 0.9267 0.2995 0.8804 0.6266 0.0646 0.9279
F*S*M 0.5841 0.0252 0.8960 0.5321 0.3524 0.7915



p-values for foliar macronutrient content

*log transformation was required after test for normality

p-values for foliar micronutrient content

*log transformation was required after test for normality

Table A.5. Anova table for total P found in remaining prills
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Factor N* K* Ca* Mg* S
F 0.0024 <.0001 0.0038 0.0003 0.0210 <.0001
S 0.0009 0.3752 <.0001 <.0001 0.0385 0.0303
M <.0001 <.0001 <.0001 <.0001 0.0055 <.0001
F*S 0.3406 0.0104 0.3455 0.0427 0.3754 0.1629
F*M 0.2137 0.1376 0.2212 0.1041 0.8047 0.7587
S*M 0.2575 0.1116 0.0106 0.1046 0.1088 0.7096
F*S*M 0.8287 0.3594 0.6851 0.3666 0.9723 0.3580

Factor Zn Mn * Na Cu Fe B
F <.0001 0.0148 0.0228 0.0012 0.0165 <.0001
S 0.0159 <.0001 0.3385 0.7121 0.0151 0.2354
M 0.0077 <.0001 0.0512 0.0021 0.0005 0.2306
F*S 0.0341 0.0893 0.7981 0.0794 0.9499 0.7085
F*M 0.3847 0.1578 0.3183 0.3948 0.0483 0.9839
S*M 0.5618 0.1605 0.1382 0.0797 0.1778 0.5555
F*S*M 0.4129 0.4783 0.7981 0.7435 0.9335 0.8036

Effect Num Den F Value Pr > F
DF DF

F 3 54 267.09 <.0001
S 1 54 1.05 0.3096
M 1 54 38.11 <.0001
F*S 3 54 1.45 0.2397
F*M 3 54 5.08 0.0036
S *M 1 54 1.56 0.2165
F*S*M 3 54 0.13 0.9402



Table A.6. Anova table model and p-values for soil total and available P sampled
from the wettest moisture regime.

65

Num
Factor DF

Den
Df

B 4 44
F 5 44
S 1 44
F*S 5 44

E ect AvP TotaiP
F <.0001 <.0001
S <.0001 0.0059
F*S 0.003 1 0.2454



Appendix B. Separate experiment. The effect of soil type, phosphorus rate, and
time on total and available P.

Objective

To improve the understanding of the different soil types, a separate experiment

was conducted to support the main study objectives.

The objective of this experiment was to measure the effect of six rates

(including one control) of P on the two different soil types (Jory and Apt) being used

for the main experiment. These rates were determined after soil characterization. Four

500 g replicates of each soil will be placed in a plastic bag and thoroughly mixed with

the P fertilizer (TSP). The bags will be kept in a dark shelve. Soil from each treatment

will be analyzed for total and available P after 4, 8 and 16 months. Inspection of

normality, variance of the residuals, and linearity was performed. Soil total and

available P required logarithmic transformation in order to validate these assumptions;

means of back transformed data are presented. All the variables were analyzed using

analysis of variance (ANOVA). If a significant time, rate, and/or soil type effect was

detected using ANOVA (p<O.O5), adjusted Tukey procedure was used for multiple

comparisons among the treatments (a 0.05). Statistical Analysis System (SAS

Institute Inc., Cary, NC, USA) software was used for all data analysis.
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Table B.!. Fertilizer characteristics

Table B.2. Soil Characteristics
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Results

Soil total and available P differed greatly by P rate and soil type during the

time of the experiment. Two-way interactions were detected for P rate, soil type and

time (Table 2 and Table 3). Regardless of these interactions, soil available P tended to

decreased during time, indicating the presence of P fixation (Figure 1). The lack of

differences of Total P did not have significant changes during the time of the

experiment. Natural differences in soil characteristics resulted in significant

differences between the same application rates of Apt and Jory soils (Figure 2).

Treatment P (g)

P1 0.05

P2 0.10

P3 0.25

P4 0.50

P5 1.00

Control n/a

Soil - PH Total P

ppm

Available P

ppm

Jory 5.8 1076 4

Apt 5.2 1070 6



Table B.3. ANOVA table for soil available P

Table B.4. ANOVA table for soil total P
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Effect DF F Value Pr> F

T 2 47.6 <.0001
S 1 1.66 0.2055

T*S 2 0.07 0.9356
R 5 309.5 <.0001

T*R 10 3.1 0.006
S*R 5 11.55 <.0001

T*S*R 10 1.05 0.4234

Effect DF F Value Pr> F

T 2 1.98 0.153

S 1 14.28 0.0006
T*S 2 5.96 0.0058

R 5 366.19 <.0001
T*R 10 2.22 0.0393
S*R 5 14.73 <.0001

T*S*R 10 1.71 0.1164



Soil Available P by soil type and time
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Figure B.1. Mean soil available P by soil type, rate and time. Brackets indicate 95%
confidence interval.
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Soil Total P by soil type and time
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Figure B.2. Mean soil total P. Brackets indicate 95% confidence interval.
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