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Abstract
Estimating the growth response of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) stands after nitrogen (N) fertilization is difficult due to the high site variability present in   the Pacific Northwest.  Our objective was to determine how site and soil variables influence stand response to applications of 224 kg N ha-1 as urea once every four years.  The unstandardized residuals of two dependent variables (total volume and 4-year periodic annual increment, or PAI) were regressed against site and soil variables using stepwise regression. Data were stratified by three different stand density treatments: unaltered stand density (SD), one-half SD (SD/2), and one-quarter SD (SD/4).  Total volume and 4-year PAI after two applications of urea was significantly higher (p = 0.008; 0.009) in fertilized plots than non-fertilized plots.  Only total volume was significant (p = 0.021) after the third fertilizer application, while PAI was not. Thinning effects were highly significant (p <0.001) for all three fertilizer applications. The strongest related stand, site or soil variable to fertilization response existed between the concentration of N(%) at the 30 to 50-cm depth and total volume (R2 = 0.833) for the SD/2 stand density management regime. The regression analysis showed that the most influential variables were concentrations of C, N, NH4+, and NO3-, with stand and site variables contributing very little to the total variation explained.  The results demonstrate that multiple applications of urea provide significant increases in total volume but fertilization effects diminish over time. 

Introduction

Accurately selecting sites on which trees will respond to fertilization has challenged forest managers because of the high variability of site quality, soils and nutrient status amongst stands across large spatial scales.  In the Pacific Northwest, nitrogen (N) availability usually is the limiting factor that predominantly restricts adequate stand growth (Gessel et al., 1973).   Over 65,000 ha of forest land in the Pacific Northwest is annually fertilized with N to offset this limitation (Briggs and Trobaugh, 2001).  Volume growth of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) after N fertilization is enhanced in over 70% of Douglas-fir trials, but the degree of response is highly variable across sites (Miller et al., 1986) and forest stands with similar site characteristics do not always respond equally to N fertilization (Peterson et al., 1984). The duration of volume response for thinned Douglas-fir stands to fertilization with a single application of urea at a rate 224 kg ha-1 is approximately 8 years on average (Opalach et al., 1987; Omule, 1990; Stegemoeller and Chappell, 1991) and occasionally last more than 10 years (Strader and Binkley, 1989; Mitchell et al., 1996); however, unthinned Douglas-fir stands have shown a continuous volume response to fertilization for 12-14 years in some instances (Peterson and Heath, 1986; Stegemoeller and Chappell, 1991). To a lesser extent, studies that examine the effects of multiple fertilization applications show that stands significantly respond for at least two years following additional fertilization (Chappell et al., 1991).


Several studies have examined whether various stand, site and soil variables can be used to predict Douglas-fir response to fertilization.  Foliar levels of sulphate (SO4-S) (Turner et al., 1977, 1979, 1988; Carter et al., 1998) and N (Hopmans and Chappell, 1994; Carter et al., 1998) have been used to predict stand response of Douglas-fir to nitrogenous fertilization. In a study by Turner et al. (1979), foliar SO4-S was the correct predictive index for 17 out of 19 (89.5% accuracy) Douglas-fir stands studied to determine volume response due to fertilization, whereas only 12 of those stands were correctly identified (63.3%) when foliar N concentrations were used as a predictive index.   Hopmans and Chappell (1994) found that using foliar N from non-fertilized sites as a predictive index to estimate Douglas-fir growth response to N fertilization explained 94% of the variation, where as Turner et al. (1988) showed that 61% of the variation in basal area response was explained by foliar N in untreated trees. Carter et al. (1998) compared the predictive ability of both foliar N and foliar SO4-S and found that foliar N (68.5%) was a better predictive index of basal area response in coastal Douglas-fir than foliar SO4-S (58%). In addition to the aforementioned stand variables used as predictive variables, several soil chemical properties have shown to be potentially useful as well, such as mineralizable N (Shumway and Atkinson, 1978; Powers, 1980; Radwan and Shumway, 1984; Blake, 1985; Carter et al., 1998), forest floor and mineral soil carbon (C):N ratios (Peterson et al., 1984; Edmonds and Hsiang, 1987; Miller et al., 1989) and forest floor C:N ratios along with exchangeable K (Edmonds and Hsiang, 1987).These studies demonstrate the heterogeneous nature of forests from site to site and that some stand and soil properties are better predictors for fertilization response in some areas while in others they may not be as useful.

Forest managers are often skeptical of fertilization because of its expensive nature and whether it will provide a significant increase in the overall value of the stand when harvested.  As noted earlier, the extent and duration of response from N fertilization varies as well as which stand, site or soil variables best predict whether a particular stand will respond to fertilization. All of the aforementioned studies regarding estimating fertilization response with the exception of Hopmans and Chappell (1994) examined naturally self-thinned and mechanically thinned stands derived from natural seed sources.  In our study we measured planted Douglas-fir from known seed sources with different spacing, stocking and thinning regimes. Decades of research have used natural stands to examine the effectiveness of various predictor variables for estimating growth response of Douglas-fir to N fertilization; however, in today's forestry practices forest managers primarily plant genetically improved seedlings from known families with tremendous growth rates.  Due to this change over the past few decades, results from the majority of the previously mentioned studies may not be as applicable for modern day plantation forestry.  The results from this study offer insight on growth and yield dynamics of modern plantation forestry and hope to alleviate some of the uncertainties associated with forest fertilization.  This study was based on seven Stand Management Cooperative (SMC) Type I installations planted with Douglas-fir. Research plots were either unfertilized or had 224 kg ha-1 of urea applied once every 4 years since study establishment (Maguire et al., 1991).  The average breast height (BH) age at the time of the first application was 6 years. The objective of this study was to use multiple linear regression as a tool to help determine which stand, site and/or soil variables can aid in the selection of Douglas-fir stands for nitrogenous fertilization.   Specifically, the following were examined for fertilization response: (i) relative percent response of total volume and 4-year periodic annual increment (PAI) across all treatment application time intervals since study establishment, (ii) stand, site and soil conditions for the installations sampled and (iii) formulation of regression equations between relative 4-year PAI and total volume response to various soil, site and stand variables.. 
Experimental Materials and Methods
Study Sites 

The seven study installations are located west of the Cascade crest in Washington and Oregon (Fig. 1) between 44º and 48º latitude and 121º and 125º longitude, 18 and 823-m elevation, 0 and 40% slope, 751 and 1778-mmyr-1 total precipitation,  and 27 and 41-m site index (SI) at a reference age of 50 years (King, 1966; Table 1).  Stand establishment at each installation occurred between 1976 and 1984 on a variety of soil types (Table 1). The average Douglas-fir site class, which is based on site index, for the seven installations was a site class II, where five site classes exist according to King (1966), with a site class I representing an optimum site and a site class V representing a very poor site. The East Twin Creek, Sandy Shore and Twin Peak installations were the northern-most sites examined and occur on glacial outwash soils. This was determined by the parent material, coarse textural class and location in relation to the southward extent of the last glaciation period. The remaining four installations (Ostrander Rd., Roaring River, Silver Creek and Toledo) occur on soils that are well developed based on soil structure and parent material from descriptive soil profile pits and observations at the various sites. The majority of the older soils were developed in residuum (Ostrander Rd., Roaring River, Silver Creek) or in alluvium (Toledo).       

Experimental Design


Installations are the blocking factor in the randomized complete block design.  Six 0.2-ha measurement sample plots (47.2-m x 47.2-m), surrounded on all four sides by a 9.3-m-wide treated buffer strip, were examined in each installation. Table 2 summarizes pretreatment conditions of various stand attributes such as breast height age, trees per hectare, stand volume, quadratic mean diameter, basal area and relative density for the three stand density treatments.  The unaltered stand density treatment (SD) represented the highest stand density. The other two stand density treatments were created by retaining only one-half of the total trees in the SD treatment (i.e., the SD/2 stand density treatment) or one-quarter (i.e., the SD/4 stand density treatment).  Each installation had different initial stand densities prior to study establishment (i.e., SD); therefore, the total number of trees per hectare in each stand density management regime varied slightly across the seven installations. Variation of these stand densities is outlined in Table 2 and additional details on the design of SMC installations can be found in Maguire et al. (1991).

Three fertilized and three non-fertilized plots were analyzed in each installation (N=42).  Each of the stand density treatments had various thinning regimes primarily based on the relative density of the stand, which is a function of the basal area and quadratic mean diameter of a stand (Table 3) and is a commonly used index for planning time of thinning (Curtis, 1982):  
· SD: had a repeated thinning regime with the first thinning occurring at a relative density of 55 and was thinned to a relative density of 35, the next thinning occurred once the stand exceeded a relative density of 55 the second time, but was only thinned to a relative density of 40, and subsequent thinnings occurred when the stand exceeded a relative density of 60 and was thinned to a relative density of 40 thereafter.
· SD/2: had a minimal thinning regime being thinned once the relative density exceeded 55 and was thinned down to a relative density of 35 once, with no further thinnings.
· SD/4: received no thinnings.
Soil Sampling and Chemical Analysis

Forest floor and mineral soil samples were collected during the summer of 2004.  The mineral soil was sampled at predetermined depths (0 to 15-cm, 15 to 30-cm, and 30 to 50-cm).  Several chemical analyses were performed on the fine-earth fraction (<2-mm; Table 3).  For the mineral soil, one composite sample was created by combining cores taken at five random points within each of the measurement sample plots.  Each composite sample consisted of four subsamples taken in a cluster (2-m x 2-m area) at five random sampling points with a bucket auger (n=20 subsamples; Fig. 2). For soils that contained large quantities of coarse fragments that prevented the use of the bucket auger, an excavation method was used to collect representative mineral soil subsamples at the designated sampling depths (Canary et al., 2001). The 20 subsamples were placed in a bucket, thoroughly mixed, and a large subsample from each plot was bagged and taken back to the lab for chemical analysis.  Subsamples were air dried for at minimum of one week, passed through a 2-mm sieve, and composite by mass.  Composite soil samples from the field were spread onto a 25-cm2 square grid (5 x 5, one cm2 squares).  Representative composite samples used for chemical analysis were obtained by taking equal proportions of mineral soil from each square on the 25-cm2 grid. Bulk density (Db) samples were obtained using a 7.65cm inner-diameter steel pipe, which was designed to capture more of the variability associated with soils that contain high quantities of coarse fragments. Bulk density samples were oven-dried for 48hrs at 105ºC. The <2-mm and >2-mm sample fractions were separated and weighed independently.  

Forest floor samples were taken at four random points in the measurement sample plots using a 30-cm x 30-cm sampling frame (Fig. 2).  Live herbaceous and woody plants were excluded, but moss mats were included in the forest floor samples.  The principal components of the forest floor sample (e.g. conifer needles, fern litter, moss mat, etc.) and an estimate of average forest floor depth were noted.  Forest floor samples were oven-dried at 70ºC to a constant weight and weighed.  Samples were ground through a 2-mm sieve in a No.3 Wiley Mill (Thomas Scientific, Swedesboro, NJ) and prepared for chemical analysis.  

The combustion method was used to determine the concentration of N (%N) and C (%C) present in the forest floor and mineral soil (Nelson and Sommers, 1982) using a Perkin Elmer Model 2400 CHN analyzer (Perkin Elmer, Wellesley, MA). Total N and C were expressed in kg ha-1 calculated via the following formula:

Db (g cm-3) ( thickness (cm) ( [N or C (%)] ( 1000
[1]

 Available NO3- and NH4+ were determined using O-I Analytical 500 Auto analyzer (O-I Analytical, College Station, TX). The effective cation exchange capacity (ECEC) was estimated for these soils because of their inherent low acidity. An unbuffered 1M NH4Cl solution was used to estimate ECEC by using a mechanical-syringe extractor (Table 3).  This method has been recommended for estimating forest soil cation exchange capacity (Skinner et al., 2001).
Stand and Site Variables

Specific stand and site variables (age, site index, relative density, elevation, annual precipitation, and slope) were determined using the methods shown in Table 3.  

Statistical Modeling and Analysis


Analysis was conducted in two phases. First, relative volume response and relative 4-year PAI response due to fertilization were calculated for each stand density management treatment:

Relative Volume Response (%) = (MMF - MMNF)/( MMNF) X 100 
[2]

where MMF = marginal mean of fertilized stand density management regime plots (i.e., n=7 for SD, SD/2 and SD/4) and MMNF = marginal mean of non-fertilized stand density management regime plots (n=7), where the marginal mean is the predicted total volume or 4-year PAI from the statistical model (Eq. [3]). The marginal means used to calculate relative response for total volume and 4-year PAI are volume estimates from the fertilized and non-fertilized plots for each of the three stand density management regimes.  These volume estimates calculated by the model standardize the values based on the covariate data Eq. [3]. Relative response was based on measurements taken 4 years following fertilization and prior to additional fertilizer applications for all individual trees within each plot across all stand density management regimes.  Fertilization has occurred at three independent times since study establishment (i.e., once every 4 years). Total volume and 4-year PAI were chosen as the response variables because they provide both long-term and short-term response trends potentially due to fertilization.  Total volume response provides a cumulative representation of fertilization effects on wood production compared to the non-fertilized control treatments since study establishment, where as 4-year PAI provides an index of the total wood produced due to the last fertilizer application.


The marginal means for the fertilized and non-fertilized plots for each stand density management regime were determined by the output of the following statistical model:
yijk = µ + αi + γj + αγij + β1x1ijk + β2x2ijk + β3x3ijk + єijk

[3]

where yijk= Douglas-fir 4-year PAI or total volume for the fertilization level i and thinning level  j, µ is the mean Douglas-fir 4-year PAI or volume, αi is the fixed effect of the i-th fertilizer regime, γj is the fixed effect of the j-th stand density management regime, αγij is the interaction effect of the i-th fertilizer & j-th stand density management regime, β’s are the slopes of volume against various covariates, x1ijk is the covariate for SI30 (Flewelling et al., 2001)  for each plot (N = 42), x2ijk is the covariate for the initial trees per hectare for each plot before treatment (N = 42), and x3ijk is the covariate for breast height age of each plot (N = 42).  Analysis of covariance (ANCOVA) was used to determine the significance (α < 0.1) of fertilization, thinning and the interaction of fertilization and thinning for the plots sampled.  This statistical model used conforms to the assumptions typically made for ANCOVA (Neter et al., 1996). These three covariates were chosen to make treatment comparisons more precise.  This was essential because of the varying initial stand densities, site quality, and ages of the stands for each installation prior to study establishment. The Flewelling SI30 method was used because it provided specific site indices on a plot by plot basis (N= 42) opposed to the conventional SI50 which only provided an average site index for each installation (n = 7) which also includes several other research plots not used in this study.  The initial trees per hectare covariate represents the initial stand density for all areas considered prior to the randomization process of assigning the fertilization and stand density management regimes (i.e., all plots would have been characterized as the SD stand density management regime before treatments were implemented).

In the second phase of analysis, the unstandardized residuals of the two dependent variables were regressed against soil, site and stand variables (Table 3) using stepwise regression.  The unstandardized residuals represent the difference in stand volume from actual measurements taken in the field and what the model predicted based on the adjustments from the covariates.  The data were stratified by the different stand density management regimes (n = 3) using the non-fertilized plots only (n = 21).  During the regression analysis, special attention was given to potential problems associated with multicollinearity.  The variance inflation factor (VIF) was used to asses whether multicollinearity was a serious problem for the predictor variables used in the reported regression equations.  When the VIF is less than 10, typically it is assumed that multicollinearity is not a problem and a VIF of 1 indicates there is no collinearity (Ott and Longnecker, 2001). These assumptions were used for the regression analysis in this study with equations having a p < 0.05 being reported. The VIF is more complete than a Pearson's Correlation test because it takes into account all relationships amongst the predictor variables opposed to examining each predictor variable with the response variable independently (Ott and Longnecker, 2001).  All statistical analyses were executed using SPSS® version 12.0 (SPSS, 2003) statistical software.

Results and Discussion
Overall Douglas-fir total volume and 4-year PAI response

Four years after the first fertilization treatment (average breast height age 10) both the SD and SD/2 plots had positive growth responses for both total volume and 4-year PAI, while the SD/4 plots had a negative response (Fig. 3).  The SD plots had a 16% response for total volume and 18% response for 4-year PAI.  The SD/2 plots responded slightly less at 15% and 17% for total volume and 4-year PAI, respectively.  The SD/4 plots had a -10% and -7% response for total volume and 4-year PAI in the fertilized plots than the non-fertilized plots.  The understory of the SD/4 plots primarily consisted of Oregon grape (Berberis aquifolium ) and salal (Gaultheria shallon).The combination of low stand density, increased light reaching the understory, and an increase in available water coupled with N fertilization likely promoted the growth of these aggressive native understory species, while suppressing the growth of the young Douglas-fir trees in the SD/4 plots.  It has been shown that understory plants in the Pacific Northwest, especially salal, will increase in density during the first few years following fertilization in low density or heavily thinned Douglas-fir stands; however, as more fertilizer treatments are applied the understory population decreases as Douglas-fir progresses towards canopy closure (Prescott et al., 1993; Thomas et al., 1999; He and Barclay, 2000).  Other potential reasons for the delayed response of the SD/4 fertilized plots can be attributed to competition between the overstory and understory biota for soil water.  Studies involving unthinned and thinned stands of Douglas-fir with over 50% of the stems removed showed that transpiration rates were similar for the unthinned and thinned Douglas-fir stands and that the dense salal understory was consuming over one-half of the available water (Black et al., 1980).  Although no quantitative data are available, extremely large branches were observed in the SD/4 plots, which suggests a potential allometric shift from primarily stem wood production towards more leaf area and larger crowns due to the increased spacing. The ANCOVA for total volume after the first fertilization treatment showed a significant thinning effect, but neither fertilization nor the interaction between fertilization and thinning were statistically significant (Table 4).   For the 4-year PAI after the first treatment, the ANCOVA showed a significant thinning and fertilization effect (p <0.001; p = 0.059), while the interaction between fertilization and thinning was not statistically significant (Table 4).

Four years after the second fertilization treatment (eight years since study establishment;average breast height age 14) all three treatment regimes had a positive response to fertilization for both total volume and 4-year PAI.  The SD plots had an 18% response for total volume and a 20% response for 4-year PAI, where as the SD/2 plots had a 17% and 10% response for total volume and 4-year PAI, respectively.  The SD/4 plots responded slightly to fertilization for total volume (1%), where as 4-year PAI had a substantial response (19%) to N fertilization during this treatment interval.  During this period, all treatment regimes increased in volume by more than 50% since the last treatment interval. The ANCOVA revealed that both thinning and fertilization effects were significant for both total volume (p <0.001; p = 0.009) and 4-year PAI (p <0.001; p = 0.008), but the interaction between the two remained statistically insignificant (Table 4).    


 Four years after the third fertilization treatment (twelve years since study establishment; average breast height age 18) total volume response was 19% for the SD, 9% for the SD/2 and 10% for the SD/4 plots. However, the 4-year PAI for all three treatment regimes dropped significantly following the third treatment (SD = 11%, SD/2 = 0% and SD/4 = 9%).  The ANCOVA for total volume showed significant thinning and fertilization effects (p <0.001; p =0.021) and the interaction between them remained insignificant (Table 4). The ANCOVA for 4-year PAI showed significant thinning effects (p = 0.013), while fertilization and the interaction were not significant. This implies that repeated N fertilization may not significantly increase volume growth enough to justify the associated costs in regard to the 4-year PAI after the last fertilization.  
Stand Conditions


Measurements of stand, site and soil conditions for the three stand density management regimes (SD, SD/2, and SD/4) were made to examine potential explanations for the magnitude of fertilization response observed following three repeated fertilizations (Table 5). The site indices of the plots for each of the three stand density management regimes were virtually equivalent, while the quadratic mean diameter increased with decreasing stand density.  This trend is often seen when there are fewer stems per hectare because of the increased availability of nutrients for each individual stem.  As mentioned earlier, the delay in response for the SD/4 was directly related to this phenomenon.  The aggressive understory most likely competed for soil water and nutrients during the first and second fertilizer applications, but as time progressed the trees became larger and the understory could no longer compete effectively for these resources.  As a result of this, a positive response began to show for the SD/4 stand density treatment.


The concentration of C and N in the forest floor were similar for the three stand density management regimes while the mean forest floor C:N ratios were approximately 30:1 (Table 5) across all stand density management regimes.  The C:N ratio observed for this study was less than those observed in previous studies.  Edmonds and Hsiang (1987), Peterson et al. (1984) and Hopmans and Chappell (1994) all reported mean forest floor C:N ratios around 40:1.  The lower C:N ratio of the forest floor in this study maybe due to the overall higher quality of sites used in this study, where as the aforementioned studies occurred on lower quality sites on average.   The average site index across all installations was 36.4m at 50 years (site class II; King, 1966).  Many studies show that nutrient use efficiency is inversely related to site quality (Mitchell et al., 1996). This implies that higher quality sites tend to have low nutrient use efficiency values, where as lower quality sites have higher nutrient use efficiency values.  The low C:N ratio of the forest floor in this study suggests that nitrogen may not be as limiting (i.e., low nutrient use efficiency) in these sites when compared to those in previously mentioned studies.  For the mineral soil, the C:N ratios for these relatively high quality sites was 20:1 (Table 5) on average for all stand density management regimes and mineral soil sampling depths. This implies that there is net mineralization regardless of fertilization (Stevenson and Cole, 1999). Typically this occurs when favorable soil moisture and temperatures are present to promote high microbial activity, which is the main driving factor for the mineralization process to occur.

The pH of the mineral soil at all depths for the three stand density management regimes were well within typical pH observed for Douglas-fir and other coniferous forests.  Urea can cause the soil pH to become more acidic over time due to nitrification of ammonium nitrate, which is more acidic, but this is usually a short-term phenomenon, with levels typically returning close to pretreatment conditions within a year following fertilization treatments (Dangerfield and Brix, 1979).


Extractable inorganic N (NH4+ and NO3-) concentrations and effective cation exchange capacities were similar between each stand density management regime..  In general, inorganic N concentrations decreased with depth which is expected because organic C sources are generally higher in the forest floor and A-horizon and are lower in subsurface horizons.


It is important to note that many soil chemical properties fluctuate throughout the year. Many other nutrients such as available P, K and S were not measured, and these potentially could have explained why volume response was variable across sites.  When a system becomes saturated with N, other potential nutrient deficiencies could develop or concentrations may be close to critical levels, which may limit response to N-fertilization.  The formulation of proper fertilizer blends may alleviate this potential side effect of excessive N if this becomes an issue.   Regardless of stand density, the nutrient status of all installations was similar.  Since pre-treatment soil samples were not taken it is difficult to determine the absolute effect that N fertilization had on soil chemical properties.  However, the use of non-fertilized control plots as a benchmark provided an adequate representation since 12 years is not a significant amount of time for substantial changes in soil chemical properties to occur.  Natural catastrophic events such as volcano eruptions could have an impact, but the installations sampled were well away from the significant impact zone associated with the 1980 eruption of Mt. St. Helens.
Predicting Response to Fertilization from Stand, Site and Soil Variables
Stepwise regression between the unstandardized residuals of the dependent variables (4-year PAI and total volume) from Eq. [3] and the independent stand, site and soil variables explained various degrees of the residual variation (Table 6).  
When comparing potential relationships across all the nonfertilized stand density management regimes (N = 21), the best equation used only elevation as the predictor variable and explained 37% of the residual variation (Adj. R2 = 0.368; Table 6) for the unstandardized residuals of total volume and had a VIF of 1.  Relationships between 4-year PAI and stand, site and soil variables across all stand density management regimes were very weak with the best equation explaining only 17% of the residual variation (Adj. R2 = 0.174; Table 6) when using total N at the 15 to 30-cm depth as a predictor variable and also had a VIF of 1.

Stratifying by stand density management regimes improved explanation of residual variation, consistent with Edmonds and Hsiang (1987) who reported an improvement in predicting response to fertilization when data were stratified by thinning regimes, geographic location and relative site class.  By stratifying the stand density management regimes, closer examination of the effects of different levels of competition, sunlight and nutrient use on response could be better observed.  The strongest multiple regression equation for the SD stand density management regime explained 90% of the residual variation (Adj. R2 = 0.901; Table 6) when 4-year PAI was used as the dependent variable.  The concentration of NH4+ at the 15 to 30-cm depth explained the majority of the residual variation (60%), with the inclusion of  %C at the 15 to 30-cm depth increasing the amount of variation explained by 30%, respectively.  The VIF for this equation was the highest for all equations reported with a value of 9, but is still less than 10; however, by using only the concentration of NH4+ at the 15 to 30-cm depth the VIF was only 1 while explaining 60% of the residual variation as noted earlier.  When total volume was used as the predictor variable, available NO3- at the 15 to 30-cm depth explained 61% of the total variation (Adj. R2 = 0.611; Table 6) with a VIF of 1. . 


For the SD/2 stand density management regime, the use of %C at the 30 to 50-cm depth and relative density (RD), with 4-year PAI as the dependent variable, explained the highest amount of residual variation (95%) not only for this stand density management regime but also represented the strongest relationship for any single or combination of soil, stand or site variables (R2 = 0.946; Table 6).  The VIF for this equation was moderate with a value of 4.  When %C at the 30 to 50-cm depth was used alone, the VIF was 1 and the amount of residual variation explained by the model was 64%, but the inclusion of RD as an additional predictor variable explained an additional 31% of the residual variation without substantially increasing the VIF.  The use of %N at the 30 to 50-cm depth explained 83% of the total variation (R2 = 0.833; Table 6) when regressed against total volume, and represented the strongest relationship for any single soil, stand or site variable and had a VIF of 1.

For the SD/4 stand density management regime, only 4-year PAI as the response variable generated significant regression equations.  When total volume was used as the response variable, the predictor variables failed to generate a significant regression equation. The use of total C at the 15 to 30-cm depth and total N at the 0 to 15-cm depth explained 93% of the residual variation (R2 = 0.93; Table 6) with a VIF of 7 when 4-yaer PAI was used as the response variable.  Total C at the 15 to 30-cm depth alone, explained 81% of the residual variation (Adj. R2 = 0.811) with a VIF of 1, which was the second strongest single independent stand, site or soil variable.

Throughout the analysis selection of the regression equations, precedence was not always given to the equations with the highest adjustable R2.  The use of VIF to avoid potential problems associated with multicollinearity as mentioned earlier as well as the number of predictor variables within each equation, were the two key factors examined prior to selecting the presented regression equations.  As the number of variables within an equation increases, the harder it is to interpret the equation.  If the adjusted R2 did not increase substantially and there was not a big difference in the associated p-values, equations with one or two variables were preferred.  In many cases, as the number of variables exceeded two, multicollinearity became a major concern and often had VIF values greater than 10.

The majority of the predictor variables used within the equations (Table 6) were some variant of C and N such as total C and N, inorganic forms of N and concentrations (%) of C and N.  Studies have shown that various forms of C and N, such as the C:N ratio and total N of the forest floor are highly correlated to fertilization response for Douglas-fir (Peterson et al., 1984; Edmonds and Hsiang, 1987).  While our results and those of Hopmans and Chappell (1994) did not find any significant relationships between fertilization response and total N and the C:N ratios of the forest floor; mineral soil %C, %N, inorganic N and total C and N at the various depths sampled did increase the amount of  residual variation explained by our model for the various stand density management regimes.  Potential explanations for differences in results between the Hopmans and Chappell (1994) and this study and the Peterson et al. (1984) and Edmonds and Hsiang (1987) could be associated to the younger age, lower leaf litter inputs, thinner forest floor, higher average site quality, and the fact that stands in this study were planted at prescribed spacings with known seed sources. Earlier studies are based on older naturally regenerated self-thinned and mechanically thinned Douglas-fir stands with a lower overall average site quality.  Furthermore, our study differs from previous studies because we sampled at four distinct soil profile depths and had three stand density management regimes.  Other studies that involved soil sampling only sampled the forest floor and mineral soil at the 0 to 15-cm depth (Peterson et al., 1984; Edmonds and Hsiang, 1987) or the 0 to 15-cm mineral soil depth (Miller et al., 1989).  We sampled to a depth of 50cm to capture the majority of the rooting zone.  Concentrations of C, N, NH4+, and NO3- explained the majority of fertilization response in the SD and SD/2 regression equations and total C and N at various depths explaining fertilization response for the SD/4 regression equations.  Carbon and nitrogen, especially the concentration and availability of nitrogen for plant uptake, often regulate stand productivity in many forests.  These results demonstrate their importance especially for estimating response of Douglas-fir to urea fertilization with stand and site variables such as relative density and elevation playing a minor role.
Conclusions


Interpretation and comparison of the results of this study with previous research requires a clear understanding of the differences. This study is (1) based on plantations with a range of planting spacings rather than natural stands, (2) initiated fertilization treatment at a younger age, average breast height age was 6 years, and (3) all but one of the installations sampled in this study was well outside a Douglas-fir site class II.


The findings from this study suggest that repeated N fertilization is best applied in longer time intervals than the 4-year intervals used in this study.  Our results showed that there was a positive growth response of Douglas-fir to urea fertilization since treatments began 12 years ago; however, the effectiveness of repeated application of urea at a rate of 224 kg ha-1 every 4 years diminished during the last treatment application (third application since study establishment).  



The regression analysis showed that the most influential variables were concentrations of C, N, NH4+, and NO3-, while stand and site variables contributed very little to the total variation explained.  Miller et al. (1989) concluded that stand attributes were the best predictor variables to use when predicting the response of Douglas-fir to urea in western Oregon and that soil variables were not a cost-effective method of increasing the predictability of fertilizer response. Several significant regression equations did use soil chemical data from various depths of the mineral soil and contributed considerably towards the total variation explained.  Our study shows that fertilization response is correlated to various soil properties, and therefore the cost of soil sampling and analysis may be a cost-effective of estimating future stand response to N fertilization treatments.  
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1. Detailed descriptions of study sites with Stand Management Cooperative installation numbers in parentheses.
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2.  Mean initial stand conditions for each stand density management regime across all installations measured.
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T Acronyms are defined on Table 3




3.  Forest floor (FF), mineral soil [(MS), 0-15, 15-30, and 30-50cm] and other site variables used in regression analysis against the unstandardized residuals of the dependent variables (4-year periodic annual increment (PAI) and total volume), with analytical methods and sample size.
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4.  ANCOVA p-values for total volume and 4-year PAI following N fertilizer applications.
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5. Means and standard deviations of stand, site, and soil variables for the three stand density management regimes sampled.  [image: image5.png]Variablet 5D sD72 SD/A
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6. Multiple regression equations for the relationships between the unstandardized residuals of total volume (m3 ha-1) and 4-year PAI (m3 ha-1 yr-1) response to 224 kg N ha-1 as urea (dependent variables) and various soil, site and stand variables (independent variables).  
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Fig. 1- Locations of SMC Type 1 fertilized installations used in this study.  All installations occurred west of the Cascade crest, with the three northern-most installations occurring on young recently-glaciated soils and the remaining four on older more well-developed soils.
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Figure 2. Plot layout showing random sampling locations for the mineral soil and forest floor within each of the measurement sample plots. Cluster sampling was used at each mineral soil sampling point and combined to create composite samples used for soil chemical analysis.
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Figure 3. Mean total volume and 4-year PAI relative response to fertilization (224 kg N ha-1 as urea every 4 years) and thinning with standard errors
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