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Foliar N concentration represents a primary link between C and N dynamics in 

forest ecosystems, and it is widely used as a critical parameter for ecosystem modeling. 

This study was designed to investigate the relationships between foliar N concentrations 

and a set of environmental factors, and to detect the spatial pattern of forest foliar N 

concentrations in the southern US region. A foliar N concentration database was 

developed from literature research and field sampling. A spatial GIS database was 

developed from diverse data sources, which include climatic variables such as mean 

January temperature, mean July temperature and precipitation; soil variables such as soil 

organic matter and soil available water capacity; and total N deposition. Totally 104 data 

points were obtained including 61 for deciduous forests and 43 for coniferous forests 

after processing both foliar N concentration and GIS data layers. Various model fitting 

approaches were employed for exploring the regression relations between foliar N 

concentrations and the selected environmental variables, including simple linear 

regression, variable-transformed linear regression, and stepwise-based multiple 

regression.  In this region, foliar N concentrations of deciduous forests were correlated 

primarily with mean July temperature, and secondarily with mean January temperature. 

However, foliar N concentrations of coniferous forests were correlated primarily with 

latitude, and secondarily with mean January temperature. A set of predictive equations 

were developed using results from the regression analysis and were validated against 

previously reserved data points. These empirical models could be applied across the 

region for spatially explicit estimation of forest foliar N concentrations. 
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Introduction 

 

There are increasing concerns over the impact of global climate change 

in the last decades, particularly on the structure and functioning of forest 

ecosystems. Substantial efforts have been set to increase knowledge on the 

responses of forest ecosystems to global change, as well as the processes and 

interactions involved across local, regional and global scales. Since direct 

experiments and studies over large regions or for long periods are usually 

costly or even impossible, ecosystem modeling has been extensively 

employed as an alternative means to simulate and predict the responses as 

well as the interactions. Knowledge gained at the stand and seasonal level 

can be extrapolated to larger space and time scales.  Parameters including 

physiology, biochemistry, structure, and allocation in general, are needed by 

ecosystem models to describe processes and fluxes such as productivity, 

nitrogen cycling and water relations. In many model applications, mostly 

due to data unavailability, generalized parameterizations were used under 

certain assumptions for the global or regional distribution of individual plant 

functional types, or biomes, i.e., commonly measured ecophysiological 

variables taken from a large number of observations of many communities 
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and locations are typically averaged across broad vegetation classes to 

generate default parameterization values (White et al. 2000). Clearly, these 

averaged or default values, which include a high degree of spatial and 

genetic variability, may not be adequate for some model applications. This is 

true especially for key parameters. Therefore, spatially explicit 

parameterization may be desired for more accurate model predictions given 

relevant databases available. 

Foliar N concentration is of particular interest in forest ecosystem 

studies. It represents a primary link between C and N dynamics in forest 

ecosystems. It has been long recognized that foliar N concentration is 

closely associated with a variety of ecosystem processes including nitrogen 

dynamics such as N deposition, soil N mineralization, litter decomposition, 

foliar N resorption, and carbon dynamics such as photosynthesis and foliar 

respiration (Yin 1993). A general positive relationship between foliar N and 

the light-saturated photosynthetic rate (or maximum assimilation) has been 

reported in several studies (Field and Mooney 1986; Evans 1989; Reich et 

al. 1995), which could be explained at least partly by the dependence of 

photosynthesis on nitrogenous compound. This link provides the potential to 

estimate photosynthetic capacity at high temporal resolutions and large 

scales, and consequently it has been used as the basis of some forest 
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ecosystem models, either numerically or conceptually (e.g. Aber and Federer 

1992; Woodward and Smith 1994). Even though uncertainties and 

limitations exist, real-data applications of these models have proved that 

they could be successfully utilized for predicting the responses of forest 

ecosystems to global climate changes under proper parameterization. 

Generalized values of foliar N concentration have been conventionally 

used for parameterization in most relevant model applications as described 

above. Accurate estimations of the spatial distribution of foliar N 

concentration are needed to reduce the uncertainties of large-scale model 

simulations, as well as to assess the spatial patterns but not just the total 

changes. Despite numerous studies have been devoted to measure or 

estimate foliar N, while mostly concentrated at a site level, data useful for 

regional analysis are very limited. To achieve these goals, several 

approaches have been proposed in recent years to develop spatial explicit 

datasets of foliar N concentration, including: estimation by spatial 

interpolation of field observations, estimation by remote sensing technology, 

and prediction by environmental (primarily climatic) variables. In general, 

the spatial interpolation approach is limited by its accuracy statistically due 

to the sparse nature of field measurements as well as the high heterogeneity 

of foliar N distribution, and the remote sensing approach is limited by its 
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cost and efficiency because imaging spectroscopy, as the premier technique 

for detecting canopy chemistry, is still expensive for researchers. In contrast, 

the statistical prediction approach based on the relationships of foliar N 

concentrations with environmental drivers may be more realistic and more 

feasible in large-scale applications.  

  This study was initiated as part of a larger project predicting the 

effects of climate change on water yield and forest production in the 

Southern U.S. region. PnET, a process-based, lumped-parameter model of 

carbon and water dynamics in forest ecosystems, would be employed as the 

primary simulation tool for this project. The core relationship in the PnET 

model is a linear response of maximum net photosynthetic rate to foliar N 

concentration. The goals of this study were to investigate the relationships 

between foliar N concentration and potential environmental factors that 

influence it, and to estimate the foliar N distribution for spatial explicit 

parameterization of regional ecosystem modeling based on the relationships. 

Knowledge of these relationships would help us to regionalize our 

understanding of forest N cycling and eventually to improve our assessment 

of the effects of climate change on forest ecosystems by integrating the 

regionalized N effects into regional C models. This study also offers a 

methodological framework for mapping other candidate parameters that are 
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critical to ecosystem models such as soil N availability, soil water holding 

capacity, specific leaf weight (or specific leaf area). 

I had the following hypotheses: 

(1) Foliar N concentrations are correlated with climatic variables, 

among which most closely with temperatures; 

(2) Foliar N concentrations are also correlated with certain soil 

variables, potentially soil organic matter and soil water holding capacity. 

 

 

Objectives 

 

1. Identifying environmental factors controlling forest foliar N 

concentration.   

 

2. Determining and deriving the spatial patterns of forest foliar N 

concentrations for the southern US region. 
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Background 

 

1. Ecosystem modeling and spatial explicit 

parameterization 

The effects of global climate change on the structure and functioning of 

forest ecosystems have raised concerns in the last decades. Global climate 

change involves the simultaneous and rapid alteration of several key 

environmental drivers that control the dynamics of forests, primarily 

precipitation, temperature, and atmospheric concentrations of carbon dioxide 

(CO2), ozone (O3) and nitrogen (N) (Aber etc. 2001; Bachelet etc. 2001). 

To assess and make projections on the responses of forests to global change, 

process-based ecosystem models are developed by integrating existing 

knowledge with attempts to capture the underlying mechanisms of forest 

processes into workable mathematical forms in an explicit manner 

(MacFarlane etc. 2000). Simulation modeling provides an essential tool for 

exploring these complex interactions at larger spatial scales (Running 1994). 

Necessary information on physiology, biochemistry, structure, and 

allocation may be needed to describe various characteristics, processes and 

fluxes such as productivity, nitrogen cycling and water relations of forest 
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ecosystems to be modeled. Those information are expressed as the 

parameters in ecosystem models. For example, the model PnET-II requires a 

set of over 40 input values for parameterization (Radtke et al. 2001), while 

in Biome-BGC model, 34 parameters are used to distinguish separate biomes 

(White et al. 2000). 

Process-based ecosystem models have been developed for several 

spatial scales across leaf-level, species-level, stand-level, region-level and 

globe-level. Many of our most pressing environmental concerns, such as 

climate change, are regional to global, rather than local in extent (Aber et al. 

1993). Gathering information on all the inputs of a model is essential but 

laborious for practical modeling applications at large scales, beyond, the 

accuracy of modeling is often constrained as much by the accuracy of the 

input data planes as by the differences in structure and parameterization of 

the model employed, especially when spatially explicit modeling ecosystem 

responses to environmental change (Jenkins et al. 1999). White et al. (2000) 

also pointed out a proliferation of difficult to obtain driving inputs or 

parameters for ecosystem modeling, and in some extent, parameter selection 

and documentation, not model theory, are the main factors currently limiting 

the accuracy and believability of global and regional model simulations. As 

described above, in many model applications, generalized (or lumped) 
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parameterization approaches are often employed to scale up the models 

based on averaged site-specific ecophysiological properties and simplified 

empirical relationships to the region of interest. This simplified modeling 

strategy of environmental variable aggregation and biological parameter 

lumping may still succeed for coarse temporal and spatial resolution 

simulations under certain assumptions primarily on the ecophysiological 

parameters and their relationships (Aber et al. 1996).  For example, Vose 

and Bolstad (1999) compared lumped parameterization versus site-specific 

parameterization of foliar respiration for PnET-II model and found good 

agreement between these two approaches. According to the authors, this 

could be primarily a result of combinations of species which resulted in 

compensating errors. However, this may not acceptable if substantial inter-

species and spatial variability are required for spatially explicit modeling, 

especially of critical parameters. Accurate estimations on their spatial 

distributions would be necessary to reduce the uncertainties of large-scale 

simulations. 

A number of approaches have been proposed for alternative model 

parameterization for improving spatially explicit ecosystem modeling, as 

well as for uncertainty analysis involved in model parameterization. Aber et 

al. (1993) presented a method for extrapolating site-level research to 
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regional scales by integrating field data with modeling, GIS and remote 

sensing techniques, and a modular approach was discussed. Jenkins et al. 

(1999) discussed and quantified two spatial aggregation approaches for 

scaling up from fine to coarse resolution by using vegetation data. One 

commonly used approach is to assign a single “dominant” forest type to a 

course resolution pixel based on the relative occurrence of the forest type 

within the pixel. A second approach is to conduct model simulations on all 

the vegetation types within the course pixel and weigh the contribution 

based on the relative proportion of the vegetation type (“mosaic vegetation” 

approach). Buchman (2002) discussed the role of plant ecophysiological 

researches on understanding forest responses to global change, and 

suggested a complementary interdisciplinary research approach to integrate 

information on underlying biotic and environmental drivers, as well as the 

regulation of ecosystem fluxes and their partitioning, for fully supporting the 

typical parameterization of stand and regional models. Various statistical 

approaches have been employed for parameter estimation of ecosystem 

modeling. Lexer and Honninger (1998) developed a functional model for 

estimating soil-water-capacity (SWC), in which Bayesian theory was 

employed to establish relationships between measured site attributes and the 

soil parameters required for calculating SWC. A Bayesian approach based 

 9



on rejection sampling was presented by Gertner et al. (1999) for estimating 

physiological parameters as well as their multiple-dimensional distributions 

using observed state variables of process-based model for forest growth. 

Probability distribution technique has been commonly employed for 

estimating parameters and quantifying parameter uncertainties. For example, 

generic parameters were developed by estimating probability distributions 

for 14 physiological or morphological parameters of Pipestem model based 

an extensive review of published information, and it was suggested that 

these generic parameters may be transferable to other similar models and 

parameter uncertainty appeared to be tractable in some cases and might be 

reduced through reformulation of the model (MacFarlane et al. 2000). 

Radtke et al. (2000) presented a comprehensive set of probability density 

functions (pdfs) for assessing uncertainties of PnET-II model by using 

compiled input data on vegetation characteristics from published literature, 

and the developed pdfs can also be employed for model calibration, 

validation and sensitivity analysis.  

 

2. Foliar nitrogen and its regional estimation 

Nitrogen is an essential component of proteins, genetic material, 

chlorophyll, and other key organic molecules. It was recognized as one of 
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the major limiting factors that controlled the dynamics, biodiversity, and 

functioning of many ecosystems since it was only scantily available to much 

of the biological world until human activities began to alter the natural cycle 

(Vitousek et al. 1997). Up to now it is still considered as the most limiting 

nutrient for plant growth in the majority of temperate and boreal ecosystems 

(Aber et al.  1991). 

Foliar nitrogen represents a key link between C and N cycles in forest 

systems. Diverse eco-physiological processes have been found to link to it. 

For example, general relationship between photosynthesis and leaf N has 

been reported by numerous studies, however, it has been controversial on 

whether this photosynthesis-nitrogen relationship is mass-based or area-

based, or both, and how this relationship differs between species (Field and 

Mooney 1986; Evans 1989; Reich et al. 1995, Liu et al. 1997). Reich et al. 

(1992) also found leaf N was closely related to leaf life span and specific 

leaf area. McClaugherty et al. (1985) reported a close relationship between 

foliage N and litter decomposition rates, which affect nutrient cycling in 

forest ecosystems. Pierce et al. (1994) found that LAI across the Oregon 

transect was closely related to leaf N content on a mass basis. Powers (1980) 

found that high foliar N concentrations were typically associated with high 

soil N mineralization. In a study of 18 eastern deciduous tree species in the 

 11



southern Appalachians, Bolstad et al. (1999) reported a positive relationship 

between leaf N content and tree respiration on a mass basis, even though 

significant differences existed within or among species. 

Foliar N concentration varies across species, forest functional groups 

and biomes, and is spatially heterogeneous at several scales (Reich et al. 

1998; Dhaila and Singh 1994; Wilson et al. 2000) primarily due to 

genotypic, climatic, and soil variability. Because field measurements across 

regional gradients are very costly, few studies have examined the spatial 

patterns of foliar N at a regional level by this approach. Efforts have been 

devoted to finding alternative approaches to derive or predict foliar N of 

forests regionally. In recent years, remote sensing technology has emerged 

as an essential tool for detecting and estimating forest canopy chemistry, 

particularly foliar N concentration in some studies. In general this approach 

is based on statistical regression methods and a strong physical basis for 

high correlations between nitrogen concentration and the near-infrared 

reflectance spectra of forests (Kokaly 2001). Imaging spectrometers such as 

AVIRIS system (Airborne Visual and Infra-Red Imaging Spectrometer), 

which covers the wavelength region from 400 nm to 2500 nm through 224 

contiguous spectral channels at 10 nm intervals across the spectrum (Green 

et al. 1998), have been extensively employed to acquire hyper-spectral 
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measurements for estimation of foliar N concentration. Several studies have 

shown that high correlation between canopy reflectance and field-measured 

nitrogen concentration can be achieved using stepwise multiple linear 

regression approach, and then spatial estimates of foliar N can be derived by 

using these relationships (Martin and Aber 1997; Gastellu-Etchegorry et al. 

1995; Johnson et al. 1994). However, there are limitations on the practical 

applications of Imaging spectroscopy technology for regional foliar N 

estimation. For example, the actual causal relationships between canopy 

chemistry and hyper-spectral measurements at airborne and thus, satellite 

levels, have been questioned by some researchers (Fourty and Baret 1998; 

Grossman et al. 1996). The need to investigate the robustness of those 

predictive relationships derived from remote sensing were also suggested 

and stressed by Gastellu-Etchegorry (1998). In addition, the relatively high 

cost of hyper-spectral data has been a major concern for applications 

especially at large scale. 

Statistical approaches have been employed to directly derive the foliar 

N concentrations at a regional scale in a few studies.  Philips (1985) 

presented a set of nutrient content prediction equations, including foliar N 

content prediction equations, based on intensive tree samples and 

measurements from 19 locations on the US Southern Coastal Plain. 
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Regression analyses were performed for nine individual species, DBH alone 

was used as the single independent variables, and coefficients of 

determination ranging from 0.87 to 0.99 were achieved (Philips 1985). In 

another study conducted by Yin (1993) for the North America region, 

published data were used to explore variation in foliar N concentration in 

relation to diverse genotypic, climatic and geologic variables. It was found 

that foliar nitrogen concentrations were primarily correlated with mean July 

temperature for deciduous forests (negative), but also primarily with mean 

January temperature and latitude for coniferous forests (negative quadratic), 

and predictive equations were developed based on these correlations. 

Maximum coefficients of determination of 0.69 (single independent 

variable) and 0.90 (multiple independent variables) were achieved. The 

studies described here have proved that statistical regression analysis could 

succeed in predicting spatial distribution of foliar N at a large scale. 

However, there is no generally accepted method at present. Moreover, 

spatial pattern of foliar N concentrations of forests in Southern US region 

have never been examined.  
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Materials and Method 

 

Foliar N concentration data were collected and recorded by extensively 

reviewing published literatures, and field measurement data were combined 

with the literature data to generate a foliar N concentration database for the 

Southern US region, GIS data of independent environmental variables (land 

cover, climate, soil organic matter, soil available water capacity, and total N 

deposition) were obtained from various sources such as web-based 

databases, data CDs, etc. All the data were georeferenced to the same 

coordinates system. Foliar N concentrations were plotted, by forest type, 

against each independent variable, and correlations between foliar N 

concentrations and independent variables are explored. Various model fit 

approaches such as simple linear regression, variable-transformed linear 

regression and stepwise-based multiple linear regression were employed and 

compared to find the best-fit models for predicting the regional pattern of 

foliar N concentrations. Finally, the selected regression models were 

evaluated and validated using previously reserved “test” datasets.  

In addition, separate regression analyses and model comparisons were 

conducted on a data subset including the data points specifically collected in 
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June, July and August, a season in which forest foliar N concentrations were 

widely recognized to be relatively stable. 

 

1. Study Region 

This study was conducted for the Southern U.S. region, which covers 

the 13 states (Fig. 1), from the Mid-Atlantic coast to Texas and Oklahoma, 

including: Alabama, Arkansas, Florida, Georgia, Kentucky, Louisiana, 

Mississippi, North Carolina, Oklahoma, Tennessee, Texas, and Virginia. 

This region represents approximately 24% of the land area, 60% of the forest 

land, and 25% of the agricultural land for the entire United States (Mickler 

et al. 2001). 

 

Fig. 1  Study Region 

 

 16



 
2. Foliar N data collection 

2.1 Data sources and selection criteria 

Foliar N concentration data were collected and compiled from two 

major sources: published literature data and field measurement data. 

Extensive literature search and review have been conducted for collecting 

data relevant to foliar N concentration study. Most of them are site-specific 

observations or in situ measurements, and a few of them are based on 

multiple-site studies across the region. Besides the foliar N data, all other 

useful information was recorded for each data point as listed in the 

following: 

A. Forest type: deciduous/evergreen/mixed; 

B. Dominated species; 

C. Location; 

D. Foliar N concentration value (Mg/g); 

E. Longitude/Latitude; 

F. Reference(s). 

The following items were optionally collected depending on their 

availability: 

G. Soil N availability: 

H. N deposition: 
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I. Foliar biomass:  

J. Soil C/N ratio: 

             M.  Mean temperature (annual, January, July) 

             N.  Precipitation (cm/year) 

O. Elevation (m) 

P. Foliar life span (month); 

To limit the sources of variation and minimize the errors caused by data 

sources and data collection procedures, four restrictions were applied in 

foliar N data collecting: (1) all the data were mass-based; (2) forests were 20 

years or older at the time of data collection; (3) forests were not fertilized 

prior to data collection; (4) in general, samples were not collected between 

April and June before full leaf expansion. Data collected in summer time 

(June, July and August) were subsetted from the original database for 

separate analyses. 

 

2.2 Database construction and compilation 

An Access-based database was designed for recording and compiling 

my foliar N concentration data from literature search (Fig. 2). All the raw 

data available as listed above were recorded in the database.  
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Fig. 2 Access-Based data collection interface 

 

Foliar N concentration datasets were also obtained from field 

observations collected between 1998 and 2000 by a field study team of 

Southern Global Change Program (SGCP), U.S. Forest Service. These 

datasets were incorporated into the Access-based database along with 

literature data for developing a more representative database. All foliar N 

concentration values were then converted to nitrogen content percentage of 

foliar biomass. Data for multiple species of the same forest type (deciduous 
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or coniferous) at the same site, such as those from Messina (1983) and 

SGCP field study, were averaged over the species at this site. 

Geographically overlapping data points were also averaged to each forest 

type. 

Data summary: total 390 raw data were collected from 104 locations, 

including 7 coniferous species at 43 locations and about 20 deciduous 

species at 61 locations respectively. Literature data were collected from 

about 60 publications. Field observation data were collected by SGCP field 

study team in 10 states of this region, and data collected in 3 neighbor states: 

Missouri, Ohio and West Virginia, were deleted from the raw data.  

In the final database, totally 104 data points were obtained for statistical 

analysis, including 61 data points for deciduous forests and 43 data points 

for coniferous forests. Among these, about ¼ of the overall foliar N data (15 

for deciduous forests and 10 for coniferous forests respectively) were 

reserved for model validation in this study. 

In the subset database with data collected in June, July and August, 

totally 40 data points were recorded, including 29 data points for deciduous 

forests, and 11 data points for coniferous forests. 
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2.3 Data georeferencing and spatial display 

In most cases, XY coordinates information were already recorded for 

literature data and collected by GPS for field measurement data. For some 

data points without coordinates information, the geographic information 

about the locations was used in a GIS to find their coordinates. All the data 

were then georeferenced to the same coordinates system and spatially 

displayed using “Add event points” function of ArcView by their “X,Y” 

coordinates to generate a shape file. It was then overlaid with a base map of 

“states of the U.S.” to confirm the geographic information of each data point 

and to show the spatial distribution of the data over the region (Fig. 3). 

 

Fig. 3  Spatial distribution of foliar N concentration data points 
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3. GIS data collection and processing    

Several independent variables were selected based on literature review, 

suggestions from experts and data availability. GIS data on these 

independent environmental variables and for model applications were 

obtained from various sources and at various formats, which can be 

categorized as:  

Climate data: mean January temperature, mean July temperature and 

annual precipitation; 

Soil data: soil organic matter content (OM), soil available water 

capacity (AWC); 

N deposition: total annual N deposition (converted from annual N wet 

deposition); 

Land use and land cover: for foliar N model application. 

These data were then clipped, processed, and georeferenced to the same 

projection and coordinates system. Spatial join technique was employed in 

ArcGIS and ArcView to integrate all the datasets for each individual data 

point. The tabulated datasets were then exported from ArcView into Access 

for further processing. Query function in Access was employed and cell ID 

was used as primary key to index and organize the data, to link all the GIS 
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datasets at various resolutions to foliar N concentration datasets, and to 

formulate a complete database for further statistical analysis. 

 

3.1 Land use and land cover data 

Land use and land cover (LULC) classification data were obtained from 

USGS/EPA Multi-Resolution Land Characteristics Consortium (MRLC) 

NLCD datasets for 13 states in this region respectively. The datasets were 

then mosaicked in AcrInfo to generate a complete dataset at 30-meter 

resolution for the entire region. This dataset was developed primarily for 

discriminating forests and non-forests, and different forest types including 

coniferous forests, deciduous forests and mixed forests. It was then 

employed for modeling and mapping the spatial distribution of foliar N 

concentration of forests in this region. In this study, forest area was 

displayed and summarized by NLCD land cover classes: deciduous forest 

(class 41), evergreen forest (class 42), and mixed forest (class 43). For the 

sake of simplification, woody wetland was classified and displayed as mixed 

forest. For detailed description on the NLCD classification and NCLD data 

sets, please refer to Vogelman et al. (1998), or the following website: 

http://www.epa.gov/mrlc/nlcd.html. 
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Fig. 4 MRLC land use land cover dataset 

 

3.2 Climate data 

The original data sets of climate employed in this study were obtained 

from Climate data CDs that are developed by Spatial Climate Analysis 

Service (SCAS) (joint to Climate Source, Inc.) at Oregon State University. 

These datasets contain a set of climate variables such as precipitation, 

temperature, extreme temperature, humidity, degree days, snow, hot/cold 

days and freeze dates etc. Mean January temperature, mean July temperature 
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and annual precipition data were retrieved and then georeferenced in 

ArcInfo with other GIS datasets to generate regional image files at 4-

kilometer resolution for this study (Fig. 5a, 5b, 5c). For detailed descriptions 

on the Climate Source datasets, please refer to the website:  

http://www.climatesource.com/products.html. 

 

(a) Mean January temperature across the southern US region 
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(b) Mean July temperature across the southern US region 

 

 

(c) Annual precipitation across the Southern US region 

Fig. 5   4-km resolution climate datasets  
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3.3 Soil organic matter data and soil water available capacity data 

These two datasets were obtained from USDA STATSGO, which is a 

digital general soil association map developed by the National Cooperative 

Soil Survey and distributed by the Natural Resources Conservation Service 

(formerly Soil Conservation Service) of the U.S. Department of Agriculture. 

It consists of georeferenced digital map data and computerized attribute data. 

The map data are collected in 1- by 2-degree topographic quadrangle units 

and merged and distributed as statewide coverages. These STATSGO 

datasets were retrieved and combined with a 1 kilometer ARC/INFO grid 

from USGS. The grid is called MUID and has STATSGO soil mapping unit 

identifiers gridded on a 1-kilometer resolution for the conterminous United 

States. The INFO tables have soil characteristics data in them. The ITEMS 

in the tables are weighted average values for several soil characteristics in 

the STATSGO database. The weighted average values were computed by 

aggregating the soil layers and components in the database. Soil organic 

matter (OM) and soil available water capacity (AWC) data was specifically 

extracted for this region and converted to a new shape file, which was then 

overlaid and joined with the shape file of foliar N concentration data to 

generate a soil organic matter dataset soil available water capacity for further 

analysis (Fig. 6a, 6b). For detailed descriptions on the STATSGO soil 
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organic matter dataset and USGS muid grid, please refer to the following 

websites: 

http://dbwww.essc.psu.edu/dbtop/doc/statsgo/statsgo_info.html 

http://water.usgs.gov/GIS/metadata/usgswrd/muid.html 

 

 

 (a)  Soil organic matter across the Southern US region 
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(b) Soil available water capacity across the Southern US region 

Fig. 6  Soil datasets for the Southern US region 

 

3.4 N deposition data 

Annual N wet deposition databases were retrieved from NADP/NTN 

(National Atmospheric Deposition Program/National Trends Network). The 

original data were downloaded as Isopleth maps and then converted to grid 

files in ARC/GIS workstation. Annual N wet deposition Data of eight years 

(1994-2001) were averaged and displayed as an image file (Fig. 7). Total N 

deposition was calculated using a widely recognized equation for predicting 

total N deposition from wet N deposition (Lovett and Lindberg 1993): 

Total deposition = -0.72 + 2.07 * wet deposition 

 29



  For detailed descriptions on the original data set, please refer to the 

following websites: 

http://nadp.sws.uiuc.edu/isopleths/annualmaps.asp 

 

Fig. 7 Annual N wet deposition across the Southern US region 

 

3.5 Data summary 

Various GIS datasets at diverse spatial resolutions were retrieved, 

processed, georeferenced, and then joined with the foliar N concentration 

dataset by combining Microsoft Access, Microsoft Excel, ArcView, ArcInfo 

and Arc/GIS workstation as processing tools. These processed datasets were 
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exported into Miscrosoft Excel to generate a tabulated database by 

integrating both foliar N concentration dataset and the GIS layers. In this 

Excel table, each of the 104 locations was assigned with a LULC 

classification value, a mean July temperature value, a mean January 

temperature value, an annual precipitation value, a soil organic matter value, 

a soil available water capacity value, an annual total N deposition value, and 

a foliar N concentration value for each data point respectively. In addition, 

latitude value was already recorded for each location. The final dataset was 

generated by integrating all the data described above into the tabulated 

Excel-format database, which is given in the Appendix. Again, this dataset 

contains 7 coniferous species and 20 deciduous species from 104 geographic 

locations across the Southern U.S. region.  

 

4. Data analysis 

Statistical analyses were conducted for deciduous forests and 

coniferous forests separately using the datasets described above. Simple 

linear regression model was initially fitted to each relationship between 

foliar N concentration and the independent variables, and then, variable 

transformations were employed where needed in order to linearize the 

regression functions and stabilize the error variances since simple linear 
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regression models were found generally not appropriate to describe the 

relations. In addition, multiple regression models were used to further 

examine the relationships in this study, and to achieve better model fit. At 

last, selected models were validated using originally reserved datasets and 

unbiased estimates on model prediction errors were obtained. All analyses 

were conducted using the Statistical Analysis System including SAS 8 and 

SAS JMP 4 (SAS Institute, Inc. 1991). 

As the first step, basic statistical analysis was conducted to examine the 

distributions and trends of foliar N concentrations, as well as the 

relationships between foliar N concentration and the selected independent 

variables. Firstly, correlations between independent variables were 

examined. Foliar N concentrations were then plotted, by forest type, against 

each independent variable to examine their correlations. Simple linear 

regression technique was initially employed to fit foliar N concentrations by 

each variable. Potential predictors were identified and selected from these 

independent variables based on the simple linear regression results, and the 

selected variables were then used for further regression analysis.  

At the next step, several commonly used transformations were tried 

primarily on independent variables, such as polynomial transformation, 

logarithmic transformation, reciprocal transformation, exponential 
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transformation and square root transformation, etc. In this study, polynomial 

transformation (Quadratic or cubic) appeared to be able to produce better 

model fit than any other variable transformations, and consequently was 

employed as the primary form of transformation in this regression analysis. 

Regression diagnostics were conducted following the model fit procedures 

by detecting outliers (unusual and influential data), and also by examining 

the violations of some assumptions on model residuals such as normality, 

homoscedasticity and independence. 

Multiple regression models were built as alternative approach for 

predicting foliar N concentrations by incorporating more independent 

variables into model fitting. However, significant multicollinearity was 

detected among the independent variables as we can see in the correlation 

analyses of the next section. Even though multicollinearity does not affect 

the overall fit of the model, it does reduce the effectiveness of a regression 

analysis especially when its purpose is to determine the effects of the various 

independent factor variables (Freund and Wilson, 1998). To avoid this 

problem, stepwise regression technique was employed for variable selection 

in this study. Stepwise regression is one of the statistical techniques for 

choosing the variables to include in a multiple regression model. Even this 

approach is somewhat controversial, it has been of practical use for decades. 
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Forward stepwise regression starts with no model variables. At each step it 

adds the most statistically significant variable (the one with the highest F 

statistic or lowest p-value) until there are none left. Backward stepwise 

regression starts with all the variables in the model and removes the least 

significant variables until all the remaining variables are statistically 

significant. It is also possible to start with a subset of all the variables and 

then add significant variables or remove insignificant variables. In this 

study, forward stepwise regression approach was employed for both 

deciduous and coniferous foliar N concentration modeling, and in both 

cases, P-value to enter the models was set to 0.25 and P-value to leave was 

set to 0.10. In addition, some variables with little correlations to foliar N 

concentrations were previously excluded from this procedure. 

Following the above regression analyses with mixed statistical 

approaches, the primary models for foliar N concentration prediction were 

chosen for developing the final predictive equations after evaluating their 

statistical behaviors, estimation biases and model predictivity. This 

procedure is somewhat subjective. Finally, the chosen models were validated 

using split-sample method, i.e., the original data set was divided into two 

independent sets, which is usually called “training” set and “test” set.   The 

“train” set (about 80% of the total points in this study) was used for model 
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developing as described above, and the “test” set (about 20% of the total 

points in this study) was used primarily for verifying the model validity as 

well as for comparing the performances of different models. Split-sample 

validation has been recognized as the most commonly used method for 

estimating generalization error in various applications. In contrast with other 

validation methods such as cross-validation and bootstrapping, the 

advantage of split-sample validation is that it provides an unbiased 

estimation of the generalization error, provided that the test set is random 

and is representative of the generalization coverage, while the disadvantage 

of split-sample validation is that it reduces the amount of data available for 

both training and validation. In this study, the data points of the “test” set 

were manually selected, with attempt to be random and representative as 

well.  

Statistics of MAE and RMSE were used for model validity evaluation 

and error estimation in this study. Root-mean-squared error (RMSE) is the 

square-root of the average of the individual squared differences between 

prediction and observation. RMSE is defined by the equation:  
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denote predicted and observed values respectively. RMSE represents the 

typical size of prediction error, with values equaling or near zero indicating 

perfect or near perfect predictions. 
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MAE values near or equal to zero indicate perfect or near perfect 

predictions. This measure is not as heavily weighted towards large 

differences in prediction comparisons as with root-mean-squared error. 

Finally, a concise regression analysis procedure was conducted on the 

subset database with 40 data points (29 for deciduous forests and 11 for 

coniferous forests). The analysis was motivated by the widely recognized 

assumption that in general, forest foliar N concentrations are most stable in 

the season of June, July and August, therefore, the effects of seasonal 
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variations on the predictive models should be minimized by using data 

specifically from that season. 
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Results 

 

The study results reported in this manuscript are organized basically 

following the actual procedures of statistical analyses: firstly, descriptive 

statistics of foliar N concentrations are reported for both deciduous forests 

and coniferous forests; secondly, mutual correlations between independent 

variables are summarized for both deciduous and coniferous data points; At 

last, regression analysis results are reported for deciduous forests and 

coniferous forests separately, which begin with the linear regression 

relations of foliar N concentrations and all independent variables using 

simple regression model fit on all original data points, followed by the 

results of further regression analyses with variable transformations based on 

selected independent variables after regression diagnostics, as well as the 

results of multiple regression analyses, and ended by the evaluation and 

validation results of selected regression models. Results of separate 

regression analysis on the subset data of June, July and August were also 

reported and compared with the results based on overall data. 

All the units used in this section are as in Appendix I unless 

specified otherwise. 
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1. Descriptive statistics of foliar N concentrations 

  Table 1 summarizes the foliar N concentration data collected in this 

study (the unit of foliar N concentration value is mass-based percentage 

unless specified otherwise). Foliar N concentrations of coniferous forests 

range from 0.74 to 1.56 with a mean value of 1.083, while those of 

deciduous forests range from 1.07 to 2.42 with a mean value of 1.07. 

                        Table 1. Summary statistics of foliar N concentration data 
                                                         

Coniferous Deciduous 
N of cases 33 46 
Minimum 0.740 1.07 
Maximum 1.560 2.42 

Mean 1.148 1.692 
Standard Dev 0.184 0.297 

 

In addition, deciduous forests nearly always had higher foliar N 

concentrations than coniferous in this region as shown by Table 1. This 

confirms that significant genotypic variations exist, at least between 

different forest types.  
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                                               (a)                                                                               (b) 

Fig. 8  Histograms of foliar N concentrations for (a) coniferous and (b) deciduous forests.  

 

Fig. 8 shows the distributions of foliar N concentration data for 

coniferous forests and deciduous forests respectively. Basically normality 

was achieved, where the distribution was only slightly skewed to the higher 

foliar N concentration side in each case. This suggests that transformations 

on response variables may not be necessary. 

 

2. Correlations between independent variables 

Table 2 and Table 3 summarize correlation coefficients among 

independent variables. In this study, coefficients higher than 0.4 were 

significant at P < 0.05. The independent variables fell into two groups: (1) 

mutually noncorrelated, including annual precipitation, soil available 
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capacity, and soil organic matter; (2) mutually correlated variables, 

including latitude, mean January temperature, mean July temperature and 

total N deposition. Correlations among the mutually correlated variables 

were generally strong and were similar between forest types. For both forest 

types, mean January temperature and mean July temperature were negatively 

correlated with latitude, and positively correlated with each other. Total N 

deposition was positively correlated with latitude and negatively correlated 

with both mean July temperature and mean January temperature. These 

correlations could be used in the following procedures for identifying and 

selecting model predictors. 

Table 2.  Pearson correlation matrix of independent variables for deciduous forests 
 

 LATITUDE TMEAN_JULY TMEAN_JAN PRECIP AWC OM NDEP

LATITUDE 1.000   

TMEAN_JULY -0.711 1.000   

TMEAN_JAN -0.921 0.803 1.000   

PRECIP -0.232 -0.350 0.013 1.000   

AWC 0.017 0.187 -0.051 -0.013 1.000  

OM 0.116 -0.114 -0.067 -0.184 -0.080 1.000 

NDEP 0.749 -0.456 -0.628 -0.316 0.179 0.107 1.000
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Table 3.  Pearson correlation matrix of independent variables for coniferous forests 
 
 

 LATITUDE TMEAN_JULY TMEAN_JAN PRECIP AWC  

LATITUDE 1.000   

TMEAN_JULY -0.721 1.000   

TMEAN_JAN -0.948 0.819 1.000   

PRECIP -0.400 -0.061 0.208 1.000   

AWC 0.255 -0.232 -0.366 0.343 1.000  

OM -0.181 0.157 0.194 0.050 0.248 1.000 

NDEP 0.810 -0.605 -0.772 -0.178 0.172 -0.212 1.000

 

 

3. Regression analysis of foliar N concentrations of 

deciduous Forests 

3.1 Linear correlations for foliar N concentrations of deciduous 

forests 

Linear correlations of deciduous foliar nitrogen concentration with all 

the independent variables are illustrated on Fig. 9(a) through Fig. 9(g). 

These correlations were derived and explored by bivariate fit using linear 

regression analysis. In these graphs, R2 (coefficient of determination) was 

used to describe the linear relationships between the response variables and 

the independent variables individually. From the graphs we can see that 

deciduous foliar N concentrations were primarily correlated with mean 

January temperature and mean July temperature, which explained 50% and 

55% variations of deciduous foliar N concentrations respectively, while the 
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correlations of deciduous foliar N concentrations with all other variables 

such as soil variables (organic matter content, water available capacity), 

precipitation and N deposition, were not significant at all. Foliar N 

concentrations of deciduous forests also had weak correlations with latitude. 

This may be explained partly by the strong mutual correlation between 

latitude and temperature (both mean July and mean January) since mean July 

temperature co-varies with latitude in some extent as discussed above. 

 

                                   (a)                                                                         (b) 
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(c) (d) 

 

(e)                                                                                 (f) 
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(g) 

Fig. 9 Linear regression plots of mean July temperature, mean January temperature, latitude, 

precipitation, soil water available capacity and soil organic matter content against foliar N 

concentrations of deciduous forests in the Southern U.S. region. 

 
 

3.2 Regression diagnostics 

Since mean July temperature, mean January temperature and latitude 

have been identified as the major predictors for foliar N concentrations of 

deciduous forests, further statistical analyses were conducted on the 

relationships of foliar nitrogen concentrations and these independent 

variables for better model fit.  

Data were examined before formal statistical analyses, by generating 

several statistics particularly to detect unusual and influential observations, 
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and to check the collinearity of model variables. This procedure didn’t 

intend to be a through regression diagnostics on any specific model fit, 

instead, it was designed to check some potential problems which could be 

encountered in the following regression analyses. More diagnostics work 

was conducted along with these regression analyses where necessary. 

To detect unusual and influential observations, firstly, a scatter plot 

matrix of foliar N concentrations and independent variables were generated 

as Fig. 10 (Besides the three primary predictors, total N deposition was also 

included in this graph). 

 

Fig. 10 Scatter plots of foliar N concentrations and independent variables including 

latitude, mean July temperature, mean January temperature and total N deposition for deciduous 

forests. 
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By examining these scatter plots, especially the ones that the 

independent variables against foliar N concentrations, several data points 

were found to be far away from the rest. To further investigate any potential 

unusual and influential observations, several statistics were used in this 

study, specifically, studentized residual (called r) was used to detect outliers, 

leverage (called lev) was used to detect data points with extreme values, and 

Cook's D (called cd) was used to detect influential data points. According to 

the definitions of most statistical textbooks, an outlier is an observation with 

large residual, in other words, whose dependent-variable value is unusual 

given its values on the predictor variables, and leverage is a measure of how 

far an independent variable deviates from its mean, while Influence can be 

thought of as the product of leverage and outlierness. An observation is said 

to be influential if removing the observation substantially changes the 

estimate of coefficients.  

In this study, an initial multiple linear regression analysis of latitude, 

mean January temperature and mean July temperature against foliar N 

concentrations was conducted to identify all the potentially unusual or 

influential data points. Commonly used criteria for the three statistics above 

were describe as following: 
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            Leverage > (2k +2)/n; 

           Abs(rstu) > 2; 

            Cook’s D > 4/n. 

Where, k is the number of predictors, which equals to 3 in this 

regression, and n is the number of observations, which equals to 46 in this 

regression. 

Thus, using these criteria and relevant SAS procedures (REG, SORT 

and PRINT etc. Please refer to Appendix II), the unusual and influential 

observations for deciduous foliar N concentrations were identified to be 

worthy of further investigation as listed below: 

Outliers: abs(rstu) > 2 

ID   LATITUDE     TMEAN_JU   TMEAN_JA   FOLIARN       r 
18     32.40        27.2       7.6       1.18      -2.26764 
9      36.40        25.6       4.2       1.21      -2.26229 

 
Extreme observations: leverage > 0.109 

              ID    LATITUDE    TMEAN_JA    TMEAN_JU    FOLIARN      lev 
              1       35.00         2.3       22.0        1.90     0.12690 
              2       35.20         3.1       27.9        1.60     0.18297 
              3       35.50         1.3       21.2        2.42     0.16497 
              8       36.70         3.5       25.5        1.42     0.12688 
              9       36.40         4.2       25.6        1.21     0.13613 
              12      36.70         3.3       25.4        1.55     0.11514 
              14      30.10        11.1       27.4        1.44     0.12844 
              19      30.60        11.3       27.5        1.23     0.13300 
              33      35.72        -0.1       24.9        2.07     0.19277 
              34      35.68         0.9       25.4        1.79     0.13022 
              37      37.90        -1.8       20.5        2.27     0.16343 

        44      35.00         0.8       20.3        2.20     0.27690 
Influential observations: Cook’s D > 0.089 

ID    LATITUDE    TMEAN_JA    TMEAN_JU     FOLIARN       cd 
3       35.5         1.3         21.2        2.42     0.12969 
9       36.4         4.2         25.6        1.21     0.18363 
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Data accuracy was then checked by carefully examining the source data 

of the observations listed above. Three observations were found to be 

problematic: data point 3, 9 and 18. Among them, data point 3, with 

extremely high foliar N concentration value (2.42%), was retrieved from a 

report of Johnson and Lindeberg (1992). This data point is located in North 

Carolina at a mountainous site, where the elevation is 1740 meter, and its 

local temperatures are significantly overestimated by the climate dataset 

used in this study. Therefore, for this data point, local climate data were 

obtained from the original report to replace the spatial climate data value, 

i.e., using 17.2 to replace 21.2 for mean July temperature, and using –2.4 to 

replace 1.3 for mean January temperature. Data point 9 was retrieved from 

Gomez and Day (1982), and the value was averaged over the foliar N 

concentrations of several deciduous species, however, those data were 

collected from litter fall measurements instead of fresh foliage, which could 

introduce significant errors into the model predictions, therefore, this data 

point was deleted from the database for achieving higher prediction 

accuracy. Data point 18 was identified as outliers with the largest residual (r 

= -2.268). This point was obtained from Messina (1983), and the forest age 

of that point was less than 20 years, which did not meet the data collection 
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criteria set for this study. Thus, data point 18 was also deleted from the 

database. 

A new database was generated for further statistical analyses after 

identifying, editing or omitting the unusual and influential data points 

mentioned above. As part of the regression diagnostics, collinearity was 

detected for the variables by running the above multiple linear regression 

based on the new database. VIF (variance inflation factor) statistic was 

employed here to measure collinearity. Below are the SAS outputs for 

collinearity detection: 

Table 4. collinearity statistics of 3 major independent variables for deciduous foliar N 

concentrations. 

  Variable    DF     parameter     Standard     t Value   Pr > |t|   Tolerance      variance          

                      Estimate       error                                          Inflation 

  Intercept    1       6.96324       1.22519      5.68     <.0001             .             0 
  LATITUDE     1      -0.09638       0.03194     -3.02     0.0043       0.14863       6.72812 
  TMEAN_JA     1      -0.08835       0.02389     -3.70     0.0006       0.10658       9.38254 
  TMEAN_JU     1      -0.05960       0.02163     -2.76     0.0086       0.34924       2.86332 

 

 

It is widely accepted that the variable with a VIF of 10 or more could be 

considered as a linear combination of other independent variables. Thus, in 

this regression the variables generally appear to be fine in terms of 

collinearity, except that mean January temperature (VIF = 9.383) needs to 

pay more attention on when multiple linear regression is conducted. 
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3.3 Simple linear regressions, variable transformations and 

multiple linear regression 

After regression diagnostics on unusual and influential observations, the 

number of data points available for final model building is 44. These 44 data 

points were used for single linear regression first, to re-examine the 

relationships of foliar N concentrations and all independent variables, then, 

various transformations were applied to selected variables for better model 

fit, and finally multiple linear regression (stepwise approach) was conducted 

to see any improvement of model prediction. 

Table 5. Linear regression relations of deciduous foliar N concentrations and seven  

independent variables (units are as in Appendix, n = 44) 

x Regression R2 F P 
Soil organic matter 1.761 - 0.036x 0.003 0.131 0.719 

Available water capacity 1.905 - 1.245x 0.012 0.518 0.477 
Annual precipitation 1.325 - 0.0003x 0.057 2.556 0.117 
Total N deposition 1.269 + 0.066x 0.134 6.478 0.015 

Latitude -0.894 + 0.077x 0.360 23.667 <0.001 
Mean January temperature 2.022 - 0.06x 0.608 65.261 <0.001 

Mean July temperature 4.058 – 0.091x 0.614 66.896 <0.001 
 * Note: Underlined P-value means the model with that value is significant at 0.05 level. 
 

Table 5 summarizes the linear regression relations of foliar N 

concentrations and all the independent variables in this study. Again, 

apparently the first three variables (soil organic matter, available water 

capacity and precipitation) did not show any significant correlations with 

foliar N concentration (P>0.05), while total N deposition showed a 
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marginally significant relationship with it. Latitude, mean January 

temperature and mean July temperature were identified as statistically 

effective predictors of deciduous foliar N concentration in this region, which 

can explain 36.0%, 60.8% and 61.4% of variance in deciduous foliar N 

concentrations by simple linear regression. 

Several transformations were tried and applied to the above three 

independent variables individually to achieve “best” model fit. Polynomial 

transformation (degree 2 or degree 3) was identified as the most suitable one 

in general for each of the variables, while other transformations such as 

logarithmic, exponential, reciprocal, square and square root transformation 

did not improve model fit significantly (Fig. 11 a-c and Table 6). 

In the following graphs: 

FOLIARN refers to the response variable “foliar N concentration”; 

LATITUDE refers to the independent variable “latitude”; 

TMEAN_JA refers to the independent variable “mean January temperature”; 

TMEAN_JU refers to the independent variable “mean July temperature”. 
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FOLIARN = -0.893565 + 0.077029 LATITUDE                  R2 = 0.360 
Linear Fit
Polynomial Fit Degree=3 FOLIARN = -0.116986 + 0.0542942 LATITUDE + 0.0002544 (LATITUDE-34.1598)^2 +      

0.0024213 (LATITUDE-34.1598)^3                      R2 = 0.368 
 

(a) Bivariate Fit of FOLIARN By LATITUDE 

 

                        

FOLIARN = 2.0224929 - 0.0602099 TMEAN_JA           R2 = 0.608 

FOLIARN = 1.964044 - 0.0584427 TMEAN_JA + 0.0041932 (TMEAN_JA-4.72955)^2     R2  = 0.

FOLIAR
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N = 1.8409599 - 0.0330523 TMEAN_JA + 0.0040452 (TMEAN_JA-4.72955)^2 - 0.0009468 
(TMEAN_JA-4.72955)^3                R2 = 0.684 

(b) Bivariate Fit of FOLIARN By TMEAN_JA 

 

Linear Fit
Polynomial Fit Degree=2
Polynomial Fit Degree=3
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FOLIARN = 4.0576319 - 0.0910497 TMEAN_JU                 R2 = 0.614 
Linear Fit
Transformed Fit to Recip
Polynomial Fit Degree=2

FOLIARN = -0.131059 + 47.151694 Recip(TMEAN_JU)        R2 = 0.586 

FOLIARN = 4.3662554 - 0.1025385 TMEAN_JU - 0.0030135 (TMEAN_JU-25.4795)^2    

                                                                                         R2 = 0.620 

 
(C)  Bivariate Fit of FOLIARN By TMEAN_JU 

Fig. 11 Regression plots of latitude, mean January temperature and mean July 

temperature against deciduous foliar N concentrations. 

 

Fig. 11 (a) displays a positive relationship of deciduous foliar N 

concentration with latitude, which accounted for 36% of variance in 

deciduous foliar N concentrations by taking the simple linear regression 

form. Significant pattern existed with the distribution of the data points 

around the trend line, i.e., the deviations of the points from the line increased 

across the latitudinal gradient, especially in the range of 330 to 370 latitude, 

high site to site variation occurred. Therefore, it appeared that this model 

fitted better in the areas with relatively low latitude. For this regression, 
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variable transformation, as shown on this graph (cubic polynomial 

transformation used), did not help much on the model fit. 

By simple linear regression, mean January temperature explained 

60.8% of variance in foliar N concentrations for deciduous forests, and by 

taking a cubic polynomial transformation, it explained higher proportion of 

variance in foliar N concentrations (68.4%). However, in this regression, the 

points displayed significant non-random pattern with data clustering around 

the regression line, which may imply certain violations against some 

statistical assumptions on linear regression. This was examined in the 

following procedures. 

Mean July temperature was correlated very well with deciduous forest 

foliar N concentrations. A problem with this regression is the existence of 

several points with high leverages. Most data clustered in high temperature 

areas, ranging from 22 0C to 28 0C. For the simple regression equation, a 

coefficient of negative 0.09 suggests that deciduous foliar N concentration 

declines by about 0.1% for each 10C increase in mean July temperature.  

In general, all the three independent variables correlated significantly with 

deciduous foliar N concentration. With linear regression, both temperature 

variables accounted for high proportion of variance (over 60%). Multiple 

regression based on stepwise algorithm raised the proportion to 71%, and 
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MSE was reduced to about 0.02, which was 0.3 to 0.5 for most single linear 

regressions (Table 6). Three of five variables, i.e., latitude, mean July 

temperature and mean January temperature were entered eventually after 

model selection.   

Table 6.  Summary statistics of stepwise regression of 5 independent variables against 

deciduous foliar N concentrations. 
SSE DFE MSE RSquare RSquare Adj Cp AIC

0.9056054 40 0.02264 0.7108 0.6891 2.696499 -162.867
  

Parameter Estimate nDF SS "F Ratio" "Prob>F" 
Intercept 5.13464641 1 0 0.000 1.0000 
LATITUDE -0.0601253 1 0.109059 4.817 0.0340 
TMEAN_JU -0.0393649 1 0.112441 4.966 0.0315 
TMEAN_JA -0.0718995 1 0.262961 11.615 0.0015 
PRECIP . 1 0.000367 0.016 0.9006 
TotNdep . 1 0.016143 0.708 0.4053 

 

 

Fig. 12 (a-h) shows the residual analysis results for above fitted models. 

Those residual plots were against independent variables. 
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                      (a)   y = -0.894+0.077x                        (b)  Y =  -0.117 + 0.054x + 0.0003(x-34.16x)2 + 0.002(x-34.16)3 
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 (e)  Y = 1.841 – 0.033x + 0.004(x-4.73)2 - 0.0009(x-4.73)3                            (f)   Y = 4.058 – 0.091x 
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         (g)   Y = -0.131 + 47.152/x                               (h)  Y =  4.366 – 0.103x – 0.003(x – 25.476)2 

Fig. 12   Residual plots of the regressions of latitude, mean January temperature, 

mean July temperature against deciduous foliar N concentrations. 
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The residuals of latitude looks clustered, while the residuals of mean 

January temperature display a constant pattern, which imply that they may 

not meet the assumption of independence. Therefore, more attention needs 

to be paid when applying these equations for foliar N concentration 

prediction. The residual distributions of mean July temperature look better in 

general than those of other two variables. As mentioned previously, the 

effects of those data points with extreme values on the model should be 

considered.  

 

Fig. 13 Residual plot of stepwise regression 
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Residuals of stepwise regression were plotted against the predictions. 

As we can see on the graph (Fig. 13), residual distribution here deviated in 

some extent from equal variance, with a trend of decreasing from low 

prediction value to high prediction value. It suggests that this regression 

model may perform inconsistently across the predictions. 

Table 7. Significant regression relations of deciduous foliar N concentrations and 

three independent variables  (units are as in Appendix, n = 44) 

x Regression R2 R2 (adj) F P 

Latitude -0.894+0.077x 0.360 0.345 23.667 <0.0001 

Latitude -0.117 + 0.054x + 0.0003(x-

34.16x)2 + 0.002(x-34.16)3 

0.368 0.320 7.759 0.0003 

Mean January 

temperature 

2.022 – 0.06x 0.608 0.599 65.261 <0.0001 

Mean January 

temperature 

1.964 – 0.058x + 0.004(x-4.73)2 0.652 0.635 38.4 <0.0001 

Mean January 

temperature 

1.841 – 0.033x + 0.004(x-4.73)2 - 

0.0009(x-4.73)3 

0.684 0.660 28.845 <0.0001 

Mean July temperature 4.058 – 0.091x 0.614 0.605 66.896 <0.0001 

Mean July temperature -0.131 + 47.152/x 0.586 0.576 59.407 <0.0001 

Mean July temperature 4.366 – 0.103x – 0.003(x – 

25.476)2 

0.620 0.602 33.450 <0.0001 

Multiple variables * 5.135 – 0.06x1 – 0.072x2 – 0.039x3 0.711 0.689 N/A N/A 

* Note: x1, latitude; x2, mean January temperature; x3, mean July temperature. 

 

Table 7 summarizes all the selected equations based on the previous 

analysis results. Among the seven independent variables originally used for 

model building, four of them (soil organic matter, available water capacity, 
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precipitation and total N deposition) were poorly related to deciduous foliar 

N concentrations, and consequently dropped from the final regression 

modeling analysis. Three independent variables (latitude, mean January 

temperature and mean July temperature) were identified as statistically 

effective predictors for deciduous foliar N concentrations. After deleting or 

modifying a few outliers by employing regression diagnostics tools, simple 

linear regression models based on those three variables could successfully 

predict foliar N concentrations for deciduous forests. Each of mean January 

temperature and mean July temperature explained high proportions of 

variance (60.8% and 61.4% respectively). At least a portion of their R2s 

could be attributed to the collinearity of these two variables, and it was not 

evident which one was the best predictor since they explained each other by 

their strong mutual correlation (correlation coefficience 0.803), and 

statistical regression itself does not give hints on the “cause and effect”. 

Based on the residual analyses results, mean July temperature might be 

preferable for deciduous foliar N concentration prediction since the 

distribution of its residuals looks more random. Variable transformations did 

improve the R2 statistic of the regressions in comparison with simple linear 

regression, however, they did not significantly reduce the heteroscedasticity 

of the model residuals (inconstant residual variance) in general, which may 

 60



introduce bias in the estimates of the regression coefficients. Hence, Caution 

should be used with respect of their statistical reliability when applying these 

equations for foliar N concentration prediction, especially for those 

equations derived by the regressions that did not meet statistical assumptions 

well (e.g., common variance, independence).  Finally, multiple linear 

regression with stepwise algorithm, by allowing for multiple independent 

variables, also improved the model predictive capability to better explain the 

behavior of the responses variable (deciduous foliar N concentration). 

Collinearity was reduced by using stepwise approach. 

 

3.4 Model validation 

Based on the regression analyses described above, several predictive 

equations were selected for potential applications in future, while others 

were excluded primarily by examining their R2 and analyzing their residuals. 

The selected equations were then subject to be validated using previously 

reserved deciduous foliar N concentration data. The selected predictive 

equations are listed below: 

(I) Y = 4.058 – 0.091 Tju; 

(II) Y = 4.366 – 0.103Tju – 0.003(Tju – 25.476)2; 

(III) Y = 1.964 – 0.058Tja – 0.004(Tja – 4.73)2; 
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(IV) Y = 2.022 – 0.06Tja; 

(V) Y = 5.135 – 0.06Lat – 0.072Tja – 0.039Tju. 

In these equations, Tju refers to mean July temperature, Tja refers to 

mean January temperature, Lat refers to latitude, and Y refers to deciduous 

foliar N concentration. 
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                   (a)  Y = 4.058 – 0.091 Tju                            (b)  Y = 4.366 – 0.103Tju – 0.003(Tju – 25.476)2 
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Predicted Vs. Observed 
Deciduous Foliar N Concentrations  (III)
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Predicted Vs. Observed 
Deciduous Foliar Concentrations  (IV)
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           (c)  Y = 1.964 – 0.058Tja – 0.004(Tja – 4.73)2                                               (d)  Y = 2.022 – 0.06Tja 

Predicted Vs. Observed 
Deciduous Foliar N Concentrations  (V)
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(e)  Y = 5.135 – 0.06Lat – 0.072Tja – 0.039Tju 

Fig. 14   Plots of predicted vs. observed deciduous foliar N concentrations at 15 

locations in the Southern US region. Predictive equation is shown under each graph. 

 63



A consistent pattern can be observed across each of predicted vs. 

observed plots (Fig. 14 a-e), i.e., in general, almost all the fitted models 

overestimate deciduous foliar N concentration on the side with lower foliar 

N concentration values, while underestimate it on the other side with higher 

foliar N concentration values. Relatively, it appears that all the models 

without variable transformations, i.e., equation (a), (d) and (e), have better 

agreement with the observed values. Table 8 gives error estimations of the 

regression equations based on MAE and RMSE statistics. It is indicated in 

the table that the two regression equations using mean January temperature 

achieved best agreements (with lowest MAE and RMSE), however, since 

the residual distributions of mean July temperature regression may have 

violated the linear regression assumptions, their error estimations may not 

reflect their “true” errors. In this sense, predicted vs. observed plot could be 

a better tool for making the justification. 

Table 8.  Error analysis for validation of the models (model predicted vs. observed, for 

deciduous forests) 

Model MAE  RMSE  

Y = 4.058 – 0.091 Tju 0.076 0.213 

Y = 4.366 – 0.103Tju – 0.003(Tju – 25.476)2 0.064 0.209 

Y = 1.964 – 0.058Tja – 0.004(Tja – 4.73)2 0.055 0.188 

Y = 2.022 – 0.06Tja 0.060 0.177 

Y = 5.135 – 0.06Lat – 0.072Tja – 0.039Tju 0.076 0.190 
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4. Regression analysis of coniferous foliar N concentration 

1.1 Linear correlations for foliar N concentrations of coniferous 

forests 

In general, correlations of the environmental variables with coniferous 

foliar N concentrations were relatively not significant in comparison with 

those of deciduous foliar N concentration based on simple linear regressions 

(Fig. 15, (a) – (g)). Among them, latitude and mean January produced 

relatively higher coefficients of determination for coniferous foliar N 

concentrations, and total N deposition and precipitation appeared to have 

weak correlations with coniferous foliar N concentrations.  Again, soil 

variables (available water capacity and soil organic matter) produced poor 

correlations with them.  

      

(a)       
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(b)                                                                          (c) 

           

(d)                                                                    (e) 

           (f)                                                                        (g) 

Fig. 15 Linear regression plots of independent variables against foliar N 

concentrations of coniferous forests in the Southern U.S. region. 
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4.2 Regression diagnostics 

Similar procedures were followed here as in the analyses of foliar N 

concentrations for deciduous forests. Firstly, scatterplots of coniferous foliar 

N concentration and four selected independent variables were generated to 

visually check the outliers (Fig. 16) 

 

Fig. 16 Scatter plots of foliar N concentrations and independent variables including 

latitude, mean January temperature and total N deposition and precipitation for coniferous forests. 

 

Then, three commonly used statistics, studentized residual, leverage and 

Cook’s D, were employed to detect the unusual and influential observations 
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in the regression. In this case, all the five independent variables with 

significant P-value were used to generate a multiple regression, and with the 

regression, all the statistics above were calculated and outputted as follows 

by using appropriate SAS procedures. 

 Outliers: abs (rstu) >2 

ID   LATITUDE  TMEAN_JU  TMEAN_JA  PRECIP   Ndep  FOLIARN     cd      lev        r 
 
13    33.2      26.9       7.2     1172    6.71    0.95    0.10630  0.12852   -2.22689 
9     36.0      24.5       1.9     1352   10.50    1.01    0.09441  0.13450   -2.01446 
Extreme observations: leverage > 0.109 

ID    LATITUDE    TMEAN_JA    TMEAN_JU     Ndep    PRECIP    FOLIARN      lev 
 
1      35.5         1.3        21.2       9.26     1516       1.07     0.77947 
20     30.8         9.0        27.6       6.50     1606       1.04     0.42589 
30     34.6         5.6        26.0      11.87     1186       1.30     0.37420 
Influential observations: Cook’s D > 0.089 

                                            
ID    LATITUDE    TMEAN_JA    TMEAN_JU     TotNdep    PRECIP    FOLIARN       cd 
 
6      35.2         5.2         26          12.13     1279       1.56     0.33511 

 

After carefully checking the data sources of the data points shown 

above, point 1 and point 6 were identified as problematic points. Data point 

6 was retrieved from Ledogar (1986), and the forest age of that point was 

much less than 20. Therefore, this point was deleted from the database. 

Data point 1 was not omitted from the database for final regression 

modeling, even though it had the highest leverage and was very far away 

from other points, especially for the regressions of temperatures against 

foliar N concentration. Instead, data accuracy was checked and local climate 

data was used to replace the original data. The reason for doing so is that this 
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point is located at a high elevation site with the lowest temperatures, 

representing the conditions of cool climate areas. Simply discarding it may 

reduce the reliability of the models (Fig. 17 a, b).  
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                (a)                                                                                (b) 

Fig. 17 data point 1 in the regression plots of (a) mean January temperature and (b) 

mean July temperature against coniferous foliar N concentration. 

 

Along with the same regression procedure, VIF was also calculated to 

measure the collinearity of the model.  

Table 9. collinearity statistics of 3 major independent variables for coniferous foliar N 

concentrations. 
                      Parameter      Standard                                         Variance 
  Variable    DF      Estimate         Error   t Value   Pr > |t|     Tolerance     Inflation 

  Intercept    1      -1.51855       1.39597     -1.09     0.2856             .             0 

  LATITUDE     1       0.03406       0.03634      0.94     0.3563       0.09213      10.85442 

  TMEAN_JA     1      -0.02807       0.02981     -0.94     0.3542       0.06335      15.78500 

  TMEAN_JU     1       0.06598       0.03679      1.79     0.0833       0.30025       3.33061 
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The VIFs of both latitude and mean January temperature were large in 

comparison with them in the multiple linear regression against deciduous 

foliar N concentration. This indicates that a stronger collinearity existed with 

the independent variables when multiple linear regression was conducted, 

and consequently to be a great concern. Stepwise fit or other statistical 

approach such as PCR will be needed to reduce or eliminate collinearity 

between independent variables.  

 

4.3 Simple linear regressions, variable transformations and 

multiple linear regressions 

Simple linear regressions were conducted on the newly generated 

database against all independent variables to check the correlations and 

model fits. 

Table 10. Linear regression relations of coniferous foliar N concentrations and 

seven independent variables (units are as in Appendix, n = 32) 

x Regression R2 F P 

Mean July temperature * 2.141 - 0.038x 0.085 2.772 0.106 

Available water capacity 0.922 +  1.782x 0.087 2.863 0.101 

Soil organic matter 1.222 + 0.123x 0.088 2.911 0.098 

Total N deposition 0.889 + 0.033x 0.152 5.368 0.028 

Annual Precipitation  2.07 – 0.0007x 0.206 7.799 0.009 

Mean January temperature 1.304 – 0.024x 0.271 11.137 0.002 

Latitude -0.301 + 0.043x 0.356 16.593 0.0003 
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Note: if data point was omitted, linear regression of mean July temperature against coniferous 

foliar N concentration can achieve 0.237 for R2, 9.332 for F and 0.005 for P-value respectively  

by taking the form: Y = 3.792 – 0.01x. Underlined P-value means the model with that value was 

significant at 0.05 level. 

 

Latitude was most significantly related to coniferous foliar N 

concentrations, accounting for 35.6% of variance in coniferous foliar N 

concentrations in the linear form, while mean January temperature explained 

27.1% in the linear form. However, neither of these regressions were robust 

enough for a good prediction. Precipitation was also marginally correlated 

with coniferous foliar N concentrations. 

Mean January temperature and latitude were then selected for variable-

transformed regression. Best-fit model were illustrated as Fig. 18 (a, b). 

 

        FOLIARN = -0.300825 + 0.0433339 LATITUDE            R2 = 0.356 
Linear Fit
Polynomial Fit Degree=3         FOLIARN = 1.3695222 - 0.0050548 LATITUDE - 0.0116885 (LATITUDE-33.1484)^2 +       

                            0.004528(LATITUDE-33.1484)^3                            R2 = 0.522 

 

(a)  Bivariate Fit of FOLIARN By LATITUDE 
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Polynomial Fit Degree=2   FOLIARN = 1.4119021 - 0.0295436 TMEAN_JA - 0.0049577 (TMEAN_JA -7.08437)^2                                

                                                                                                           R2  = 0.522 

(b) Bivariate Fit of FOLIARN By TMEAN_JA 
Fig. 18  Regression plots of latitude, mean January temperature against coniferous 

foliar N concentrations. 

 

Models were better fitted with variable transformations on the 

independent variables (Fig. 18 a-b). In comparison with linear regressions, 

coefficients of determination were raised from 0.356 to 0.522 for latitude by 

taking quadratic transformation, and from 0.271 to 0.522 for mean January 

temperature by taking cubic transformation. Moreover, RMSEs were also 

significantly reduced, from 0.139% to 0.124% for latitude, and from 0.148% 

to 0.122% for mean January temperature.  
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The trend line of the polynomial fit of latitude against coniferous foliar 

N concentrations is displayed as a “S” curve, which increases almost linearly 

from latitude 290 to around latitude 320, then decreases smoothly from 320 to 

35.50, and increases again afterwards. This curve may reflect the inconstant 

variability of coniferous foliar N concentrations across the latitudinal 

gradient, however, how true its variability has been reflected depends on the 

data accuracy, especially the accuracy of the 2 data points (point 31 and 

point 24) on the upper end of the curve, which largely determined the second 

increasing of this trend line. In addition, the model fitted much better with 

the observations on the lower end before latitude 320, while major variations 

occurred from latitude 33 to 360, consequently the data distribution was 

shown to be uneven around the trend line. 

The trend line on the polynomial regression plot of mean January 

against foliar N concentrations formed a “ ”curve, with a peak around the 

point of mean January temperature 4.5

I

0C. The data distribution of this plot 

was similar to the previous one, with major variations of foliar N 

concentration in the middle of the curve, from mean January temperature 

20C to 100C, and displayed an uneven pattern around the trend line while 

crossing the climatic gradient. The point at the left end of the trend line 

(point 1) was identified as an extreme observation in the previous analysis. It 
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also appeared to be a critical point to determine the overall model fit. 

However, good fit can still be achieved by using polynomial transformation 

after excluding this point from the regression analysis (Fig. 19).  
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Polynomial Fit Degree=2   FOLIARN = 1.4336613 - 0.0315295 TMEAN_JA - 0.0057446 (TMEAN_JA-7.39032)^2 

   R2 = 0.524, RMSE = 0.123 
Fig. 19  Regression plots of mean January temperature against coniferous foliar N 

concentrations (with point 1 excluded). 

 

Stepwise approach was employed for multiple regression analysis of 

coniferous foliar N concentrations here. Four variables were entered, 

including latitude, mean January temperature, precipitation and total N 

deposition, but only latitude and precipitation stayed in the model eventually 

after stepwise variable selection. This again confirmed the strong 
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collinearity among the variables, especially between latitude and mean 

January temperature. The model fit achieved R2 = 0.412 (Table 11).  

 

Table 11. Summary statistics of stepwise regression of 4 independent variables against 

coniferous foliar N concentrations. 
SSE DFE MSE RSquare RSquare Adj Cp AIC

0.531321 29 0.018321 0.4124 0.3719 2.005114 -125.14
 

Parameter Estimate nDF SS "F Ratio" "Prob>F" 
Intercept 0.47678341 1 0 0.000 1.0000 
LATITUDE 0.03590051 1 0.186302 10.169 0.0034 
TMEAN_JA . 1 0.01061 0.571 0.4564 
PRECIP -0.0004042 1 0.050862 2.776 0.1064 
TotNdep . 1 0.011261 0.606 0.4427 

 

Fig. 20 (a, b and c) shows the residual plots of the regression equations 

described above. It appeared that the residual plots of the regressions using 

latitude displayed more Heteroscedasticity, especially the one with linear fit. 

The residual plot of stepwise fit looked fine, except a couple of points away 

from the rest. 
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(c)   Y = 1.412 - 0.03x - 0.005 (x-7.084)2 

Fig. 20  Residual plots of the regressions of latitude, mean January temperature 

against coniferous foliar N concentrations. 
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Fig. 21  Residual plot of stepwise regression 

 

Table 12 summarizes the regression relations with several statistics. By 

integrating the analysis conducted above, latitude, by taking cubic 

transformation, could be a more preferable predictor for coniferous foliar N 

concentrations. 

Table 12. Significant regression relations of coniferous foliar N concentrations and 

independent variables  (units are as in Appendix, n = 32) 

x Regression R2 R2(adj) F P 

Latitude Y = -0.301 + 0.043x 0.356 0.335 16.593 0.0003 

Latitude 
Y = 1.369 - 0.005 x - 0.012(x-
33.148)2 + 0.005 (x-33.148)3 

 
0.522 0.471 10.209 0.0001 

Mean January temperature Y = 1.412 - 0.03x - 0.005 (x-7.084)2 0.522 0.489 15.857 <0.0001 

Multiple variables Y = 0.479 + 0.036x1 - 0.0004x2 0.412 0.372 N/A N/A 

* Note: x1, latitude; x2, annual precipitation; 
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4.4 Model validation 

Similar to the previous validation of deciduous foliar N concentrations, 

in general, all the predictive equations overestimate the points with lower 

values, while underestimate the points with higher values (Fig. 22). In 

comparison with the models developed for deciduous foliar N concentration 

prediction, the models for coniferous foliar N concentrations introduced 

more biases (errors) overall, which can also be seen in Table 13.  

Predicted vs. Observed 
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Predicted vs. Observed 
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    (a)  Y = -0.301 + 0.043x                                         (b)  Y = 1.369 - 0.005 x - 0.012(x-33.148)2 + 0.005 (x-33.148)3 
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Predicted vs. Observed 
Coniferous Foliar N Concentrations (III)
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Predicted vs. Observed 
Coniferous Foliar N Concentrations (IV)
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 (c)   Y = 1.412 - 0.03x - 0.005 (x-7.084)2                                                      (d)   Y = 0.479 + 0.036x1 - 0.0004x2 

Fig. 22   Plots of predicted vs. observed coniferous foliar N concentrations at 10 

locations in the Southern US region. Predictive equation is shown under each graph. 

 

Table 13.  Error analysis for validation of the models (model predicted vs. observed, for 

coniferous forests) 

Model MAE RMSE 

Y = -0.301 + 0.043Lat  0.039 0.189 

Y = 1.369 - 0.005Lat - 0.012(Lat-33.148)2 + 0.005 (Lat-33.148)3 0.06 0.174 

Y = 1.412 - 0.03Tja - 0.005 (Tja-7.084)2 0.043 0.207 

Y = 0.479 + 0.036Lat - 0.0004Prec 0.043 0.186 
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5. Regression analysis based on the subset data 

collected in June, July and August 

         5.1 Descriptive statistics and correlation analysis 

As described in the “materials and method” section, forest foliar N 

concentrations were widely recognized to be most stable in summer season. 

Thus, a data subset (namely “June-August subset” in the following 

paragraphs) was generated by extracting all the data points of June, July and 

August from the original database. Totally 29 data points for deciduous 

forests and 11 data points for coniferous forests were extracted for separate 

regression analysis. 

Table 14. Summary statistics of foliar N concentration data (June-August subset) 
 

 Coniferous Deciduous 
N of cases 11 29 
Minimum 0.80 1.42 
Maximum 1.27 2.27 

Mean 1.09 1.85 
Standard Dev 0.15 0.22 

 

Table 14 summarizes the foliar N concentration data collected in June, 

July and August. In comparison with the overall data summarized in Table 

1, the mean value of the subset foliar N concentration data for deciduous 

forests was relatively higher (1.85% for the subset and 1.69% for the 

overall), while the mean value of the subset foliar N concentration data for 
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coniferous forests was relatively lower (1.09% for the subset and 1.15% for 

the overall). This may be explained by the different compositions of the 

original databases for deciduous forests and for coniferous forests. By 

examining the original databases for deciduous forests, relatively more data 

were found to be collected in fall season (mostly in September and October). 

In general, it is recognized that forest foliar N concentrations decrease from 

summer to fall. Thus, the mean value of the overall deciduous foliar N 

concentration data was relatively lower than that of the subset data in summer 

season.  In the original database for coniferous forests, relatively more data 

were collected in early spring, a season that for most species, nitrogen is 

actively translocated into foliage. This in turn produced relatively higher 

mean value of coniferous foliar N concentration for the overall data. 

Table 15. Pearson correlation matrix of deciduous foliar N concentrations and 

independent variables (June-August subset). 

 FOLIARN LATITUDE TMEAN_JULY TMEAN_JAN PRECIP AWC OM NDEP 

FOLIARN 1.000 0.609 -0.745 -0.669 0.293 -0.450 0.225 0.219 

LATITUDE 0.609 1.000 -0.791 -0.939 -0.111 -0.157 0.357 0.678 

TMEAN_JULY -0.745 -0.791 1.000 0.821 -0.366 0.323 -0.254 -0.418 

TMEAN_JAN -0.669 -0.939 0.821 1.000 -0.096 0.140 -0.362 -0.574 

PRECIP 0.293 -0.111 -0.366 -0.096 1.000 0.118 -0.242 -0.211 

AWC -0.450 -0.157 0.323 0.140 0.118 1.000 -0.265 0.107 

OM 0.225 0.357 -0.254 -0.362 -0.242 -0.265 1.000 0.365 

NDEP 0.219 0.678 -0.418 -0.574 -0.211 0.107 0.365 1.000 
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As shown in Table 15, the correlations between deciduous foliar N 

concentrations and independent environmental variables of the June-August 

subset data were not significantly different to those of the overall data. 

Among the seven independent variables, latitude, mean July temperature and 

mean January temperature were significantly correlated to deciduous foliar 

N concentrations, while others were poorly correlated to. Significant or even 

strong correlations also exist between the independent variables such as 

latitude, temperatures and total N deposition. 

In contrast, for June-August subset data of coniferous forests, foliar N 

concentrations were not correlated, at least not linearly correlated with any 

of the independent variables (see Table 16, correlation coefficient 0.4 was 

set as significant). This differed significantly from the correlation analysis 

results of the overall data. 

Table 16. Pearson correlation matrix of coniferous foliar N concentrations and 

independent variables (June-August subset). 

 
 FOLIARN LATITUDE TMEAN_JULY TMEAN_JAN PRECIP AWC OM NDEP 

FOLIARN 1.000 0.344 0.111 -0.371 -0.182 0.229 0.165 0.095 

LATITUDE 0.344 1.000 -0.449 -0.976 -0.600 0.279 0.133 0.814 

TMEAN_JULY 0.111 -0.449 1.000 0.363 -0.025 0.243 0.008 -0.697 

TMEAN_JAN -0.371 -0.976 0.363 1.000 0.591 -0.451 0.013 -0.777 

PRECIP -0.182 -0.600 -0.025 0.591 1.000 0.069 -0.236 -0.093 

AWC 0.229 0.279 0.243 -0.451 0.069 1.000 -0.597 0.316 

OM 0.165 0.133 0.008 0.013 -0.236 -0.597 1.000 -0.008 

NDEP 0.095 0.814 -0.697 -0.777 -0.093 0.316 -0.008 1.000 
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5.2 Regression analysis of foliar N concentrations of deciduous 

forests 
 

Table 17 summarizes the linear regression relations of deciduous foliar 

N concentrations with all the independent variables for the subset data. As 

shown in the table, deciduous foliar N concentrations were primarily 

correlated with mean July temperature (R2 = 0.555, P-value < 0.0001) and 

mean January temperature (R2 = 0.447, P-value < 0.0001), and secondarily 

with latitude (R2 = 0.372, P-value < 0.0001).  

Table 17. Linear regression relations of deciduous foliar N concentrations and 

seven independent variables (June-August subset). (units are as in Appendix, n = 29) 

x Regression R2 F P 
Soil organic matter 1.775 + 0.138x 0.051 1.445 0.240 

Available water capacity 2.377- 3.769x 0.202 6.842 0.014 
Annual precipitation 1.451 - 0.0003x 0.086 2.530 0.123 
Total N deposition 1.587 + 0.356x 0.048 1.359 0.254 

Latitude -0.904 + 0.079x 0.372 15.921 <0.0001 
Mean January 
temperature 

2.025 - 0.050x 0.447 21.843 <0.0001 

Mean July temperature 3.789 – 0.077x 0.555 33.6 <0.0001 
 * Note: Underlined P-value means the model with that value is significant at 0.05 level. 

 
Mean July temperature, Mean January temperature and latitude were 

identified as statistically effective predictors of deciduous foliar N 

concentrations based on above analysis on the regression relations for the 

June-August subset data. Regression plots were generated to illustrate the 

above regression relations, and variable transformation was applied where 

necessary for better model fit (Fig. 23, a-c). 
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Linear Fit FOLIARN = -0.90438 + 0.079198 LATITUDE    R2 = 0.371 

 
 (a)  Bivariate Fit of FOLIARN By LATITUDE 

 
 

 
 

Linear Fit
Polynomial Fit Degree=2

FOLIARN = 2.0250257 - 0.0498575 TMEAN_JA    R2 = 0.447 

FOLIARN = 1.9507233 - 0.0479009 TMEAN_JA + 0.0083919 (TMEAN_JA-3.44828)^2 

R2 = 0.525 

(b) Bivariate Fit of FOLIARN By TMEAN_JA 
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Linear Fit FOLIARN = 3.7889955 - 0.0767896 TMEAN_JU   R2 = 0.555 

(c)  Bivariate Fit of FOLIARN By TMEAN_JU 

Fig. 23 Regression plots of latitude, mean January temperature and mean July 

temperature against deciduous foliar N concentrations (June-August subset). 

 

It can be observed that, for mean January temperature, quadratic 

transformation improved its model fit with deciduous foliar N 

concentrations. For other two independent variables (mean July temperature 

and latitude), the regression relations with deciduous foliar N concentrations 

can still be best described by simple linear models. 

A multiple linear regression with stepwise algorithm was employed to 

incorporate more independent variables for foliar N concentration 

prediction. Collinearity was assumed to be reduced or eliminated from the 

model by the stepwise approach (Table 18). 
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Table 18. .  Summary statistics of stepwise regression of independent variables against 

deciduous foliar N concentrations (June-August subset). 
 

SSE DFE MSE RSquare RSquare Adj Cp AIC
0.440929 24 0.018372 0.6602 0.6036 2.588584 -111.399

 

Parameter Estimate nDF SS "F Ratio" "Prob>F" 
Intercept 2.5169615 1 0 0.000 1.0000 
LATITUDE . 1 0.006313 0.334 0.5689 
TMEAN_JU -0.017605 1 0.006796 0.370 0.5488 
TMEAN_JA -0.0340348 1 0.064393 3.505 0.0734 
PRECIP 0.00023352 1 0.042053 2.289 0.1434 
AWC -2.9989071 1 0.118485 6.449 0.0180 
OM . 1 0.000866 0.045 0.8334 
TotNdep . 1 0.001965 0.103 0.7512 

 

 

As shown above, four independent variables (mean July temperature, 

mean January temperature, precipitation and available water capacity) were 

selected for multiple linear regression modeling, while other three variables 

(latitude, organic matter and total N deposition) were excluded from the 

model. By taking this form, the multiple linear regression explained 66% 

variance of foliar N concentrations for deciduous forests. 

For regression diagnostics on the regressions described above, various 

residual plots were generated against the independent variables or against 

predictions, primarily for detecting the normality and heteroscedasticity of 

the models (Fig. 24, a-e). From the graphs we can see that, certain patterns 

exist with the residual plots of the regressions based on latitude and mean 

January temperatures. This suggests that, especially for mean January 

temperature data, spatial auto-correlation may exist. Residual plots of the 
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regressions based on mean July temperature and of multiple linear 

regression look more random. 
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                                   (a)    Y = -0.904 + 0.079 x                                                                       (b)      Y = 2.025 - 0.05x 
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(e) Y = 2.517 – 0.018Tmean_Ju – 0.034Tmean_Ja + 0.0002Precip – 2.999AWC 

 
Fig. 24 Residual plots of the regressions of latitude, mean January temperature and 

mean July temperature against deciduous foliar N concentrations, and of multiple linear 

regression (June-August subset). 

 

 

All the regression equations derived from this data subset are 

summarized as Table 19. In comparison with the according equations 

derived from the overall dataset, in most cases, the intercepts and slopes 

were only slightly different. However, it appears that the forms of linear 

regressions based on mean July temperature were quite different between 

these two datasets. For the overall dataset, the equation was expressed as: Y 

= 4.058 – 0.091x, while for the subset, the equation was expressed as: Y = 

3.789 - 0.077x. 
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Table 19. Significant regression relations of coniferous foliar N concentrations and 

independent variables  (units are as in Appendix, n = 32) 

x Regression R2 R2(adj) F P 

Latitude Y = -0.904 + 0.079 x 0.371 0.348 15.921 0.0005 

Mean January 
Temperature 

Y = 2.025 - 0.05x 0.447 0.427 21.843 <0.0001 

Mean January 
Temperature 

Y = 1.951 - 0.048x+ 0.008 (x-3.448)2                   0.525 0.489 14.395 <0.0001 

Mean July 
Temperature 

Y = 3.789 - 0.077x 0.555 0.538 33.620 <0.0001 

Multiple variables * Y = 2.517 – 0.018x1 – 0.034x2 + 0.0002x3 – 2.999x4 0.660 0.604 N/A N/A 
 

*Note: x1, mean July temperature; x2, mean January temperature; x3, annual precipitation; x4, available water capacity (AWC) 
 

 

5.3 Regression analysis of foliar N concentrations of coniferous forests 

The linear regression relations of coniferous foliar N concentrations and 

all the  independent variables for June-August subset data were summarized 

as Table 20. 

Table 20. Linear regression relations of coniferous foliar N concentrations and 

seven independent variables (units are as in Appendix, n = 11) 

x Regression R2 F P 
Soil organic matter 1.085 + 0.002x 0.027 0.253 0.627 

Available water capacity 2.377- 3.769x 0.202 6.842 0.014 
Annual precipitation 1.595 – 0.0004x 0.033 0.307 0.593 
Total N deposition 1.039 – 0.008x 0.009 0.082 0.782 

Latitude 0.151 – 0.029x 0.118 1.209 0.300 
Mean January temperature 1.263 – 0.02x 0.138 1.441 0.261 

Mean July temperature 0.184 + 0.002x 0.027 0.253 0.627 
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It is indicated that for the 11 data points of the June-August subset, 

coniferous foliar N concentrations were not correlated with almost any of the 

independent variables. One exception is available water capacity, with which 

coniferous foliar N concentrations were weakly correlated. Various variable- 

transformations were tried, however, no transformations could achieve good 

model fit of the independent variables with coniferous foliar N 

concentrations. Therefore, no regression equation was derived from this data 

subset. The possible explanations on the overall poor correlations above are 

as following: 

1. The sample size of this subset (11 data points) was too small to 

show any statistically significant trend of coniferous foliar N 

concentrations; 

2. Data accuracy was an issue. Since the data were collected from 

diverse sources and with diverse variations, in this small sample 

size, the trends may be largely dampened by the errors and 

variations associated with the data; 

3. For coniferous forests, foliar N concentrations in summer season 

(June, July and August) may not be stable enough. Variations 

may still exist and develop across the season, in some cases, 

these variations may be very large. In fact, coniferous foliar N 

 90



concentration data were also collected during December and 

January in many studies, especially when comparing with the 

critical values of foliar nutrients (Colbert and Allen, 1996). 
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Discussion  
 

Strong relationships between foliar N concentrations and environmental 

variables (primarily climatic variables) were found across the study region, 

and clear spatial trends of foliar N concentrations were observed for 

deciduous forests and coniferous forests respectively. Both deciduous and 

coniferous foliar N concentrations follow climatic gradient and latitudinal 

gradient, but they have different trends. Specifically, deciduous foliar N 

concentrations respond more strongly to climatic gradient (including the 

independent variables of both mean January temperature and mean July 

temperature), while coniferous foliar N concentrations respond more 

strongly to latitudinal gradient. Even though coniferous foliar N 

concentrations also showed a significant relationship with mean January 

temperature (R2  = 0.522 by taking a polynomial fit), this relationship may 

largely be explained by the strong mutual correlation between mean January 

temperature and latitude (correlation coefficient = -0.948). Stepwise 

regression results (with latitude in but mean January temperature out of the 

model) also indicated the latitude, instead of mean January temperature, was 

more likely the primary predictor for coniferous foliar N concentrations. 

Therefore, latitudinal gradient represents the predominant trend of 

coniferous foliar N concentrations across the region.  
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Moreover, the statistical behaviors of deciduous and coniferous foliar N 

concentrations also differ significantly. Regression analysis results described 

above suggest that the relationships between deciduous foliar N 

concentrations and the independent environmental variables could be 

captured by simple linear regressions in some extent. But for coniferous 

foliar N concentrations, more complex regression approaches are needed, 

such as variable transformations used in this study, or non-linear regressions, 

to achieve better fit. This may suggest that in this region, the effects of 

environmental processes on deciduous foliar N concentrations are more 

constant and straightforward. In contrast, turning points exist in the 

regression lines for coniferous foliar N concentrations, e.g., latitude 320 and 

350, and mean January temperature 4.50C as pointed out above, where the 

models behave inversely around the points. Consequently, distinct spatial 

patterns may be observed across the region for deciduous and coniferous 

foliar N concentrations.  

Another issue about the statistical analysis results is the inconstant 

nature of the relationships between foliar N concentrations and 

environmental variables. This was reflected in the previous regressions by 

the uneven distributions of data points around the trend lines. At one end of 

the gradient (climatic or latitudinal), data points followed the trend line very 
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closely, while major variations occurred usually in the middle of the 

gradient. One exception is the relationship between deciduous foliar N 

concentrations and mean July temperature, of which the data points formed a 

good distribution pattern almost evenly around the trend line.  

In summary, deciduous foliar N concentrations were primarily 

correlated with climatic variables (both mean July temperature and mean 

January temperature), while coniferous foliar N concentrations were 

primarily correlated with latitude, and secondarily with mean January 

temperature. These relationships have been explored by various regression 

analyses, and validated against reserved observations. Similar relationships 

were also illustrated by results from other studies. For example, Yin (1993) 

found strong correlations of foliar N concentrations with climatic variables 

across the North America region. By scaling the study results down, similar 

trends were followed in this region as illustrated by Fig.2 in Yin(1993) for 

coniferous foliar N concentrations.  

Data used in this study ranges from 290N to 380N, and about –2.50 to 

130 for mean January temperature. In that range on the Yin’s regression 

plots, coniferous foliar N concentrations increased constantly with latitude, 

and decreased constantly with mean January temperature. However, this 

study found more variability with the trend of foliar N concentrations in 
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relations to latitude and mean January temperature (Fig. 18, a and b). This 

could be partly explained by the variations of the behaviors of data and the 

fitted models across different spatial scales. 

For deciduous forests, Yin’s study did show strong relationship 

between mean July temperature and foliar N concentrations, but did not 

show significant relationship between foliar N concentrations and mean 

January temperature as in this study. The latter finding is the major 

disagreement between these two studies. Both studies revealed strong 

relationships between foliar N concentrations and climatic variables at 

different scales. 

The mechanisms underlying the observed relationships in this study are 

complex since many processes, responses and interactions and feedbacks 

involved in the C and N cycles, and consequently the dynamics of foliar N 

concentration. It is a widely recognized assumption that at the regional or 

global scale, climatic constraints dominate the carbon and nitrogen cycles of 

forest ecosystem (Yin 1993). In contrast to the effects of other 

environmental variables such as SWC, climatic factors have more profound 

effects and more control on the dynamics and patterns of forest foliar N 

concentrations at various temporal and spatial scales. Climatic factors affect 
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not only tree physiological processes which include both carbon and 

nitrogen cycles, but also soil processes and soil-plant interactions.  

Foliar N concentration (mass-based) is a ratio variable which can be 

expressed as the foliar N content per unit foliar biomass. Therefore, both 

foliar N dynamics and foliar biomass dynamics affect foliar N 

concentrations. For deciduous forests, the negative relationship of foliar N 

concentration with temperatures can be explained possibly as follows: (1) 

low temperatures reduce net photosynthesis but not N availability and N 

uptake, thus, with foliar biomass decreasing due to reduced net 

photosynthesis level and constant N availability, foliar N concentrations may 

increase; (2) when temperatures decrease, N may be actively concentrated in 

foliage to counteract suboptimum effects on net photosynthesis.  

The trends of coniferous foliar N concentrations across climatic 

gradient and latitudinal gradient may be the combined effects of diverse 

environmental factors, such as temperature, light availability, soil N and 

foliar life span, etc. The factors and the interactions between the factors 

change across the gradients result in the inconstant trends of foliar N 

concentrations. 

In general, soil variables were poorly correlated to forest foliar N 

concentrations. This suggests that the second hypothesis on the relationships 
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between foliar N concentrations and soil factors may be rejected, at least for 

the selected variables and for the soil data used in this study. It is, however, 

too early to decide how and in what extent soil processes affect the pattern 

of foliar N concentrations in this region since the soil variables used here 

were limited and local soil data was lacked. Further study is needed for 

exploring those relationships. 

The relationships observed in this study can be used for predicting the 

spatial pattern of foliar N concentrations in this region. However, 

uncertainties and limitations do exist with these derived equations which 

need to be understood before applying: 

1. Variations of foliar N concentration could be from diverse 

sources, such as inter-annual variations, different measurement 

techniques, and elevation etc. They were not accounted for in 

these regressions. Thus, those equations are very generalized 

estimation of the “real” pattern of foliar N concentrations; 

2. As discussed previously, violations of statistical assumptions on 

linear regression were observed in some regressions, thus, more 

cautions may be needed when applying the predictive equations 

derived from those linear regressions, since their statistical 
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analysis results could be misleading in some extent, especially 

their error estimations; 

3. Those equations are purely empirical, specifically derived for 

the southern US region using data primarily from summer and 

early fall season. Thus, they may not be extrapolated at 

temporal and spatial scales. In addition, because they were 

derived at regional level and based on spatial data, they may not 

be good for local prediction, especially when local conditions 

are significantly different to the 4 criteria set in this study; 

4. The effects of climate changes on these predictive equations 

should be taken account for when they are used for studying 

future climate change impact analysis. These effects could be: 

1) changed temperatures directly affecting the model prediction 

results; 2) changing species composition; 3) CO2 and Ozone 

affecting the tree physiological processes and responses, and 

consequently changing the relationships between foliar N 

concentrations and environmental variables. 
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Conclusion 

 

In spite of diverse data sources, forest conditions and site conditions, foliar 

N concentration were found to be strongly correlated with climatic variables 

across the region: primarily temperatures for deciduous forests, and 

primarily latitude for coniferous. No significant correlations were found 

between foliar N concentrations and soil variables, precipitation and N 

deposition, at least for the data used in this study. Regression analyses based 

on simple linear regression, variable-transformed linear regression and 

multiple linear regression approaches offer basic tools for detecting the 

spatial trends of foliar N concentrations across the region, however, 

considering the complex nature of the spatial data involved in this study, 

more robust statistical approaches may be developed for better capturing the 

statistical relations between forest foliar N concentrations and environmental 

factors. The predictive equations derived from these significant regression 

relations were validated and could be used for predicting the spatial pattern 

of foliar N concentrations in this region.  
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Appendix I 

Databases for Regression Analyses 

1. Original database for forest foliar N concentrations in the Southern US region 

SPECIES 
FOREST 

TYPE     LOCATION Collection Date Reference FOLIARN LONGITUDE LATITUDE
Quercus spp Deciduous North Carolina not specified Cole and Rapp 1981 1.90 -83.40 35.00 
Quercus stellata Deciduous Oklahoma July 1970 Johnson and Risser 1974 1.60 -97.40 35.20 
Carya - Quercus Deciduous Tennesse not specified Cole and Rapp 1981 1.45 -84.30 36.00 
Fagus granifolia Deciduous North Carolina not specified Johnson and Lindberg 1992 2.42 -83.40 35.50 
Fraxinus pennsylvanica Deciduous Alabama-Florida Aug. and Sept, 1978-1982  Messina et al. 1986 1.41 -85.70 30.80 
Fraxinus pennsylvanica Deciduous South/North carolina Aug. and Sept, 1978-1982  Messina et al. 1986 1.38 -79.00 33.80 
Liquidambar styraciflua Deciduous Mississippi-Florida Aug. and Sept, 1978-1982  Messina et al. 1986 1.50 -88.10 31.20 
Nyssa spp. - Acer rubrum Deciduous North Carolina Aug. and Sept, 1978-1982  Messina et al. 1986 1.65 -77.20 35.80 
Mixed hardwoods Deciduous Coweeta, NC Aug. and Sept, 1978-1982  Reich et al. 1998 1.94 -83.50 35.00 
Fraxinus pennsylvanica Deciduous Huntington Point, MS Early Dec., 1972-1976 Kennedy 1984 1.63 -91.00 33.60 
Cupressus sp.  Deciduous Great Dismal Swamp, NC Nov. 1977 Day 1982 1.42 -76.50 36.70 
Quercus pagoda Deciduous Mississippi Aug. 1997 Gardiner and Krauss 2001 1.85 -90.60 33.10 
Mixed hardwoods Deciduous Great Dismal Swamp,NC Oct. to Nov. Gomez and Day 1982 1.21 -76.60 36.40 
Taxodium distichum  Deciduous Glynn, GA. Swamp Aug. and Sept, 1978-1982  Messina 1983 1.47 -81.70 31.10 
Fraxinus pennsylvanica  Deciduous Marion, SC. Bottomland Aug. and Sept, 1978-1982  Messina 1983 1.78 -79.30 34.10 
Betula spp Deciduous Dallas, Al. Bottomland Aug. and Sept, 1978-1982  Messina 1983 1.72 -87.00 32.30 
Betula spp Deciduous Southampton, VA. Aug. and Sept, 1978-1982  Messina 1983 1.55 -77.00 36.70 
Taxodium distichum  Deciduous Hertford, NC. Swamp Aug. and Sept, 1978-1982  Messina 1983 1.64 -76.90 36.30 
Taxodium distichum  Deciduous Craven, NC. Swamp Aug. and Sept, 1978-1982  Messina 1983 1.49 -77.30 35.20 
Carpinus caroliniana  Deciduous Taylor, FL. Wet Flat Aug. and Sept, 1978-1982  Messina 1983 1.44 -83.90 30.10 
Nyssa sylvatica  Deciduous Taylor, FL. Swamp Aug. and Sept, 1978-1982  Messina 1983 1.28 -83.60 29.90 
Fraxinus pennsylvanica  Deciduous Washington, AL. Wet flat Aug. and Sept, 1978-1982  Messina 1983 1.59 -88.30 31.30 
Betula spp Deciduous Sumter, Al Aug. and Sept, 1978-1982  Messina 1983 1.50 -88.30 32.80 



Carya spp Deciduous Wayne, MS. Bottomland Aug. and Sept, 1978-1982  Messina 1983 1.46 -88.60 31.50 
Taxodium distichum  Deciduous George, MS. Swamp Aug. and Sept, 1978-1982  Messina 1983 1.68 -88.60 30.90 
Liquidambar styraciflua  Deciduous Warren, MS. Bottomland Aug. and Sept, 1978-1982  Messina 1983 1.18 -90.80 32.40 
Ulmus spp Deciduous Escambia, FL. Bottomland Aug. and Sept, 1978-1982  Messina 1983 1.36 -87.50 30.90 
Nyssa sylvatica  Deciduous Nassau, FL. Swamp Aug. and Sept, 1978-1982  Messina 1983 1.23 -81.80 30.60 
Quercus hemisphaerica  Deciduous Dorchester, SC. Wet Flat Aug. and Sept, 1978-1982  Messina 1983 1.53 -80.40 33.10 
Quercus hemisphaerica  Deciduous Jasper, SC. Wet Flat Aug. and Sept, 1978-1982  Messina 1983 1.30 -81.10 32.50 
Liquidambar styraciflua L. Deciduous Duke forest, NC Sept., 1998 & 1999 Herrick and Thomas 2001 1.83 -79.09 35.97 
Quercus incana Bartr. Deciduous Scrub oak natural area, SC July 1997 Donovan et al. 2000 1.79 -81.60 33.20 
Quercus prinus  Deciduous Alabama June 1999 SGCP 1999-2000 1.87 -87.35 34.32 
Quercus velutina  Deciduous Alabama June 1999 SGCP 1999-2000 1.92 -87.03 32.90 
Carya glabra  Deciduous Alabama June 1999 SGCP 1999-2000 1.99 -87.40 33.02 
Quercus alba  Deciduous Kentucky June 2000 SGCP 1999-2000 1.99 -84.30 36.63 
Carya glabra  Deciduous Kentucky June 2000 SGCP 1999-2000 2.18 -84.32 36.63 
Quercus velutina  Deciduous Kentucky June 2000 SGCP 1999-2000 2.04 -84.33 36.60 
Quercus prinus  Deciduous Georgia June 1999 SGCP 1999-2000 1.94 -84.68 34.82 
Quercus alba  Deciduous Mississippi June 2000 SGCP 1999-2000 1.80 -89.33 34.35 
Quercus rubra  Deciduous Mississippi June 2000 SGCP 1999-2000 1.60 -89.33 34.37 
Quercus falcata  Deciduous Mississippi June 2000 SGCP 1999-2000 1.57 -89.27 34.68 
Quercus falcata  Deciduous Mississippi June 2000 SGCP 1999-2000 1.84 -89.27 34.70 
Quercus velutina  Deciduous Kentucky June 1999 SGCP 1999-2000 2.20 -83.72 37.88 
Liquidambar styraciflua  Deciduous Georgia June 2000 SGCP 1999-2000 1.79 -83.42 33.40 
Quercus alba  Deciduous Georgia June 2000 SGCP 1999-2000 1.68 -83.47 33.37 
Quercus alba  Deciduous Georgia June 2000 SGCP 1999-2000 1.76 -83.50 33.27 
Quercus alba  Deciduous Arkansas June 2000 SGCP 1999-2000 2.07 -93.10 35.72 
Quercus alba  Deciduous Arkansas June 2000 SGCP 1999-2000 1.79 -93.15 35.68 
Liquidambar styraciflua  Deciduous S. Carolina June 1999 SGCP 1999-2000 1.65 -81.70 34.62 
Liquidambar styraciflua  Deciduous S. Carolina June 1999 SGCP 1999-2000 1.89 -81.68 34.63 
Quercus prinus  Deciduous Virginia Aug. 1999 SGCP 1999-2000 2.27 -79.08 37.90 
Quercus prinus  Deciduous Virginia Aug. 1999 SGCP 1999-2000 1.94 -79.45 37.55 
Quercus rubra  Deciduous Virginia June 1999 SGCP 1999-2000 1.87 -79.45 37.57 
Mixed Hardwoods Deciduous Meyers branch, SC August  Moorhead and McArthur 1996 1.49 -81.60 33.20 
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mixed hardwood Deciduous Colleton county, SC Mid-summer, 1995 Burke et al. 1999 1.74 -80.70 32.70 
Liquidambar styraciflua  Deciduous Sumter County, SC Sept., 1998 & 1999 Scott et al. 2002 1.37 -80.20 33.90 
Liquidambar styraciflua  Deciduous Bainbridge, GA Sept., 1998 & 1999 Scott et al. 2002 1.54 -83.60 32.70 
mixed hardwood Deciduous Coweeta mid-summer  Mitchell et al. 1999 2.20 -83.50 35.00 
Mixed hardwoods Deciduous Stoneville, MS, Early Aug., 1986-1992 Kennedy 1993 1.42 -89.50 32.70 
Mixed hardwoods Deciduous western North Carolina. Sept. 1990 Vose and Swank 1993 1.86 -83.00 35.00 
Picea rubens Coniferous North Carolina not specified Johnson et al. 1991 1.07 -83.40 35.50 
Pinus elliottii   Coniferous Tennesse not specified Cole and Rapp 1981 1.11 -84.30 36.00 
Pinus elliottii   Coniferous Florida Jan. and Feb. 1980 Gholze and Fisher 1982 0.94 -82.40 29.60 
Pinus palustris Coniferous South Carolina not specified Van Lear et al. 1977 0.89 -80.70 32.90 
Pinus taeda Coniferous not specified Ledogar 1986 1.34 -77.50 35.20 
Pinus taeda Coniferous Onslow, NC not specified Ledogar 1986 1.29 -77.40 34.70 
Pinus taeda Coniferous Lenoir west, NC not specified Ledogar 1986 1.56 -77.80 35.20 
Pinus taeda Coniferous Scotland county, NC June to July, 1993 Murthy 1996 0.98 -79.50 34.90 
Pinus taeda Coniferous Florida June, 1980 West and Mann 1982 0.80 -82.40 29.60 
Pinus taeda Coniferous South Carolina Feb. to Mar., 1979 Van Lear et al. 1984 1.07 -82.80 34.70 
Pinus taeda Coniferous North Carolina not specified Johnson and Lindberg 1992 1.01 -84.30 36.00 
Pinus spp Coniferous Hobcaw, SC June to Aug., 1986-1993 Reich et al. 1998 1.17 -79.20 33.30 
Pinus taeda Coniferous Whitehall forest, GA August Teskey 1995 1.24 -83.30 30.95 
Pinus taeda Coniferous Craven Co., NC Winter of 1983/1984 Vose and Allen 1988 1.15 -77.10 35.20 
Pinus taeda Coniferous Colleton Co., SC Winter of 1983/1984 Vose and Allen 1988 1.10 -80.70 32.90 
Pinus taeda Coniferous Savannah River Plant, SC June 1982 Birk and Vitousek 1986 0.95 -81.70 33.20 
Pinus taeda Coniferous southeastern Oklahoma August 1994 Zhang et al. 1997 1.24 -95.00 35.00 
Pinus elliottii   Coniferous Nassau Co., FL Jan. 1982 NCSFFC 1982 0.97 -81.70 30.70 
Pinus elliottii   Coniferous Wayne Co., GA Jan. 1982 NCSFFC 1982 1.21 -81.90 31.50 
Pinus elliottii   Coniferous Alachua Co., FL Jan. 1982 NCSFFC 1982 1.00 -82.20 29.70 
Pinus elliottii   Coniferous Decatur Co., GA Dec. 1998 Grasham and Williams 2002 1.32   -84.50 30.90
Pinus elliottii   Coniferous Effingham Co., GA Aug. 1999 Barron-Gafford et al. 2003 1.21 -81.30 32.40 
Pinus taeda Coniferous Scotland county, NC Nov. 1994 Booker and Maier 2001 1.15 -79.00 35.00 
Pinus taeda Coniferous Levy county,  FL Dec., 1998 Xiao et al. 2002 0.74 -82.80 29.30 
Pinus taeda Coniferous Lee Memorial forest, LA Sept., 1997 Dicus and Dean 2002 1.04 -89.90 30.80 
Pinus spp Coniferous Putnam county, FL Dec., 1998 Xiao et al. 2002 0.80 -81.70 29.70 

Lenoir east, NC 

 113



Pinus taeda Coniferous Bainbridge, GA June-Aug., 1997/1998 Samuelson et al. 2001 1.27 -83.30 32.80 
Pinus spp Coniferous Brantley county, GA Aug. 1999 Barron-Garfford et al. 2002 1.07 -81.90 31.20 
Pinus spp Coniferous Charlton county, GA Aug. 1999 Barron-Garfford et al. 2002 1.01 -82.10 30.80 
Pinus taeda Coniferous Rapides Parish, LA, March 1992 Sword et al. 1998 1.06 -92.70 30.20 
Pinus spp Coniferous western North Carolina. Sept. 1990 Vose and Swank 1993 0.95 -83.00 35.00 
Pinus taeda Coniferous King & queen co., VA Mar. 1997 NCSFFC 1980 1.41 -76.80 37.70 
Pinus taeda Coniferous Georgetown co., SC May 1975 NCSFFC 1980 1.08 -79.30 33.50 
Pinus taeda Coniferous Richmond co., NC Mar. 1976 NCSFFC 1980 1.27 -79.80 35.00 
Pinus taeda Coniferous Buckingham Co, VA Mar. 1976 NCSFFC 1980 1.51 -78.50 37.60 
Pinus taeda Coniferous Chattooga co., GA Feb. 1976 NCSFFC 1980 1.33 -85.40 34.50 
Pinus taeda Coniferous Meriwether co., GA Feb. 1976 NCSFFC 1980 1.38 -84.70 33.00 
Pinus taeda Coniferous Bladen co., NC Mar. 1976 NCSFFC 1980 1.30 -78.60 34.60 
Pinus taeda Coniferous Berkeley co., SC Mar. 1977 NCSFFC 1980 1.02 -79.90 33.30 
Pinus taeda Coniferous Brunswick co., NC June 1977 NCSFFC 1980 1.10 -78.30 34.10 
Pinus taeda Coniferous Sussex co., VA Mar. 1976 NCSFFC 1980 1.30 -77.30 36.90 
Pinus taeda Coniferous Conecuh co., AL Feb. 1977 NCSFFC 1980 1.18 -87.00 31.40 
Pinus taeda Coniferous Greene co., GA Feb. 1975 NCSFFC 1980 1.46 -83.10 33.50 
* Note: SGCP 1999-2000 refers to the unpublished data collected by Southern Global Change Program, U.S. Forest Service. 
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2.   Literature and field observation data for foliar N concentrations of 
 deciduous forests in the Southern U.S. Region 

 
A. Data for model building 

 

ID 
Folia N 

concentration 
(%) 

Latitude 
(degree, N) 

Mean July 
temperature 

(0C) 

Mean 
January 

temperature 
(0C) 

Precipitation 
(mm) 

Available 
water 

capacity 
 

Soil 
organic 
matter 

(%) 

Total N 
deposition 

(kg/ha/year)

1 1.90 35.00 22.00 2.30 1820.00 0.12 0.68 6.46 
2 1.60 35.20 27.90 3.10 899.00 0.17 1.28 8.45 
3 2.42 35.50 21.20 1.30 1516.00 0.13 1.35 9.26 
4 1.41 30.80 27.10 9.20 1478.00 0.12 0.40 5.12 
5 1.50 31.20 26.70 7.90 1594.00 0.13 0.77 5.66 
6 1.65 35.80 25.90 4.60 1219.00 0.14 0.55 7.95 
7 1.63 33.60 27.50 4.80 1342.00 0.18 0.08 7.39 
8 1.42 36.70 25.50 3.50 1217.00 0.17 1.86 8.20 
9 1.21 36.40 25.60 4.20 1241.00 0.11 0.76 7.95 
10 1.47 31.10 27.40 10.50 1311.00 0.15 1.18 5.53 
11 1.72 32.30 27.20 7.30 1380.00 0.14 0.22 4.23 
12 1.55 36.70 25.40 3.30 1189.00 0.12 0.51 8.06 
13 1.49 35.20 26.00 5.60 1318.00 0.14 0.55 8.91 
14 1.44 30.10 27.40 11.10 1443.00 0.10 1.00 5.10 
15 1.59 31.30 26.70 8.00 1578.00 0.14 0.32 5.80 
16 1.50 32.80 26.90 6.00 1387.00 0.16 1.47 5.37 
17 1.68 30.90 27.50 9.60 1635.00 0.13 0.33 6.26 
18 1.18 32.40 27.20 7.60 1419.00 0.21 0.30 7.75 
19 1.23 30.60 27.50 11.30 1309.00 0.09 0.62 5.51 
20 1.53 33.10 26.90 7.70 1292.00 0.09 1.13 7.04 
21 1.83 35.97 25.00 3.00 1176.00 0.14 0.40 10.38 
22 1.79 33.20 26.90 7.40 1186.00 0.10 0.45 6.75 
23 1.92 32.90 26.40 6.00 1468.00 0.13 0.19 4.41 
24 1.99 33.02 26.50 6.00 1466.00 0.13 0.19 4.54 
25 2.18 36.63 23.10 0.10 1316.00 0.13 1.10 9.67 
26 2.04 36.60 23.10 0.10 1319.00 0.13 1.10 9.71 
27 1.80 34.35 26.40 3.70 1464.00 0.16 0.24 7.42 
28 1.60 34.37 26.40 3.70 1461.00 0.16 0.24 7.42 
29 1.84 34.70 26.40 3.70 1446.00 0.18 0.27 7.39 
30 2.20 37.88 23.80 -0.10 1243.00 0.13 0.41 9.46 
31 1.68 33.37 26.60 6.50 1209.00 0.14 0.78 6.50 
32 1.76 33.27 26.70 6.60 1212.00 0.13 0.28 6.44 
33 2.07 35.72 24.90 -0.10 1234.00 0.11 0.95 6.36 
34 1.79 35.68 25.40 0.90 1228.00 0.11 0.95 6.53 
35 1.65 34.62 25.60 4.30 1268.00 0.13 0.28 8.28 
36 1.89 34.63 25.70 4.40 1262.00 0.13 0.28 8.31 
37 2.27 37.90 20.50 -1.80 1282.00 0.10 0.45 7.99 
38 1.94 37.55 22.00 0.00 1279.00 0.15 0.60 8.35 
39 1.87 37.57 22.40 0.30 1237.00 0.15 0.60 8.35 



40 1.49 33.20 26.90 7.40 1186.00 0.10 0.45 6.75 
41 1.74 32.70 27.10 8.50 1304.00 0.13 1.24 6.77 
42 1.37 33.90 26.80 6.60 1200.00 0.12 0.80 7.17 
43 1.54 32.70 27.20 7.40 1141.00 0.16 1.32 6.15 
44 2.20 35.00 20.30 0.80 2186.00 0.13 0.72 6.46 
45 1.42 32.70 26.90 6.00 1432.00 0.19 0.16 7.46 
46 1.86 35.00 23.40 3.30 1776.00 0.12 0.68 6.92 

 
 
B. Data for model validation 

ID 
Folia N 

concentration 
(%) 

Latitude 
(degree, N) 

Mean July 
temperature 

(0C) 

Mean 
January 

temperature 
(0C) 

Precipitation 
(mm) 

Available 
water 

capacity 
 

Soil 
organic 
matter 

(%) 

Total N 
deposition 

(kg/ha/year)

1 1.45 36.00 24.50 1.90 1352.00 0.15 0.38 10.50 
2 1.38 33.80 26.90 7.00 1290.00 0.09 0.79 8.97 
3 1.94 35.00 20.30 0.80 2186.00 0.13 0.72 6.46 
4 1.85 33.10 27.70 5.80 1417.00 0.17 0.24 7.56 
5 1.78 34.10 26.80 6.60 1223.00 0.11 0.96 8.97 
6 1.64 36.30 25.60 4.00 1210.00 0.11 0.76 7.81 
7 1.28 29.90 27.40 11.60 1452.00 0.06 0.47 5.22 
8 1.46 31.50 26.80 7.90 1558.00 0.13 0.33 6.09 
9 1.36 30.90 27.20 9.40 1622.00 0.13 0.42 5.39 

10 1.30 32.50 27.30 8.80 1276.00 0.12 1.21 6.13 
11 1.87 34.32 25.50 3.60 1463.00 0.13 0.67 7.75 
12 1.99 36.63 23.10 0.10 1309.00 0.13 1.10 9.67 
13 1.94 34.82 24.00 2.80 1574.00 0.13 0.50 8.31 
14 1.57 34.68 26.40 3.90 1448.00 0.20 0.30 7.39 
15 1.79 33.40 26.50 6.30 1206.00 0.15 0.36 6.55 
 

 

3.   Literature and field observation data for foliar N concentrations of 
 coniferous forests in the Southern U.S. Region 

 

A. Data for model building 

ID 
Folia N 

concentration 
(%) 

Latitude 
(degree, N) 

Mean July 
temperature

(
 

Mean 
January 

temperature 
(

0C) 0C) 

Precipitation 
(mm) 

Available 
water 

capacity 
 

Soil 
organic 
matter 

(%) 

Total N 
deposition 

(kg/ha/year)

1 1.07 35.50 21.20 1.30 1516.00 0.13 1.35 9.26 
2 1.11 36.00 24.50 1.90 1352.00 0.15 0.38 10.50 
3 0.94 29.60 27.40 12.70 1316.00 0.09 0.71 4.93 
4 1.34 35.20 25.80 5.10 1303.00 0.14 0.88 10.23 
5 1.29 34.70 26.10 6.50 1310.00 0.16 0.52 9.40 
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6 1.56 35.20 26.00 5.20 1279.00 0.09 0.41 12.13 
7 0.80 29.60 27.40 12.70 1316.00 0.09 0.71 4.93 
8 1.07 34.70 25.70 4.40 1379.00 0.14 0.43 7.39 
9 1.01 36.00 24.50 1.90 1352.00 0.15 0.38 10.50 

10 1.24 30.95 27.10 10.10 1320.00 0.11 0.39 5.39 
11 1.15 35.20 26.10 6.30 1338.00 0.14 1.82 7.95 
12 1.10 32.90 27.00 8.00 1298.00 0.15 1.13 6.96 
13 0.95 33.20 26.90 7.20 1172.00 0.10 0.45 6.71 
14 0.97 30.70 27.50 11.30 1306.00 0.09 0.62 5.53 
15 1.21 31.50 27.40 9.80 1291.00 0.15 1.19 5.61 
16 1.00 29.70 27.30 12.40 1320.00 0.09 0.85 4.79 
17 1.12 32.40 27.30 9.10 1243.00 0.09 0.44 5.86 
18 1.15 35.00 26.40 4.80 1194.00 0.09 0.41 9.92 
19 0.74 29.30 27.10 12.90 1492.00 0.09 0.85 5.86 
20 1.04 30.80 27.60 9.00 1606.00 0.13 0.34 6.50 
21 1.27 32.80 26.90 7.60 1204.00 0.09 0.41 6.17 
22 1.07 31.20 27.10 10.40 1333.00 0.09 1.17 5.55 
23 1.01 30.80 27.40 11.10 1320.00 0.09 1.17 5.59 
24 1.06 30.20 27.80 9.40 1504.00 0.20 1.73 5.90 
25 1.41 37.70 25.20 2.30 1102.00 0.11 0.49 8.86 
26 1.08 33.50 26.90 7.90 1323.00 0.12 0.66 7.95 
27 1.27 35.00 26.20 4.70 1208.00 0.14 0.48 8.70 
28 1.33 34.50 25.30 3.10 1387.00 0.12 0.28 8.26 
29 1.38 33.00 25.70 6.30 1330.00 0.14 0.28 6.28 
30 1.3 34.60 26.00 5.60 1186.00 0.09 0.41 11.87 
31 1.1 34.10 26.10 6.30 1356.00 0.12 0.74 10.67 
32 1.3 36.90 25.40 2.60 1148.00 0.11 0.49 8.33 
33 1.46 33.50 26.10 5.70 1230.00 0.14 0.28 6.81 

 

B. Data for model validation 

ID 
Folia N 

concentration 
(%) 

Latitude 
(degree, N) 

Mean July 
temperature

(
 

Mean 
January 

temperature 
(

0C) 0C) 

Precipitation 
(mm) 

Available 
water 

capacity 
 

Soil 
organic 
matter 

(%) 

Total N 
deposition 

(kg/ha/year)

1 0.89 32.90 27.00 8.00 1298.00 0.15 1.13 6.96 
2 0.98 34.90 26.20 5.00 1196.00 0.08 0.39 8.68 
3 1.17 33.30 27.00 8.40 1210.00 0.04 35.06 6.71 
4 1.24 35.00 27.70 3.60 1200.00 0.17 1.13 7.97 
5 1.32 30.90 27.30 10.40 1383.00 0.09 0.62 4.97 
6 0.80 29.70 27.60 13.30 1324.00 0.27 48.32 4.91 
7 0.95 35.00 23.40 3.30 1776.00 0.12 0.68 6.92 
8 1.51 37.60 24.20 1.50 1085.00 0.15 0.35 7.97 
9 1.02 33.30 26.90 7.20 1279.00 0.13 1.24 7.15 

10 1.18 31.40 26.90 7.90 1562.00 0.13 0.27 4.85 
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4.  Data subset for foliar N concentrations collected in June, July and August 
in the Southern US region 

 
A. Data for deciduous forests 

 

ID 

Folia N 
concentration 

(%) 
Latitude 

(degree, N) 

Mean July 
temperature

(
 

Mean 
January 

temperature 
(0C) 0C) 

Precipitation 
(mm) 

Available 
water 

capacity 
 

Soil 
organic 
matter 

(%) 

Total N 
deposition 

(kg/ha/year)
1 1.60 35.20 27.90 3.10 899 0.17 1.28 8.45 
2 1.85 33.10 27.70 5.80 1417 0.17 0.24 7.56 
3 1.79 33.20 26.90 7.40 1186 0.10 0.45 6.75 
4 1.87 34.32 25.50 3.60 1463 0.13 0.67 7.75 
5 1.92 32.90 26.40 6.00 1468 0.13 0.19 4.41 
6 1.99 33.02 26.50 6.00 1466 0.13 0.19 4.54 
7 1.99 36.63 23.10 0.10 1309 0.13 1.10 9.67 
8 2.18 36.63 23.10 0.10 1316 0.13 1.10 9.67 
9 2.04 36.60 23.10 0.10 1319 0.13 1.10 9.71 

10 1.94 34.82 24.00 2.80 1574 0.13 0.50 8.31 
11 1.80 34.35 26.40 3.70 1464 0.16 0.24 7.42 
12 1.60 34.37 26.40 3.70 1461 0.16 0.24 7.42 
13 1.57 34.68 26.40 3.90 1448 0.20 0.30 7.39 
14 1.84 34.70 26.40 3.70 1446 0.18 0.27 7.39 
15 2.20 37.88 23.80 -0.10 1243 0.13 0.41 9.46 
16 1.79 33.40 26.50 6.30 1206 0.15 0.36 6.55 
17 1.68 33.37 26.60 6.50 1209 0.14 0.78 6.50 
18 1.76 33.27 26.70 6.60 1212 0.13 0.28 6.44 
19 2.07 35.72 24.90 -0.10 1234 0.11 0.95 6.36 
20 1.79 35.68 25.40 0.90 1228 0.11 0.95 6.53 
21 1.65 34.62 25.60 4.30 1268 0.13 0.28 8.28 
22 1.89 34.63 25.70 4.40 1262 0.13 0.28 8.31 
23 2.27 37.90 20.50 -1.80 1282 0.10 0.45 7.99 
24 1.94 37.55 22.00 0.00 1279 0.15 0.60 8.35 
25 1.87 37.57 22.40 0.30 1237 0.15 0.60 8.35 
26 1.49 33.20 26.90 7.40 1186 0.10 0.45 6.75 
27 1.74 32.70 27.10 8.50 1304 0.13 1.24 6.77 
28 2.20 35.00 20.30 0.80 2186 0.13 0.72 6.46 
29 1.42 32.70 26.90 6.00 1432 0.19 0.16 7.46 
 
 
 
 
 
 
 
 

 118



 
 
B. Data for coniferous forests 
 

ID 

Folia N 
concentration 

(%) 
Latitude 

(degree, N) 

Mean July 
temperature

(
 

Mean 
January 

temperature 
(0C) 0C) 

Precipitation 
(mm) 

Available 
water 

capacity 
 

Soil 
organic 
matter 

(%) 

Total N 
deposition 

(kg/ha/year)
1 0.98 34.90 26.20 5.00 1196 0.08 0.39 8.6778 
2 0.80 29.60 27.40 12.70 1316 0.09 0.71 4.9311 
3 1.17 33.30 27.00 8.40 1210 0.04 35.06 6.7113 
4 1.24 30.95 27.10 10.10 1320 0.11 0.39 5.3865 
5 0.95 33.20 26.90 7.20 1172 0.10 0.45 6.7113 
6 1.24 35.00 27.70 3.60 1200 0.17 1.13 7.974 
7 1.21 32.40 27.30 9.10 1243 0.09 0.44 5.8626 
8 1.27 32.80 26.90 7.60 1204 0.09 0.41 6.1731 
9 1.07 31.20 27.10 10.40 1333 0.09 1.17 5.5521 

10 1.01 30.80 27.40 11.10 1320 0.09 1.17 5.5935 
11 1.10 34.10 26.10 6.30 1356 0.12 0.74 10.665 
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Appendix II 

SAS codes and procedures  

 

A. For deciduous forests 
 
data Dec_data;                                                                                                                           

input LATITUDE TMEAN_JU TMEAN_JA PRECIP AWC OM TotNdep FOLIARN;                                                                          

cards;                                                                                                                                   

                                                                                                                                         

35         22       2.3       1820       0.12      0.68      6.46     1.9                                                                     

35.2      27.9      3.1      899       0.17      1.28      8.45      1.6                                                                  

35.5      21.2      1.3      1516      0.13      1.35      9.26      2.42                                                                

30.8      27.1      9.2      1478      0.12      0.4        5.12      1.41                                                                 

31.2      26.7      7.9      1594      0.13      0.77      5.66      1.5                                                                 

    . 

. 

. 

32.7      26.9      6      1432      0.19      0.16      7.46      1.42                                                                  

35      23.4      3.3      1776      0.12      0.68      6.92      1.86                                                                  

run;                                                                                                                                     

                                                                                                                                         

  

proc corr data = dec_data;                                                                                                               

run;                                                                                                                                     

  

                                                                                                                                         

proc insight data=dec_data;                                                                                                              

scatter foliarn latitude tmean_ju tmean_ja totndep * foliarn latitude tmean_ju tmean_ja totndep;                                         

run;                                                                                                                                     

quit;  

 

 

proc reg data=dec_data;                                                                                                                  

model foliarn = latitude tmean_ja tmean_ju precip totndep /                                                                              

 selection = stepwise collinoint slentry = 0.25 slstay = 0.10;                                                                           

 plot r.*p.;                                                                                                                             

run;                                                                                                                                     
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proc reg data=dec_data;                                                                                                                  

  model foliarn=latitude tmean_ja tmean_ju / vif tol collinoint;                                                                                              

  output out=dec_reg(keep=latitude tmean_ja tmean_ju foliarn                                                                                    

                       r lev cd dffit)                                                                                                   

                       rstudent=r h=lev cookd=cd dffits=dffit;                                                                           

run;                                                                                                                                     

quit;       

 

proc print data=dec_reg;                                                                                                                 

  where cd > (4/45);                                                                                                                     

  var id latitude tmean_ja tmean_ju foliarn cd;                                                                                          

run;                                                                                                                                     

quit;                                                                                                                                    

                                                                                                                                         

proc print data=dec_reg;                                                                                                                 

  var id latitude tmean_ja tmean_ju foliarn lev;                                                                                         

  where lev > .109;                                                                                                                      

run;                                                                                                                                     

quit;                                                                                                                                    

                                                                                                                                         

proc sort data=dec_reg;                                                                                                                  

  by r;                                                                                                                                  

run;                                                                                                                                     

                                                                                                                                         

proc print data=dec_reg(obs=10);                                                                                                         

run;    
 

 

B. For coniferous forests 

data coni_data;                                                                                                                          

input ID LATITUDE TMEAN_JU TMEAN_JA PRECIP AWC OM TotNdep FOLIARN;                                                                      

cards;                                                                                                                                   

1    35.50   21.20    1.30 1516.00    0.13    1.35    9.26    1.07                                                                       

2    36.00   24.50    1.90 1352.00    0.15    0.38   10.50    1.11                                                                       

3    29.60   27.40   12.70 1316.00    0.09    0.71    4.93    0.94                                                                       

4    35.20   25.80    5.10 1303.00    0.14    0.88   10.23    1.34                                                                       

. 

. 

.  
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32   36.90   25.40    2.60 1148.00    0.11    0.49    8.33    1.30                                                                       

33   33.50   26.10    5.70 1230.00    0.14    0.28    6.81    1.46                                                                       

;                                                                                                                                        

run;                                                                                                                                                                                                     

                                                                                                                                         

proc insight data=coni_data;                                                                                                             

scatter foliarn latitude tmean_ja totndep precip * foliarn latitude tmean_ja totndep precip;                                             

run;                                                                                                                                     

quit;         

                                                                                                                                         

proc reg data=coni_data;                                                                                                                 

  model foliarn=latitude tmean_ja tmean_ju totndep precip/ vif tol collinoint;                                                           

  output out=coni_reg(keep=id latitude tmean_ja tmean_ju totndep precip foliarn                                                          

                       r lev cd)                                                                                                         

                       rstudent=r h=lev cookd=cd;                                                                                        

run;                                                                                                                                     

quit;                                                                                                                                    

                                                                                                                                         

proc print data=coni_reg;                                                                                                                

  where cd > (4/33);                                                                                                                     

  var id latitude tmean_ja tmean_ju totndep precip foliarn cd;                                                                           

run;                                                                                                                                     

quit;                                                                                                                                    

                                                                                                                                         

proc print data=coni_reg;                                                                                                                

  var id latitude tmean_ja tmean_ju totndep precip foliarn lev;                                                                          

  where lev > .364;                                                                                                                      

run;                                                                                                                                     

quit;                                                                                                                                    

                                                                                                                                         

proc sort data=coni_reg;                                                                                                                 

  by r;                                                                                                                                  

run;                                                                                                                                     

                                                                                                                                         

proc print data=coni_reg(obs=10);                                                                                                        

run;                                                                                                                                     

                                                                                                                                                              

proc reg data=coni_data;                                                                                                                 

model foliarn = latitude tmean_ja  precip totndep /                                                                                      

 selection = stepwise collinoint slentry = 0.25 slstay = 0.10;                                                                           

 plot r.*p.;                                                                                                                             

run;   
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	The linear regression relations of coniferous foliar N concentrations and all the  independent variables for June-August subset data were summarized as Table 20.
	
	Data used in this study ranges from 290N to 380N,
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