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Sustainable management of planted forests requires maintenance of soil function 

to promote 1) root growth; 2) storage and cycling of water and nutrients; 3) optimal gas 

exchange; and 4) biological activity.  Soil quality measurements can be used to monitor 

short- and long-term changes in these soil functions, allowing managers to track 

sustainability elements over time. 

I measured selected key soil processes (nitrogen (N) mineralization, 

decomposition, and soil water dynamics) which regulate soil function during the final 

year of growth (year 4) on highly stocked plots (40,000 stems ha-1) at ten sites distributed 

across New Zealand in order to investigate impacts of soil disturbance (low vs. high), 

fertilization (fertilization vs. none), and tree species selection (Pinus Radiata D.Don vs. 

Cupressus lusitanica Mill.) on those soil processes.  Secondly, I developed a quantitative 



 

 

 
forest soil quality index (FSQI) that is applicable across the complex environmental 

gradient in New Zealand.   

Treatment effects on N mineralization and decomposition were site-specific.  

Effects of soil disturbance depended on initial soil physical conditions, rainfall patterns, 

or soil fertility levels.  Fertilization effects were most often observed at sites with low 

fertility.  Tree species effects were more pronounced at sites with low rainfall, low soil N, 

and low sum of bases (Ca, Mg, K, Na).  Response of soil water dynamics to treatments 

was consistent across the gradient.  P. radiata had more optimal conditions compared to 

C.lusitanica, whereas fertilized plots had more days with wet soil conditions and fewer 

days with dry soil conditions compared to unfertilized plots.  These results suggest that 

site-specific recommendations are necessary for appropriate management of N 

mineralization and decomposition processes, whereas a more general approach is 

sufficient when considering soil water dynamics.   

The FSQI developed through this research was based on sufficiency levels of key 

soil (A horizon depth, bulk density, C:N ratio, Olsen P) and climate (air temperature) 

indicators for forest productivity, and provided data for calculation of forest soil quality 

of both P. radiata and C. lusitanica plantations, with and without fertilization.  The final 

FSQI was correlated with tree growth and soil processes, and provides a useful tool for 

measuring soil resource sustainability elements in New Zealand. 
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CHAPTER 1 

 

INTRODUCTION 
 

For decades, forest scientists have been asking the question: “How does timber 

harvesting and stand replacement affect the site’s potential to produce the next crop of 

trees?” (Powers et al., 1994).  This question has yet to be adequately answered because of 

the complexity of the underlying mechanisms responsible for determining the interacting 

effects of timber harvesting on successive forest productivity.  Furthermore, there has 

been little direct evidence to indicate how successive rotations influence site productivity 

(Dyck and Cole, 1990), often due to issues of site-specific treatment responses (Powers et 

al., 1998).  Thus, it appears that the sustainability of forest practices is strongly site 

dependent (Blanco et al., 2005).  Additionally, it is difficult to design long-term studies 

that can produce conclusive scientific evidence because of the high cost and the fact that 

many long-term projects will outlive the researchers themselves (Amateis et al., 2003).   

One solution to these major dilemmas was to design an experiment to evaluate 

forest management effects on soil-based indicators of sustainability on a nationwide 

study of site quality plots of high stand density (40,000 stems ha-1) that were installed to 

cover the edaphic and environmental conditions for New Zealand plantation forests (Watt 

et al., 2005).  This study provided the framework for determining and measuring site-

specific forest management effects on important soil processes, in order to further our 
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understanding of forest management effects on an ecological component of sustainability.  

Also, within the context of The Montreal Process (Anon, 1995), the ultimate goal of such 

an extensive study would be the development of a widely applicable forest soil quality 

model for monitoring sustainable elements of plantation forestry management practices.   

Ultimately, this dissertation was designed to further our understanding of the linkages 

between forest management effects, soil processes and properties, and soil quality models 

(Figure 1.1), making it possible to directly assess forest management impacts on soil 

resources by measuring soil quality. 

This dissertation attempted to provide a contribution towards developing the 

framework for assessing sustainability elements of plantation forestry in New Zealand.  

The first step was an analysis of site-specific forest management effects on site and soil 

productivity.  The second step was to develop a practical forest soil quality index to serve 

as a tool for directly measuring and monitoring the sustainability of forest management 

practices relevant to soil resources in New Zealand.  

 

Objectives 

The purpose of chapter 2 was to provide a literature review to build the 

foundation and context for this research.  The main objectives of chapter 2 were to: 

1. Introduce the Montreal Process and concepts supporting sustainable forestry; 

2. Review previous findings of forest management effects on soil processes; and 

3. Define soil quality and review methods of measuring soil quality. 
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The purpose of chapter 3 was to report the findings of my field research in New 

Zealand.  This chapter was not intended to be in final manuscript format.  It represents 

the full development of a methodology for analyses of data across a complex 

environmental gradient in order to identify site-specific treatment effects.  I felt it was 

important to provide an in-depth description of the successive analyses used to 

accomplish the following objectives.  Further refinement of chapter 3 will be necessary 

before submitting for publication.  The main objectives of chapter 3 were to: 

4. Describe and quantify the environmental gradient and its effect on site 

productivity, soil processes, and treatment response; 

5. Determine the effects of site disturbance, fertilization, and tree species on soil 

processes across the environmental gradient; and 

6. Identify site-specific treatment effects on soil processes.   

 

The purpose of chapter 4 was to describe the process and final outcome of the 

development of a forest soil quality model for planted forests across New Zealand.  This 

chapter was also not intended to be in final manuscript format, and will need to be refined 

before submittal.  I felt it was important to thoroughly explain the model building process 

in order to give the final outcome and conclusions a solid foundation.  The main 

objectives of chapter 4 were to: 

7. Identify potential key forest soil quality indicators; 

8. Develop sufficiency curves for selected indicators;  

9. Develop a general forest soil quality model; and 
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10. Adjust the model to accommodate differences in tree species or forest 

management.  

 

The purpose of Chapter 5 was to summarize the outcomes and conclusions of this 

dissertation and to suggest the relevance of these outcomes in helping to assess forest 

management effects in the framework of monitoring to assure sustainable forest soil 

resources. 
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CHAPTER 2 

 

LITERATURE REVIEW 
 

 

 

Introduction 

This literature review started with an introduction and explanation of the Montreal 

Process, followed by a summary of sustainable forestry philosophy and concepts in order 

to build the foundation and context for this research.  The rest of the literature review was 

divided into two main parts.  Part 1 supported chapter 3 and focused on forest 

management effects on soil processes, and the need for identifying site-specific treatment 

response across a complex environmental gradient.  Part 2 supported chapter 4 and 

focused on development of the forest soil quality concept and need for a practical tool to 

monitor sustainable elements of forest management.   

Specific objectives for Part 1 were to 1) introduce the practices and relevance of 

New Zealand plantation forestry, 2) describe the characteristics of and uses for Pinus 

radiata and Cupressus lusitanica, 3) review findings of forest management effects on 

important soil processes, 4) justify the need for research on site-specific treatment effects 

of forest management, and 5) evaluate the assumptions underlying the use of high 

density, envelope plots as an alternative to long-term studies.   

Specific objectives for Part 2 were to 1) define and describe soil quality, 2) review 

previous development of soil quality models, 3) describe methods for identifying key 

indicators of soil quality, and 4) introduce a new direction for forest soil quality models. 
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The Montreal Process 

 The goal of the Montreal Process was to develop a scientifically rigorous set of 

criteria and indicators useful for measuring effects of management on the sustainability of 

forest production systems (Ramakrishna and Davidson, 1998).  Once formalized, the 

Montreal Process became known as the Working Group on Criteria and Indicators for the 

Conservation and Sustainable Management of Temperate and Boreal Forests 

(Ramakrishna and Davidson, 1998).  As of 1998, a total of 12 countries are participating 

in the Montreal Process working group and reporting on progress towards sustainable 

management as measured by indicators grouped within 7 criteria: 

1. Conservation of biological diversity; 
2. Maintenance of productive capacity of forest ecosystems; 
3. Maintenance of forest ecosystem health and vitality; 
4. Conservation and maintenance of soil and water resources; 
5. Maintenance of forest contribution to global carbon cycles; 
6. Maintenance and enhancement of long-term multiple socio-economic benefits to 

meet the needs of societies; and 
7. Development of legal, institutional, and economic framework for forest 

conservation and sustainable management. 
 

Thus, this multi-country initiative requires that forest soils be able to 1) sustain 

plant and animal productivity, health, and vitality, 2) maintain balanced hydrologic, 

carbon, and mineral nutrient cycles, and 3) maintain protective and environmental forest 

functions (Burger and Kelting, 1998).  The proposed criteria and indicators of the 

Montreal Process are adequate, in theory, for conserving forest resources and promoting 

sustainable forest management (Smith and Raison, 1998).  However, more research and 

new data are needed in order to utilize these criteria and indicators at the forest stand 

management level (Smith and Raison, 1998; Burger and Kelting, 1998; Richardson et al., 
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1999).  Thus, for the criteria and indicators to be practical and useful, forest managers 

need to know exactly what to measure and how to evaluate that particular measurement.  

In other words, what are the key indicators that should be measured and when are these 

indicators describing unsustainable vs. sustainable management of forest resources? 

However, before beginning to research and identify the “key indicators” of sustainable 

forest management, it is helpful to first define and understand the processes that support 

sustainable forestry. 

 

Sustainable Forestry 

In general, sustainable forest management has been broadly defined as 

management that is simultaneously 1) ecologically viable, 2) economically feasible, and 

3) socially acceptable (Salwasser et al., 1993).  More specifically, sustainable forest 

management involves practices that do not degrade the soil resource or the capacity of a 

site to produce biomass (Nambiar, 1996; Powers et al., 1998).  In many ways, because 

plantation forestry is subject to intensive management, there are many opportunities for 

sustainable management compared to a natural forest.  Silvicultural practices create the 

economic return from harvesting of products, the ability to remediate degraded areas with 

fertilization, weed control, and site preparation, the opportunity for increased C 

sequestration, and the protection of air and water quality, amongst many other 

opportunities.   

Intensively managed forests or “domesticated forests,” as described by Stone 

(1975), are distinguished from other types of forests by two major characteristics.  First, 

species and genotypes have been modified to be more responsive to intensive culture.  
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Secondly, the site potential to produce biomass is not considered a fixed quantity, but a 

dynamic variable dependent on management practices.  As such, site potential is subject 

to considerable manipulation via cultural practice (Brust et al., 1995; Kelting et al., 

1999).  Thus, the implications of Stone’s (1975) conclusions are that site quality is 

ultimately malleable and that foresters can play a direct role, through forest management, 

in either improving or degrading the site quality of forests.  Furthermore, the notion of 

management-induced sustainable forestry seems within reasonable reach (Stone, 1975).   

The most important and complex feature of forest management is long-term 

sustainability of productivity (Fisher and Binkley, 2000).  Land management is only 

sustainable when it maintains or improves resource quality (Doran and Parkin, 1994).  

Consequently, sustainable forestry is the result of forest management that, over the long 

term, maintains production while simultaneously protecting the resource base (i.e., 

forestry that is capable of producing timber without degrading site quality or site 

potential).  It must concurrently be environmentally sound, economically feasible, and 

socially acceptable (Burger and Kelting, 1998).   

Unfortunately, the “sustainability” of a forest management system has been 

shown to be very difficult to assess due to the disconnect between sustained forest 

productivity and site productivity in the context of biomass production (Burger, 1994).  

Sustained forest productivity describes maintaining a certain biomass production or yield 

through time.  Whereas sustained site productivity is defined by maintaining the potential 

of a forest site to produce a certain yield.  Forest productivity tends to be easy to measure, 

with biomass yields expressed as volume or mass of biomass produced per area of land 

per unit of time (i.e. m3 ha-1 yr-1).  Sustained site productivity, in contrast, is an elusive 
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measurement because there is no agreed-upon protocol for measurement, and no standard 

system of units for expressing that measurement.   

Forest productivity is a function of biotic (genotype, ecophysiology, community), 

abiotic (climate, topography, soils), and cultural factors (water control, nutrient control, 

pest control) (Burger, 1994).  Consequently, productivity of managed forests can be 

sustained by cultural inputs, while the actual site productivity is degraded (Burger, 1994).  

Therefore, cultural inputs confound measurements of forest productivity, suggesting that 

forest yield or biomass production is not an effective or complete indicator of 

sustainability (Burger and Kelting, 1998).  Moreover, plantations are usually harvested 

before they reach their maximum carrying-capacity.  Therefore, growth-cycle production 

in short-rotation forests is not a good indicator of sustained site productivity because 

most comparisons are made too early in the rotation -- before management effects on soil 

quality are manifested (Burger, 1996; Burger and Kelting, 1998).   

Previous studies that have looked at long-term intensive management effects on 

forest sustainability are usually confounded and inconclusive because they use 

measurements such as tree height, diameter, and above-ground volume to describe 

productivity, -- yet these measurements only capture a portion of actual site productivity 

(Powers, 1991).  For example, Burger (1996) found that tree growth was not always a 

reliable measure of management-induced productivity change and that management 

impacts on long-term productivity should be assessed by direct measurements of soil 

properties and processes.  Burger (1996) concluded that sustained productivity of 

intensively managed forests is a function of three factors: 1) improving and maintaining 

soil and site quality; 2) improving genotypes; and 3) coordinating a combination of 
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appropriate silvicultural practices.  Essentially, measures of growth rate or biomass 

production are a function of genotype, weather cycles, pest and disease effects, and 

cultural practices (Burger and Kelting, 1998).  It is not possible to definitively partition 

response among the many factors that influence forest growth in order to make a 

judgment regarding the sustainability of a given practice (Burger and Kelting, 1998). 

Because forest stand response is a function of many confounding non-soil factors, 

the sustainability of forest management would be most accurately determined by 

measuring site soil properties and processes directly (Huddleston, 1984; Burger, 1996).  

Furthermore, while appreciating the structural and functional connections between the 

soil and plant systems through time, measuring changes in critical soil properties and 

processes may serve as the most appropriate way to assess sustainability (Burger, 1994; 

Doran and Parkin, 1994; Burger and Kelting, 1998).   

Of the 7 criteria of the Montreal Process (Anon., 1995), three have indicators that 

specifically refer to soils.  Specific criteria (criteria 3, 4 and 5) with indicators which 

address soils are: diminished biological components (3c), soil erosion (4a), protection 

forestry (4b), soil organic matter and chemical properties (4d), soil compaction (4e), toxic 

substances (4h), and forest contribution to the carbon budget (5b).  Thus, soils play a 

significant role within the context of a global methodology designed to measure forest 

sustainability.  Unfortunately, when it comes to practicality, the specific indicators are 

relatively vague and only offer general guidance with regard to possible outcomes that 

would be considered sustainable or unsustainable.  For example, the Criterion 4, indicator 

d states: “Area and percent of forest land with significantly diminished soil organic 

matter and/or changes in other soil chemical properties.”  This indicator, though well-
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based in the field of soil science, does not particularly help managers evaluate the 

sustainability of forests.   

Hence, the structure and content of the Montreal Process support the rationale for 

soil-based indicators of forest sustainability, and exemplify the need for the development 

of a more practical and quantitative tool for measuring these indicators.  One possible 

solution to this limitation is measures of soil quality, which have been considered one of 

the most robust indicators of sustainable forest management available (Larson and Pierce, 

1994). 

 

PART 1 

New Zealand Forestry 

New Zealand’s 1.83 million ha of planted production forests (30% forested) are 

dominated by a single tree species (Pinus radiata represents 90% of total --1.63 million 

ha), are fairly young (60% of plantations are 15 years old or younger), and are fast-

growing (average harvest age = 27 yrs) (Smith and Raison, 1998; MAF, 2002).  Despite 

the relatively small size of New Zealand compared to the rest of the globe, New 

Zealand’s P. radiata stands represent 1/3 of the global distribution of this commercially 

valued species.  More importantly, in New Zealand, forestry is responsible for 4% of the 

GDP, and 1.4% of total employment (Smith and Raison, 1998).  Thus, the forest industry 

has a much-invested interest in sustaining the resource base upon which this industry 

thrives – the forest soils.   

Shrinking of global forest cover and ecological deterioration of forest lands are 

currently having a negative impact on global climate, habitat for genetic diversity, and on 
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soil and water resources (Ramakrishna and Davidson, 1998).  In response, many 

countries have organized to designate a set of criteria and indicator processes that could 

be used to develop a method for determining sustainability of forest management systems 

(Smith and McMahon, 1997).  As a result, several agreements, including the Helsinki 

Process and the Montreal Process, regarding sustainable forest management criteria and 

indicators were made (Ramakrishna and Davidson 1998; Smith and Raison, 1998).  

Criteria and indicators provide the tools for monitoring the consequences of forest 

management, ultimately leading towards codes or prescriptions that reflect sustainable 

management (Smith and Raison, 1998). 

 

Pinus Radiata 

Pinus radiata (Monterey pine) has a very small native range on the coast of 

California, near Santa Cruz and on Guadalupe Island.  In its native habitat, P. radiata 

grows on shallow, dry soils, and depends mainly on fog for moisture.  It is a closed-cone 

species, relying on fire for seed dispersal.  P. radiata is on the rare plants list in 

California, and has many pests and pathogens that continue to plague the species (Farjon, 

2001).   

Despite this restricted range and apparent limited potential for large-scale 

production forestry, P. radiata was brought to New Zealand in the mid-1800s as a 

potentially useful timber species (Reid and Wilson, 1986).  Subsequently, it has become 

the most important and most widely planted plantation species in New Zealand (Lewis 

and Ferguson, 1993).  One possible reason for the success of P. radiata in New Zealand 

is a phenomenon called the Enemy Release Hypothesis (ERH) (Liu and Stiling, 2006).  
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This hypothesis suggests that invading species thrive in their non-native environment 

because they lose their natural “enemies” during the “invasion” process.  Although P. 

radiata is considered an exotic species, not an invasive one, it does however benefit from 

having very few disease or pest “enemies” in New Zealand as compared to California.  

Thus, ERH may account for much of  the success of P. radiata in New Zealand compared 

to its native California. 

An additional reason for the success of P. radiata as a plantation species in New 

Zealand is that it is relatively easy to manage because 1) the seed is easy to collect and 

store, 2) it responds well to genetic manipulation and tree breeding, 3) infertile sites can 

support acceptable productivity, 4) it can compete with weeds due to its vigorous early 

height growth, 5) stand growth is usually uniform and predictable, 6) stands respond 

quickly and predictably to silvicultural management, 7) end-product wood is high-

quality, and 8) trees can tolerate, to a degree, frost and snow, salt winds, and severe 

droughts (Maclaren, 1996; Cown, 1997). 

 

Cupressus lusitanica 

Far less is known about an alternative to radiata pine, Cupressus lusitanica 

(Mexican cypress) (Vincent et al., 2002).  C. lusitanica is native to Mexico and was 

recognized by the New Zealand Forest Service as suitable for “Special Purpose Timbers” 

(NZFS, 1981) because the wood is attractive (resembles the highly prized wood from the 

endangered Kauri, Agathis australis), aromatic, and durable; and is commonly used as a 

high-value wood product for exterior cladding, interior moldings and paneling, boat 

building, and furniture (Haslett, 1986).  C. lusitanica has good growth rates and is widely 
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planted in shelterbelts throughout New Zealand, and has only recently been utilized in 

forest plantation settings (Low et al., 2005). 

Site conditions required by C. lusitanica range from moderately fertile, moist, 

well-drained soils to dry, arid regions, and the species is considered “drought 

tolerant”(Teshome and Petty, 2000). However C. lusitanica grows best in mild climates 

and reasonably sheltered sites (Clifton, 1994; Miller and Knowles, 1996). 

 

Tree Species Selection 

Tree species selection is an important management decision because tree species 

differ widely with regard to their ecosystem services (erosion control, riparian buffer, 

wildlife habitat, etc.) and economic return. Many small farmers and private land owners 

in New Zealand are becoming more interested in C. lusitanica because of its high-value 

wood and its lower demand for site resources (i.e., water and nutrients) compared to P. 

radiata.  A recent study by Watt et al. (in press) determined that C. lusitanica 

consistently used less soil water compared to P. radiata across a broad environmental 

gradient in New Zealand.  Thus, the lower water usage by C. lusitanica may make it a 

more desirable species in areas with diminished water resources. 

New Zealand forests and pastures are dominated by exotic species.  As a result, 

there are very strict quarantine regulations to prevent further introduction of exotic 

species.  But with a global market, it is still possible for bacteria and fungi to be 

transported across country borders.  The ERH helps to explain why New Zealand is 

vulnerable to exotic species invasion, and why P. radiata thrives under the current 

conditions.  But as the conditions change and New Zealand’s ecosystems are more 



 
 

 

16

 
influenced by exotic species, the “enemy release” effect could be diminished and the P. 

radiata timber industry could be negatively impacted.   

 

Forest Management Effects on Soil Processes 

Forest management decisions are made within the context of factors directly 

related to or caused by 1) harvesting operations, 2) silivicultural practices, and 3) cultural 

practices.  These three factors are directly linked to the 3 necessary components of 

sustainable systems: 1) economically viable, 2) ecologically sound, and 3) socially 

acceptable.  Harvesting is a necessary process of sustainable production forestry because 

it provides the “economically viable” part of a sustainable system.  However, harvesting 

operations are often the major culprit for reducing site and soil productivity due to 

nutrient removals, soil compaction, and soil loss (Page-Dumroese et al., 2006).  

Silvicultural factors play a large role in modifying the forest environment (via thinning, 

pruning, fertilization, and/or weed control) to prevent reduction of site and soil 

productivity.  Forest management practices also are often highly dependent on cultural 

background.  Thus, it is necessary to recognize that forest management decisions are 

made within the context of these interacting factors of economics, environment, and 

culture.  

Twenty years ago, it was thought the lack of evidence that forest harvesting 

practices reduced site quality and site productivity was due to a paucity of carefully-

designed, long-term field trials (Dyck and Cole, 1990).  As a result, much research has 

focused on exploring the long-term effects of forest management on site and soil 

productivity in both the U.S. (e.g. Powers et al., 1990; Ponder and Mikkelson, 1995; Ares 
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et al., 2007) and New Zealand (e.g. Smith et al., 1994).  Unfortunately, most studies are 

inconclusive due to issues regarding “different site, different response” results that cannot 

be further developed due to experimental design or limited scope of inference (Powers et 

al, 1998).  Other studies may have simply lacked the scope of inference necessary for 

determining treatment effects across a broad scale, and the results were only applicable to 

those specific areas where the research was carried out (Powers et al., 1998).  More 

importantly, results from long- and short-term studies have demonstrated the full range of 

possible effects of forest management on site and soil productivity, making it difficult to 

identify specific soil-based indicators which can be used to successfully monitor 

sustainable forest management.  Thus, it appears that the sustainability of forest practices 

is strongly site-dependent (Blanco et al., 2005).  As a result, it has become increasingly 

necessary for research to address site specificity with regard to forest management 

impacts on soil and site productivity (Miwa et al., 2004).   

Development of soil monitoring methods (with regard to site and soil 

productivity) applicable to all soil types presents a challenge because treatment effects 

tend to be complex, cumulative, and vary by site and climate (Carter et al., 2006; Fleming 

et al., 2006).  Thus, more site-specific techniques may be needed for examining the 

effects of forest management on site and soil productivity (Page-Dumreoese et al., 2006).  

Most contemporary forest managers are interested in soil productivity because it is 

directly linked to site productivity, which, in turn, is driven by a combination of physical, 

chemical, biological, and environmental characteristics, and ultimately regulated by soil 

processes (Van Miegroet et al., 1994).  A knowledge of what site and soil processes are 

impacted by which forest management practices for specific site conditions can lead to 
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modifying and monitoring those changes in productivity on a site-specific basis.  Powers 

and Reynold (1998) found that different combinations of weed control and fertilization 

optimized tree productivity across an environmental gradient.  Thus, gradient studies 

could provide insight into what soil processes are most important at specific sites when 

measuring soil quality (see below: soil quality indicators). 

 The forest management practices of interest for this literature review are soil 

disturbance or compaction (harvesting factor), fertilization (silvicultural factor), and tree 

species selection (cultural factor).   

 

Tree growth 

Results of studies examining the effects of disturbance or soil compaction on site 

productivity have been conflicting and difficult to summarize.  This may relate to the fact 

that soil disturbance tends to provide short-term benefits for the next rotation of tree 

crops via increased soil temperature, increased nutrient cycling, increased soil aeration, 

and improved soil water conditions (Lister et al., 2004).  In addition, many tree species 

used in production forestry have evolved to depend on a disturbance regime for 

establishment (Smith et al., 1997). 

Soil disturbance can also lead to the opposite effects listed above:  reduced 

nutrient cycling, increased bulk density, and decreased available water content; and 

ultimately reduced site quality.  A recent study in New Zealand demonstrates this point.  

Sands et al. (2007) measured the effects of harvesting traffic and ripping on growth 

response of P. radiata, and found that there was an interaction between ripping and 

harvesting traffic.  Stem volume increased with the number of passes of harvesting 
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machinery on ripped soils, but decreased with the number of passes on non-ripped soils 

(Sands et al., 2007).  Thus, the effects of disturbance on site productivity are highly 

dependent on the nature of the disturbance and on the site conditions.  Furthermore, soil 

disturbance tends to be associated with harvesting operations, making short-term effects 

of the disturbance difficult to differentiate from the short-term effects of the harvest itself.  

Furthermore, the disturbance treatment (whether systematically imposed on the site or 

chosen based on the aftermath of the harvest) can by highly variable, producing 

inconclusive results (Mou et al., 1993).  

Often, the most adverse disturbance effects as a result of harvesting operations 

occur on poorly drained soil (Aust et al., 1995; Briggs et al., 2000) or during wet and 

rainy weather conditions (Eisenbies et al., 2005).  In general, the negative effects of soil 

disturbance on site productivity are revealed in the soil physical property measurements 

(increased bulk density, increased soil strength, decreased total porosity and 

macroporosity), but may have no detrimental effects on tree growth (Ares et al., 2005).  

In many cases, soil disturbance increased seedling survival and growth (Fleming et al., 

2005).  Furthermore, soil disturbance or compaction effects depend strongly on the 

interaction of soil texture and soil water regime (Gomez et al., 2002).  Thus, because of 

the high variability of forest soils, more specific information is needed on the effects of 

disturbance/compaction on soils across complex gradients (both soil type and climatic 

conditions) in order to design better management plans for forest harvesting. 

In general, fertilization increases site productivity (as measured by tree growth) 

across both the short- and long term.  Homann et al. (2001) measured a positive growth 

response of Douglas-fir (Pseudotsuga menziesii) to fertilization 10 years after application 
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across Washington and Oregon.  However, the degree of this positive growth response to 

fertilizer tends to be site- and species-specific (Hunter and Smith, 1996; Watt et al., 2005; 

Newton and Amponsah (2006).  Shumway and Atkinson (1977), and Shumway (1978) 

found that Douglas-fir response to fertilization depended on the NH4-N production in the 

surface soil.  Sites with NH4 production greater than 46 mg N kg-1 had no growth 

response to fertilization 

 Forest soils with initial or inherently low fertility may have a positive response to 

fertilization, whereas soils with initial or inherently high fertility show minimal or no 

growth response to fertilization (Powers, 1980; Hunter et al., 1985).  These studies 

support the findings of Fox (2004) who reported that N fertilization increased N 

mineralization potential in western Washington.  This positive effect of fertilization on N 

mineralization potential was a result of low to moderate rates of application over the 

long-term.  Whereas, annual applications of high rates of urea did not increase N 

mineralization potential, but did facilitate cation leaching (Fox, 2004)    

In New Zealand, fertilization is a necessity for maintaining long-term productivity 

of intensively managed Radiata pine plantations, because weathering and deposition rates 

do not compensate for nutrients removed during harvest (Zabowski et al., 2007).  Thus, 

fertilization may be a highly necessary component of sustainable management of Radiata 

pine in New Zealand.  This suggests that understanding both the short- and long-term 

effects of fertilization on key soil processes is crucial for proper management of site and 

soil productivity in New Zealand. 

 

Nitrogen Mineralization 
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Soil compaction tends to increase bulk density and reduce aeration porosity, 

generally reducing the quality of soil physical properties.  Thus, these changes in soil 

physical structure would be expected to impact N mineralization processes.  Previous 

research has found that disturbance or soil compaction may reduce N mineralization due 

to reduction of pore volume, (Breland and Hansen, 1996) reduced soil microbial activity 

(Neve and Hofman, 2000), and narrowing least-limiting water range (Drury et al., 2003). 

Other studies have found that disturbance or soil compaction had no effect on N 

mineralization (Drury et al., 2003; Tan et al., 2005; Sanchez et al., 2006).  In these cases, 

it is possible that the microbial biomass was unaffected by the disturbance or compaction 

treatments (Busse et al., 2006).  These results seem counterintuitive because soil 

disturbance or compaction may directly affect the distribution, composition, and activity 

of soil microflora and fauna, which have a large impact on nutrient dynamics because 

they are responsible for comminution of litter, mineralization of essential plant nutrients, 

and conservation of these nutrients within the soil (Marshall 2000, Solis and Campo 

2004).  Therefore, negative impacts of forest harvesting on the soil microbial community 

may ultimately adversely affect nutrient cycling and tree growth (Marshall 2000).  

However, harvest disturbance or compaction can reduce transpiration rates while 

increasing soil temperature and moisture to create a more favorable soil climate for 

microbial decay (Waring and Schlesinger, 1985).  Additionally, N mineralization rates 

may increase after a disturbance as a result of lowered microbial competition for N and 

from increased decomposition (Prescott, 1997).  

Following this logic presented by Prescott (1997), it would be expected that 

fertilization could also increase N mineralization, as a result of reduced microbial 
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competition for available nutrients due to increased contributions to the readily available 

N pool (Vanotti et al., 1995).  In the Rocky Mountains, fertilization increased net N 

mineralization in coniferous forests (Prescott et al., 1992).  Scott et al. (1998) found that 

N fertilization increased the mean residence time of N in mineral-N pools thereby 

reducing the microbial demand for N.  Additionally, increased soil N status may also 

increase N losses via nitrate leaching (Scott et al., 1998).  Fertilization increased net N 

mineralization rates in loblolly pine (Pinus taeda) plantation forests in the southern U.S. 

(Gurlevik et al., 2004). 

In contrast, some studies suggest that N mineralization response to fertilizer may 

be site- and species-specific.  Mineralizeable N fractions extracted from surface soil were 

not significantly correlated to 5-yr volume growth response to N fertilization, site index, 

or N levels of foliage or litterfall (Lea and Ballard, 1982).  In this study by Lea and 

Ballard (1982), the N levels in trees were assumed to reflect the actual field availability 

of N.  Lea and Ballard (1982) suggested that the utility of N availability indices varies by 

ecosystem (site-specific) especially when considering natural release rates or the ability 

of various tree species to uptake the available soil N. 

 

Decomposition 

Decomposition rates in forest ecosystems are largely controlled by environmental 

conditions and decomposer communities (Fisher and Binkley, 2000; Bridgham and 

Richardson, 2003).  Decomposition of organic matter is controlled by the same factors 

that affect tree growth (Wang et al., 2007).  Thus, it is logical to assume that forest 

management practices that alter environmental conditions and/or decomposer 
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communities will impact decomposition rates of both above-and below-ground biomass, 

and that the effect on decomposition will be site-specific (Gholz et al., 2000; Grigal, 

2000).  For example, the decomposition process of Pinus radiata litter and wood 

materials may depend on the initial, inherent N status of the site (Parfitt et al., 2001).  For 

some tree species, higher N availability may stimulate mass loss during the early stages 

of decomposition, but may have the opposite effect during the later stages when cellulose 

has been degraded and only lignin remains (Berg and Matzner, 1997).  However, this is 

not always the case because a study found that N fertilization increased the fraction of 

Scots pine (Pinus sylvestris) litter that accumulated as humus, but had no effect on 

Norway spruce (Picea abies ) (Berg, 2000).  Decomposition of non-native litter and wood 

(of maple) was not correlated to N mineralization rates, whereas native litter and wood 

were (McClaugherty et al., 1985).  Also, previous research has shown that decomposition 

rates for both above- and below- ground material vary by tree species (Mattson et al., 

1987; Valachovic et al., 2004; Janisch et al., 2005; Garrett et al., 2007).  These 

differences may be a result of differences in decomposer communities, mycorrhizal 

associations, litter chemistry, and microclimate conditions.   

These studies illustrate that the factors influencing decomposition are site- and 

species-specific.  Additionally, while it is difficult to find studies that examined the 

effects of disturbance or compaction on litter or wood decomposition rates, it is expected 

that disturbance increases decomposition for the same reasons it may increase N 

mineralization. 

 Specific forest management effects on litter decomposition have been reviewed.  

Fertilization has been found to have no effect (Prescott et al., 1992) or significantly 
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increase litter decomposition rates (Vestgarden, 2001).  The effect of fertilization 

(especially with regard to N additions) also depends on the initial N status, and inherent 

fertility of the site (Vestgarden, 2001; Bridgham and Richardson, 2003). 

 Few studies have looked at forest management effects on wood decomposition, 

due to the difficulty and complexity of measuring wood decay in a field setting.   

Determination of mass loss of wooden stakes was the traditional method used to measure 

wood decay rates, but this methodology may lack sensitivity in the early stages of decay 

when weight loss is minimal (Hardie, 1980).  A study by Jurgensen et al. (2006) 

determined decomposition rates of wood stakes using mechanical compression tests 

because strength loss may be a better determination of early stages biodeterioration.  

Recently, Wang et al. (2007) utilized a pulse-echo acoustic method to characterize 

decomposition of wood stakes that were fully inserted into the mineral soil.  One study 

found that fertilization increased wood decomposition of birch sticks (Homann et al., 

2001).  This more rapid decomposition as a result of added N (via fertilizer) suggested 

that wood decomposition was limited by N (Homann et al., 2001). 

 

Soil Water Dynamics 

The least-limiting water range (LLWR), proposed as a soil structural quality index 

for crop production (da Silva et al., 1994), evolved from an adaption of the “nonlimiting 

water range” (Letey, 1985) and the “root growth window” (Childs et al., 1989). The 

LLWR integrates soil aeration, soil matric potential, and soil strength, and may be a good 

indicator of management impacts on soil quality (da Silva et al., 1994).  The upper bound 

of the LLWR is defined by either air filled porosity or field capacity (whichever of the 



 
 

 

25

 
two is lower); the lower bound is defined by soil resistance or wilting point (whichever of 

the two is greater) (Figure 2.1).  The LLWR was first developed for agricultural systems 

(da Silva et al., 1994).  Kelting (1999) was the first to utilize the LLWR in plantation 

forestry systems, and found that surface soil disturbance, as a result of harvesting 

operations, narrowed the LLWR, whereas retention of organic debris widened the 

LLWR.  The LLWR range is considered a sensitive indicator of forest soil quality 

because the physical properties which comprise the LLWR are sensitive to forest 

management (Kelting et al., 2000).   

Soil compaction and/or low soil moisture conditions may narrow the LLWR, 

ultimately reducing the liklihood for forest site conditions to be within the LLWR (Zou et 

al., 2000; Bulmer and Simpson, 2005).  Fertilization of Pinus radiata has been found to 

reduce soil moisture, creating drier conditions compared to unfertilized plots (Jackson et 

al., 1983).  However, in drier climates, fertilization may improve water use efficiency 

(Powers and Reynolds, 1998).  Additionally, soil water dynamics have been found to be 

highly influenced by site (Olykan et al., 2008; Simioni et al., 2008) and tree species (Watt 

et al., in press).  Watt et al. (in press) observed more available water under C. lusitanica 

compared to P. radiata on given sites across a complex environmental gradient.   

 

Envelope Plots 

Experiments in miniature, with cloned trees, across a broad environmental 

gradient may be a practical and economical solution for studying site specificity (Amateis 

et al., 2003a).  Experiment in miniature reduces the distance between trees to 1/16th that 

of operational scaling and shortens the rotation length to 4 years (Sharma et al., 2003).  
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Additionally, this method reduces the variation among tree response due to genetics.  

Previous research has shown that trees grown under these conditions mimic growth 

patterns of trees growing over longer periods at conventional stand densities (Amateis et 

al., 2003b; Sharma et al., 2003).  Experimental plots are much smaller, and thus reduce 

soil variability as well.  As a result, this experimental approach is efficient and cost-

effective, and allows researchers to install experiments across a broad environmental 

gradient.  Because tree genetics and plot size are strictly controlled, there are less 

confounding factors when it comes to determining causal relationships.  Ultimately, these 

types of studies could provide insight into site-specific effects of forest management on 

site and soil productivity. 

 

PART 2: 

Soil Quality   

Ecosystem processes, including biomass production, depend on the functional 

capacity of the soil resource, or soil quality.  The concept of soil quality is not only a 

function of soil properties and processes, but it is also determined by external factors 

such as land use and soil management practices, ecosystem and environmental 

interactions, and socioeconomic and political priorities (Doran and Parkin, 1994).  There 

are many soil quality definitions, but common to all is the capacity of the soil to function 

effectively (SSSA, 1987, Doran and Parkin, 1994).  Possible soil functions include 

(Arshad and Martin, 2002): 

a. Production function 
b. Biotic environment function 
c. Climate-regulative function 
d. Hydrologic function 
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e. Waste and pollution control function 
f. Living space function 
g. Archive or heritage function 
h. Connective space function 

Letey et al. (2003) caution against the traditional definition of soil quality, proposing to 

emphasize a soil’s “use” rather than its “function.”  Thus, for this project, I am primarily 

concerned with measuring soil quality in the context of its production “function” as its 

“use” for growing trees under plantation constrictions.   

The ultimate, agreed-upon purpose, of measuring soil quality is to evaluate 

management practices that optimize the combined goals of high crop/tree production, low 

environmental degradation, and sustained soil resources (Letey et al., 2003).  Although at 

present, many forest managers are primarily concerned with productivity, in the future 

and in the context of global climate change, soil quality will most likely be defined within 

the context of many of the other diverse soil functions listed above (Letey et al., 2003).  

For example, three of the important environmental research challenges identified by the 

National Research Council (NRC, 2003) that directly relate to these diverse soil functions 

are to 1) develop a comprehensive understanding of the relationship between ecosystem 

structure and functioning and biological diversity; 2) understand the impact of changes in 

land use and land covers on critical ecosystem services; and 3) improve our 

understanding of global biogeochemical cycles and determine what role societal 

regulations should play in managing these cycles.   

For a soil to function to maintain forest productivity, soil quality is defined by the 

soil’s capacity 1) to promote root growth; 2) accept, hold, and supply water; 3) hold, 

supply, and cycle nutrients, including carbon; 4) promote optimal gas exchange; 5) and 

promote biological activity (Burger and Kelting, 1998; 1999).  These 5 attributes describe 
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the overall conditions necessary for forest productivity.  Each attribute is represented by 

multiple, measureable soil properties and processes (Table 4.1).  These measureable 

properties and processes are also known as indicators of soil quality.  Ultimately, the goal 

is for soil quality measures to adequately integrate the many complex interactions among 

the array of physical, chemical, and biological factors that control biogeochemical and 

hydrological processes and their variations in time and space (Bouma 1989, Larson and 

Pierce, 1991).   

Although the goal of soil quality measurements tends to be universal (to measure 

sustainability of production systems), the methods for calculating soil quality differ 

widely.  Soil quality indicators are to soil quality models like acrylic paints are to the 

final piece of artwork; the building blocks are generally the same, but the end products 

are never alike.  In general, all soil quality models start with indicator selection, 

interpretation, and integration into an index (Andrews et al., 2004).  Table 4.2 

summarizes the basic steps for building soil quality models, modified from Burger and 

Kelting (1998).  

Although soil quality has been measured in agricultural systems for more than 75 

years (Storie, 1933), it is only relatively recently that it has been applied to forestry 

systems (Gale and Grigal, 1988).  Past researchers have developed a general forest 

productivity index (PI) based on the principals of Liebig’s and Mitscherlich’s Laws of the 

Minimum, where one or more soil properties are responsible for creating limiting 

conditions for site and soil productivity (Kiniry et al., 1983; Pierce et al., 1983; Larson et 

al., 1983; Gale et al., 1991; Karlen and Stott 1994; Burger and Kelting, 1998; Andrews et 

al., 2002; 2004; Jones et al., 2005).  A general productivity index (PI) would be: 
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PI = Σ(A x B x C x D x E)      [1] 

where A through E represent the sufficiency of important soil properties that are 

normalized from 0 to 1; where a sufficiency of 0 indicates a total limitation to tree 

growth, and a sufficiency of 1 indicates no limitation to tree growth.  Kiniry et al. (1983) 

defined the PI as a sum of the sufficiencies of available water capacity, aeration, bulk 

density, pH, electrical conductivity, and weighted the soil properties based on the rooting 

depth under those conditions.  Pierce et al. (1983) and Larson et al. (1983) did not include 

the sufficiencies for aeration or electrical conductivity.  Gale et al. (1991) also eliminated 

sufficiency calculations for electrical conductivity, but added sufficiency of site (slope 

percentage) and climate (index of aridity) characteristics.   

Karlen and Stott (1994) made the most significant modification to the PI model 

up to that point.  They used the concept of the PI to develop an overall rating of soil 

quality with regard to soil erosion by summing up soil resistance to erosion by rating soil 

capacity to accommodate water entry, transport and absorb water, resist degradation, and 

support plant growth.  These attributes or properties were rated using non-linear scoring 

functions that were then entered into an equation with weighting factors, much like the PI 

model by Gale et al. (1991): 

SQ=qwe(wt) + qwt(wt) + qrd(wt) +  qspg(wt)     [2] 

where qwe=rating for accommodating water entry, qwt=rating for water transport and 

absorption, qrd=rating for resisting degradation, qspg=rating for supporting plant growth, 

and wt=specific weighting factor for each indicator.   

Burger and Kelting (1998) built upon the concept presented by Karlen and Stott 

(1994) to further refine a model that incorporated soil quality into the calculation of a 



 
 

 

30

 
forest PI.  They modified the PI in order to focus on measuring and monitoring forest 

management effects on a minimum set of the critical soil attributes that ultimately define 

soil quality.  They defined a soil quality index that assigned specific weighting factors to 

each soil attribute to account for the fact that across forests, different soil attributes will 

have different effects on productivity.  Their specific model was: 

SQI = Σ[RG x wt] + [WS x wt] + [NS x wt] + [GE x wt] + [BA x wt]   [3] 

where SQI is the soil-quality index, RG is the sufficiency for root growth, WS is 

the sufficiency for water supply, NS is the sufficiency for nutrient cycling, GE is the 

sufficiency for gas exchange, BA is the sufficiency for biological activity, and 

wt=specific weighting factor for each indicator.  Soil attributes are weighted (wt) based 

on their relative importance for the particular conditions (i.e. tree species, forest 

management, climate) where the SQI is being measured.  This model was explained 

further whereby Burger and Kelting (1998) outlined a monitoring process that uses soil-

based indicators of sustainable forestry.  They suggested using an index of soil 

productivity that will provide the researcher/manager with the ability to compare 

management effects on soil quality.  In this case, soil quality indicators need to be 

selected based on their sensitivity to management.  Suggested measureable soil attributes 

that are primarily influenced by management are: soil-depth, organic matter, respiration, 

aggregation, texture, bulk density, infiltration, nutrient availability, and retention capacity 

(Arshad and Martin, 2002). 

 Andrews et al. (2004) developed a relatively user-friendly soil quality assessment 

tool for evaluating the integrated effects of various soil management practices under 

pasture and row-crop production.  Based on the management goals for a particular site, a 
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minimum dataset of indicators is selected.  Next, indicator values are transformed into 

unitless values using nonlinear scoring curves based on Karlen and Stott (1994).  Scoring 

curves (similar to the sufficiency curves described by Burger and Kelting, (1998)) were 

determined by literature review and consensus of collaborating researchers.  Curves were 

described as more-is-better (e.g. for microbial biomass C), less-is-better (e.g. for bulk 

density), and mid-point optimum (e.g., for soil pH).  Finally, scores for each indicator are 

combined to form a single value, or soil quality index, by summing the scores for each 

indicator, dividing by the total number of indicators, and then multiplying by 10.  This 

flexible model allows for assessment of soil quality at various spatial and temporal scales, 

and across various management systems, providing a useful framework for designing a 

forestry-specific soil quality model. 

Over time, the productivity index has provided the foundation for developing soil 

quality indices, which will eventually lead towards a forest soil quality index (FSQI).  

After reviewing the PI models above, previous research suggests that the structure and 

design for a FSQI should incorporate sufficiency of important soil properties that are 

influenced by forest management, their relationship to the soil attributes of soil quality 

that support a particular soil function including soil processes, and a measurement to 

account for the influence of site and climate productivity and the interactions between 

soil properties and productivity across varying landscapes.  I propose a general model 

that integrates the above criteria: 

FSQI = X(wtX) + Y(wtY) + Z(wtZ)    [4] 

where X=sufficiency of selected soil properties that represent important soil attributes,  

Y=sufficiency of selected soil processes that support critical soil function, and 
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Z=sufficiency of site and climatic factors; with specific weighting factors (wt) assigned to 

each component.  The next challenge in measuring and monitoring sustainable forestry 

using soil quality is to select specific soil quality indicators (chemical, physical, or 

biological properties; site factors; climatic factors) to be tested in the many models being 

proposed.   

 

Soil Quality Indicators 

Soil quality indicators generally refer to measureable soil attributes that influence 

the capacity of a soil to function.  In order to be useful, indicators must be quantitative or 

qualitative variables that are indicative of a larger ecological process, easily measured, 

cost-effective, and repeatable (Doran and Parkin, 1994; Burger and Kelting, 1999; 

Schoenholtz et al., 2000; Herrick et al., 2002).  Furthermore, soil indicators need to: 

1. Encompass ecosystem processes and relate to ecosystem function;  
2. Integrate soil physical, chemical, and biological properties and processes; 
3. Be relevant across sites and over time; 
4. Be accessible to many users and applicable to field conditions; 
5. Be sensitive to variations in management and climate; 
6. Be easily measured and inexpensive; and 
7. Where possible, be components of existing soil data bases. 
 

Schoenholtz et al. (2000) reviewed the rationale and justification behind the most often 

proposed soil quality indicators.  Soil chemical and physical properties that may be the 

most relevant and appropriate for building forest soil quality models are: 1) organic 

matter content, 2) nutrient supplying capacity, 3) acidity, 4) bulk density, 5) porosity, and 

6) available water holding capacity (Schoenholtz et al., 2000).  These indicators were 

selected because each one was relevant to several soil functions at once.  For example, 

organic matter content influences all 5 soil attributes.   
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Although in theory, these key indicators listed by Schoenholtz et al. (2000) play a 

critical role in determining site and soil productivity in all forestry systems, key 

indicators may be specific to tree species, management practices, and climatic conditions.  

It is unlikely that there is a one-size-fits-all-forests list of key soil quality indicators.  

Thus, it is important to determine the ecological boundaries for any list of indicators.  

Once the boundaries are defined, it is easier to specify and justify key indicators.   

Often, researchers identify key soil indicators by choosing variables with statistically 

significant correlations with tree growth, and then build multivariate equations to explain 

or predict forest productivity (e.g. tree growth) as a function of measured soil properties 

(Hunter and Gibson, 1984; Woollons et al., 2002).  However, this approach creates a soil 

quality “model” that is predominantly site-specific and is of little use as a practical 

assessment tool for forest managers.  This approach utilizes narrowly defined ecological 

boundaries, so that the inference scale for the list of indicators may be limited. 

To avoid the limitation of site specificity, soil quality models have been designed to 

integrate selected soil properties based on a designated soil use.  The soil quality model 

by Andrews et al. (2004), described above, uses a series of decision rules in a database 

format, to generate a list of suggested soil quality indicators.  The decision rules use the 

management goals for the site, associated soil functions, and site-specific factors such as 

regional climate or crop sensitivity.  Thus, indicators are chosen based on the desired soil 

function, which determines the appropriate soil attributes, which are described by specific 

indicators.   

Amacher et al. (2007) developed a new index of forest soil health that integrated 19 

measured physical and chemical properties of forest soils into a single number that 
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describes soil “vital signs.”  This index was developed for the U.S.F.S. Forest Inventory 

and Analysis (FIA) program in order to address specific questions about forest soil 

quality or health (O’Neill et al., 2005).  The vital signs soil quality index (SQI) assigns an 

index value, typically ranging from -1 to 2, for 19 soil properties.  Index values are based 

on the level of each property.  For example, sites with bulk density >1.5 Mg m-3 would be 

assigned an index of 0, and sites with bulk density ≤1.5 Mg m-3 would be assigned an 

index of 1.  The sum of index values determines the vital signs SQI.  If values for some 

properties are missing, then the SQI is expressed as a percentage of maximum possible 

value of the total SQI for the soil properties that were measured.  This approach to 

measuring a full list of vital signs to determine forest soil quality is a more practical 

approach than the regression and multivariate techniques described above.  However, it 

may lack a certain element of sensitivity due to the fact that for most properties, the index 

would be 0, 1, or 2.  Whereas the multivariate models were too specific, this method by 

Amacher et al. (2007) may be too general.  Thus, when it comes to identifying key 

indicators for building a practical soil quality model, the method for indicator selection 

must find a middle ground between being too site-specific and too general.   

 

Soil Quality in New Zealand 

 New Zealand was one of 12 countries to sign The Montreal Process (Anon., 

1995).  Consequently, New Zealand researchers have been committed to developing 

ways to monitor sustainable elements of their forestry production systems (Richardson et 

al., 1999).  Forestry research in New Zealand has recognized that measurement of key 

soil indicators in order to assess soil quality may provide the necessary tools for 
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assessment of the impact of various management practices on forest sustainability 

(Richardson et al., 1999).   

To identify these key indicators, a nationwide study of highly stocked plots of 

Pinus radiata and Cupressus lusitanica was established at 35 key site locations covering 

the range of edaphic and environmental conditions for New Zealand plantation forests 

(Watt et al., 2005).  After the first two years of growth, relationships between soil 

properties and tree growth were evaluated to identify key soil indicators.  This method 

was described by Watt et al. (2005) whereby indicators are chosen based on a regression 

of soil properties and tree growth.  Soil properties that most strongly related to tree 

growth for both Pinus radiata and Cupressus lusitanica were 1) C:N ratio, 2) total soil N, 

3) total soil P, 4) organic P, and 5) depth of the A horizon (Watt et al., 2005).  

Furthermore, this study recognized the importance of climatic factors, rainfall and 

temperature, on tree growth and on the nature of the relationships between tree growth 

and soil properties (Watt et al., 2005).   

Once the trial was completed, after 4 years of growth, Watt et al. (submitted) 

sought to further evaluate, using regression and multivariate techniques, and identify key 

soil indicators for measuring forest plantation sustainability.  The objective of this paper 

was to identify soil properties that influence tree growth; with the intention of calling the 

soil properties that were highly correlated with tree growth, key indicators.  Soil 

properties strongly correlated with tree growth for both species were 1) C:N ratio, 2) total 

P, and 3) organic P.  Best predictive models for Pinus radiata included total P and C:N 

ratio, whereas best predictive models for Cupressus lusitanica included C:N ratio and 

Olsen P.  These research findings support the use of the identified soil properties as 
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important components of a forest soil quality model for plantation forests in New 

Zealand. 

During the same period of time, researchers were attempting to assess soil quality 

at a national scale across many soil types and land uses in New Zealand (Schipper and 

Sparling, 2000).  The objective of their research was to determine if a standard set of soil 

indicators could discriminate among land management practices at a national scale.  

Indicators selected for assessing soil condition for each land use (pastoral farming, pine 

plantation, arable cropping, and indigenous forest) were total C, total N, cation-exchange 

capacity, Olsen P, pH, CO2 production, microbial biomass, potentially-mineralizeable N, 

bulk density, moisture release, hydraulic conductivity, particle size distribution, and 

particle density.  Using principal component analysis (PCA), they reduced the indicator 

list to six properties: 1) potentially-mineralizeable N, 2) pH, 3) bulk density, 4) total C, 5) 

Olsen P, and 6) macroporosity.  These properties were chosen because, during PCA, they 

were as capable of separating sites into land use groups as the full list of indicators.  

Sparling and Schipper (2002) used a modified list of the indicators identified in 

their paper in 2000, to characterize aspects of soil quality response to management in 

order to identify any items of concern for long-term sustainability.  Indicators used to 

monitor aspects of soil quality were: total C, total N, cation-exchange capacity, base 

saturation, Olsen P, pH, water retention, bulk density, particle density, and anerobically 

mineralizable N.  This research provided useful information for general assessment of 

particular soil properties by land use, but did not provide specific indicators that might be 

more important for specific land use types.    
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More recent research identifies trends, issues, and practical lessons learned from 

the above research on aspects of soil quality across New Zealand.  Land use and 

management combinations of concern for loss of soil quality were soil compaction on 

pastures, loss of organic matter under row cropping, and N and P build-up on dairy 

pastures (Sparling and Schipper, 2004).  These concerns were identified by sites that 

were not meeting “target” ranges for specific indicators.  Target ranges were defined 

from experimental data, statistical metrics, simulation modeling (Sparling et al., 2003), 

and expert knowledge (Lilburne at al., 2004).  These “targets” are useful for identifying 

land uses, specific geographical areas, or soil types where soil quality may be degrading 

or more likely to degrade.  As a result, this type of monitoring of key soil indicators at a 

national scale provides general information for “state of the environment” reports for land 

use impacts.   

However, due to the very different dynamics of management practices among 

land uses (e.g. short-term vs. long-term; valley land vs. steeply sloped land; high water 

use vs. low water use), “target” ranges for indicators may need to be more specified by 

land use.  Sparling et al. (2004) recommends using land use and soil class categories to 

stratify data in order to appropriately adjust the soil quality monitoring program by land 

use types. 

Despite this level of attention to soil quality in New Zealand, no actual, practical 

soil quality models have been presented in the literature to date.  Thus, there appears to 

still be a need for a practical, applicable soil quality model for both the agricultural and 

forestry sectors. 
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Summary 

It has been 15 years since the Montreal Process was first signed, and forest soil 

scientists are making progress identifying key soil indicators for monitoring soil quality 

and sustainability. However, development of a useful, practical tool that could be used to 

effectively measure soil quality in managed, temperate production forests continues to 

present challenges.   To accomplish the goals set by The Montreal Process with regard to 

monitoring sustainable elements of forest management in New Zealand, there remains a 

need to 1) understand the impact of forest management on key soil processes that are 

critical to maintaining site and soil productivity; 2) identify key forest soil quality 

indicators that not only relate to forest productivity measures, but that also relate to soil 

processes that are sensitive to forest management, and 3) to develop a practical, 

applicable forest soil quality model for planted forests in New Zealand. 
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Figure 2.1.  Generalized description of the soil physical parameter boundaries that make 
up the least limiting water range (LLWR). 
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CHAPTER 3 

 

 

FOREST MANAGEMENT EFFECTS ON SOIL PROCESSES IN PLANTED 
FORESTS ACROSS AN ENVIRONMENTAL GRADIENT IN NEW ZEALAND 

 

 

 

 

Abstract 

Sustainable management of planted forests requires maintenance of soil function 

to promote 1) root growth; 2) storage and cycling of water and nutrients; 3) optimal gas 

exchange; and 4) biological activity.  Understanding forest management impacts on these 

important soil functions could provide the basis for development of site-specific 

recommendations that are needed to appropriately manage planted forests across the 

broad range of soils and climatic conditions in New Zealand.  Key soil processes 

(nitrogen mineralization, decomposition, and soil water dynamics) which regulate soil 

function were measured during the final year of growth (year 4) on highly stocked plots 

(40,000 stems ha-1) at ten sites distributed across New Zealand to investigate impacts of 

soil disturbance (low vs. high), fertilization (fertilization vs. none), and tree species 

selection (Pinus Radiata D. Don vs. Cupressus lusitanica Mill.) on those soil processes.  

Specific objectives of this study were to 1) describe and quantify the environmental 

gradient among the ten sites and its effect on site productivity, soil processes, and 
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treatment response, 2) determine effects of disturbance, fertilization, and tree species on 

soil processes across the environmental gradient, and 3) identify site-specific treatment 

effects on soil processes.   

In general, nitrogen (N) mineralization was higher for P. radiata, whereas 

decomposition rates were faster for C. lusitanica.  Disturbance and fertilization effects on 

N mineralization and decomposition were observed within specific site groupings based 

on climatic conditions and soil fertility.  Thus, treatment effects on N mineralization and 

decomposition were site-specific and not consistent across the gradient.  For soil water 

dynamics, P. radiata had more optimal conditions compared to C.lusitanica, whereas 

fertilized plots had more days with wet soil conditions and less days with dry soil 

conditions compared to unfertilized plots.  Furthermore, soil water dynamics were less 

sensitive to the environmental gradient compared to the other soil processes, but were 

more sensitive to treatment effects.  Thus, site-specific recommendations are necessary 

for appropriate management of N mineralization and decomposition processes, whereas a 

more general approach is sufficient when considering soil water dynamics.  Furthermore, 

sustainability protocols for monitoring forest soils need to consider site-specific 

management effects on soil processes and develop guidelines for making appropriate 

decisions based on site, climate, and soil conditions. 

 

Introduction 

Fifteen years ago, New Zealand signed “The Montreal Process” (Anon., 1995), a 

Canadian initiative with the goal of developing a scientifically rigorous set of criteria and 
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indicators that could be used to assess sustainable forestry (Ramakrishna and Davidson, 

1998).  In general, sustainable forest management is broadly defined as management that 

is simultaneously 1) ecologically viable, 2) economically feasible, and 3) socially 

acceptable (Salwasser et al., 1993).  More specifically, sustainable forest management 

does not degrade the soil resource or the productive capacity of a site (Nambiar, 1996; 

Powers et al., 1998).  Soil-based indicators are often considered the most robust measure 

of sustainable forest management (Burger and Kelting, 1999; Richardson et al., 1999).  

Thus, the next logical step is to design research projects to determine which forest 

practices are sustainable by measuring the impact of management on important soil-based 

indicators. 

As a result, much research has focused on exploring the long-term effects of 

forest management on site and soil productivity in both the U.S. (Ares et al., 2007; 

Ponder and Mikkelson, 1995; Powers et al., 1990) and New Zealand (Smith et al., 1994).  

Unfortunately, most studies have limited inferences because forest management effects 

are often only applicable to those specific areas where the research was conducted 

(Powers et al., 1998).  More importantly, results from existing long- and short-term 

studies have demonstrated the full range of possible effects of forest management on site 

and soil productivity, making it challenging to identify specific soil-based indicators 

which can be used to successfully monitor sustainable forest management across broad 

spatial scales.  Thus, it appears that sustainability of forest practices is strongly site-

dependent (Blanco et al., 2005).  As a result, it has become increasingly necessary for 
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research to address site specificity with regard to forest management impacts on soil and 

site productivity (Miwa et al., 2004).   

 Experiment in miniature, with cloned trees, across a broad environmental gradient 

may be an economical solution for studying site specificity (Amateis et al., 2003a).  

Experiment in miniature reduces the spacing among planted trees to 1/16th that of 

operational scaling and shortens the rotation length to 4 years (Sharma et al., 2003).  

Previous research has shown that trees grown under these conditions mimic growth 

patterns of trees growing over longer periods at conventional stand densities (Amateis et 

al., 2003b; Sharma et al., 2003).  As a result, this experimental approach is efficient and 

cost-effective, and allows researchers to install experiments across a very broad 

environmental gradient.  Ultimately, these types of studies could provide insight into site-

specific effects of forest management on site and soil productivity within a relatively 

short time frame.  In New Zealand, these high-density plots were installed at 31 sites 

across the entire country in order to study relationships between forest productivity and 

site quality.  A subset of these sites (n=10) was chosen to explore forest management 

effects on important soil processes across a broad environmental gradient. 

My research questions and objectives were driven by the need to provide data to 

support site-specific forest management decisions across New Zealand where plantation 

forests occur on many soil types spanning across wide environmental gradients.  In this 

study, I sought to determine effects of soil disturbance, fertilization, and tree species 

selection on soil processes that influence forest productivity across this broad 

environmental gradient.  My research objectives were to 1) describe and quantify the 
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environmental gradient and its effect on site productivity, soil processes, and treatment 

response differences, 2) identify potential site groupings for analysis of treatment effects 

on site productivity and soil processes in order to determine site-specific treatment 

responses, and 3) determine effects of soil disturbance, fertilization, and tree species on 

site productivity and soil processes across the environmental gradient and within site 

groupings.  I hypothesized that the environmental gradient would have a large impact not 

only on site productivity and soil processes, but especially on their response to 

treatments.  I expected soil disturbance to increase N mineralization and decomposition 

rates, but to negatively impact site productivity and soil water dynamics, especially at 

sites with high rainfall.  I expected fertilization to increase site productivity, N 

mineralization, and decomposition, and to create drier soil conditions. I also hypothesized 

that the effect of fertilizer would be greatest at sites with initial low soil fertility.  Finally, 

I anticipated greater site productivity for P. radiata compared to C. lusitanica, and while 

differences in soil processes between tree species were expected, I was not able to predict 

those differences because of the lack of previous research on soil processes in association 

with C.lusitanica. 

 

Materials and Methods 

Site Descriptions 

This study utilized 10 forestry sites distributed across New Zealand, covering the 

broad range of climate, site, and soil conditions where plantation forests currently occur 

(Figure 3.1).  These locations were an important component of a more extensive trial 
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network (Watt et al., 2005) and provided the framework for studying the effects of a 

complex environmental gradient on site productivity, soil processes and their response to 

forest management.   

 

Field Experimental Design  

In the winter of 2002, 8 square plots (3m x 3m) were installed at each site to test 

the effects of soil disturbance (low and high disturbance), fertilization (fertilizer applied 

in excess of tree demands and no fertilizer), and tree species (Pinus radiata and 

Cupressus lusitanica) on site productivity and soil processes.  Soil disturbance 

represented a “harvesting” factor, fertilization represented a “silvicultural” factor, and 

tree species selection was a “cultural” factor.  

At each site, two areas were identified that were characterized by either low soil 

disturbance (U) or high soil disturbance (D) as a result of previous harvesting activities.  

Within each disturbance area (12m x 3m), 4 plots (3m x 3m) were located in the high 

disturbance area, and 4 plots (3m x 3m) were located in the low disturbance area.  Two 

plots in each disturbance class were chosen to be fertilized (F).  Placement of these 

fertilized plots was chosen in order to prevent fertilizer contamination of unfertilized 

plots.  In situations where the site had a significant slope, plots on the downhill side in 

each disturbance group were fertilized in order to prevent nutrient movement into 

unfertilized plots (N).  Of the two plots in each disturbance by fertilization treatment 

combination, one plot was randomly selected to be planted with Cupressus lusitanica and 
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one plot was randomly selected to be planted with Pinus radiata.  Figure 3.2 illustrates a 

simplified example of a typical plot layout at each site.   

In each plot, trees were planted at high-density spacing (40,000 stems ha -1) to 

compress the pattern of stand development and reduce site variability of individual plot 

treatments.  Planted trees were from seed stock of the same origin (growth and form 

factor of 19 (Vincent and Dunstan, 1989) for P. radiata and 99/275 for C. lusitanica) 

sourced from the Scion nursery in Rotorua, New Zealand.  Fertilized plots received 

nutrients in excess of plant requirements three times during the first year of growth, and 

then at annual intervals.  Total nutrients applied to fertilized plots over the 4 years of the 

study were 690 kg N ha-1 (56% NH4, 44%NO3), 200 kg P ha-1, 558 kg K ha-1, 160 kg S 

ha-1, 40 kg Mg ha-1 and 160 kg Ca ha-1.  At sites identified by forest history or soil 

analysis (time 0) as being deficient in boron, magnesium, and copper, additional 

applications of these nutrients were applied to fertilized plots to ensure these nutrients 

were non-limiting.  In the growing season of year 1 (2003), K2SO4 (111.1 g m-2) was 

applied at site ANI, CuSO4 (2.2 g m-2) was applied at sites ANI, EYR, BAL, and BOT, 

and MgCO3 (35.7 g m-2) was applied at site MAM.  In the growing season of year 2 

(2004), KCl (29 g m-2) was applied at site ANI, Ulexite (slow-release boron fertilizer that 

contains 30% B2O3) (6 g m-2) was applied at site LOR, and MgSO4 (111.1 g m-2) was 

applied at site MAM.  In the growing season of year 3 (2005), MgSO4 (100 g m2) was 

applied to sites BAL and TAR. 

All 8 plots at each site received an herbicide application, on an as-needed basis, to 

ensure weed-free conditions in all plots.  Weed control was applied one month after 
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planting and then as required to keep plots free of competing vegetation. A mixture of the 

following selective herbicides in water was broadcast over the trees during the initial 

application.  Product amounts are given on an area basis and to ensure good coverage the 

mixture was applied at a calibrated application rate of 200 L ha-1 using Terbuthylazine 

(15 L ha-1), Clopyralid (5 L ha-1), and Haloxyfop (3 L ha-1).  During site visits, non- 

selective herbicides were target sprayed at persistent weeds, but because of the close 

planting this was rarely required. 

In summary, this split-split plot design tests 8 possible combinations of 

disturbance (D and U), fertilization (F and N), and tree species (P and C) replicated at 10 

sites.  One site (MAM) did not have a low-disturbance area, and therefore only had 4 

high-disturbance plots.  Thus, there are a total of 76 plots serving as statistical units in 

this study. 

 

Measurements 

Climate, Site, and Soil Properties 

Elevation, latitude, slope, and aspect were recorded at each site.  Daily climate 

data were collected from a sensor installed on a 3m tower adjacent to plots and included 

photosynthetically active photon flux density, air temperature, relative humidity, and 

above-canopy rainfall. Topsoil depth, rooting depth, soil type, parent material, New 

Zealand soil classification (Hewitt, 1993), and U.S. soil taxonomy were determined for 

each site. 
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 Prior to planting and fertilization (year 0), a comprehensive set of soil chemical 

and physical properties were measured for 0-10cm of the mineral soil.  Procedures for 

sampling and analysis are summarized in Watt et al. (2005).  Soil chemical measures 

were determined following the methods of Blakemore et al. (1987) and soil physical 

measures were determined following the procedures described by Gradwell (1972).  

Abbreviations for site conditions and soil properties are listed in Table 3.1. 

  

Site Productivity 

 Site productivity was defined by measures for final year of growth (year 4) of leaf 

area index (m2 m-2), current annual increment (m3 ha-1 yr-1), and foliage mass (kg ha-1) for 

each plot (n=76). Mean annual increment (m3 ha-1 yr-1) (MAI) based on all 4 years of 

growth was also calculated.  There were no measures of leaf area index for one site 

(MAM).  All site productivity measures were used during the environmental gradient 

analysis, but only MAI was analyzed for treatment effects.  

 

Nitrogen Mineralization 

 During the final year of growth (year 4), in situ net N mineralization was 

measured for each plot (n=76).  Starting in October 2005, four representative soil cores 

(0-10cm) were collected from random locations within each plot and composited by plot.  

Half of each composite sample was brought back to the laboratory for initial NH4-N and 

NO3-N measures, while the other half was buried in a plastic bag at the 0-10cm soil 

depth.  This buried sample was collected at the next sampling event and was used to 
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measure final NH4-N and NO3-N concentrations.  Every six weeks from October 2005 – 

September 2006, initial and final soil samples were collected to determine net NH4-N, 

NO3-N, and net N (NH4-N+NO3-N) mineralized in each plot during the 12-month period.  

Values reported for each measure represent the net amount mineralized (mg N kg-1 and 

kg N ha-1) during year 4. 

 The initial composite sample collected in October 2005 from each plot was also 

used to determine anaerobic N mineralization, an index of potentially mineralizable N.  

Anaerobic N mineralization was measured using the short-term anaerobic procedure 

(Keeney, 1982) outlined in Fox (2004).  Five grams of soil from each plot was sealed in 

100-mL plastic centrifuge tubes with 15 mL of distilled water.  Tubes were incubated at 

40°C for 7 days. Samples were then shaken with 25 mL of 1 M KCl for 1 hr. 

Ammonium-N levels were measured on a Technicon Autoanalyzer.  Potentially 

mineralized N (mg N kg-1) was calculated for each plot (n=76).   

 

Litter and Wooden Stake Decomposition 

In mid November 2005, 10 mesh litter bags (20cm x 12cm), with 10 g of air-dried 

tree needles were placed on top of the litter layer in each of the 8 plots at the 10 sites.  

Needles for both species used across all 10 sites was collected on September 23, 2005 

from the envelope plot site 8, just north of site BOT (Figure 3.1).  P. radiata needles 

were used in litter bags in the P. radiata plots, and C. lusitanica needles were used in 

litter bags in the C. lusitanica plots.  Once needles were placed inside the bags, they were 

considered “litter.”  Litter bags had large mesh (standard shade cloth) on top and smaller 
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mesh (fiberglass fly screen) on the bottom.  In each plot, litter bags were secured in 2 

adjacent rows of 5 and staked down by a pin flag and labeled 1-10.  Litter bags were 

collected in random order from each plot every six weeks from January 2006 – 

September 2006.  A total of 8 collections occurred.  Once collected, samples were dried 

at 65oC until no further mass was lost (approximately 48 hr), allowed to cool in a 

dessicator and then weighed.  Dried samples were ashed in a muffle furnace (Elecfurn, 

Model Lab 1306, Wiri, Auckland, New Zealand) at 500oC for 3 hrs, allowed to cool in a 

dessicator, and weighed.  The litter ash-free weight values were used to determine litter 

mass loss due to decomposition.  Mass loss was used to determine the decomposition 

decay rate (k): 

WT = Winitial x e-kt       [1] 

where Wt is the mass remaining at time T, Winitial is the initial mass before 

decomposition, e is the base of natural logarithms, t is the time from the beginning of 

decomposition, and k is the decay rate constant.  For this study, k represents the decay 

rate for one year.  Using mass loss data, the decay rate (k) was calculated for each plot 

(n=76) for the year (yr-1).   

Additionally, when the litter bags were installed in each plot, 8 round 

decomposition stakes (length =140 mm; diameter=12 mm) were inserted in the mineral 

soil (0-10cm) at a 45° angle in each plot.  All stakes were made from radiata pine 

doweling in order to minimize variation.  Two stakes were collected from each plot every 

12 weeks from January 2006-September 2006.  After stakes were collected, they were 

thoroughly washed with water, dried at 65°C for 72 hours, cooled in a dessicator, and 
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weighed.  Mass loss was used to determine decomposition rate (Equation 1).  The stakes 

served as a check for the litter bag method.  Decomposition stakes could also serve as an 

alternative to litter bag studies, and provide a potentially useful and practical indicator of 

decomposition (Hardie, 1980; Jurgensen et al., 2006; Wang et al., 2007). 

 

Least-Limiting Water Range 

 Daily fractional available water content was modeled across all four years for 

each site except MAM (Watt et al., in press).  For this study, the least-limiting water 

range (LLWR) was defined as the number of days when soil water was either above 0.1 

or below 0.9 fractional available water content.  Number of days within the LLWR was 

calculated for years 1-4 (Days-In), and for year 4 only (Days-Inyr4).  Number of days 

above the LLWR was calculated for years 1-4 (DaysWet) and for year 4 (DaysWet_yr4).  

Number of days below the LLWR was calculated for years 1-4 (DaysDry) and for year 4 

(DaysDry_yr4).  The goal of these calculations was to estimate the amount of time a plot 

was excessively dry, excessively wet, or within the LLWR for optimal root growth.   

 

Data Analysis 

Environmental Gradient 

The basic steps used to analyze the environmental gradient are shown in Figure 

3.3.  The environmental gradient was described by summary statistics of climate, site, 

and soil properties (36 gradient properties).  Gradient variables were tested for normality 
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and homogeneity of variance, and transformations were made as necessary to meet the 

underlying statistical assumptions of the models used.   

Correlation analysis was conducted using PROC CORR in SAS v.9.1 (SAS 

Institute, 1996) to identify gradient properties with high correlation to response variables.  

Linear regression analysis was conducted using PROC REG in SAS v.9.1 (SAS Institute, 

1996) in order to determine the relationship among the correlated (p<0.05) gradient 

properties (climate, site, and soil properties) and the response variables of site 

productivity (tree growth), soil processes (N mineralization, decomposition, and LLWR), 

and treatment response differences (site specificity).  The “best” model was selected 

based on the highest r2 and lowest p value for each response variable. 

Additionally, gradient properties were tested to determine if a 2-variable model 

would better explain the variability for each response variable.  Due to the large amount 

of possible explanatory variables, all appropriate 1- and 2-variable models were 

compared using BIC selection method with PROC REG in SAS v.9.1 (SAS Institute, 

1996).   Models with the lowest BIC were considered the “best” models. The purpose of 

the environmental gradient analysis and its effect on site productivity, soil processes, and 

treatment response differences was to develop a framework for site groupings.  

 

Site Groupings 

Cluster analysis was the first step in identifying potential site groups.  

Hierarchical agglomerative complete linkage cluster analysis was used to identify groups 

of similar sites within the 10 sites based on the gradient properties.  Clusters were 
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analyzed using 6 different grouping of variables.  The first analysis determined clusters 

based on all the gradient properties (a total of 36 site, climate, and soil properties).  The 

second analysis determined clusters based only on the climate properties.  The third and 

fourth analyses determined clusters based on soil physical properties and soil chemical 

properties, respectively. The fifth analysis determined clusters based on those gradient 

properties that were highly correlated with response variables during the environmental 

gradient analysis.  The final analysis determined clusters based on the soil processes 

measured (N mineralization, decomposition, and LLWR).  Maximum distance between 

clusters, based on cluster structure in SAS output, for each different grouping of variables 

indicates which variable groupings provide the most distinction between or among 

clusters. 

Principal component analysis (PCA) was also utilized in order to identify 

potential site groupings.  Algebraically, the principal components (computed using PROC 

PRINCOMP in SAS v.9.1 (SAS Institute, 1996) with a correlation matrix) are linear 

functions of the gradient variables for each of the 10 sites.  These linear functions account 

for a large proportion of the total variance across all 10 sites and provide a statistically 

sound method for identifying potentially significant site groupings.  The principal 

components are used to place each site on a coordinate system with four quadrants and 

axes that represent the directions with maximum variability.  Sites that fall within the 

same quadrant were considered a site grouping.  Additionally, patterns of “population 

grouping” were classified as potential site groups when choosing groups by quadrant was 

not practical.  For example, site groups must be made up of at least 3 sites for appropriate 
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statistical analysis.  Thus, if only 2 sites occurred in a quadrant, they had to be grouped 

with the “closest” sites.   This method provides a simple and parsimonious description of 

the covariance structure, and contributes additional justification for determining site 

groups.  

 Finally, site groupings were determined using logical classifications of high, 

medium, and low for each variable that was selected during the model building analysis 

for each response variable (tree growth and soil processes).  Furthermore, a simplified 

grouping of high or low was also used in order to best explore the data and find “site 

specificity” of treatment effects along the environmental gradient. The purpose of using 

many methods for site grouping was to ensure that any site-specific treatment effects 

would be discovered.   

 

Treatment Effects 

Effects of disturbance (DIST), fertilization (FERT), and tree species (SPEC), on 

the response variables were analyzed using analysis of variance for a split-split plot 

design in PROC MIXED in SAS 9.1.  PROC MIXED analyzes this split-split plot design 

using the following mathematical model: 

Yijkl = µ + βi + xj + γij + vk + (xv)jk + λijk + sl + (xs)jl + (vs)kl + (xvs)jkl +εijkl         [2] 
 
where:  
 

Yijkl = response for the plot at the ith site with jth level of disturbance, kth level of  
fertilizer, and lth level of species  

µ = overall mean value of Y  
βi = random effect of site that adds variability to the value of Y, i=1,.., 10, βi ~  
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N(0, σβ2)  
xj = fixed effect of the jth level of disturbance, j=1,2  
γij =  random effect of the disturbance treatment area at each site that adds  

variability to the value of Y, γij ~ N(0, σγ2)  
vk = fixed effect of the kth level of fertilizer, k=1,2 
xvjk = fixed effect of the interaction of disturbance and fertilizer 
λijk =  random effect of the area (3m x 3m) within each disturbance class that 
receives fertilizer treatment and that adds variability to the value of Y, λijk ~ N(0,  

σλ2)  
sl = fixed effect of the lth level of species, l=1,2 
xsjl = fixed effect of the interaction of disturbance with tree species 
vskl = fixed effect of the interaction of tree species with fertilizer 
xvsjkl = fixed effect of the interaction of disturbance, fertilizer, and tree species 
εijkl =  random effect among plots (3m X 3m) that receive fertilizer treatments for  

each species in each disturbance class that adds variability to the value of  
Y, εijkl ~ N(0, σλ2) and Cov(βi,βi’)=0, Cov(γij,γi’j’)=0, Cov(λijk,λi’j’k’)=0,  
Cov(εijkl,εi’j’k’l’)=0, and βi,γij, λijk, εijkl are all independent.  

 

Model assumptions of normality and equal variance among groups were tested using 

PROC UNIVARIATE and residual plots.  This PROC MIXED analysis was used to 

identify treatment effects across the entire environmental gradient (all 10 sites) and 

within specific site groupings.  

 Additionally, effects of treatments on treatment response differences (D-U), (F-

N), and (P-C) were analyzed using PROC MIXED.  Three analyses were performed for 

each response variable to determine effects of 1) FERT and SPEC on disturbance 

response differences; 2) DIST and SPEC on fertilizer response differences; and 3) DIST 

and FERT on tree species response differences.  This analysis was done in order to 

identify treatment effects on treatment response differences across the environmental 

gradient. 
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Results 

Environmental Gradient 

Site means over the entire 4th year of the study for the environmental gradient 

measurements are reported in Table 3.2.  Site characteristics are reported in Table 3.3.  

Simple descriptive summary statistics are reported for gradient properties (Table 3.1) and 

response variables (Table 3.4) to show the full range across all 10 sites. 

Across the 10 research sites, BOT and TAR had the most values categorized as 

highest or lowest, representing the two sites that are the most different from each other 

with regard to climate and site properties (Tables 3.1 and 3.2).  BOT had the lowest 

elevation, lowest slope, lowest rainfall, lowest topsoil depth, and the highest rooting 

depth.  TAR had the highest elevation, highest latitude, lowest air temperature, and 

lowest rooting depth.  However, no obvious groupings of sites were identified due to the 

complexity of the gradient.   

 Rainfall and air temperature were highly correlated more often with response 

variables compared to the other climate and site properties (Table 3.5).  Particle density, 

bulk density, total porosity and field capacity were highly correlated more often with 

response variables compared to the other soil physical properties (Table 3.5).  Total N, 

C:N, and organic P were highly correlated more often with response variables compared 

to the other soil chemical properties (Table 3.5).  However, for each response variable, 

there was a broad range of climate, site, and soil properties that were highly correlated, 

indicating that 2-variable models may be more appropriate for narrowing the scope when 

looking for the most influential environmental gradient properties.   
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 Table 3.5 shows the results for the “best” 1- and 2-variable models using BIC 

selection.  For site productivity, a 2-variable model (LAI=9.2+19.7*topsoil-18.7*VPD) 

explained 87% of the variability for leaf area index (m2 m-2), a 2-variable model 

(MAI=25.8-95*VPD+3.6*PAR) explained 87% of the variability for mean annual 

increment (m3 ha-1 yr-1), a 2-variable model (CAI=51.5-161.9*VPD+5.5*PAR) explained 

94% of the variability for current annual increment (m3 ha-1), and exchangeable Mg 

explained 82% of the variability for foliage mass (kg ha-1).  

For N mineralization (mg N kg-1), a 2-variable model (potNmin=378.4-

143.2*PD+8.25*Exch.Ca) explained 98% of the variability for potentially mineralizable 

N (mg N kg-1), a 2-variable model (Nmin=-69.4+3.4*AWC+293.6*N) explained 92% of 

the variability for net in situ N mineralization (mg N kg-1), air temperature explained 42% 

of the variability for net in situ ammonification (mg N kg-1), and a 2-variable model 

(NO3min=22.7-5.7*PWP+501.6*N) explained 90% of the variability for net in situ 

nitrification (mg N kg-1) (Table 3.5).  

For N mineralization measures converted to kg N ha-1, a slightly different group 

of variables were significant (Table 3.5).  A 2-variable model (Nminkgha=75.52-

11.92*PAR+272.63*N) explained 93% of the variability for net in situ N mineralization 

(kg ha-1), a 2-variable model (NH4kgha=-7.55+4.9*CEC-1.9*Pretention) explained 76% 

of the variability for net in situ ammonification (kg N ha-1), and a 2-variable model 

(NO3kgha=12.96+381.9*N-3.86*PWP) explained 93% of the variability for net in situ 

nitrification (kg N ha-1). 
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Two 2-variable models (litter=-0.69+0.09*AirTemp+0.0004*OrgP) (litter=-

0.74+.09*AirTemp+0.27*xK) explained 89% of the variability for litter decomposition, 

and a 2-variable model (wood=-1.53+6.06*VPD-0.02*PWP) explained 94% of the 

variability for wooden stake decomposition (Table 3.5).   

For the least-limiting water range (LLWR), the site and soil properties did not 

explain as much of the variability as was observed for the other response variables (Table 

3.5).  Most models explained <65% of the variability for the LLWR response measures.  

Adding variables did not improve the model in most cases.  Rainfall was most often in 

the model and could explain 46% and 65% of the variability for number of days in the 

LLWR across all years (years 1-4) and in the 4th year, respectively.  When bulk density 

was added to the Days-Inyr4 model (Days-Inyr4=428.17-72.05*BD-0.02*Rainfall), 85% 

of the variability was explained.  For number of days below the LLWR (Dry Days), a 2-

variable model (Dry=211.52+6.9*clay-13.83*PWP) explained 90% of the variability, 

indicating that soil physical properties are the best indicators of site susceptibility to 

drought.   

Based on the above environmental gradient analysis, a total of 18 properties were 

identified as important drivers of site and soil productivity.  These properties are 

highlighted in bold in Table 3.5.  Properties that only occurred in one model and were 

somewhat redundant with other chosen properties were not included.  Porosity was not 

included because it only occurred once and bulk density measurements may provide 

similar information.  Sum of bases, cation exchange capacity, and exchangeable K were 

not included because they only occurred once and other measures such as clay content 
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and exchangeable Ca and Mg provide related information.  Finally, P retention was not 

included because organic P and Bray P provide similar information.  Thus, the final 18 

properties chosen during the environmental gradient analysis were: topsoil depth, vapor 

pressure deficit, rainfall, PAR, slope, air temperature, particle density, bulk density, field 

capacity, permanent wilting point, available water content, clay content, total N, C:N 

ratio, Bray P, organic P, exchangeable Ca, and exchangeable Mg (Table 3.5). 

 

Site Groupings 

 Site groupings were identified in order to test for site specificity among treatment 

effects.  Due to statistical restrictions, site groups must have at least 3 sites in order to 

meet the requirements for calculating standard error and treatment effects. 

 

Cluster Analysis 

 Cluster analysis identified site groupings based on (1) all properties, including 

site, climate, and soil (Figure 3.4), (2) climate and site properties (Figure 3.5), (3) soil 

physical properties (Figure 3.6), (4) soil chemical properties (Figure 3.7), (5) the 18 most 

important properties identified during the environmental gradient analysis above (Figure 

3.8),  (6) all properties and soil processes except LLWR (Figure 3.9), and (7) soil water 

processes (LLWR) only (Figure 3.10).   

Site groupings based on cluster analysis using all properties (36 total) were 

determined where the maximum distance between clusters was 10 (Figure 3.4).  Sites 
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were classified into 2 clusters (clusterA=sites KAR, BOT, RAK, LOR; clusterB=sites 

MAM, MAH, ANI, BAL, EYR, TAR) (Figure 3.4). 

Site groupings using climate and site properties (8 total) were determined where 

the maximum distance between clusters was 5 (Figure 3.5).  Sites were clustered into 3 

groups (clusterC=sites KAR, RAK, MAH; clusterD=sites ANI, BAL, EYR, BOT; 

clusterE=MAM, TAR, LOR) (Figure 3.5).   

Site groupings using soil physical properties (11 total) were determined where the 

maximum distance between clusters was 5 (Figure 3.6).  Sites were clustered into 3 

groups (sites KAR, BOT; clusterF=sites RAK, ANI, TAR, LOR, BAL, EYR; and sites 

MAM, MAH).  However, clusters with only 2 sites were further grouped into a single 

cluster (clusterG=sites KAR, BOT, MAM, MAH) (Figure 3.6).  

Site groupings using soil chemical properties (17 total) were determined where 

the maximum distance between clusters was 8 (Figure 3.7).  Sites were clustered into the 

same 2 groups (clusters A and B) as for the analysis using all properties (clusterH=sites 

KAR, BOT, RAK, LOR; clusterI=sites MAM, TAR, MAH, BAL, EYR, ANI) (Figure 

3.7). 

Site groupings using the properties identified during the environmental gradient 

analysis (18 total) were determined where the maximum distance between clusters was 7 

(Figure 3.8).  Sites were clustered into 3 groups (clusterJ=sites KAR, BOT, RAK, LOR, 

BAL, EYR; sites ANI, TAR; and sites MAM, MAH) (Figure 3.8).  However clusters 

with only 2 sites were further grouped into a single cluster (clusterK=sites ANI, TAR, 

MAM, MAH). 
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 When only soil process data were used, the sites did not form clusters.  Cluster 

analysis was also performed using all the climate, site, and soil properties in addition to 

all soil process data (except LLWR)  Site groupings for this analysis were determined 

where the maximum distance between clusters was 12 (clusterL=sites KAR, BOT, RAK, 

LOR; clusterM=sites MAM, MAH, ANI, BAL, EYR, TAR) (Figure 3.9). Clusters L and 

M were identical to those determined using all properties (Clusters A and B) (Figure 3.4), 

and those determined using only soil chemical properties (Clusters H and I) (Figure 3.7).  

Thus, the addition of the soil process data to the soil and climate property data did not 

produce new site groupings. 

Finally, cluster analysis was examined using N mineralization data alone, 

decomposition data alone, and LLWR data alone.  Clusters did not form for either N 

mineralization or decomposition, but 2 distinct site groupings were identified for LLWR 

data (ClusterN=sites KAR, ANI, LOR, BAL, EYR, BOT; ClusterO=sites RAK, MAH, 

TAR) (Figure 3.10).  Note that MAM was not included in the LLWR cluster analysis 

because there were no measures of soil water dynamics at that site. 

A summary of site groupings based on cluster analysis are listed in Table 3.6. 

 

Principal Component Analysis 

 Principal component analysis (PCA) was also used to identify potential site 

groups.  Using a correlation matrix, PCA accounted for 97% of the total variability across 

all variables (36 total) at the 10 sites by retaining 7 principals (PC).  The first three PCs 

were retained in order to determine potential site groupings.  PC1, PC2, and PC3 
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accounted for 38%, 19%, and 14% of the variability, respectively, resulting in a total 

variability accounting of 71%.  Sites were graphed using PC1 by PC2; PC1 by PC3, and 

PC2 by PC3.  Site groupings were determined based on patterns of 3 groupings or 

patterns of 2 groupings, either horizontally or vertically, for each graph (Figure 3.11).  

Groups were labeled PC-A through PC-O.  Site groupings based on PCA are listed in 

Table 3.7 

 Additionally, 21 variables had significant loadings on principals (Table 3.8).  

These variables represent those factors which are accounting for the majority of the 

variability in the dataset.  Thus, this analysis provides further insight into the climate, 

site, and soil properties which dominate the effect of the environmental gradient on soil 

processes across all 10 sites.  

 

Ranking of Variables based on their Values 

Additional data exploration based on ranking of property values was done for 

each soil, site, and climate property that was correlated with the response variables.  The 

mean value of each property for 10 sites was graphed from low to high (Appendix 

Figures A1.1-A1.23) in order to group the sites either into general categories of low, 

medium, and high or into general categories of low and high (Table 3.9).  Criteria for site 

groupings based on ranking of property values are listed in Table 3.9 and site groupings 

based on these criteria are listed in Table 3.10.These categories for each variable provide 

another approach to identify potential site groupings for analyzing treatment effects 

across this broad and complex environmental gradient.   
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Site Groupings by Treatment Response Differences 

 The final method for determining site groupings was to calculate the treatment 

differences (Disturbance difference=D-U; Fertilizer difference=F-N; Species 

difference=P-C) at each site along the environmental gradient.  Using treatment 

differences for site productivity, N mineralization, decomposition, and LLWR processes 

as response variables and the environmental gradient properties as explanatory variables, 

linear regression analysis identified potential site, soil, and climate properties which 

could be grouped based on response to disturbance, fertilization, and tree species (Table 

3.11).  Although it was not possible to test for significant differences among site means 

(due to lack of replication at each site), this data analysis gives insight into general trends 

in the data and identified treatment response differences as a function of climate, site, and 

soil properties.  Site grouping criteria based on this analysis of treatment response 

differences are presented in Table 3.12 and illustrate that grouping sites on the basis of 

low and high values of selected site, climate, and soil properties revealed site sensitivity 

to treatment effects. Site groupings based on this approach are presented in Table 3.13.   

 

Treatment Response Differences for Site Disturbance 

Site Productivity  

Disturbance treatment response differences for MAI (m3ha-1yr-1) were correlated 

with rainfall (r2=0.44, p=0.05) (Table 3.11), showing reduced MAI on high disturbance 

plots compared to low disturbance plots at high rainfall sites.  This relationship is 
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presented in Figure 3.12a and provides justification for grouping the sites into low 

rainfall sites with <4000 mm of rainfall (BOT, EYR, BAL, TAR) and high rainfall sites 

that receive >4000 mm of rainfall (ANI, KAR, LOR, MAH, RAK).  This relationship 

provides a logical basis for testing treatment effects within low and high rainfall 

groupings.   

Disturbance treatment response differences for LAI (m2 m-2) were correlated with 

particle density (r2=0.61; p=0.01) (Table 3.11).  In this case, high disturbance appeared to 

decrease LAI at sites with low particle density (<2.60 Mg m-3), while high disturbance 

appeared to increase LAI at sites with high particle density (>2.60 Mg m-3) (data not 

shown).  Although I did not test for treatment effects (see below) on LAI, it was included 

in the environmental gradient analysis in order to provide a diverse list of site 

productivity measures against which to compare with site, climate, and soil properties. 

 

Nitrogen Mineralization 

No significant relationships were observed for disturbance treatment response 

differences and net N mineralization (mg N kg-1) alone. However, disturbance treatment 

response differences were significant for describing patterns in net ammonification and 

net nitrification (mg N kg-1) (Table 3.11).  

 Disturbance treatment differences for net nitrification (mg N kg-1) were correlated 

with Bray P (r2=0.68, p=0.006), showing a general increase in net nitrification with 

disturbance at sites with high levels of Bray P (Figure 3.12b).  This relationship justifies 

grouping sites into low P sites defined by Bray P values <15 mg P kg-1 (LOR, ANI, TAR, 
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RAK, KAR, BOT) and high P sites, defined by Bray P values >15 mg P kg-1 (BAL, 

MAH, EYR).  These data suggest that soil fertility gradients may play a large role 

influencing differences in treatment responses across the 10 sites. 

 Disturbance treatment differences for net ammonification (mg N kg-1) were 

correlated with CEC (r2=0.56, p=0.02) (Figure 3.12c) and clay content (r2=0.48, p=0.04) 

(Figure 3.12d).  As soil fertility increased, high disturbance treatments reduced net 

ammonification (mg N kg-1).  This relationship justifies grouping the sites by high and 

low fertility based on CEC and clay content.  Low fertility sites were defined by having 

CEC values <20 cmol kg-1 and clay content <25% (KAR, BOT, RAK, MAH, LOR, 

EYR) and high fertility sites were defined by having CEC values >20 cmol kg-1 and clay 

content >25% (BAL, ANI, TAR) (Figure 3.12 c and d).    

Disturbance treatment response differences for net ammonification (mg N kg-1) 

were also correlated with air temperature (r2=0.47, p=0.04), grouping North Island sites 

into a “warmer” group (13.9-15.7ºC), and South Island sites into a “cooler” group (8.8-

11.9 ºC) (Figure 3.12e).  Although the air temperature gradient only covers the range of 

8.8 to 15.7 ºC, the data show a general decrease in net ammonification at cooler sites with 

high disturbance (Figure 3.12e).  Thus, testing for treatment effects by island grouping is 

supported by the data.  

  

Decomposition and Least-Limiting Water Range 

No relevant relationships were observed for disturbance treatment response 

differences and decomposition or LLWR.   
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Treatment Response Differences for Fertilization 

Site Productivity  

Fertilization treatment response differences for MAI (m3ha-1yr-1) were correlated 

with soluble P (r2=0.42, p=0.04), air temperature (r2=0.37, p=0.06), and CEC (r2=0.36, 

p=0.07) (Table 3.11).  The strongest correlation was with soluble P.  This relationship 

shows a general trend of increasing positive effects of fertilizer on MAI as soluble P 

increases (Figure 3.13a).  Based on this relationship, the low soluble P group was defined 

by sites with <100 mg P kg-1 (RAK, KAR, LOR, MAM, MAH) and the high soluble P 

group was defined by sites with >100 mg P kg-1 (TAR, ANI, EYR, BOT, BAL).  This 

relationship further supports site grouping based on soil fertility.   

 

Nitrogen Mineralization  

Significant relationships that were observed for fertilization treatment differences 

and net N mineralization (mg N kg-1) were mainly due to treatment response differences 

for net ammonification (mg N kg-1).  No significant relationships were observed for 

fertilization treatment differences for net nitrification (mg N kg-1).   

Bulk density was correlated (r2=0.45, p=0.04) with fertilization treatment 

response differences and net ammonification (mg N kg-1).  At sites with lower bulk 

density, fertilization had less effect on net ammonification and net N mineralization 

compared to sites with higher bulk density (Figure 3.13b).  Low bulk density sites were 

classified as having bulk density ≤1.0 Mg m-3 (MAM, MAH, TAR, BAL), and sites with 
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bulk density >1.0 Mg m-3 (LOR, EYR, ANI, KAR, RAK, BOT) were classified as high 

bulk density sites.  Additionally, the positive effect of fertilization on net ammonification 

increased at the lower end of the available water content gradient (r2=0.68, p=0.003) 

(Figure 3.13c).  This relationship supported grouping sites into low available water 

content (<20%) (ANI, KAR, TAR, BOT, EYR) and high available water content (>20%) 

(BAL, LOR, RAK, MAH, MAM) (Figure 3.13c). These relationships indicate that soil 

physical properties and soil water dynamics influence fertilization effects on net 

ammonification.  Ammonification was also correlated with porosity (r2=0.46, p=0.03), 

separating into the same groups as bulk density because the two properties are strongly 

related.  Site grouping for low porosity was the same as for high bulk density, and site 

grouping for high porosity was the same as for low bulk density (Tables 3.13 and 3.14). 

 

Decomposition 

Litter k 

 Fertilization treatment response differences for litter decomposition were 

correlated with latitude (r2=0.42, p=0.04) (Figure 3.14a) and rainfall (r2=0.62, p=0.007) 

(Figure 3.14b).  At sites closer to the equator and with higher rainfall, fertilization  

decreased litter decomposition rates, whereas the opposite effect was observed for sites 

further from the equator and with less rainfall (Figure 3.14 a and b).  The relationship 

between fertilizer effects on litter decomposition and rainfall is stronger, suggesting that 

rainfall plays a larger role than latitude in determining fertilization effects.  Rainfall 

groupings determined from this analysis were the same as groupings determined by 
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disturbance treatment response differences on MAI, with low rainfall groups defined as 

sites with <4000 mm of rainfall (BOT, EYR, BAL, TAR) and high rainfall sites defined 

as sites with >4000 mm of rainfall (ANI, KAR, LOR, MAH, RAK, MAM). 

 

Wood k 

 Fertilization treatment response differences for wood decomposition were 

correlated with air capacity (r2=0.52, p=0.02) (Figure 3.14c) and slope (r2=0.48, p=0.03) 

(Figure 3.14d).  At sites with higher air capacity (>20%) (BAL, BOT, EYR, KAR, 

MAM) fertilization increased wood decomposition, but at sites with lower air capacity 

(<20%) (MAH, ANI, LOR, RAK, TAR) fertilization decreased wood decomposition 

(Figure 3.14c).  At sites with low slope (<10%) (BAL, BOT, EYR, KAR, MAH, MAM, 

TAR), fertilization increased wood decomposition, but at sites with steeper slopes 

(>10%) (ANI, LOR, RAK), fertilization decreased wood decomposition (Figure 3.14d).  

The relationship between fertilization treatment response differences for wood k and air 

capacity had the strongest correlation, suggesting air capacity was a logical choice for site 

groupings.  

 

Least-Limiting Water Range 

No significant relationships were observed for fertilization treatment response 

differences and the LLWR.   

 

Treatment Response Differences for Tree Species 
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Site Productivity 

Tree species treatment response differences for MAI were correlated with PAR 

(r2=0.45, p=0.03), with the increase in MAI for P. radiata compared to C. lusitanica 

increasing with increasing PAR.  Although this relationship is significant, this response 

does not provide further insight into the data because in general, P. radiata growth is 

always greater than C. lusitanica due to physiological differences between the species, 

and their consistent relative performance in response to the high density envelope plot 

structure. 

 

Nitrogen Mineralization 

 Tree species treatment response differences for net N mineralization (mg N kg-1) 

was correlated with permanent wilting point (r2=0.45, p=0.03), exchangeable Ca 

(r2=0.53, p=0.02), exchangeable Mg (r2=0.47, p=0.03), and sum of bases (r2=0.55, 

p=0.01).  In all of these cases, as the level of the property (PWP, xCa, xMg, and 

Basesum) increased, N mineralization increased in plots with P. radiata compared to 

plots with C. lusitanica.  The strongest relationship was for tree species treatment 

response differences and sum of bases (Figure 3.15a) and justified grouping sites into low 

basesum (<5 cmol kg-1) (BAL, BOT, EYR, KAR, LOR, RAK) and high basesum (>5 

cmol kg-1) (ANI, MAH, MAM, TAR).  These data suggested that soil fertility was a valid 

way to group sites.   

Tree species treatment response differences for net ammonification concentration 

(mg N kg-1) were correlated with clay content (r2=0.44, p=0.04).  Additionally, tree 
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species treatment response differences for net nitrification (mg N kg-1) were correlated 

with vapor pressure deficit (r2=0.73, p=0.00015) (Figure 3.15b).  At high VPD, 

nitrification appeared to be greater under C. lusitanica compared to P. radiata.  This 

relationship suggests that tree species treatment response was influenced by the severity 

of moisture stress conditions and justified grouping sites in low VPD (< 0.4 kPa) (MAH, 

MAM, TAR, RAK, ANI, BOT) and high VPD groups (>0.4 kPa) (LOR, KAR, EYR, 

BAL).   

 

Decomposition  

Litter k  

Treatment response differences to tree species for litter decomposition were 

correlated with latitude (r2=0.58, p=0.01).  This relationship indicates differences in litter 

decomposition by island (Figure 3.15c).  On the North Island (KAR, MAH, MAM, 

RAK), litter decomposition was faster for P.radiata compared to C.lusitanica, whereas 

the opposite pattern was observed for the South Island (ANI, BAL, BOT, EYR, LOR, 

TAR).  This decomposition response to tree species treatment by island was similar to 

that observed for fertilization treatment response differences described above (Figure 

3.14 a and b). 

 

Wood k 

 Tree species treatment response differences for wood decomposition were 

correlated with sum of bases (r2=0.59;p=0.009), exchangeable Mg (r2=0.57;p=0.01), and 
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exchangeable Ca (r2=0.55;p=0.01) (Table 3.11).  For these relationships, there was more 

of a difference in wood decomposition between the two species at sites with low sum of 

bases, low xMg, and low xCa.  The pattern was the same for all three properties, thus 

only the pattern across the sum of bases gradient is presented (Figure 3.15d).  This 

relationship supports site grouping based on low xMg (<1.0 cmol kg-1) (BAL, BOT, 

KAR, LOR, MAM, RAK), low sum of bases (<5 cmol kg-1 ) (BAL, BOT, EYR, KAR, 

LOR, RAK), and low xCa (<3.0 cmol kg-1) (BAL, BOT, EYR, KAR, LOR, RAK) 

compared to sites with high xMg (>1.0 cmol kg-1) (ANI, EYR, MAH, TAR), high sum of 

bases (<5 cmol kg-1 ) (ANI, MAH, MAM, TAR), and high xCa (>3.0 cmol kg-1) (ANI, 

MAH, MAM, TAR).  Note that the groupings by sum of bases and exchangeable Ca are 

identical (Table 3.13 and 3.14). 

 

Least-Limiting Water Range  

No significant relationships were observed for tree species treatment response 

differences and the LLWR.   

 

Site Grouping Summary 

 A summary of site groupings that occurred more than once during the above 

cluster, PCA, ranking, and treatment-response-difference analyses are listed in Table 

3.14.  Site grouping (BOT, KAR, RAK) was identified the most frequently (7 times).  

Site groupings (BOT, KAR, LOR, RAK), (BAL, MAH, MAM, TAR), and (ANI, BAL, 
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EYR, MAH, MAM, TAR) occurred 6, 5, and 4 times each, respectively.  Eight site 

groupings occurred 3 times and 11 site groupings occurred twice during the analyses. 

 

Treatment Effects 

Effects of disturbance (harvesting factor), fertilization (silviculture factor), and 

tree species (social factor) on site productivity (MAI) and soil processes (N 

mineralization, decomposition, and soil water dynamics) were determined for all sites as 

(1) a single grouping (across the entire environmental gradient) and (2) within the site 

groupings identified above.  Only those site groupings which gave further insight into site 

specificity of treatment effects were reported below in the “treatment effects by site 

grouping” section.  

 

Treatment Effects across the Environmental Gradient 

Mean Annual Increment 

 Disturbance had no effect on MAI (p=0.4), whereas fertilization increased MAI 

across all sites by an average of 49% (F1,17=8.0; p=0.01) (F=12.75 m3 ha-1 yr-1; N=8.56 

m3 ha-1 yr-1; SE=2.0), and P. radiata MAI was almost four times greater than C. 

lusitanica MAI (F1,33=58.36; p<0.0001) (P=15.45 m3 ha-1 yr-1; C=5.86 m3 ha-1 yr-1; 

SE=1.98) when averaged across all sites.  There were no significant interactions (Figure 

3.16). 

 

Potential N mineralization 
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 Site means for potential N mineralization (potNmin) ranged from 4.37 (BOT) to 

103.69 mg N kg-1 (MAH) (Table 3.4).  Site means for potNmin (mg N kg-1) were 

correlated (r2=0.71; p=0.002) with site means for in situ net N mineralization (mg N kg-1) 

(Net Nmin = -9.5 + 1.86*potNmin).  Additionally, potNmin (mg N kg-1) was correlated 

(r2=0.65; p=0.005) with in situ nitrification (mg N kg-1) (NO3min = -34.7 + 

2.04*potNmin), but unrelated (r2=0.04; p=0.6) to in situ ammonification (mg N kg-1). 

Treatment effects were not observed for potNmin (mg N kg-1) across the 

environmental gradient (Figure 3.17).  However, potNmin was correlated (r2=0.41; 

p<0.0001) with in situ net N mineralization when treatments were taken into account.  

For disturbance treatments, potNmin was correlated with in situ net N mineralization for 

both high disturbance (r2=0.42; p<0.0001) and low disturbance (r2=0.43; p<0.0001), and 

for fertilized (r2=0.31; p=0.0003) and unfertilized plots (r2=0.53; p<0.0001).  The largest 

discrepancy between treatments with regard to the relationship between potNmin and in 

situ net N mineralization was for tree species.  For P. radiata, potNmin was more highly 

correlated (r2=0.57; p<0.0001) with in situ net N mineralization compared to the 

correlation between potNmin and in situ net N mineralization in C. lusitanica plots 

(r2=0.27; p=0.001). 

 

In situ N mineralization 

Site means for in situ net N mineralization ranged from 3.85 (BOT) to 207.31 mg 

N kg-1 (MAH) and from 5.18 (LOR) to 161.56 kg N ha-1 (MAH) (Table 3.4). 
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Net N mineralization was 21 mg N kg-1 greater (F1,34=2.98, p=0.09) for P. radiata 

(86 mg N kg-1) compared to C. lusitanica (65 mg N kg-1) (SE=25.3).  This effect was 

more pronounced for net N mineralization when bulk density was taken into account, 

where N mineralization (kg N ha-1) was 40% greater (F1,34=4.17, p=0.05) for P. radiata 

compared to C. lusitanica (P=77 kg N ha-1; C=55 kg N ha-1; SE=18.9).  Disturbance and 

fertilization had no effect on net N mineralization (Figure 3.18).  

In situ net ammonification ranged from -26.89 (MAH) to 101.54 mg N kg-1 

(TAR) and from 20.50 (MAH) to 93.87 kg N ha-1 (TAR) (Table 3.4).  Ammonification 

(kg N ha-1) was more than twice as high (F1,34=3.65, p=0.07) under P. radiata compared 

to C. lusitanica (P=27 kg N ha-1; C=12 kg N ha-1; SE=10.3) (Figure 3.19).  There was a 

disturbance by fertilizer effect for both measures of net ammonification (mg N kg-1, 

F1,17=4.05, p=0.06; kg N ha-1, F1,17=3.84, p=0.07).  The pattern was the same for both 

measures where disturbance decreased net ammonification on fertilized plots (F1,17=3.96, 

p=0.06).  On fertilized plots, net ammonification (mg N kg-1) was ten times lower for 

high disturbance compared to low disturbance (DF=3.1 mg N kg-1; UF=34.5 mg N kg-1; 

SE=13.5) (Figure 3.20); but on unfertilized plots, disturbance had no effect on net 

ammonification (DN=18.2 mg N kg-1; UN=16.7 mg N kg-1; SE=13.5) (Figure 3.20). 

 Additionally, this interaction was further explained by testing the effects of 

disturbance treatments on fertilizer response differences.  Disturbance had a significant 

effect (F1,8=7.41; p=0.03) on fertilizer response differences for net ammonification (mg N 

kg-1).  For high disturbance plots, fertilization decreased NH4 (D: F-N=-15.1 mg N kg-1; 

SE=8.3), but for low disturbance plots fertilization increased NH4 (U: F-N=17.8 mg N 
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kg-1; SE=8.3).  These results further explain the dynamics of the disturbance by fertilizer 

interaction on ammonification.   

Site means for in situ net nitrification ranged from -1.73 (LOR) to 234.20 mg N 

kg-1 (MAH) and from 1.89 (LOR) to 182.06 kg N ha-1 (MAH) (Table 3.4).  There were 

no significant treatment effects on net nitrification (Figure 3.21). 

 

Decomposition 

 Site means for litter decomposition (k) ranged from 0.29 (BOT) to 0.76 yr-1 

(MAH) (Table 3.4).  Litter decomposition was significantly faster (F1,34=12.63, p=0.001) 

under C. lusitanica (k=0.47 yr-1) compared to P. radiata (k=0.36 yr-1)(SE=0.04) (Figure 

3.22a).  Disturbance and fertilization had no significant effect on litter decomposition. 

 Site means for wood decomposition (k) ranged from 0.2 (BOT) to 1.17 yr-1 (BAL) 

(Table 3.4).  Wood decomposition was significantly faster (F1,34=8.87, p=0.005) under C. 

lusitanica (k=0.60 yr-1) compared to P. radiata (k=0.48 yr-1) (SE=0.1) (Figure 3.22b).  

Fertilization had a detectable effect (F1,17=2.34, p=0.1) on wood decomposition, with 

faster decomposition occurring on fertilized plots (k=0.61 yr-1) compared to unfertilized 

plots (k=0.47 yr-1) (SE=0.1) Figure 3.22b).  Disturbance had no significant effect on litter 

decomposition. 

 

Least-Limiting Water Range 

LLWR (years 1-4) 
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 Site means for the number of dry days (DRY) during years 1-4 ranged from 42 

(TAR) to 200 days (ANI) (Table 3.4).  Fertilization decreased (F1,16=11.51, p=0.004) the 

mean number of dry days during the 4 years of measure by 24 (F=117 days; N=140 days; 

SE=21) (Figure 3.23a).  P. radiata plots had an average of 70 more (F1,32=112.07, 

p<0.0001) dry days compared to C. lusitanica (P=163 days; C=93 days) (SE=21) (Figure 

3.23a). 

 Site means for the number of wet days (WET) during years 1-4 ranged from 188 

(EYR) to 583 days (RAK) (Table 3.4).  Fertilization increased (F1,16=13.18, p=0.002) the 

mean number of wet days during years 1-4 by 30 (F=373 days; N=347 days) (SE=48) 

(Figure 3.24a).  P. radiata plots had an average of 126 fewer (F1,32=303.7, p<0.0001) wet 

days compared to C. lusitanica (P=297 days; C=423 days) (SE=48) (Figure 3.24a).  

 Site means for the number of days a plot was within the LLWR (Days_In) during 

years 1-4 ranged from 813 (RAK) to 1,113 days (BAL) (Table 3.4).  P. radiata plots had 

an average of 155 more days (F1,32=53.32, p<0.0001) in the LLWR compared to C. 

lusitanica (P=1000 days; C=945 days) (SE=37) (Figure 3.25a).  Disturbance and 

fertilization had no effect on days within the LLWR during years 1-4. 

 

LLWR (year 4) 

Site means for the number of dry days (DRY_yr4) during the 4th year ranged 

from 8 (KAR) to 96 days (ANI) (Table 3.4).  Fertilization decreased (F1,16=6.55, p=0.02) 

the number of dry days by 9 (F=34 days; N=43 days) (SE=10) (Figure 3.23b).  P. radiata 

plots had an average of 43 more (F1,32=137.33, p<0.0001) dry days compared to C. 
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lusitanica (P=60 days; C=17 days) (SE=10) (Figure 3.23b).  Additionally, there was a 

fertilizer by species interaction (F1,32=6.55, p=0.01) because fertilizer treatment had no 

effect on dry days for C. lusitanica but had a significant effect on dry days for P. radiata.  

Fertilizer decreased (F1,32=13.11, p=0.001) the number of dry days for P. radiata by an 

average of 18 (F=51 days; N=69 days) (SE=10). 

 Site means for the number of wet days (WET_yr4) during the 4th year ranged 

from 36 (ANI) to 174 days (RAK)(Table 3.4).  P. radiata plots had an average of 52 less 

(F1,32=146.28, p<0.0001) wet days compared to C. lusitanica (P=47 days; C=99 days) 

(SE=15) (Figure 3.24b).  Similar to dry days during year 4, there was a fertilizer by 

species interaction (F1,32=4.19, p=0.05).  Fertilization had no effect on C. lusitanica, 

whereas fertilization increased (F1,32=5.8, p=0.02) the number of wet days by an average 

of 15 during year 4 for P. radiata (F=54 days; N=39 days) (SE=15). 

 Site means for the number of days within the LLWR (Days_Inyr4) during the 4th 

year ranged from 183 (RAK) to 290 days (BAL) (Table 3.4).  P. radiata plots had an 

average of 9 more days (F1,32=146.28, p<0.0001) in the LLWR compared to C. lusitanica 

(P=258 days; C=249 days) (SE=11) (Figure 3.25b).  Disturbance and fertilization had no 

effect on days within the LLWR during the 4th year. 

 Additionally, fertilizer treatment had a significant effect (F1,8=3.36; p=0.1) on 

disturbance response differences for days within the LLWR for both measures (across all 

4 years and for the 4th year only).  High disturbance treatments had less days in the 

LLWR than low disturbance treatments for fertilized plots (F:D-U=-8 days; SE=4) (N:D-

U=2 days; SE=4).  These data suggest that fertilization increases the response difference 
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between high and low disturbance, and that high disturbance treatments tended to have 

less days in the LLWR than low disturbance for fertilized plots.  

 

Treatment Effects by Island 

 Treatment effects and interactions on site productivity and soil processes by 

island (North and South Islands) are listed in Table 3.16. 

 

Mean Annual Increment by Island 

 On the North Island, fertilization doubled MAI (F1,5=23.7, p=0.005) (F=18.7 m3 

ha-1 yr-1; N=9.4 m3 ha-1 yr-1; SE=3.4) and P. radiata had more than twice the  MAI than 

C. lusitanica (F1,10=33.20, p=0.0002) (C=8.6 m3 ha-1 yr-1; P=19.5 m3 ha-1 yr-1; SE=3.4) 

(Figure 3.26a).  Additionally, there was a significant disturbance by fertilizer interaction, 

where high disturbance reduced (F1,5=6.35;p=0.03) MAI by 59% compared to low 

disturbance for fertilized plots (DF=14.4 m3 ha-1 yr-1; UF=22.9 m3 ha-1 yr-1; SE=3.6) 

(Table 3.16). 

On the South Island, fertilization had no overall effect (p=0.4) on MAI whereas P. 

radiata still had greater MAI than C. lusitanica (F1,19=31.01, p<0.0001) (Figure 3.26b).  

There was a significant fertilizer by species interaction, where fertilization increased 

(F1,19=4.0;p=0.06) MAI by 4.7 m3 ha-1 yr-1 for C. lusitanica only (FC=6.6 m3 ha-1 yr-1; 

NC=1.9 m3 ha-1 yr-1; SE=2.3) (Table 3.16).  There were no effects of disturbance on MAI 

on the South Island (Figure 3.26b). 
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Potential N Mineralization by Island 

 Treatments had no significant effects on potential N mineralization for either the 

North or South Island. 

 

Net N Mineralization by Island 

 Treatments had no effect on net N mineralization for either the North or South 

Island.  High disturbance had no effect on net nitrification on the North Island, but on the 

South Island high disturbance doubled (F1,10=5.03; p=0.05) net nitrification (kg N ha-1) 

for fertilized plots (DF=47.6 kg N ha-1; UF=21.8 kg N ha-1; SE=18).  Additionally, 

fertilization tended (p=0.1) to increase net nitrification compared to unfertilized plots on 

the South Island but not on the North Island (Table 3.16) 

Tree species had no effect on net ammonification on the North Island, but on the 

South Island, net ammonification (mg N kg-1) was reduced (F1,20=4.84, p=0.04) by an 

average of 24.6 mg N kg-1 under C. lusitanica compared to P. radiata (C=17.34 mg N kg-

1; P=41.94 mg N kg-1; SE=15.7) (Table 3.16).  

 

Decomposition by Island 

Litter k 

 Treatment effects on litter decomposition were very different on the North Island 

compared to the South Island (Figure 3.27 a and b).  Disturbance increased litter 

decomposition rate by an average of 17% on the South Island (F1,10=3.77, p=0.1) (D=0.41  

yr-1; U=0.35 yr-1; SE=0.03) but had no significant effect on the North Island.  
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Fertilization decreased litter decomposition rate by an average of 25% on the North 

Island (F1,5=3.77, p=0.1) (F=0.51 yr-1; N=0.64 yr-1; SE=0.7) but had no effect on the 

South Island. 

On the North Island, litter decomposition was 21% faster (F1,10=2.91, p=0.1) 

under P. radiata compared to C. lusitanica (P=0.63 yr-1;C=0.52 yr-1; SE=0.08).  In 

contrast, on the South Island, litter decomposition was 53% faster (F1,20=31.32, 

p<0.0001) under C. lusitanica compared to P. radiata (C=0.46 yr-1; P=0.30 yr-1; 

SE=0.03).  There was an additional disturbance by fertilizer interaction on the South 

Island, where fertilizer increased (F1,10=5.28, p=0.04) litter decomposition by 0.1 yr-1 for 

the low disturbance plots (UF=0.40 yr-1; UN=0.30 yr-1; SE=0.03) (Table 3.16). 

 

Wood k 

On the North Island, tree species had a significant effect on wood decomposition 

(F1,10=7.07, p=0.02), with an average of 43% faster decomposition under C. lusitanica 

compared to P. radiata (C=0.43 yr-1; P=0.30 yr-1; SE=0.08) (Table 3.16).  Treatments had 

no effect on wood decomposition on the South Island. 

 

Least-Limiting Water Range by Island 

 Treatment effects on the LLWR measurements were not only identical for both 

islands (Table 3.16), but were the same as the treatment effects identified during the 

analysis across the entire environmental gradient (Table 3.15). 
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Treatment Effects by Site Grouping 

 A complete analysis of treatment effects by site groupings is listed in Appendix 

Tables A1.1-A1.32.  Treatment effects by site groupings based on cluster and principal 

component analysis are listed in Appendix Tables A1.1-A1.16.  Treatment effects by site 

groupings based on ranking of climate and soil properties and on treatment response 

differences are listed in Appendix Tables A1.17-A1.32. 

 

Mean Annual Increment 

 At high rainfall sites (>4000 mm), high disturbance decreased MAI by 3.3 m3 ha-1 

yr-1 (F1,5=3.02; p=0.1) (D=11.5 m3 ha-1 yr-1; U=14.8 m3 ha-1 yr-1; SE=2.2), whereas there 

was no disturbance effect (p=0.5) at low rainfall sites (<4000 mm) (Table 3.17).  

Furthermore, at sites with high field capacity (>40%), high disturbance decreased MAI 

by an average of 7.6 m3 ha-1 yr-1 compared to low disturbance for fertilized plots 

(F1,5=5.92; p=0.06) (DF=13.1 m3 ha-1 yr-1; UF=20.7 m3 ha-1 yr-1; SE=4.1), but no effect 

(p=0.8) was observed at sites with low field capacity (<40%).  

 At gently sloped sites (<10%), fertilizer increased MAI by 4.0 m3 ha-1 yr-1 

(F1,11=6.73;p=0.03) (F=11.4 m3 ha-1 yr-1; N=7.4 m3 ha-1 yr-1; SE=2.7) but had no effect 

(p=0.2) at steeply sloped sites (>10%).  Additionally, at sites with lower soil fertility (low 

CEC/clay; low N, low OrganicP, low BrayP or high CN) fertilizer increased MAI but had 

no effect at sites with higher soil fertility (high CEC/clay; high N, high OrganicP, high 

BrayP, or low CN) (Table 3.17) 
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Potential N Mineralization  

 For sites with lower fertility (low N, low Basesum or xCa, and high CN), high 

disturbance increased potential N mineralization by 35-81%, but had little to no effect at 

sites with higher fertility (high N, high Basesum or xCa, and low CN) (Table 3.18). 

 At sites with shallow topsoil (<0.1 m) or low organic P (<200 mg P kg-1), 

fertilization increased (p=0.1) potential N mineralization by an average of 3.1 - 4.2 mg N 

kg-1, but had no effect at sites with deeper topsoil (>0.1 m) or high organic P (<200 mg P 

kg-1) (Table 3.18). 

 Tree species did not affect potential N mineralization at sites with low bulk 

density (<1 Mg m-3) or low available water content (<20%).  But at sites with high bulk 

density (>1 Mg m-3) and high available water content (>20%), potential N mineralization 

was 19 - 40% greater for P. radiata compared to C. lusitanica for fertilized plots (Table 

3.18).   

Furthermore, opposite species effects were observed among N and C:N soil 

groupings.  For sites with low N (<2.0 g N kg-1) or high C:N ratio (>20), potential N 

mineralization was 36 - 43% greater for C. lusitanica compared to P. radiata for 

fertilized plots.  In contrast, for sites with high N (>2.0 g N kg-1) or low C:N ratio (<20), 

potential N mineralization was 34 - 40% greater for P. radiata compared to C. lusitanica 

for fertilized plots (Table 3.18). 

 

Net N Mineralization (mg N kg-1) 
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 At sites with high bulk density (>1.0 Mg m-3), fertilizer increased (p=0.1) net N 

mineralization from 15.2 to 27.9 mg N kg-1, but had no effect at sites with low bulk 

density (<1.0 Mg m-3) (Table 3.19).  At sites with high N (>2.0 g N kg-1) or high clay 

content (>25%) and high CEC (>20 cmolc kg-1), net N mineralization was greater for P. 

radiata compared to C. lusitanica, but had no effect in the contrasting groups (low N, low 

clay/CEC) (Table 3.19).  No disturbance effects were observed by site grouping for net N 

mineralization. 

 

Ammonification (mg N kg-1) 

 At sites with deeper topsoil depth (>0.1 m), high sum of bases (>5 cmol kg-1) or 

high exchangeable Ca (>3 cmol kg-1), high disturbance decreased net ammonification by 

an average of 45.1 – 90.1 mg N kg-1 compared to low disturbance for fertilized plots 

(Table 3.20).  In contrast, at sites with low CEC (<20 cmolc kg-1), low clay content 

(<25%), or low soluble P (<100 mg P kg-1), high disturbance increased net 

ammonification by an average of 26 mg N kg-1 for fertilized plots (Table 3.20). 

 For sites with high bulk density (>1.0 Mg m-3) or low organic P (<200 mg P kg-1), 

fertilization increased net ammonification for low disturbance plots only (Table 3.20). 

 On sites that had low soil fertility (shallow topsoil, low N, or low organic P), net 

ammonification was at least 88% greater for P. radiata compared to C. lusitanica.  

However, at sites with higher soil fertility (deeper topsoil, high N, and high organic P), 

there was no tree species effect on net ammonification (Table 3.20). 
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Nitrification (mg N kg-1) 

 At sites with low rainfall (<4000 mm), high disturbance increased net nitrification 

by 44.5 mg N kg-1 compared to low disturbance for fertilized plots, whereas disturbance 

had no effect for high rainfall sites (>4000 mm) (Table 3.21). 

 At sites with low rainfall (<4000 mm), low N (<2.0 g N kg-1), or low sum of bases 

(<5 cmol kg-1) or exchangeable Ca (<3 cmol kg-1), net nitrification was at least 67% 

greater for C. lusitanica compared to P. radiata, while the opposite effect was observed 

in the contrasting groups (high rainfall or high sum of bases or exchangeable Ca) where 

net nitrification was greater for P. radiata compared to C. lusitanica (Table 3.21). 

 

Net N Mineralization (kg N ha-1) 

 High disturbance increased net N mineralization by approximately 21 kg N ha-1 

for sites with low clay content (<25%) or low CEC (<25 cmolc kg-1), but had no effect at 

sites with high clay content (>25%) or high CEC (>25 cmolc kg-1) (Table 3.22).  High 

mean annual air temperature (>11ºC) increased net N mineralization from 53.8 to 98.9 kg 

N ha-1 for highly disturbed sites with P. radiata when compared with plots with low 

disturbance and P. radiata. Fertilization almost doubled net N mineralization from 18.6 

to 33.9 kg N ha-1 at sites with high bulk density, and increased N mineralization by 17.5 

kg N ha-1 for low disturbance plots at sites with low organic P (Table 3.22).  Furthermore, 

fertilization had no effect on net N mineralization (kg N ha-1) at sites with low bulk 

density or low organic P. 
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 Net N mineralization was approximately 44 - 94% greater for P. radiata 

compared to C. lusitanica for sites with high bulk density, high field capacity, or high N 

(Table 3.22).  No tree species effect was observed at sites with low bulk density, low 

field capacity, or low N. 

 

Ammonification (kg N ha-1) 

 Low disturbance had 39.9 and 41.8 kg ha-1 more net ammonification (kg N ha-1) 

than high disturbance for fertilized plots at sites with colder air temperatures and deeper 

topsoil depths, respectively (Table 3.23).  Additionally, low disturbance had at least 31.6 

kg N ha-1 more net ammonification (kg N ha-1) than high disturbance at sites with high 

clay content, high CEC, or high soluble P.  In the contrasting groups (warmer air 

temperatures, shallower topsoil, low clay content, low CEC, or low soluble P), 

disturbance had no effect on net ammonification (kg N ha-1) (Table 3.23). 

 Fertilization increased net ammonification by 18 kg N ha-1 in low disturbance 

plots at sites with high bulk density, low CN ratio, or high organic P.  Fertilization had no 

effect on net ammonification (kg N ha-1) at contrasting sites (Table 3.23). 

 Similarly, the typical tree species effect on net ammonification (kg N ha-1), where 

mineralization is greater for P. radiata compared to C. lusitanica, was only observed at 

sites with high bulk density, low field capacity, or high permanent wilting point (Table 

3.23). 

 

Nitrification (kg N ha-1) 
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 Fertilization increased net nitrification by approximately 10 kg N ha-1 at sites with 

high bulk density or low available water content, but had no effect at contrasting sites 

(Table 3.24). 

 Opposite tree species effects on net nitrification (kg N ha-1) were observed at sites 

grouped by rainfall, N, or sum of bases or exchangeable Ca.  At sites with low rainfall, 

low N, low sum of bases, or low exchangeable Ca, net nitrification (kg N ha-1) was 

increased by approximately 22.7, 4.8, and 11.5 kg N ha-1, respectively, for C. lusitanica 

compared to P. radiata.  At the contrasting sites (high rainfall, high N, high sum of bases, 

or high exchangeable Ca), net nitrification was approximately 20.2 – 36.4 kg N ha-1 

greater for P. radiata compared to C. lusitanica (Table 3.24). 

No disturbance effects were observed by site grouping for net nitrification (kg N 

ha-1). 

 

Decomposition 

Litter k 

 For unfertilized plots, disturbance increased litter k by approximately 0.1 yr-1 at 

sites with lower air temperatures, deeper topsoil depth, or high organic P, whereas 

disturbance had no effect at contrasting sites (higher temperature, shallower topsoil, and 

low organic P) (Table 3.25). 

 Fertilization increased litter k by 0.1 yr-1 at sites with low rainfall or high soluble 

P.  In contrast, fertilization decreased litter k by 0.06 yr-1 at sites with high rainfall and 

low soluble P (Table 3.25).  
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 The typical tree species effect on litter k, where the rate of decomposition was 

greater for C. lusitanica compared to P. radiata, was observed at sites with high bulk 

density, low field capacity, or low available water content.  No tree species effect on litter 

k was observed at contrasting sites (low bulk density, high field capacity, or high 

available water content) (Table 3.25). 

 

Wood k 

 Fertilization increased wood k by 0.38, 0.61, and 0.34 yr-1 at sites with low slope, 

low rainfall, and either low sum of bases or low exchangeable Ca, respectively, whereas 

fertilization had no effect at contrasting sites (Table 3.26). 

The typical tree species effect on wood k, where wood decomposition rate is 

greater for C. lusitanica compared to P. radiata by approximately 0.20 yr-1, was observed 

at sites with high bulk density, low clay content, low CEC, low N, or low soluble P, 

whereas no tree species effects were observed at contrasting sites (Table 3.26). 

 

Least-Limiting Water Range 

 Treatment effects on LLWR measures did not differ among site groupings, and 

were the same as effects observed across all 10 sites.  

 

Discussion 

Environmental Gradient 
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The purpose of the environmental gradient analysis was to identify key properties 

that were causing a large portion of the variation in response variables in order to make 

decisions on where evaluation of site-specific forest management impacts should be 

focused.  The plan was to use the key properties identified as criteria for grouping sites in 

order to evaluate site-specific treatment effects.  However, the environmental gradient 

analysis did not simplify my understanding of the gradient, but further exemplified the 

fact that this gradient and its effect on site productivity and soil processes was complex. 

Across the 10 sites, there was no clear pattern of climate, site, or soil properties.  

Consequently, no site or group of sites was consistently at the extremes for each property.  

Furthermore, relationships among gradient properties and response variables showed no 

obvious pattern either.  A variety of climate, site, and soil physical and chemical 

properties were needed to explain the response variables, indicating that multiple factors 

were necessary to adequately define appropriate potential site groupings for analysis of 

site-specific treatment effects.  Important climate, site and soil properties (18 properties) 

identified in the gradient analysis were: PAR, topsoil depth, vapor pressure deficit, 

rainfall, air temperature, particle density, bulk density, field capacity, permanent wilting 

point, available water content, clay content, total N, C:N, Bray2 P, organic P, and 

exchangeable Ca, Mg, and K.  Thus, the range of sites in this study represent a complex 

environmental gradient and justified utilization of more complex methods of site 

grouping.   

Besides this network of sites, there does not appear to be any previous studies 

designed to examine forest management effects across such a complex environmental 
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gradient.  The “Garden of Eden” study (Powers and Ferrell, 1996) established across a 

productivity gradient for Pinus ponderosa in northern California is similar because it was 

designed to investigate the effects of weed control and fertilization on Ponderosa pine 

growth under the strong constraints of a Mediterranean climate.  The “Garden of Eden” 

study tested effects of silvicultural treatments in a full factorial combination of vegetation 

control, fertilization, and insect control applied repeatedly and regularly on an extreme 

gradient of site quality (Powers and Reynolds, 1998).  Because of its experimental design 

with replication at each site along the gradient, the “Garden of Eden” study was able to 

determine mechanisms controlling plantation response and water-use efficiency across 

the site quality gradient.  My study did not have treatment replication at each site, and 

thus the grouping of sites which was developed based on similar site, climate, and soil 

properties provided a basis for exploring the mechanisms controlling treatment response 

across the complex environmental gradient in New Zealand. 

 

Site Groupings 

Cluster and Principal Component Analysis 

 Cluster and principal component analysis are most often used to identify 

community structure among populations of organisms (McCune et al., 2002), but can be 

useful in identifying site or climate characteristics that are contributing to specific 

forestry responses across a gradient (La Manna and Rajchenberg, 2004; di Filippo et al., 

2007; McCarthy and Weetman, 2007).  Similarly in this study, cluster and principal 
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component analyses were used to identify sites that were similar with regard to site, 

climate, and soil properties.  

Cluster analysis illustrated that these sites were most different from each other 

when soil chemical properties were utilized for separating sites into groups with similar 

site characteristics.  Although distinct clusters were formed when climate and soil 

physical properties were analyzed, these clusters were not differentiated from each other 

as much as those clusters determined based on soil chemical properties.  Furthermore, 

site groupings based on soil chemical properties gave the same differentiation as clusters 

based on all properties or all properties and soil processes combined.  Cluster analysis 

results suggest that soil physical properties and climatic factors contribute less variability 

across the gradient compared to soil chemical properties.  This result was further 

supported by PCA, which identified the same group, comprised of sites BOT, KAR, 

LOR, RAK, as was identified during cluster analysis.  Thus, because that particular site 

group (BOT, KAR, LOR, RAK) occurred multiple times in the cluster analysis and PCA, 

it was considered a strong candidate for a site grouping. 

 

Groupings based on Ranking 

 Groupings of low, medium, and high based on ranking of important gradient 

properties provided insight into why certain sites were grouped together in the cluster 

analysis and PCA.  These associations were important for understanding treatment effects 

by site groupings based on cluster analysis and PCA.  Without an understanding of what 

properties may be contributing to the results of the cluster and PCA groups, it would have 
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not been possible to identify the site specificity of treatment effects.  As such, these 

grouping categories based on ranking of property values attach more information to the 

site groups determined by cluster and PCA, and allow for practical recommendations 

regarding forest management.   

 

Treatment Response Differences 

 Analysis of treatment response differences for disturbance, fertilization, and tree 

species revealed site groupings based on high vs. low levels for most of the gradient 

properties.  For all treatments, there were many gradient properties that could be 

differentiated into high or low values where the treatment effect would switch from 

positive to negative at a specific point along the gradient.  For example, the effect of high 

disturbance on MAI (m3 ha-1 yr-1) switched from a positive effect to a negative effect 

across the rainfall gradient with the change in the nature of the effect occurring at 4000 

mm of rainfall (Figure 3.12 a).  Similarly, the effect of fertilization on wood 

decomposition (yr-1) switched from a positive effect to a negative effect across the slope 

gradient with the change in the nature of the effect occurring where slope was 10% 

(Figure 3.14 d).  Likewise, the effect of tree species on litter decomposition (yr-1) 

switched from a positive to negative effect across the latitude gradient with opposite 

effects occurring by island (Figure 3.15 c).  Thus, these “breaking points” where the 

nature of the treatment effect switched from positive to negative occurred for almost all 

of the gradient properties and gave justification for grouping sites based on high or low 

values that were defined by a directional change in treatment effect as described above. 
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Identifying differences in treatment response across the gradient provided further 

information for identifying site-specific treatment response.  In addition to the groupings 

based on ranking, these groupings provided more insight and justification for analysis of 

treatment effects by site groupings determined by cluster analysis and PCA.  

Furthermore, groups of high vs. low as determined by analysis of treatment response 

differences are supported by the cluster analysis, which tended to separate sites into 2 

groups. 

  

Site Grouping Summary 

 Site groupings that occurred more than once throughout the environmental 

gradient analysis (cluster analysis, PCA, group ranking, and treatment response 

differences) are listed in Table 3.14.  This table provides the framework for testing site 

specificity of treatment effects on site productivity and soil processes.  For example, if 

treatment effects were different between cluster A and cluster B, it can be assumed that 

those treatment differences may be influenced by site differences in organic P.   

 To conclude this site grouping exercise, cluster analysis and PCA confirmed site 

groupings based on treatment response differences.  Furthermore, site groupings needed 

to be practical and useful in order to prescribe management based on site, climate, and 

soil conditions at a site.  Thus, because it was supported by cluster, PCA, and treatment 

respons differences, and because it was logical and practical, groupings of high and low 

for site, climate, and soil properties were the focus for testing for site-specific treatment 
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effects because actual levels of properties could be associated with presence or absence 

of treatment effects, and eventually, lead to forest management recommendations.  

 

Treatment Effects 

Disturbance 

Mean Annual Increment 

 At high rainfall sites (>4000 mm), high disturbance decreased MAI by 22% 

compared to low disturbance.  Soil conditions resulting from frequent rainfall (Miwa et 

al., 1999; Miwa et al., 2004) or poor soil or site drainage (Aust et al., 1995; Brigss et al., 

2000) may predispose forest soils to harvest disturbances and potential damage.  

However, the negative effects of disturbance may be short-lived and may not impact tree 

growth later in the rotation (Mou et al., 1993; Ares et al., 2005; Eisenbies et al., 2007).  

Thus, the lack of strong disturbance effects on response variables in this study are 

consistent with previous studies that have been unable to consistently measure and 

identify the negative effects of disturbance on site and soil productivity (Sands et al., 

2007). 

 

Nitrogen Mineralization 

When evaluated across the environmental gradient, disturbance did not have a 

significant effect on net N mineralization.  Numerous studies have reported that 

disturbance or soil compaction had no detectable effect on N mineralization (e.g., Drury 

et al., 2003; Tan et al., 2005; Sanchez et al., 2006).  In these cases, there may be minimal 
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effects of these disturbances on soil microbial communities as reported by Busse et al., 

(2006). 

However, high disturbance decreased ammonification by 91% compared to low 

disturbance for fertilized plots across the environmental gradient.  When disturbance 

effects were analyzed by island, there were no detectable effects on the North Island, 

whereas high disturbance increased nitrification for fertilized plots on the South Island.  

Previous research has found that disturbance or soil compaction may reduce N 

mineralization due to a variety of soil responses including reduction of pore volume 

(Breland and Hansen, 1996), reduced soil microbial activity (Neve and Hofman, 2000), 

and narrowing of the least-limiting water range (Drury et al., 2003).   

 

Decomposition 

The rate of decomposition is a function of chemical composition of the organic 

material, temperature, moisture, and composition of the decomposer community (Fisher 

and Binkley, 2000).  Thus, differences in decomposition rates between treatments or sites 

suggest a change in biotic and abiotic resources or in decomposer communities (Neher et 

al., 2003).  In soils that retain adequate moisture, higher temperatures increase 

decomposition rates while extreme conditions of moisture and temperature negatively 

impact decomposer communities, slowing decomposition rates (Verhoef and Brussaard, 

1990).   

On the South Island, high disturbance increased litter k by 15% compared to low 

disturbance plots.  In general, decomposition rates were lower on the South Island, most 
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likely due to cooler temperatures, less PAR, and less rainfall compared to the North 

Island.  Site disturbance has been found to increase decomposition rates in forested 

ecosystems as a result of increased soil moisture and temperature (Neher et al., 2003).   

Additionally, this high disturbance effect was also observed for unfertilized plots at sites 

with lower soil temperatures, deeper topsoil depths, and higher levels of soil P, whereas 

high disturbance had no effect on fertilized plots.  These results suggest that high 

disturbance provided improved conditions for decomposition on unfertilized plots that 

may have been limited by soil temperature, but that had the initial soil fertility (deep 

topsoil, high soil P) to accommodate increased activity of decomposer communities.  In 

contrast, at sites with lower initial fertility, disturbance alone was not enough to 

overcome initial nutrient limitations to decomposition.   

  

Least-Limiting Water Range 

The effects of soil disturbance or compaction on tree growth are generally a 

function of factors related to soil air-water balance (Unger and Kaspar, 1994).    Previous 

studies have observed negative impacts on soil water conditions as a result of soil 

disturbance (Aust et al., 1995).  Kelting et al. (2000) identified the LLWR as an 

important soil property for determining tree growth on disturbed soils.  Therefore, I 

expected the LLWR to narrow with high disturbance as a result of degraded soil physical 

properties (e.g. higher bulk density, decreased porosity, lower available water content) as 

suggested by Zou et al. (2000).  Although high disturbance treatments had significantly 

degraded soil physical properties (higher bulk density and penetration resistance; lower 
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porosity, air capacity and macroporosity) (Watt et al., submitted), disturbance treatments 

consistently had no detectable effect on LLWR.  This suggests that high disturbance did 

not create adequate changes in physical conditions to significantly alter LLWR.  Previous 

research by Gomez et al. (2002) found that disturbance effects on soil physical properties, 

and ultimately tree growth, range from detrimental to beneficial, and are highly 

dependent on soil texture. 

 

Fertilization 

Mean Annual Increment 

As expected, fertilization increased site productivity across the environmental 

gradient as commonly observed in many studies (e.g., Brockley, 2005; Homann et al., 

2001; Sampson et al., 2006).  However, when fertilizer effects were analyzed by site 

groupings, effects of initial soil fertility on MAI response to fertilization were evident, 

suggesting that the effect of fertilization was site-specific (Hunter and Smith, 1996; 

Newton and Amponsah, 2006).  At sites with low initial soil fertility, fertilizer increased 

MAI, but at sites with higher initial soil fertility, fertilization had no effect on MAI.  This 

effect has been observed in other studies (Powers, 1980; Keeney, 1980; Hunter et al., 

1985; Fox, 2004) and supports the need for site-specific fertilization recommendations. 

 

Nitrogen Mineralization 

Fertilization effects on N mineralization were most strongly related to bulk 

density or initial soil P levels.  Fertilization only increased N mineralization (both 
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ammonification and nitrification) under conditions of high bulk density.  It has often been 

reported that fertilization increases N mineralization (e.g., Connell et al., 1995; Fenn et 

al., 2005; Maimone et al., 1991).  However, the pattern of N mineralization responses to 

fertilization across the environmental gradient in New Zealand suggests that fertilization 

plays a more significant role in promoting N mineralization at those sites where less than 

optimum soil physical properties may be limiting (Breland and Hansen, 1996). 

 

Decomposition 

In general, research has shown that fertilization increases both aboveground and 

belowground decomposition rates (Ludovici and Kress, 2006; McLaughlin et al., 2000), 

and that the magnitude of the effect may be site-specific (Gholz et al., 2000), or depend 

on initial soil fertility (Parfitt et al., 2001).  Some of my results support these previous 

findings.  For example, fertilization increased litter decomposition on the South Island 

and at sites with low rainfall, suggesting that fertilization increases decomposition at sites 

where decomposition may already be limited by rainfall or other climatic factors (the 

South Island is generally cooler and receives less PAR than the North Island (Table 3.2)).  

In contrast, fertilization appeared to decrease decomposition rates on the North Island and 

for high rainfall sites (sites with higher productivity levels).  These results suggest that at 

highly productive sites with climatic conditions conducive to tree growth, fertilization 

may indirectly impede decomposition rates through its enhancement of leaf area index on 

those sites. An increase in leaf area is likely to create cooler soil temperature, thereby 

reducing rates of decomposition (Paul et al., 2004).  Furthermore, although these 
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envelope plots were only in their 4th year of growth, many of the trees in the plots were 

senescing their lower needles, creating significant litter fall and forest floor buildup. 

Fertilization increased wood decomposition across the gradient.  This effect was 

also observed by Homann et al. (2001).  However, this fertilizer effect was strongly 

influenced by slope steepness and rainfall.  At steeply sloped sites or at sites with high 

rainfall, fertilization had no effect on wood decomposition.  At contrasting sites with less 

slope steepness and rainfall, fertilization significantly increased wood decomposition 

rates.  This contrast in wood decomposition responses to fertilization based on slope and 

rainfall may be influenced by greater likelihood of fertilizer loss and subsequently less 

wood decomposition response to fertilization under conditions of high rainfall and steep 

slopes.  

 

Least-Limiting Water Range 

 Previous studies typically observe drier soil conditions under fertilized trees, due 

to more interception and the increased water requirements of more rapidly growing trees 

(Jackson et al., 1983), and thus I hypothesized that the same would occur in this study.  

However, the results of my study contrast with many previous research findings in that 

across all site groupings, fertilization consistently decreased the number of days soils 

were dry, increased the number of days soils were wet, and had no effect on total number 

of days within the LLWR.  Thus, fertilizer treatment had no overall effect on the number 

of days within the LLWR, but it did determine the conditions of those days that were not 

within the LLWR.  For fertilized plots, days that were not within the LLWR were more 



 
 

 

112

likely to be wet days.  For unfertilized plots, days that were not within the LLWR were 

more likely to be dry days. 

One explanation for these results is that at unfertilized plots with lower 

productivity, there was higher potential for surface soil water loss via evaporation.  

Unfertilized plots had lower productivity and lower LAI, and therefore greater amounts 

of solar radiation driving evaporation at the soil surface. A second possible explanation of 

these results is that fertilization increased water-use efficiency across the environmental 

gradient (Powers and Reynolds, 1998). 

 

Tree Species 

Mean Annual Increment 

 Besides this research study, there appear to be no other studies that directly 

compare P. radiata to C. lusitanica.  However, based on what is known about P. radiata 

production in New Zealand, it was not surprising that MAI was greater for P. radiata 

than C. lusitanica when analyzed across the broad environmental gradient or within site 

groupings. P. radiata plantations consistently exceed production rates of any other tree 

species in New Zealand (Maclaren, 1996; Cown, 1997).  These results suggest that C. 

lusitanica, due to its inherently lower growth rate compared to P. radiata, may be less 

demanding of site, soil, and water resources (Watt et al., submitted).  Thus, with concern 

regarding site quality degradation as a result of nutrient and water depletion (Smith et al., 

2000), C. lusitanica may offer an option for establishment of forests on sites that are not 

managed for high productivity. 
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Nitrogen Mineralization 

Previous research has found that N mineralization is influenced by different tree 

species (Turner et al., 1993; Prescott, 2002).  C. lusitanica in particular, has slower N 

mineralization compared to other species because of the high lignin content in the litter of 

C. lusitanica (Inagaki et al., 2004).  My data support this previous research.  In general, N 

mineralization was greater for P. radiata than C. lusitanica.  However, sites with low 

rainfall, low soil N, or low sum of bases or exchangeable Ca created conditions where 

nitrification was greater for C. lusitanica compared to P. radiata, suggesting that under 

harsher conditions, nitrate levels are higher under C. lusitanica.   

Davis et al. (2007) observed higher foliar N and P concentrations in P. radiata 

compared to C. lusitanica, and suggested that the difference in nutrient uptake between 

the species was due to differences in mycorrhizal associations.  P.radiata, an 

ectomycorrhizal species, can obtain access to organic nutrient sources unavailable to 

endomycorrhizal species such as C. lusitanica (Smith and Read, 1997; Read and Perez-

Moreno, 2003).  Furthermore, C. lusitanica was less productive than P. radiata especially 

under harsh conditions (see above), and higher NO3 levels may simply be the result of 

reduced uptake.  

 

Decomposition 

Although no previous studies have compared decomposition rates between P. 

radiata and C. lusitanica, studies have shown that both above- and belowground 
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decomposition rates vary by tree species, and that these differences may be a result of 

differences in decomposer communities, mycorrhizal associations, litter chemistry, and 

microclimate conditions (Mattson et al., 1987; Valachovic et al., 2004; Janisch et al., 

2005; Garrett et al., 2007; Knoepp and Vose, 2008).   

Both litter and wood decomposition rates were significantly higher for C. 

lusitanica compared to P. radiata.  At sites with lower soil quality, this difference 

between the species was even greater.  One possible reason for this result was the 

significantly different levels of productivity between the two species, as discussed above.  

Lower productivity levels of C. lusitanica, including less leaf area, created a more 

favorable microclimate (increased solar radiation, increased soil temperature) for 

decomposition in the forest floor and surface mineral soil.  Additionally, soil moisture 

levels were greater under C. lusitanica (see below) and increased soil moisture coupled 

with increased solar radiation and soil temperature provided more favorable conditions 

for decomposition, especially compared to the drier, cooler conditions under P. radiata. 

 

Least-Limiting Water Range 

 Watt et al. (in press) reported that water use differs greatly between P. radiata 

and C. lusitanica.  I observed that P. radiata plots had more days with dry soil 

conditions, whereas C. lusitanica plots had more days with wet soil conditions.  These 

findings are consistent with previous research (Watt et al., in press) and further support 

the notion that C. lusitanica is a less demanding species, making it a good candidate for 

soil conservation practices in areas where water is limiting.  Conversely, in areas where 
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water is abundant, P. radiata may be the species of choice.  Because of high water usage 

and typically high rainfall patterns across New Zealand, soils in P. radiata plots were 

within the LLWR more often compared to C. lusitanica , which had more days when 

soils had excessive moisture. This suggests that P. radiata may be better adapted for sites 

with abundant soil moisture. 

 

Conclusions and Management Implications 

The objectives of this study were accomplished by 1) describing and quantifying 

the environmental gradient among the ten sites and its effect on site productivity, soil 

processes, and treatment response, 2) determining the effects of disturbance, fertilization, 

and tree species on site productivity and soil processes across the environmental gradient, 

and 3) identifying site-specific treatment effects on soil processes. 

The hypothesis that the environmental gradient would have a large impact on site 

productivity, soil processes, and treatment response was supported by results showing 

that specific effects of forest management on response measures were highly dependent 

on site, climate, and soil properties.  Furthermore, significant, often opposite, treatment 

effects were observed among contrasting site groupings based on site, climate and soil 

conditions, suggesting that forest management decisions involving soils and productivity 

should be based on site-specific management strategies.   

With regard to the effects of soil disturbance on response measures, acceptance or 

rejection of my hypotheses was dependent on the site, climate, and soil conditions.  I 

hypothesized that high disturbance would increase N mineralization and decomposition 
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rates, but negatively impact site productivity and soil water dynamics, and this was 

supported for some cases, and not supported for others for all response measures, with the 

exception of soil water dynamics.  Disturbance treatments had no effect on soil water 

dynamics (e.g., LLWR) across the environmental gradient or within specific site 

groupings. 

For response measures other than LLWR, soil disturbance effects were site-

specific and generally depended on initial soil physical properties, rainfall patterns, and 

soil fertility levels.  For the North Island with high rainfall rates, the hypothesis that soil 

disturbance would negatively impact site productivity was supported.  However, for the 

South Island, the hypothesis regarding soil disturbance and site productivity was not 

supported. Soil disturbance effects on N mineralization and decomposition were site-

specific and resulted in increases, decreases, or no effect on mineralization and 

decomposition responses.   

With regard to fertilizer effects, my results do not support the hypothesis that 

fertilization would create drier soil conditions compared to unfertilized conditions.  The 

effect of fertilization on soil water dynamics (LLWR) consistently increased soil 

moisture across the environmental gradient and within site groupings.  For response 

measures other than LLWR, fertilizer effects were dependent on initial soil fertility, with 

positive responses to fertilization observed most often at sites with low initial soil 

fertility.   

Tree species effects on response variables were also site dependent, but some 

consistent trends were observed.  Across the environmental gradient, P.radiata 
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consistently had higher site productivity and more optimum soil water conditions 

compared to C .lusitanica, whereas decomposition rates for both litter and wood were 

greater for C. lusitanica compared to P.radiata.  Although these effects were significant 

across the environmental gradient, analysis by specific site groupings revealed that the 

tree species effect was more complex than the results revealed during the initial analysis 

across the gradient.  Thus, as with disturbance and fertilization, acceptance of the 

hypothesis that tree species selection would influence soil processes depends on site, 

climate, and soil conditions.  Furthermore, differences in decomposition and NO3 

mineralization rates between the species were highly site dependent.  Finally, tree species 

effects on soil water dynamics (LLWR) were very consistent across the gradient and 

within site groupings.  P.radiata always had more days within the LLWR compared to 

C.lusitanica. 

Finally, the management implications of this research are site-specific and begin 

to provide a framework for evaluation of current and future management options for 

planted forests.  For example, the effects of soil disturbance as a result of previous 

harvesting activities may have a more negative impact on tree growth at sites with high 

rainfall (>4000 m).  The positive effects of fertilization on tree growth or decomposition 

rates may only occur at sites with flatter slopes (<10%) or lower soil fertility (low clay, 

low soil N, high C:N ratio; and low Bray P).  And the effects of tree species differed 

based on both physical and chemical soil properties, suggesting that tree species selection 

will depend on the management objectives for the site. 
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This study presents a methodology for identifying effects of forest management 

on soil processes across a complex environmental gradient.  Approaches of this nature are 

necessary in order to address forest management questions for sustaining soil resources 

across broad landscape scales. Using this approach, my results illustrate that site-specific 

forest management is necessary for optimizing site and soil productivity in New Zealand, 

whereas a more general approach may be appropriate when considering soil water 

dynamics. 
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Table 3.1.  Measurements, summary statistics, and abbreviations for climate, site, 
and soil properties for 10 sites across an environmental gradient in New Zealand 
Site Conditions Abbr.1 Mean Std Dev2 Min3 Max4 
Elevation5 (m) Elevation 254 179 3 539 
Latitude (˚South) Latitude 40.6 3.7 34.6 46.0 
Slope5 (%) Slope 8 8 1 24 
PAR (MJ m-2) PAR 6.39 1.25 4.16 7.50 
Air Temp (˚C) Temp 12.3 2.0 8.8 15.7 
VPD (kPa) VPD 0.40 0.05 0.31 0.49 
Rainfall (mm) Rainfall 4497 1554 2251 7393 
Topsoil Depth5 (m) Topsoil 0.11 0.05 0.02 0.21 
Physical Properties5           
Particle density (Mg m-3) PD 2.5 0.2 2.2 2.7 
Bulk density (Mg m-3) BD 1.1 0.2 0.6 1.4 
Total Porosity (%) Por 56.9 8.0 46.3 72.0 
Macroporosity (%) Mpor 15.7 5.9 5.0 27.4 
Air capacity (%) AC 19.9 7.8 5.8 34.2 
Field Capacity (%) FC 37.0 11.7 16.2 52.0 
Permanent Wilting Point (%) PWP 15.3 9.6 2.2 32.0 
Available Water Content (%) AWC 21.7 10.1 11.2 46.0 
Penetration resistance (MPa) PR 1.0 0.5 0.2 2.0 
Silt content (%) Silt 41 23 3 79 
Clay content (%) Clay 19 17 2 50 
Chemical Properties5           
pH pH 5.18 0.49 4.33 5.81 
Carbon (g C kg-1) C 48.3 25.5 12.1 84.5 
Total N (g N kg-1) N 2.5 1.9 0.3 6.5 
CN ratio CN 25.10 9.16 11.00 42.50 
Olsen P (mg P kg-1) OlsenP 6.99 2.72 2.70 10.40 
Bray P (mg P kg-1) BrayP 13.82 8.59 4.40 29.80 
Organic P (mg P kg-1) OrganicP 278.50 212.94 30.50 635.00 
Total P (mg P kg-1) TotalP 392.65 256.16 56.50 742.00 
Soluble P (mg P kg-1) SolP 114.05 82.39 16.50 250.00 
P retention (%) Pretention 34.20 21.65 0.00 62.00 
Sum of Bases (cmol kg-1) BaseSum 6.03 6.42 0.60 22.90 
Base Saturation (%) BaseSat 31.38 21.70 13.45 83.00 
CEC (cmolc kg-1) CEC 18.66 11.20 3.45 38.91 
Exch. Ca (cmol kg-1) xCa 3.4665 3.34 0.27 11.50 
Exch. Mg (cmol kg-1) xMg 2.028 3.19 0.27 10.90 
Exch. K (cmol kg-1) xK 0.401 0.29 0.02 0.94 
Exch. Na (cmol kg-1) xNa 0.1245 0.10 0.01 0.36 
1Abbreviation; 2Standard deviation; 3Minimum; 4Maximum; 
5Data provided by Landcare Research, New Zealand 
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Table 3.2.  Site and climate summary data collected during year 4 at 10 sites across an 
environmental gradient in New Zealand. 

Id Site 
Elevation 
(m) 

Latitude 
ºSouth 

Mean 
Slope 
(%) 

Mean 
PAR1 

(MJ m-2) 

Mean 
Air Temp 
(˚C) 

Mean 
VPD2 

(kPa) 

Mean 
Rainfall 
(mm) 

1 KAR 36 34.56* 8 7.1 15.7** 0.42 1155 
2 RAK 158 35.45 21 7.1 14.7 0.38 1546 
3 MAM 539 38.08 3 4.2* 11.6 0.36 1848** 
4 MAH 153 39.11 9 6.8 13.9 0.31* 1318 
5 ANI 353 41.41 10 7.5** 11.3 0.39 1061 
6 LOR 407 41.52 24** 7.5** 11.3 0.41 1229 
7 BAL 315 42.79 1* 7.0 11.8 0.49** 757 
8 EYR 150 43.43 1* 7.0 11.5 0.47 748 
9 BOT 3* 43.45 1* 5.1 11.9 0.40 562* 
10 TAR 430** 45.96** 5 4.6 8.8* 0.36 1017 
1Photosynthetically active radiation      
2Vapor pressure deficit      
*Represents lowest value in column      
**Represents highest value in column      
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Table 3.3.  Soil characteristics at time 0 for 10 sites across an environmental gradient in New Zealand. 

Id Site Drainage 

Mean 
Topsoil  
Depth 
(m) 

Mean 
Rooting 
Depth     
(m) Soil Type Parent Material NZ Classification1 US Taxonomy 

1 KAR Mod.well 0.08 0.77 sand 100k yr-old Quartzo-
feldspathic dunesands Humose Pan PODZOL Orthod 

2 RAK Poor 0.08 0.65 silt loam Weathered claystone Perch-gleyed Albic 
ULTIC 

Aquult, 
Humult or 
Udult 

3 MAM Imperfect 0.11 1.15 loamy 
sand Tephra/ ignimbrite Humose Orthic PODZOL Orthod 

4 MAH Mod.well 0.16 >1.2 sandy 
loam 

Tephra over banded 
mudstone Pallic Orthic BROWN Dystrochrept, 

Ustochrept 

5 ANI Imperfect 0.11 0.8 silt loam Colluvium over 
serpentine 

Mottled-magnesic Mafic 
BROWN Dystrochrept 

6 LOR Mod.well 0.21** 0.58 silt loam Loess over schist Pedal Immature PALLIC Eutrochrpet or 
Ustochrept 

7 BAL Well 0.14 >1 shallow 
silt loam  

Greywacke alluvium/ 
gravels Acidic Orthic BROWN  Dystrochrept, 

Ustochrept 

8 EYR Well 0.12 >1 
stony 
sandy 
loam  

Greywacke alluvium/ 
gravels Acidic Orthic BROWN  Dystrochrept, 

Ustochrept 

9 BOT Well 0.02* >2** sand Greywacke wind-
blown sand Sandy RAW  Entisol or not-

soil 

10 TAR Well 0.1 0.56* stony silt 
loam  

Greywacke rock and 
loess 

Acidic-pedal Allophanic 
BROWN  Dystrochrept 

1Hewitt, 1993   
*Represents lowest value in column; **Represents highest value in column   
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Table 3.4.  Summary statistics for site means of response variables measured during year 4 
at all sites for all treatment combinations (n=76) across an environmental gradient in New 
Zealand.   
 Response Variable  Abbr.1 Mean Std Dev2 Min3 Max4 

Site Productivity5       

Leaf Area Index (m2 m-2)  LAI 3.9 1.6 1.9 6.1 
Mean Annual Increment  
(m3 ha-1 yr-1)  MAI 10.7 5.8 4.8 23.7 
Current Annual Increment  
(m3 ha-1 yr-1)  CAI 22.2 9.1 12.0 40.8 

Foliage mass (kg ha-1)  FM 14350 6560 7660 30820 

Nitrogen Mineralization       

Potential Nmin (mg N kg-1)  potNmin 46.17 35.58 4.37 103.69 

In Situ Nmin (mg N kg-1)  Nmin 76.47 78.60 3.85 207.31 

NH4 (mg N kg-1)  NH4mgkg 16.99 33.09 -26.89 101.54 

NO3 (mg N kg-1)  NO3mgkg 59.49 90.19 -1.73 234.20 

In Situ Nmin (kg N ha-1)  Nminkgha 67.00 57.40 5.18 161.56 

NH4 (kg N ha-1)  NH4kgha 18.65 29.71 20.50 93.87 

NO3 (kg N ha-1)  NO3kgha 48.35 67.07 1.89 182.06 

Decomposition       

Litter Decay (yr-1)  Litter 0.47 0.17 0.29 0.76 

Wood Decay (yr-1)  Wood 0.66 0.37 0.20 1.17 

Least-Limiting Water Range6       

Dry (<0.1) days during year 1-4  Dry 128 61 42 200 

Wet (>0.9) days during year 1-4  Wet 360 144 188 583 
Days within the LLWR  
during year 1-4  Days-In 973 110 813 1113 

Dry (<0.1) days during year 4  Dry_yr4 39 28 8 96 

Wet (>0.9) days during year 4  Wet_yr4 73 44 36 174 
Days within the LLWR during 
year 4  

Days-
Inyr4 254 32 183 290 

1Abbreviation; 2Standard deviation; 3Minimum; 4Maximum 
5Site productivity measures for leaf area index, current annual increment, and foliage mass 
were used during the environmental gradient analyses only and were not used to test for 
treatment response variables 
6Least-limiting water range (LLWR) is defined as days where soil water is both above 0.1 
and below 0.9 fractional available water content.  LLWR includes measurements during 
years 1-4 
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Table 3.5.  Statistics for "best" 1- and 2-variable models of gradient properties (time 0) that 
were significantly related to response variables at 10 sites across an environmental gradient in 
New Zealand.  
Response Variable Model Property1 r2 p value 
Site Productivity      
LAI 1-variable Topsoil  0.47 0.04 
 2-variable Topsoil VPD 0.87 0.002 
 2-variable Slope Por 0.81 0.006 
 2-variable Slope BD 0.77 0.01 
MAI 2-variable VPD PAR 0.87 0.0008 
CAI 1-variable VPD  0.44 0.04 
 2-variable VPD PAR 0.94 <0.0001 
FM 1-variable xMg  0.82 0.0003 
 1-variable Basesum  0.74 0.002 
 1-variable clay  0.62 0.007 
Nitrogen Mineralization     
potNmin 1-variable CN  0.76 0.0001 
 2-variable PD xCa 0.96 <0.0001 
Nmin 1-variable BD  0.86 0.0001 
 2-variable AWC N 0.92 0.0002 
NH4mgkg 1-variable Temp  0.42 0.04 
NO3mgkg 1-variable BD  0.72 0.002 
 2-variable PWP N 0.9 0.0003 
Nminkgha 1-variable N  0.86 0.0001 
 2-variable N PAR 0.93 0.0001 
 2-variable N BD 0.91 0.0002 
NH4kgha 1-variable Temp  0.4 0.05 
 2-variable CEC Pretention 0.76 0.007 
NO3kgha 1-variable N  0.69 0.003 
 2-variable N PWP 0.93 <0.0001 
Decomposition      
Litter 1-variable Temp   0.72 0.002 
 2-variable Temp OrgP 0.89 0.0004 
 2-variable Temp  xK 0.89 0.0004 
 2-variable Temp  N 0.87 0.0008 
Wood 1-variable VPD   0.79 0.0005 
 2-variable VPD  PWP 0.94 <0.0001 
Least-limiting water range     
Dry 1-variable FC  0.63 0.01 
 2-variable clay PWP 0.9 0.0007 
Wet 1-variable Rainfall   0.55 0.02 
Days-In 1-variable BrayP  0.57 0.02 
 1-variable Rainfall   0.46 0.04 
Dry_yr4 1-variable xMg  0.48 0.04 
Wet_yr4 1-variable Rainfall   0.46 0.04 
Days-Inyr4 1-variable Rainfall   0.65 0.009 
  2-variable Rainfall  BD 0.85 0.003 
1 Properties in bold were chosen as the 18 important environmental gradient properties  
2Site, soil, and climate properties 
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Table 3.6.  Site groupings based on cluster analyses of properties at 10 sites across an environmental gradient in New Zealand. 
Based on: Cluster Groups 

 A          B           

All properties BOT KAR LOR RAK    ANI BAL EYR MAH MAM TAR 

 C      D        E      
Climate  
properties KAR MAH RAK  ANI BAL BOT EYR  LOR MAM TAR  

 F          G           
Soil physical 
 properties BOT KAR MAH MAM    ANI BAL EYR LOR RAK TAR 

 H          I           
Soil chemical  
properties BOT KAR LOR RAK    ANI BAL EYR MAH MAM TAR 

 J          K           
Selected site  
properties ANI MAH MAM TAR    BAL BOT EYR KAR LOR RAK 

 L          M           
All properties +  
soil processes1 BOT KAR LOR RAK    ANI BAL EYR MAH MAM TAR 

 N            O        

LLWR ANI BAL BOT EYR KAR LOR   MAH RAK TAR       
1Does not include measures of least-limiting water range (LLWR) 
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Table 3.7.  Site groupings based on principal component analyses of properties at 10 sites across an environmental gradient 
in New Zealand. 
Based on: Principal Component (PC) Groups 
 PC-A    PC-B  PC-C  
PC1 by PC2 
 (3 groups) BOT KAR LOR RAK  MAH MAM TAR  ANI BAL EYR  
 PC-D     PC-E      PC-F     
PC1 by PC3  
(3 groups) BOT EYR KAR   ANI LOR RAK  BAL MAH MAM TAR 
 PC-G    PC-H        PC-I   
PC2 by PC3  
(3 groups) LOR MAM RAK  ANI BAL KAR MAH TAR  BAL BOT EYR 
 PC-J         PC-K        
PC1 by PC2  
(2 groups) BOT EYR KAR LOR RAK   ANI BAL MAH MAM TAR  
 PC-L        PC-M         
PC1 by PC3  
(2 groups) ANI LOR RAK TAR    BAL BOT EYR KAR MAH MAM 
 PC-N        PC-O         
PC2 by PC3  
(2 groups) KAR LOR MAH MAM RAK     ANI BAL BOT EYR TAR   
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Table 3.8.  Pearson’s correlation statistics for properties with 
significant loadings on principal components (PC1, PC2, and PC3) at 
10 sites across an environmental gradient in New Zealand 
PC1 r p value 
Elevation (m) 0.72 0.02 
Bulk density (Mg m-3) -0.77 0.007 
Total Porosity (%) 0.79 0.006 
Field Capacity (%) 0.85 0.002 
Clay content (%) 0.63 0.05 
Carbon (g C kg-1) 0.94 <0.0001 
Total N (g N kg-1) 0.86 0.001 
CN ratio -0.90 0.0005 
Organic P (mg P kg-1) 0.90 0.0004 
Total P (mg P kg-1) 0.82 0.004 
P retention (%) 0.96 <0.0001 
CEC (cmol kg-1) 0.87 0.001 
Exch. Ca (cmol kg-1) 0.63 0.05 
Exch. K (cmol kg-1) 0.77 0.008 
Exch. Na (cmol kg-1) 0.68 0.03 
   
PC2     
Rainfall (mm) -0.86 0.002 
Available Water Content 
(%) -0.69 0.03 
Soluble P (mg P kg-1) 0.83 0.003 
   
PC3     
Slope (%) 0.64 0.05 
Particle density (Mg m-3) 0.64 0.04 
Bray P (mg P kg-1) -0.76 0.008 
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Table 3.9.  Criteria for site groupings based on ranking of property values at 10 
sites across an environmental gradient in New Zealand. 
Property   Property Level  
 Low Medium High 
Climate and Site 
 Properties   
Slope (%) <1 >1 and <10 >10 
Temp (ºC) <11 no medium level >11 
VPD (kPa) <0.37 >0.37  and <0.41 >0.41 
Rainfall (mm) <4050 >4050 and <4900 >4900 
Topsoil (m) <0.1  >0.1  and <0.13 >0.13 

Physical Properties   
BD (Mg m-3) <1 >1  and <1.25 >1.25 
Por (%) <60 no medium level >60 
AC (%) <20 no medium level >20 
FC (%) <35 >35 and <40 >40 
PWP (%) <10 >10 and <19.3 >19.3 
AWC (%) <15 >15 and <20 >20 
Clay (%) <10 >10 and <25 >25 

Chemical Properties   
TotalN (g N kg-1) <0.1 >0.1 and <0.3 >0.3 
CN <20 >20 and <28 >28 
BrayP (mg P kg-1) <7 >7 and <15 >15 
OrganicP (mg P kg-1) <100 >100 and <400 >400 
SolP (mg P kg-1) <100 no medium level >100 
BaseSum  
(cmol kg-1) <5 no medium level >5 
BaseSat (%) <20 no medium level >20 
CEC (cmolc kg-1) <25 no medium level >25 
xCa (cmol kg-1) <2 >2 and <4 >4 
xMg (cmol kg-1) <1 no medium level >1 
xK (cmol kg-1) <0.22 >0.22  and <0.40 >0.40 
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Table 3.10.  Groupings  for high, medium, and low criteria of properties based on ranking of property values from 10 sites across an environmental gradient in 
New Zealand 
Property Low  Medium  High 
Climate and Site Properties                 
Slope BOT KAR RAK      KAR MAH MAM TAR  ANI LOR RAK   
Temp ANI BAL BOT EYR LOR MAM TAR       KAR MAH RAK   
VPD MAH MAM TAR      ANI BOT LOR RAK  BAL EYR KAR   
Rainfall BAL BOT EYR      ANI KAR TAR   LOR MAH MAM RAK  
Topsoil BOT KAR RAK      ANI EYR MAM TAR  BAL LOR MAH   
Physical Properties                  
BD BAL MAH MAM TAR     ANI EYR LOR   BOT KAR RAK   
Por ANI BOT EYR KAR LOR RAK        BAL MAH MAM TAR  
AC ANI LOR RAK TAR          BAL BOT EYR KAR MAH 
              MAM     
FC BOT EYR KAR      ANI BAL LOR RAK  MAH MAM TAR   
PWP BOT KAR MAM      BAL EYR MAH RAK  ANI LOR TAR   
AWC ANI KAR TAR      BAL BOT EYR LOR  MAH MAM RAK   
Clay BOT KAR MAM RAK     EYR LOR MAH   ANI BAL TAR   
Chemical Properties                 
N BOT KAR RAK      ANI EYR LOR   BAL MAH MAM TAR  
CN ANI BAL MAH MAM     EYR LOR TAR   BOT KAR RAK   
BrayP ANI LOR TAR      BOT KAR MAM RAK  BAL EYR MAH   
OrganicP BOT KAR RAK      EYR LOR MAM   ANI BAL MAH TAR  
SolP KAR LOR MAH MAM RAK         ANI BAL BOT EYR TAR 
Basesum BAL BOT KAR LOR MAM RAK        ANI EYR MAH TAR  
Basesat BAL KAR LOR RAK TAR         ANI BOT EYR MAH MAM 
CEC BOT EYR KAR LOR MAH MAM RAK       ANI BAL TAR   
xCa BOT KAR LOR RAK     BAL EYR MAH   ANI MAM TAR   
xMg BAL BOT KAR LOR MAM RAK        ANI EYR MAH TAR  
xK BOT KAR RAK           ANI LOR MAM     BAL EYR MAH TAR   
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Table 3.11.  Site properties at time 0 found to be highly correlated with treatment response differences (D-U, F-N, P-C)1 at 10 sites 
across an  environmental gradient in New Zealand. 

 Treatment 
 Disturbance  Fertilization  Tree Species 

 Response Variable Property r2 p value   Property r2 p value   Property r2 p value 
Site Productivity2            

PD 0.61 0.01  OrgP 0.40 0.008  Rain 0.72 0.004 
    N 0.49 0.04  Silt 0.48 0.04 

LAI 

    BD 0.41 0.06  CN 0.47 0.04 
Rain 0.40 0.06  solP 0.42 0.04  PAR 0.44 0.04 
    Temp 0.37 0.06     

MAI 

    CEC 0.36 0.07     
Nitrogen 
Mineralization            
potNmin xMg 0.42 0.06  xMg 0.50 0.02     

CEC 0.56 0.02  AWC 0.68 0.003     
Clay 0.48 0.04  Por 0.46 0.03  Clay 0.43 0.04 

NH4mgkg 

Temp 0.47 0.04  BD 0.45 0.03     
BrayP 0.68 0.006      VPD 0.73 0.002 NO3mgkg 
        xNa 0.43 0.04 

Decomposition            
PD 0.42 0.06  SolP 0.59 0.009  SolP 0.59 0.009 Litter 
    Latitude 0.58 0.01  Latitude 0.58 0.01 
xMg 0.43 0.06  AC 0.52 0.02  Basesum 0.59 0.009 
    Slope 0.48 0.03  xMg 0.57 0.01 

Wood 

    PWP 0.44 0.04  xCa 0.55 0.01 
1High disturbance (D), low disturbance (U), fertilized (F), unfertilized (N), P.radiata (P), and C.lusitanica (C). 
2Treatment response differences for current annual increment and foliar mass were not correlated with properties. LAI=leaf area 
index; MAI=mean annual increment. 
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Table 3.12.  Site grouping criteria based on analysis of treatment 
response differences at 10 sites across an environmental gradient in 
New Zealand. 
Property  Property Level 
  Low High 
Climate and Site 
Properties     
Slope (%)  <10 >10 
Temp (ºC)  <11 >11 
VPD (kPa)  <0.4 >0.4 
Rainfall (mm)  <4000 >4000 
Topsoil (m)  <0.1 >0.1 
Physical Properties    
BD (Mg m-3)  <1 >1 
Por (%)  <60 >60 
AC (%)  <20 >20 
FC (%)  <40 >40 
PWP (%)  <15 >15 
AWC (%)  <20 >20 
Clay (%)  <25 >25 
Chemical Properties    
TotalN (g N kg-1)  <0.2 >0.2 
CN  <20 >20 
BrayP (mg P kg-1)  <15 >15 
OrganicP (mg P kg-1)  <200 >200 
SolP (mg P kg-1)  <100 >100 
BaseSum  
(cmol kg-1)  <5 >5 
BaseSat (%)  <20 >20 
CEC (cmolc kg-1)  <25 >25 
xCa (cmol kg-1)  <3 >3 
xMg (cmol kg-1)  <1 >1 
xK (cmol kg-1)   <0.4 >0.4 
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Table 3.13.  Site groupings for low and high criteria of properties based on treatment response differences at 10 sites across an environmental 
gradient in New Zealand.  
Property  Property Level 
  LOW  HIGH 
Climate and Site Properties   
Slope  BAL              
Temp  ANI BOT EYR KAR MAH MAM TAR  ANI LOR RAK    
VPD  ANI BAL BOT EYR LOR MAM TAR  KAR MAH RAK    
Rainfall  BAL BOT  MAH MAM RAK TAR   BAL EYR KAR LOR   
Topsoil  BOT BOT  EYR TAR     ANI KAR LOR MAH MAM RAK 
Physical Properties   KAR RAK      ANI BAL EYR LOR MAH MAM 
BD  BAL        TAR      
Por  ANI MAH MAM TAR     ANI BOT EYR KAR LOR RAK 
AC  ANI BOT EYR KAR LOR RAK   BAL MAH MAM TAR   
FC  ANI LOR RAK TAR MAH    BAL BOT EYR KAR MAM  
PWP  BOT BAL BOT EYR KAR LOR   MAH MAM RAK TAR   
AWC  ANI EYR KAR MAM RAK    ANI BAL LOR MAH TAR  
Clay (same as CEC)  BOT BOT EYR KAR TAR    BAL LOR MAH MAM RAK  
Chemical Properties   EYR KAR LOR MAH MAM RAK  ANI BAL TAR    
N  BOT              
CN  ANI EYR KAR LOR RAK    ANI BAL MAH MAM TAR  
BrayP  ANI BAL MAH MAM     BOT EYR KAR LOR RAK TAR 
OrganicP  BOT BOT LOR MAM KAR RAK TAR  BAL EYR MAH    
SolP  KAR KAR LOR RAK     ANI BAL EYR MAH MAM TAR 
Basesum (same as 
xCa)  BAL LOR MAH MAM RAK    ANI BAL BOT  EYR TAR  
Basesat  BAL BOT EYR KAR LOR RAK   ANI MAH MAM TAR   
CEC (same as clay)  BOT KAR LOR RAK TAR    ANI BOT EYR MAH MAM  
xCa (same as 
basesum)  BAL EYR KAR LOR MAH MAM RAK  ANI BAL TAR    
xMg  BAL BOT EYR KAR LOR RAK   ANI MAH MAM TAR   
xK  ANI BOT KAR LOR MAM RAK   ANI EYR MAH TAR   
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Table 3.14.  Groupings of sites that occurred more than once (frequency>2) during the environmental gradient analyses1 of 
properties at 10 sites across an environmental gradient in New Zealand. 
Frequency   Basis for Site Grouping 

  Cluster  PC  Ranking  
Treatment Response 

Differences  
7        Topsoil=L2 CN=H2 N=L  Topsoil=L  
        BD=H orgP=L xK=L    

6  A H L  PCA  xCa=L    orgP=L  
5      PCF  BD=L N=H   BD=L Por=H 
4  B I M        orgP=H  
3  J          xCa=H Basesum=H 
3      PCB  VPD=L FC=H     
3      PCE  Slope=H    Slope=H  
3      PCI  Slope=L Rain=L     
3      PCN  SolP=L    SolP=L  
3      PCO  SolP=H    SolP=H  
3        Clay=H    Clay=H CEC=H 
3  K          xCa=L Basesum=L 
2  C          temp=H  
2  N          FC=L  
2      PCD  FC=L      
2      PCJ      N=L  
2      PCK      N=H  
2        CN=L    CN=L  
2            Clay=L CEC=L 
2            BD=H Por=L 
2        AWC=L Rain=M2     
2               N=M BD=M         
2        Clay=L BrayP=M     

1cluster analysis, principal component analysis (PC), ranking, and treatment response differences;2L=low, M=medium, 
H=high 
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Table 3.15.  Treatment effects1 and interactions on site productivity and soil 
processes at 10 sites across an entire environmental gradient in New Zealand. 

Treatment  Disturbance Fertilization  Tree Species 
 Response 
Variable   Effect p value  Effect p value  Effect  p value 

Site 
Productivity         
MAI    F>N 0.01  P>C <0.0001
         
Nitrogen 
Mineralization       
potNmin         
Nmin       P>C 0.09 
NH4mgkg  F:U>D 0.06      
NO3mgkg         
Nminkgha       P>C 0.05 
NH4kgha  F:U>D 0.06    P>C 0.07 
NO3kgha         

         
Decomposition       
Litter       C>P 0.0011 
Wood    F>N 0.1  C>P 0.005 
         
Least-Limiting Water 
Range       
Dry    N>F 0.004  P>C <0.0001
Wet    F>N 0.002  C>P <0.0001

Days-In       P>C <0.0001
Dry_yr4    N>F 0.02  P>C <0.0001
Wet_yr4    P: F>N 0.02  C>P <0.0001
Days-Inyr4             P>C 0.04 
1High disturbance (D), low disturbance (U), fertilized (F), unfertilized (N), 
P.radiata (P), and C.lusitanica (C). 
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Table 3.16.  Significant treatment effects1 and interactions on site productivity and soil processes by North and South Islands in New Zealand 
 Treatment 
 Disturbance Fertilization   Tree Species 

Response Variable North2 p value South3 p value North p value South p value   North p value South p value 
Site Productivity              
MAI F:U>D 0.03   F>N 0.005 C:F>N 0.06  P>C 0.0002 P>C <0.0001 
Nitrogen Mineralization             
potNmin              
Nmin              
NH4mgkg            P>C 0.04 
NO3mgkg   F: D>U 0.08   F>N 0.1      
Nminkgha            P>C 0.1 
NH4kgha            P>C 0.03 
NO3kgha   F:D>U 0.05   F>N 0.1      
Decomposition              
Litter   D>U 0.1 N>F 0.08 U:F>N 0.04  P>C 0.1 C>P <0.0001 
Wood          C>P 0.02   
Least-Limiting Water Range            
Dry     N>F 0.04 N>F 0.1  P>C <0.0001 P>C <0.0001 
Wet     F>N 0.03 F>N 0.09  C>P <0.0001 C>P <0.0001 
Days-In          P>C 0.0001 P>C 0.0002 
Dry_yr4     N>F 0.03 N>F 0.1  P>C 0.0003 P>C <0.0001 
Wet_yr4          C>P <0.0001 C>P <0.0001 
Days-Inyr4         

 
  
  

          P>C 0.0003     
1High disturbance (D), low disturbance (U), fertilized (F), unfertilized (N), P.radiata (P), and C.lusitanica (C). 
2North Island 
3South Island 
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Table 3.17.  Significant treatment effects1 and interactions on MAI (m3 ha-1 yr-1) for specific 
site groupings at 10 sites across an environmental gradient in New Zealand. 
   Level of Property 

   Low  High 

  Property Treatment Mean SE p value  Mean SE p value 

Main Plot         
DIST          

 Rainfall D 6.3 (1.2) 0.5  11.5 (2.2) 0.01 
  U 4.7 (1.3)   14.8 (2.3)  
 FC F: D** 10.5 (2.4) 0.8  13.1 (4.1) 0.06 
  F: U** 10.3 (2.4)   20.7 (4.1)  
Split-Plot         
FERT          
 Slope F 11.4 (2.7) 0.03  15.9 (2.2) 0.2 
  N 7.4 (2.7)   11 (2.2)  

 
Clay or 
CEC F 14.5 (2.7) 0.0007  8.8 (2.7) 0.8 

  N 7.8 (2.7)   9.8 (2.7)  
 N F 12.5 (2.2) 0.002  13.1 (3.5) 0.5 
  N 6.2 (2.2)   11.3 (3.5)  
 CN F 14.4 (4.2) 0.7  11.9 (1.8) 0.0006 
  N 12.9 (4.2)   6.2 (1.8)  

 
Organic
P F 14.2 (2.4) <0.0001  11.7 (3.1) 0.4 

    N 6.6 (2.4)    9.9 (3.1)   
 BrayP F 12.4 (1.7) 0.03  13.5 (6.1) 0.3 
  N 8.0 (1.7)   10.1 (6.1)  
1 DIST: High disturbance (D), low disturbance (U); FERT: fertilized (F), unfertilized (N); 
SPEC: P.radiata (P), and C.lusitanica (C). 
** Significant DISTxFERT interaction 
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Table 3.18.  Significant treatment effects1 and interactions on potential N 
mineralization (mg N kg-1) for specific site groupings at 10 sites across an 
environmental gradient in New Zealand. 
   Level of Property 

   LOW  HIGH 

  Property Treatment Mean SE 
p 

value  Mean SE 
p 

value 

Main plot         
DIST          
 N D 21.3 (6.3) 0.08  70.8 (13.3) 0.6 
  U 15.8 (6.3)   77.0 (13.9)  
 CN C: D** 65.8 (15.1) 0.1  33.0 (7.3) 0.003 
  C: U** 85.8 (15.1)   18.2 (7.3)  

 
Basesum 
or xCa C: D** 34.5 (9.6) 0.09  73.4 (15.1) 0.6 

  C: U** 25.2 (9.6)   82.8 (16.2)  
Split-Plot         
FERT          
 Topsoil F 12.3 (4.5) 0.1  61.0 (12.1) 0.9 
  N 8.1 (4.5)   61.5 (12.1)  
 OrganicP F 15.0 (4.5) 0.1  67.4 (12.2) 0.9 
  N 11.9 (4.5)   68.0 (12.2)  
Split-split Plot         
SPEC          
 BD F: P*** 31.7 (12.6) 0.7  78.2 16.8 0.05 
  F: C*** 33.7 (12.6)   55.7 16.8  
 AWC F: P*** 33.1 (12.8) 0.6  77.2 21.0 0.02 
  F: C*** 36.4 (12.8)   65.0 21.0  
 N F: P*** 16.2 (6.5) 0.05  84.4 14.2 0.03 
  F: C*** 23.2 (6.5)   62.8 14.2  
 CN F: P*** 99.3 (15.5) 0.01  18.8 7.3 0.07 
    F: C*** 70.7 (15.5)    25.6 7.3   
1 DIST: High disturbance (D), low disturbance (U); FERT: fertilized (F), unfertilized 
(N); SPEC: P.radiata (P), and C.lusitanica (C). 
** Significant DISTxSPEC interaction 
*** Significant FERTxSPEC interaction 
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Table 3.19.  Significant treatment effects1 on net N mineralization (mg N kg-1) for specific site 
groupings at 10 sites across an environmental gradient in New Zealand.  

   Level of Property 

   LOW  HIGH 

  Property Treatment Mean SE p value   Mean SE p value 

Split-Plot         
FERT          
 BD F 150.6 (32.4) 0.8  27.9 (9.1) 0.1 
  N 159.23 (32.4)   15.2 (9.1)  
          
Split-split Plot         
SPEC          
 N P 15.8 (5.8) 0.6  157.6 (32.4) 0.1 
  C 13.2 (5.8)   116.1 (32.4)  

 
clay or 
CEC P 71.3 (34.7) 0.5  118.2 (24.6) 0.1 

    C 62.1 (34.7)     71.7 (24.6)   
1 FERT: fertilized (F), unfertilized (N); SPEC: P.radiata (P), and C.lusitanica (C).  No interesting 
disturbance effects were observed by site grouping for total N mineralization (mg N kg-1). 
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Table 3.20.  Significant treatment effects1 and interactions on ammonification (mg N kg-1) 
for specific site groupings at 10 sites across an environmental gradient in New Zealand. 
   Level of Property 
   LOW  HIGH 

  Property Treatment Mean SE 
p 

value  Mean SE 
p 

value 
Main Plot         
DIST          
 Temp F: D** 4.6 (17.2) 0.05  -0.42 (15.0) 0.2 
  F: U** 51.4 (18.4)   0.5 (15.0)  
 Topsoil F: D** 12.1 (4.7) 0.7  -0.8 (19.5) 0.08 
  F: U** 14.9 (4.7)   44.3 (20.8)  
 Clay or CEC F: D** 13.2 (7.5) 0.03  29.9 (33.5) 0.4 
  F: U** -7.5 (8.0)   65.3 (33.5)  
 SolP F: D** 14.6 (10.9) 0.03  21.8 (22.0) 0.4 
  F: U** -16.9 (10.9)   43.9 (22.0)  

 
Basesum or 

xCa F: D** 8.6 (5.6) 0.4  -18.5 (36.5) 0.06 
  F: U** 16.4 (5.8)   71.6 (39.0)  
          
Split-Plot         
FERT          
 BD U: F** 57.2 (40.0) 0.6  23.1 (6.4) 0.04 
  U: N** 36.5 (40.0)   6.8 (6.4)  
 OrganicP U: F** 13.9 (4.4) 0.05  50.9 (24.3) 0.4 
  U: N** -0.6 (4.4)   30.5 (24.3)  
          
Split-split Plot         
SPEC          
 Topsoil P 15.0 (3.3) 0.09  28.3 (16.6) 0.3 
  C 6.0 (3.3)   15.6 (16.6)  
 BD P 33.7 (31.3) 0.6  19 (4.5) 0.03 
  C 22.1 (31.3)   7.8 (4.5)  
 N P 13.9 (2.8) 0.1  36.6 (23.7) 0.3 
  C 7.4 (2.8)   19.0 (23.7)  
 OrganicP P 12.8 (3.1) 0.1  32.6 (19.3) 0.3 
  C 5.7 (3.1)   17.8 (19.3)  
1 DIST: High disturbance (D), low disturbance (U); FERT: fertilized (F), unfertilized (N); 
SPEC: P.radiata (P), and C.lusitanica (C). 
** Significant DISTxFERT interaction 



 
 

 

148

Table 3.21.  Significant treatment effects1 and interactions on nitrification (mg N kg-

1) for specific site groupings at 10 sites across an environmental gradient in New 
Zealand. 
   Level of Property 
   LOW  HIGH 

  Property Treatment Mean SE 
p 

value  Mean SE 
p 

value 

Main Plot         
DIST          
 Rainfall F: D** 72.4 (33.8) 0.05  69.4 (40.5) 0.7 
  F: U** 27.9 (33.8)   61.6 (40.5)  
          
Split-Plot         
FERT          
 AWC F 15.2 (6.4) 0.09  104.4 (49.8) 0.9 
  N 6.1 (6.4)   107.6 (49.8)  
 SolubleP F 81.9 (54.3) 0.6  39.1 (19.8) 0.1 
  N 90.4 (54.3)   24.1 (19.8)  
          
Split-split Plot         
SPEC          
 Rainfall P 31.3 (32.8) 0.1  78.2 (39.8) 0.07 
  C 52.4 (32.8)   54.8 (39.8)  
 N P 1.9 (4.0) 0.1  125.1 (46.5) 0.3 
  C 5.7 (4.0)   101.1 (46.5)  

 
Basesum 
or xCa P 15.5 (17.5) 0.1  137.2 (60.1) 0.09 

  C 26.1 (17.5)   95.5 (60.1)  
1 DIST: High disturbance (D), low disturbance (U); FERT: fertilized (F), unfertilized 
(N); SPEC: P.radiata (P), and C.lusitanica (C). 
** Significant DISTxFERT interaction 
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Table 3.22.  Significant treatment effects1 and interactions on net N mineralization 
(kg N ha-1) for specific site groupings at 10 sites across an environmental gradient in 
New Zealand. 
   Level of Property 
   LOW  HIGH 

  Property Treatment Mean SE 
p 

value  Mean SE 
p 

value 

Main Plot         
DIST          
 Temp P: D** 74.8 (23) 0.8  98.9 (50) 0.05 
  P: U** 80 (25)   53.8 (50)  

 
Clay or 

CEC D 63.8 (24) 0.1  73.6 (23) 0.3 
  U 42.9 (24)   115.3 (23)  
          
Split-Plot         
FERT          
 BD F 125.6 (22) 0.9  33.9 (10) 0.09 
  N 131.1 (22)   18.6 (10)  
 OrganicP U: F*** 18.4 (6) 0.07  107.2 (28) 0.8 
  U: N*** 0.9 (6)   98.3 (28)  
          
Split-split Plot         
SPEC          
 BD P 143.2 (22) 0.3  34.6 (10) 0.05 
  C 113.5 (22)   17.8 (10)  
 FC P 49.3 (19) 0.3  118.8 (34) 0.1 
  C 38.0 (19)   82.7 (34)  
 N P 20.8 (7) 0.5  136.0 (21) 0.08 
  C 16.7 (7)   93.8 (21)  
1 DIST: High disturbance (D), low disturbance (U); FERT: fertilized (F), unfertilized 
(N); SPEC: P.radiata (P), and C.lusitanica (C). 
** Significant DISTxSPEC interaction 
*** Significant DISTxFERT interaction 
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Table 3.23.  Significant treatment effects1 and interactions on ammonification (kg N ha-1) for 
specific site groupings at 10 sites across an environmental gradient in New Zealand. 
   Level of Property 
   LOW  HIGH 

  Property Treatment Mean SE p value   Mean SE p value 

Main Plot         
DIST          
 Temp F: D** 7.7 (15.7) 0.05  4.5 (14.7) 0.9 
  F: U** 49.5 (16.8)   6.1 (14.7)  
 Topsoil F: D** 16.3 (6.3) 0.7  2.6 (17.6) 0.08 
  F: U** 20.2 (6.3)   42.5 (18.8)  

 
Clay or 

CEC D 10.2 (6.0) 0.2  20.6 (26.1) 0.1 
  U 2.6 (3.4)   73.0 (26.1)  
 SolubleP D 7.8 (7.8) 0.2  18.8 (17.3) 0.1 
  U -4.0 (8.4)   50.4 (17.3)  
          
Split-Plot         
FERT          
 BD U: F** 53.1 (35.3) 0.2  26.1 (6.7) 0.04 
  U: N** 35.9 (35.3)   7.8 (6.7)  
 CN U: F** 25.2 (17.2) 0.09  41.0 (17.2) 0.3 
  U: N** 7.0 (17.2)   23.2 (17.2)  
 OrganicP U: F** 17.9 (5.6) 0.6  48.8 (21.7) 0.07 
  U: N** 0.5 (5.6)   30.4 (21.7)  
          
Split-split Plot         
SPEC          
 BD P 35.9 (28.0) 0.4  23.1 (4.8) 0.02 
  C 18.8 (28.0)   9.3 (4.8)  
 FC P 23.9 (5.3) 0.04  32.6 (27.9) 0.5 
  C 8.3 (5.3)   20.4 (27.9)  
 PWP P 16.8 (4.4) 0.3  36.9 (20.3) 0.1 
  C 10.3 (4.4)   13.8 (20.3)  
1 DIST: High disturbance (D), low disturbance (U); FERT: fertilized (F), unfertilized (N); 
SPEC: P.radiata (P), and C.lusitanica (C). 
** Significant DISTxFERT interaction 
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Table 3.24.  Significant treatment effects1 on nitrification (kg N ha-1) for specific site 
groupings at 10 sites across an environmental gradient in New Zealand. 
   Level of Property 
   LOW  HIGH 

  Property Treatment Mean SE 
p 

value  Mean SE 
p 

value 

Split-Plot         
FERT          
 BD F 102.3 (39.7) 0.97  14.2 (6.9) 0.1 
  N 103.1 (39.7)   5.9 (6.9)  
 AWC F 18.7 (7.7) 0.1  80.7 (37.3) 0.9 
  N 7.0 (7.7)   82.7 (37.3)  
          
Split-split Plot         
SPEC          
 Rainfall P 32.3 (32.1) 0.08  59.8 (28.8) 0.04 
  C 55.0 (32.1)   39.6 (28.8)  
 N P 2.6 (5.1) 0.1  99.5 (33.5) 0.3 
  C 7.4 (5.1)   79.8 (33.5)  

 
Basesum 
 or xCa P 16.0 (17.5) 0.08  104.9 (42.6) 0.05 

  C 27.5 (17.5)   68.5 (42.6)  
1 FERT: fertilized (F), unfertilized (N); SPEC: P.radiata (P), and C.lusitanica (C).  No 
interesting disturbance effects were observed by site grouping for NO3 mineralization (kg ha-

1). 
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Table 3.25.  Significant treatment effects1 and interactions on litter k (yr-1) for specific site 
groupings at 10 sites across an environmental gradient in New Zealand. 
   Level of Property 
   LOW  HIGH 

  Property Treatment Mean SE 
p 

value   Mean SE 
p 

value 

Main Plot         
DIST          
 Temp N: D** 0.40 (0.03) 0.02  0.54 (0.1) 0.3 
  N: U** 0.29 (0.03)   0.75 (0.1)  
 Topsoil N: D** 0.43 (0.1) 0.9  0.45 (0.04) 0.06 
  N: U** 0.44 (0.1)   0.34 (0.04)  
 OrganicP N: D** 0.44 (0.08) 0.97  0.44 (0.04) 0.09 
  N: U** 0.44 (0.08)   0.31 (0.05)  
          
Split-Plot         
FERT          
 Rainfall F 0.43 (0.04) 0.04  0.42 (0.05) 0.09 
  N 0.33 (0.04)   0.48 (0.05)  
 SolubleP F 0.47 (0.06) 0.07  0.40 (0.03) 0.1 
  N 0.57 (0.06)   0.34 (0.03)  
          
Split-split Plot         
SPEC          
 BD P 0.41 (0.09) 0.2  0.36 (0.05) 0.003 
  C 0.48 (0.09)   0.50 (0.05)  
 FC P 0.32 (0.04) 0.0001  0.49 (0.09) 0.6 
  C 0.50 (0.04)   0.47 (0.09)  
 AWC P 0.31 (0.04) 0.006  0.44 (0.05) 0.1 
  C 0.46 (0.05)   0.51 (0.06)  
1 DIST: High disturbance (D), low disturbance (U); FERT: fertilized (F), unfertilized (N); 
SPEC: P.radiata (P), and C.lusitanica (C). 
** Significant DISTxFERT interaction 

 



 
 

 

153

Table 3.26.  Significant treatment effects1 on wood k (yr-1) for specific site groupings at 10 
sites across an environmental gradient in New Zealand. 
   Level of Property 
   LOW  HIGH 
  Property Treatment Mean SE p value   Mean SE p value 

Split-Plot         
FERT          
 Slope F 0.86 (0.17) 0.02  0.33 (0.14) 0.5 
  N 0.48 (0.17)   0.40 (0.14)  
 Rainfall F 1.37 (0.18) 0.07  0.33 (0.07) 0.5 
  N 0.76 (0.17)   0.37 (0.07)  

 
Basesum  
or xCa F 0.99 (0.17) 0.06  0.22 (0.04) 0.6 

  N 0.65 (0.16)   0.25 (0.04)  
Split-split Plot         
SPEC          
 BD P 0.39 (0.18) 0.3  0.50 (0.14) 0.009 
  C 0.44 (0.19)   0.71 (0.14)  

 
Clay 

 or CEC P 0.49 (0.11) 0.002  0.39 (0.23) 0.5 
  C 0.67 (0.11)   0.46 (0.23)  
 N P 0.61 (0.15) 0.002  0.35 (0.14) 0.3 
  C 0.88 (0.16)   0.40 (0.14)  
 SolubleP P 0.34 (0.08) 0.008  0.67 (0.20) 0.96 
  C 0.50 (0.09)   0.67 (0.20)  
1 FERT: fertilized (F), unfertilized (N); SPEC: P.radiata (P), and C.lusitanica (C).  No 
interesting disturbance effects were observed by site grouping for wood k (yr-1). 
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Figure 3.1.  Site locations across New Zealand. 
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Figure 3.2.  Typical plot layout at each of 10 sites across an environmental gradient in 
New Zealand.   
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Figure 3.3.  Methodology flow chart showing development of site grouping criteria in 
order to test for site-specific treatment effects across an environmental gradient in New 
Zealand.  
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Figure 3.4.  Results of cluster analysis using all climate, site, and soil properties (36 total) for 10 sites across an environmental 
gradient in New Zealand. 
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Figure 3.5.  Results of cluster analysis using climate and site properties (8 total) for 10 sites across an environmental gradient in New 
Zealand. 
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Figure 3.6.  Results of cluster analysis using soil physical properties (11 total) for 10 sites across an environmental gradient in New 
Zealand. 
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Figure 3.7.  Results of cluster analysis using soil chemical properties (17 total) for 10 sites across an environmental gradient in New 
Zealand. 
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Figure 3.8.  Results of cluster analysis using key properties identified during the environmental gradient analysis (18 total) for 10 sites 
across an environmental gradient in New Zealand. 
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Figure 3.9.  Results of cluster analysis using all site, climate, and soil properties and soil processes (No LLWR data) for 10 sites across 
an environmental gradient in New Zealand. 



 
 

 

163

M
a
x
i
m
u
m
 
D
i
s
t
a
n
c
e
 
B
e
t
w
e
e
n
 
C
l
u
s
t
e
r
s

0

2

4

6

Name of  Observat i on or  Cl ust er

MAM KAR ANI LOR BAL EYR BOT RAK MAH TAR

 
Figure 3.10.  Results of cluster analysis using all soil water dynamics measures (Dry, Wet, Days-In, Dry_yr4, Wet_yr4, and Days-
Inyr4) for 10 sites across an environmental gradient in New Zealand.  There were no measures of soil water dynamics at site MAM.  
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Figure 3.11.  Results of principal component analysis based on all site, climate, and soil 
properties for 10 sites across an environmental gradient in New Zealand.  Site groupings 
based on 3 groups are listed A through I, and site groupings based on 2 groups are listed J 
through O.  
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Figure 3.12.  Treatment response differences between high (D) and low (U) disturbance 
treatments for A) mean annual increment (MAI) across the rainfall gradient, and for net 
N mineralization (N min) across the B) Bray P, C) CEC, D) clay content, and E) air 
temperature gradients for 9 sites across the North and South Islands of New Zealand. 
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Figure 3.13.  Treatment response differences between fertilization (F) and no fertilization 
(N) for A) mean annual increment (MAI) across the soluble P gradient and for net N 
mineralization (N min) across the B) bulk density, and C) available water content 
gradients for 10 sites across the North and South Islands of New Zealand. 
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Figure 3.14.  Treatment response differences between fertilization (F) and no fertilization 
(N) for litter decomposition (litter k) across the A) latitude and B) rainfall gradients and 
for wood decomposition (wood k) across the C) air capacity and D) slope gradients for 10 
sites across the North and South Islands of New Zealand. 
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Figure 3.15. Treatment response differences between P. radiata (P) and C. lusitanica (C) 
for net N mineralization (N min) across the A) sum of bases and B) vapor pressure 
gradients, for C) litter decomposition (litter k) across the latitude gradient, and for D) 
wood decomposition (wood k) across the sum of bases gradient for 10 sites across the 
North and South Islands of New Zealand. 
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Figure 3.16.  Treatment effects of disturbance (D=high disturbance, U=low disturbance), 
fertilizer (F=fertilizer, N=no fertilizer), and tree species (P=P.radiata, C=C. lusitanica) 
on mean annual increment (MAI) (m3 ha-1 yr-1) at 10 sites across an environmental 
gradient in New Zealand.  *Fertilization increased MAI (p=0.01) compared to 
unfertilized.  **MAI was greater for P. radiata (p<0.0001) compared to C. lusitanica.  
Error bars are standard error of the mean.
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Figure 3.17.  Treatment effects of disturbance (D=high disturbance, U=low disturbance), 
fertilizer (F=fertilizer, N=no fertilizer), and tree species (P=P.radiata, C=C. lusitanica) 
on potentially mineralizeable N (mg N kg-1) at 10 sites across an environmental gradient 
in New Zealand.  No treatment effects were observed.  Error bars are standard error of the 
mean. 
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Figure 3.18.  Treatment effects of disturbance (D=high disturbance, U=low disturbance), 
fertilizer (F=fertilizer, N=no fertilizer), and tree species (P=P.radiata, C=C. lusitanica) 
on net N mineralization A) based on concentration (mg N kg-1) and B) based on content 
(kg N ha-1) at 10 sites across an environmental gradient in New Zealand.  *Net N 
mineralization was greater for P. radiata compared to C. lusitanica for both measures 
(mg N kg-1) (p=0.09) and (kg N ha-1) (p=0.05).  Error bars are standard error of the mean. 
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Figure 3.19.  Treatment effects of disturbance (D=high disturbance, U=low disturbance), 
fertilizer (F=fertilizer, N=no fertilizer), and tree species (P=P.radiata, C=C. lusitanica) 
on ammonification A) based on concentration (mg N kg-1) and B) based on content (kg N 
ha-1) at 10 sites across an environmental gradient in New Zealand.  *NH4 content (kg N 
ha-1) was greater for P. radiata compared to C. lusitanica (p=0.07).  **Significant 
disturbance by fertilization interaction.  Error bars are standard error of the mean.
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Figure 3.20.  Effects of the disturbance by fertilization interaction (D=high disturbance, 
U=low disturbance) (F=fertilizer, N=no fertilizer) on ammonification A) based on 
concentration (mg N kg-1) and  B) based on content (kg N ha-1) at 10 sites across an 
environmental gradient in New Zealand.  *Ammonification was greater for low 
disturbance in fertilized plots only (p=0.06).  Disturbance had no effect on 
ammonification for unfertilized plots.  Error bars are standard error of the mean. 
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Figure 3.21.  Treatment effects of disturbance (D=high disturbance, U=low disturbance), 
fertilizer (F=fertilizer, N=no fertilizer), and tree species (P=P.radiata, C=C. lusitanica) 
on nitrification A) based on concentration (mg N kg-1) and B) based on content (kg N ha-

1) at 10 sites across an environmental gradient in New Zealand.  No significant treatment 
effects were observed.  Error bars are standard error of the mean. 
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Figure 3.22.  Treatment effects of disturbance (D=high disturbance, U=low disturbance), 
fertilizer (F=fertilizer, N=no fertilizer), and tree species (P=P.radiata, C=C. lusitanica) 
on A) litter decomposition (k) and B) wood decomposition (k) at 10 sites across an 
environmental gradient in New Zealand.  *C. lusitanica k was greater than P. radiata k 
for both litter (p=0.001) and wood (p=0.005).  **Fertilization increased (p=0.1) 
decomposition for wood.  Error bars are standard error of the mean. 
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Figure 3.23.  Treatment effects of disturbance (D=high disturbance, U=low disturbance), 
fertilizer (F=fertilizer, N=no fertilizer), and tree species (P=P.radiata, C=C. lusitanica) 
on dry days during A) years 1-4, and during B) year 4 at 10 sites across the 
environmental gradient in New Zealand.  *Fertilization decreased the number of dry days 
during years 1-4 (p=0.004) and during year 4 (p=0.02).  **There were more dry days for 
P. radiata compared to C. lusitanica across all 4 years and during year 4 only 
(p<0.0001).  Error bars are standard error of the mean. 
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Figure 3.24.  Treatment effects of disturbance (D=high disturbance, U=low disturbance), 
fertilizer (F=fertilizer, N=no fertilizer), and tree species (P=P.radiata, C=C. lusitanica) 
on wet days during A) years 1-4, and during B) year 4 at 10 sites across an environmental 
gradient in New Zealand.  *There were significantly more wet days for C. lusitanica 
compared to P. radiata during years 1-4 and during year 4 (p<0.0001).  **Fertilization 
significantly increased the number of wet days during years 1-4 (p=0.002).  Error bars are 
standard error of the mean. 
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Figure 3.25.  Treatment effects of disturbance (D=high disturbance, U=low disturbance), 
fertilizer (F=fertilizer, N=no fertilizer), and tree species (P=P.radiata, C=C. lusitanica) 
on days in the least-limiting water range (LLWR) during A) years 1-4, and during B) year 
4 at 10 sites across an environmental gradient in New Zealand.  *P. radiata plots had 
significantly more days within the LLWR compared to C. lusitanica during years 1-4 
(p<0.0001) and during year 4 (p=0.04).  Error bars are standard error of the mean. 
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Figure 3.26.  Treatment effects of disturbance (D=high disturbance, U=low disturbance), 
fertilizer (F=fertilizer, N=no fertilizer), and tree species (P=P.radiata, C=C. lusitanica) 
on mean annual increment (MAI) (m3 ha-1 yr-1) on the A) North and B) South Islands in 
New Zealand.  *MAI was significantly greater for P. radiata compared to C. lusitanica 
for both islands (p<0.0001).  **Fertilization increased MAI on the North Island 
(p=0.0005).  Error bars are standard error of the mean. 
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Figure 3.27.  Treatment effects of disturbance (D=high disturbance, U=low disturbance), 
fertilizer (F=fertilizer, N=no fertilizer), and tree species (P=P.radiata, C=C. lusitanica) 
on litter k (yr-1) on the A) North and B) South Islands in New Zealand.  *Fertilization 
significantly decreased litter k on the North Island (p=0.08) **Litter k was significantly 
greater for P. radiata on the North Island (p=0.1), whereas litter k was greater for C. 
lusitanica on the South Island (p<0.0001).  Error bars are standard error of the mean. 
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CHAPTER 4 

 

 

DEVELOPMENT OF A FOREST SOIL QUALITY MODEL FOR PLANTED 
FORESTS IN NEW ZEALAND 

 

 

 

 

Abstract 

Soil quality describes the capacity of a soil to function (i.e. promote root growth; 

accept, hold, and supply water; store, supply, and cycle nutrients and carbon; promote 

optimal gas exchange; and promote biological activity) within ecosystem boundaries and 

has been identified by the Montreal Process and the Sustainable Forestry Initiative as a 

robust indicator of sustainability because it measures the sustained functional capacity of 

soil rather than the sustained production of trees, which is confounded by biotic factors 

(e.g., genotype) and cultural factors (e.g., herbicide, fertilization, irrigation).  Thus, 

monitoring soil quality can provide a tool to assess important sustainability indicators on 

managed lands.   

I propose a soil quality index that utilizes measures of key, easily measured 

indicators that may be useful in measuring soil function in relation to a diverse array of 

ecosystem services (e.g., wood quality, carbon sequestration, biodiversity, water supply 

and quality) in addition to wood or fiber production.  The main objective of this paper 
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was to develop a practical forest soil quality model for plantation forests in New Zealand 

where intensive management of forest plantations is the primary focus of the forestry 

sector.  This model was based on sufficiency levels for forest productivity of selected soil 

properties, climatic factors, and soil processes. Results, based on data from 32 sites 

across New Zealand, identified sufficiency equations for key soil (A horizon depth, bulk 

density, C:N ratio, Olsen P) and climate indicators (air temperature), and provided data 

for calculation of forest soil quality of both Pinus radiata D. Don and Cupressus 

lusitanica Mill. plantations, with and without fertilization. The resultant soil- and climate-

based model accounted for 68% of the variability in mean annual increment across the 

two species and fertilizer treatments. This soil quality model provides a means by which 

forest managers can establish monitoring protocols to assess forest soil quality across a 

broad environmental gradient in New Zealand and thereby implement appropriate 

management strategies necessary to remediate soil quality degradation or encourage soil 

quality aggradation and maintenance. 

 

Introduction 

Expanding human population and growing acknowledgement of natural resource 

limitations have led to relatively widespread awareness of the importance of sustainable 

development and management of global production forests (SAF, 1991; Burger, 1994; 

Nambiar, 1996).  In response, many countries have recognized the importance of 

identifying a common set of criteria and indicators that could be used to develop a 

method for measuring and monitoring sustainability of forest management systems 
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(Smith and McMahon, 1997).  Several agreements, including the Helsinki Process 

(Helsinki Process, 1994) and the Montreal Process (Anon., 1995) were proposed to 

initiate development of specific criteria and indicators in order to provide practical and 

necessary tools for monitoring the consequences of forest management, with the goal of 

ultimately establishing codes or prescriptions that reflect sustainable management 

decisions (Ramakrishna and Davidson, 1998; Smith and Raison, 1998).  Furthermore, the 

Sustainable Forestry Iniative (SAF, 1991) and the Forest Stewardship Council (FSC, 

2008) were created to promote the responsible management of production forests.  

Consequently, useful criteria and indicators must provide forest managers with specific 

guidelines regarding what to measure and how to evaluate those particular measurements 

relative to sustainable management of forest resources.   

The structure and content of the Montreal Process support the rationale for soil-

based indicators of forest sustainability, and exemplify the need for development of a 

more practical and quantitative tool for measuring these indicators.  Measures of soil 

quality offer an approach that has been considered to be a robust indicator of sustainable 

forest management (Larson and Pierce, 1994). 

For a soil to function to maintain forest productivity, soil quality is defined by the  

capacity of soil 1) to promote root growth; 2) accept, hold, and supply water; 3) hold, 

supply, and cycle nutrients, including carbon; 4) promote optimal gas exchange; 5) and 

promote biological activity (Burger and Kelting, 1998; 1999).  These five attributes 

describe the overall conditions necessary for forest productivity.  Each attribute is 

represented by multiple, measureable soil properties and processes (Table 4.1).  These 
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measureable properties and processes are also known as indicators of soil quality.  

Ultimately, the goal is for soil quality measures to adequately integrate the many complex 

interactions among the array of physical, chemical, and biological factors that control 

biogeochemical and hydrological processes and their variations in time and space 

(Bouma 1989, Larson and Pierce, 1991).  Development of soil quality models starts with 

indicator selection and interpretation, followed by integration into an index (Andrews et 

al., 2004).  Table 4.2 summarizes the basic steps for building soil quality models.  

Although soil quality has been measured in agricultural systems for over 75 years 

(Storie, 1933), it has only recently been applied to forestry systems (Gale and Gigal, 

1988).  Previous research and efforts to develop soil quality models for both agricultural 

(Kiniry et al., 1983; Pierce et al., 1983; Larson et al., 1983; Andrews et al., 2002; 2004) 

and forestry production systems (Gale et al., 1991; Burger and Kelting 1998; 1999; 

Sparling and Schipper, 2004; Jones et al., 2005; Amacher et al., 2007) suggests that the 

structure and design for a forest soil quality index (FSQI) should incorporate (1) 

sufficiency of important soil properties that are influenced by forest management, (2) 

their relationship to the soil attributes of soil quality that support a particular soil function 

including soil processes and a measurement to account for the influence of site and 

climate on productivity, and (3) the interactions between soil properties and productivity 

across varying landscapes.  A general model that integrates the above criteria is: 

FSQI = X(wtX) + Y(wtY) + Z(wtZ)     [1] 

where X=sufficiency of selected soil properties that represent important soil attributes,  

Y=sufficiency of selected soil processes that support critical soil function, and 
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Z=sufficiency of site and climatic factors; with specific weighting factors (wt) assigned to 

each component.   

Fifteen years ago, New Zealand signed the Montreal Process in order to  

sustainably manage their production forests which are intensively managed, highly 

productive, and an essential economic resource.  Consequently, New Zealand researchers 

have been committed to developing ways to monitor sustainable elements of their 

forestry production systems (Richardson et al., 1999).  Previous research in New Zealand 

has recognized that measurement of key soil indicators in order to assess soil quality may 

provide the necessary tools for assessment of the impact of various management practices 

on forest sustainability (Richardson et al., 1999).   

The objective of this paper was to develop a useful forest soil quality model for 

plantation forests in New Zealand.  This model was based on defining sufficiency levels 

for forest productivity of selected soil properties, climatic factors, and soil processes from 

32 sites across New Zealand. To meet this objective, I (1) identified potential key forest 

soil quality indicators; (2) established sufficiency curves for selected indicators; (3) 

developed a general forest soil quality model; and (4) adjusted the model to 

accommodate differences in tree species or forest management regimes. 

 

Materials and Methods 

Sites and Measurements 

 Thirty two sites across New Zealand were available for development of a soil 

quality model (Figure 4.1).  These sites were part of an extensive national trial network, 
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established to study the effects of site, soil, and climatic conditions and forest 

management on site and soil productivity (Watt et al., 2005).  At each site, highly stocked 

plots (40,000 stems ha-1) were installed to test the treatment effects of disturbance (high 

vs. low), fertilization (fertilizer vs. no fertilizer), and tree species (Pinus radiata vs. 

Cupressus lusitanica). 

Daily climate data were collected from a sensor installed on a 3m tower adjacent 

to plots at each site and included: photosynthetically active photon flux density, air 

temperature, relative humidity, and above-canopy rainfall.  Additionally, a 

comprehensive set of soil chemical and physical properties was measured for 0-10 cm of 

the mineral soil at time 0 (before treatments were applied to sites).  Procedures for 

sampling and analysis of soil properties are summarized in Watt et al. (2005).  Soil 

chemical measures were determined following the methods of Blakemore et al. (1987) 

and soil physical measures were determined following the procedures described by 

Gradwell (1972).  Net N mineralization, litter and wood decomposition, and number of 

days within the least-limiting water range (LLWR) were measured for each treatment 

combination at sites 1-10 in 2005-06, during the fourth year after study establishment on 

these 10 sites.  Procedures for measurement and analysis of soil processes are described 

in Chapter 3.  Site productivity was defined by mean annual increment (m3 ha-1 yr-1) 

based on four years of tree growth.  Summary statistics for site, climate, soil, and tree 

measurements were listed in Tables 3.3 and 3.4. 

 

Model Building 
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Indicator Selection and Sufficiency Curves 

Table 4.2 outlines my approach to building a soil quality model.  Based on 

previous research (Chapter 3) and available data, potential indicators were selected for 

inclusion in a progressive building of a general forest soil quality model for planted 

forests in New Zealand. These indicators included 10 soil properties, 4 climate properties, 

and 3 soil process measures (Table 4.3).  Selected indicators were also chosen in order to 

adequately describe the five important soil attributes that contribute to site productivity 

(Table 4.1).  Sites 1-10, where soil process data were available, were used to initially 

develop the first general and specific soil quality models.  These models were then tested 

on the remaing 22 sites (sites 11-32) and refined as needed in order to best describe 

relationships between indicators and tree productivity for those sites.  Finally, based on 

the knowledge gained from development of the soil quality models for sites 1-10 and then 

sites 11-32, a final forest soil quality model was developed for all 32 sites across the 

broad environmental gradient in order to provide a model for validation using other forest 

sites across New Zealand. 

General sufficiency curves defining the relationship between tree growth and 

indicator level were developed based on previous research (Pierce et al., 1983; Hunter et 

al., 1986; Gale et al., 1991; McLaren and Cameron, 1996; Smith and Doran, 1996; 

Sparling, 1997; Tresar-Cepeda et al., 1998; Kelting et al., 1999; Gregory et al., 2000; 

Grossman et al., 2001; Woolons et al., 2002; Andrews et al., 2004, Jones et al., 2005; 

Myrold, 2005; Amacher et al., 2007) and a general understanding of the relationship 

between site productivity and the indicators.  Sufficiency curves were developed for all 
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potential indicators (Table 4.3) that may influence site productivity for planted forests 

across New Zealand (Figures 4.2 – 4.18).  Equations for calculating sufficiency for each 

indicator are provided on each figure.  For each indicator, a sufficiency curve was fitted 

using the general shapes for standard scoring functions described in Karlen and Stott 

(1994) that were adapted from Wymore (1993).   

The most common sufficiency curves described soil, climate, or site conditions 

for which increasing levels of the condition were associated with increased site 

productivity.   These curves included topsoil depth (Top) (Figure 4.3), macroporosity 

(MP) (Figure 4.4), available water content (AWC) (Figure 4.5), total C (C) (Figure 4.8), 

total N (N) (Figure 4.9), Olsen P (P) (Figure 4.10), cation exchange capacity (CEC) 

(Figure 4.11), air temperature (Temp) (Figure 4.12), photosynthetically active radiation 

(PAR) (Figure 4.12), rainfall (Rain) (Figure 4.15), net N mineralization (NetN) (Figure 

4.16), litter decomposition (LitterK) (Figure 4.17), and days within the least-limiting 

water range (LLWR) (Figure 4.18).  Sufficiency curves describing soil, climate, or site 

conditions for which decreasing levels of the condition were associated with increased 

site productivity were fitted for bulk density (BD) (Figure 4.2), C:N ratio (CN) (Figure 

4.7), and vapor pressure deficit (VPD) (Figure 4.14).  A sufficiency curve depicting a 

centralized optimum range for a soil property was fitted for pH (pH) (Figure 4.6). 

In general, increasing bulk density can impede root growth, narrow the least-

limiting water range, suggest soil damage by compaction or high rock content, and 

increase rainfall runoff.  Thus, the bulk density sufficiency curve based on research by 

Pierce et al. (1983), Kelting et al. (1999), Grossman et al. (2001), Andrews et al. (2004) 



189 
 

 

and Amacher et al. (2007) shows a decrease in sufficiency as bulk density increases 

(Figure 4.2).   

Topsoil depth plays an important role in influencing rooting depth, nutrient 

supply, and water holding capacity (Andrews et al., 1998).  Thus, the sufficiency curve 

for topsoil depth (A horizon) was based on Woollons et al. (2002) and Jones et al. (2005) 

and shows an increase in sufficiency from 0 to 0.5 m; sites with topsoil depths exceeding 

0.5 m were considered sufficient for tree growth in New Zealand (Figure 4.3). 

Macroporosity plays an important role in providing aeration for tree root 

respiration and for promoting gas exchange (Kelting et al., 1999).  The sufficiency curve 

for macroporosity was based on Amacher et al. (2007) and on general understanding of 

relationships between macroporosity and tree growth in New Zealand (McLaren and 

Cameron, 1996) (Figure 4.4). 

The sufficiency curve for available water content and its influence on P. radiata 

and C. lusitanica growth in New Zealand was based on research by Kelting et al. (1999), 

Gregory et al. (2000), and Andrews et al. (2004).  At low available water content, soils 

cannot hold, supply, and cycle adequate supplies of water for tree growth.  Thus, 

sufficiency increases as available water content increases (Figure 4.5). 

The availability of many soil nutrients (i.e. P), non-essential elements (Al, Cd, 

and Pb), and essential trace elements (Mn, Fe, Cu, and Zn) is strongly dependent on pH 

(Miller and Gardiner, 2001).  Highly acidic (low pH) or highly alkaline (high pH) soils 

are not sufficient for optimal tree growth.  The sufficiency curve for pH was based on 

Gale et al. (1991), Smith and Doran (1996), Andrews et al. (2004), and Amacher et al. 
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(2007) and shows an optimum level between 5.5 and 7.2 where important soil nutrients 

have maximum availablility and toxic nutrients (i.e. Al) are not available for uptake by 

tree roots (Figure 4.6). 

The C:N ratio of soil is often associated with the soil capacity to promote 

biological activity and cycle nutrients because the soil microbial population is highly 

sensitive to the C:N ratio.  As the C:N ratio increases, N becomes limiting to soil 

microbes, slowing nutrient turnover, decomposition, and N mineralization (Myrold, 

2005).  Thus, the sufficiency curve for the C:N ratio was based on research by Myrold 

(2005) and a general understanding of C:N and soil microbial activity and shows a 

decrease in sufficiency as the C:N ratio increases (Figure 4.7). 

Organic matter content is a key indicator of soil quality because it influences all 

soil attributes.  Total C is an indicator of organic matter content and high levels of total C 

indicate high levels of organic matter.  Thus, the sufficiency curve for total C and its 

influence on P. radiata and C. lusitanica growth in New Zealand was based on Andrews 

et al (2004) and Amacher et al. (2007) and shows increasing sufficiency with increasing 

total C (Figure 4.8).  Similarly, total N is an important indicator of nutrient supply and 

tree growth is often highly correlated with increasing N availability (Hunter et al., 1986).  

The sufficiency curve for total N was based on Hunter et al. (1986), Sparling, 1997, 

Trasar-Cepeda et al. (1998), and Amacher et al. (2007) and shows increasing sufficiency 

with increasing total N (Figure 4.9). 

Olsen P is an index of the amount of plant-available P in the soil and is an 

essential nutrient for plant growth.  The sufficiency curve for Olsen P was based on 
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Hunter et al. (1986) and Amacher et al. (2007) and shows a general increase in 

sufficiency with increasing levels of Olsen P (Figure 4.10).  The sufficiency curve for 

cation exchange capacity (CEC) was based on research by Amacher et al. (2007) and 

shows a general increase in sufficiency as CEC levels increase (Figure 4.11).  The CEC 

decribes the soil’s ability to cycle nutrients and buffer against acidic inputs (i.e. fertilizer 

and acid rain) which can deplete Ca, an essential nutrient that can be limiting in New 

Zealand’s forests (Hunter et al., 1983).   

Sufficiency curves for climate indicators including air temperature, rainfall, 

photosynthetically active radiation (PAR), and vapor pressure deficit were developed 

based on general knowledge of the effect of climate on tree physiology and productivity.  

In New Zealand, air temperature, rainfall, and PAR are not in excess and consequently do 

not limit productivity on the upper end of the scale (i.e. too hot or too wet).  However, 

many sites in New Zealand have limitations to optimum tree productivity because of low 

temperature or insufficient precipitation.  Thus the sufficiency curves for air temperature, 

rainfall, and PAR show an increase in sufficiency with an increase in the climate variable 

across a range that is typical in New Zealand.  Vapor pressure deficit describes the aridity 

of the environment, and thus as VPD increases, the sufficiency relative to tree 

productivity decreases. 

  Sufficiency curves for soil processes were based on previous research and a 

general knowledge of important soil processes required for tree growth.  Net N 

mineralization, decomposition, and the least-limiting water range were all determined to 

have increasing sufficiencies with increasing values as these processes describe the soil’s 
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ability to cycle, hold, and supply water and nutrients, and promote biological activity, gas 

exchange, and root growth.  

Mean and range of sufficiency values for each indicator are listed in Table 4.4.  

To calculate a soil quality index (SQI), sufficiencies for each indicator were multiplied by 

a weighting factor and then summed.  For general models, weighting factors were equal 

for all indicators.  An example of a general model is:   

SQI= (suffA)(0.2) + (suffB)(0.2) + (suffC)(0.2) + (suffD)(0.2) + (suffE)(0.2) [2] 

where suffA through suffE are sufficiency values for indicators A through E.  Indicators 

are weighted equally, and the weight factors sum to 1.   

For specific models, only specific indicators were entered into the model and 

weighting factors were assigned based on their estimated relative importance to site 

productivity for specific tree species or forest management practices.  An example of a 

specific model is:  

SQI(specific)= (suffA)(0.1) + (suffB)(0.4) + (suffC)(0.25) +(suffD)(0.25)  [3] 

where suffA through suffD are sufficiency values for indicators A through D, and 

weighting factors for each indicator were based on their relative importance to site 

productivity.  For a given group of indicators, linear regression analysis was used to 

calculate the standardized coefficient for each indicator.  Individual coeffients were then 

divided by the total sum of the coefficients to calculate the weighting factor for that 

specific indicator so that weighting factors are expressed as a value between 0 and 1, and 

that sum up to 1. 
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Each progressive soil quality index was tested against site productivity, defined 

by mean annual increment (MAI) measured across 4 years.  The “best” model was 

determined to be the model with the soil quality index that was most closely related to 

MAI (highest r2).  For each model, outlier sites (i.e. sites where the soil quality index did 

not relate to site productivity in the same way as the other sites) were identified.  

Investigation of those specific sites and why they were outliers was one way to explore 

the data and improve the soil quality models.  Often, site or climatic properties are 

included in soil quality models in order to account for those sites where climate or site 

conditions, not soil quality, are the most limiting factor to tree growth (e.g.,Gale et al., 

1991; Woollons et al., 2002) 

 

General Models Based on Sites 1-10 

General models were first developed on a subset (n=10) of sites and then further 

tested on the remaining sites in the study (Table 4.5).  The first general model (SQM1) 

used all 10 soil properties with equal weighting factors.  The second general model 

(SQM2) used the same 10 soil properties and selected climate properties.  Only those 

climate properties that were correlated with site productivity were entered into the model.  

Weight factors were divided equally between soil and climate properties as groups: 

SQ2 = (suff of soil properties)(0.5) + (suff of climate properties)(0.5) [4] 

This second model (SQM2) was tested against total N mineralization, decomposition, and 

LLWR as well as MAI.  This tested if the model was describing both site and soil 

productivity. 
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The third general model (SQM3) used the same 10 soil properties, climate 

(selected during development of SQM2), and selected soil process measurements.  Soil 

processes that were not correlated to site productivity were not included.  In this model, 

each indicator was weighted equally: 

 
SQ3 = (suff of soil properties)(wt) + (suff of climate properties) (wt) + (suff of 

soil processes)(wt)       [5] 
 

Specific Models Based on Sites 1-10 

In order to build models that were appropriate for specific tree species and forest 

management practices, multiple linear regression was used to identify indicators in the 

general models that were highly correlated to site productivity for fertilized and 

unfertilized mean MAI for both P. radiata and C. lusitanica.  For specific models, 

weighting factors were calculated as described above using the absolute value of 

standardized coefficients, and normalizing the values from 0 to 1. 

 

Final Models  

The above models developed based on the subset of sites (1-10) were tested on 

the remaining sites (11-32).  Specific models based on sites 11-32 were then developed in 

the same way as for the subset of sites, but without the option of including soil process 

measures because they were not available.   

 Final soil quality models for sites 1-32 were developed based on those indicators 

that were consistently correlated with site productivity throughout the entire model 
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building process.  Indicators that were selected for models for sites 1-10 and for sites 11-

32 were given first consideration before entering more indicators into the models.  

Furthermore, some indicators were retained in the soil quality model even if they were 

not correlated with site productivity at the sites for which I had data.  These indicators 

were retained to ensure that all soil attributes were adequately described, and to allow for 

the possibility that these indicators may play a role in determining soil quality at other 

sites or under future soil conditions.  

 

Results 

General Models for Sites 1-10  

Models Using Soil Properties as Indicators 

The general soil quality model (SQM1), incorporating the 10 soil property 

indicators, was: 

SQ1=BD(0.1)+Top(0.1)+MP(0.1)+AWC(0.1)+pH(0.1)+CN(0.1)+C(0.1)+N(0.1) 
+P(0.1)+CEC(0.1)       [6] 

 
where SQ1=soil quality index 1; BD= sufficiency of bulk density; Top= sufficiency of 

topsoil depth; MP= sufficiency of macroporosity; AWC= sufficiency of available water 

content; pH= sufficiency of pH; CN= sufficiency of C:N ratio; C= sufficiency of total C; 

N= sufficiency of total N; P= sufficiency of Olsen P; and CEC= sufficiency of cation 

exchange capacity.  Each indicator was weighted equally. 

SQ1 was calculated for each of the 10 sites (1-10) comprising the subset of sites 

available for developing the soil quality model.  Soil quality index 1 (SQ1) values were 
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regressed with mean annual increment (MAI) (m3 ha-1 yr-1) to determine the extent to 

which the most-general soil quality model was correlated with site productivity.  The 

initial fit of SQ1 to MAI was poor (r2=0.06), but when the 4 outlier sites were removed, 

the fit was improved greatly (r2=0.86) (Figure 4.19a).  A similar relationship between 

SQ1 and MAI was observed for individual tree species (P. radiata and C. lusitanica) 

(Figure 4.19b) and for individual tree species with and without fertilizer treatment (P. 

radiata: fert and no fert; Figure 4.19c) (C. lusitanica: fert and no fert; Figure 4.19d).  For 

both tree species, the strongest correlation between SQ1 and MAI was for the unfertilized 

treatment (r2=0.22 and 0.27 for unfertilized P. radiata and unfertilized C. lusitanica, 

respectively) (Figure 4.19 c and d).  These results suggest that factors in addition to soil 

properties (i.e. site, climate, and forest management) are having an important influence 

on site productivity. 

 

Models Using Soil and Climate Properties as Indicators 

 The second general soil quality model (SQM2), incorporating soil properties and 

selected climate properties as indicators of soil quality that were correlated to MAI, was: 

SQ2 = (soil property sufficiencies) + (PAR)(0.25) + (VPD)(0.25)   [7] 

where SQ2=soil quality index 2; (soil property sufficiencies)= BD(0.05) + Top(0.05) + 

MP(0.05) + AWC(0.05) + pH(0.05) + CN(0.05) + C(0.05) + N(0.05) + P(0.05) + 

CEC(0.05) where BD= sufficiency of bulk density, Top= sufficiency of topsoil depth, 

MP= sufficiency of macroporosity, AWC= sufficiency of available water content, pH= 

sufficiency of pH, CN= sufficiency of C:N ratio, C= sufficiency of total C, N= 
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sufficiency of total N, P= sufficiency of Olsen P, and CEC= sufficiency of cation 

exchange capacity; PAR=sufficiency of photosynthetically active radiation; and VPD= 

sufficiency of vapor pressure deficit.  Weighting factors were assigned in order to have 

equal weighting between the group of soil properties and the group of climate properties.   

Soil Quality Index 2 was calculated for each of the 10 sites (1-10) that comprised 

the subset of sites available for developing the soil quality model.  The initial fit of SQ2 

to MAI (r2=0.43) (Figure 4.20a) was much improved when compared with the fit of the 

soil quality index (SQ1) from the first general model and MAI (r2=0.06) (Figure 4.19a).  

The outlier sites that were identified in SQM1 (Figure 4.19a) were better fit to MAI when 

climate factors were incorporated into SQM2 (r2= 0.06 for SQ1 vs. r2=0.43 for SQ2 with 

outliers included in each model).  Better fits were also observed when SQ2 was regressed 

with MAI for each of the two tree species (P. radiata: r2=0.42 and C. lusitanica: r2=0.44) 

(Figure 4.20b) and when relationships were further specified by fertilizer treatment for 

each of the two tree species (Figure 4.20 c and d).  As observed for SQ1, the best 

correlation between SQ2 and P. radiata MAI was for the unfertilized treatment (r2=0.57) 

(Figure 4.20c).  But for C. lusitanica the best correlation between SQ2 and MAI was for 

the fertilized treatment (r2=0.36) (Figure 4.20d).   

 

Models Using Soil and Climate Properties and Soil Processes as Indicators 

 The third general model (SMQ3), incorporating soil and climate properties and 

soil process indicators, was: 

SQ3 = (soil property sufficiencies) + (PAR)(0.067) + VPD(0.067) + NetN(0.067) + 
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Litterk(0.067) + LLWR(0.067)      [8] 
 

where SQ3=soil quality index 3; (soil property sufficiencies)= BD(0.067) + Top(0.0067) 

+ MP(0.067) + AWC(0.067) + pH(0.067) + CN(0.067) + C(0.067) + N(0.067) + P(0.067) 

+ CEC(0.067) where BD= sufficiency of bulk density, Top= sufficiency of topsoil depth, 

MP= sufficiency of macroporosity, AWC= sufficiency of available water content, pH= 

sufficiency of pH, CN= sufficiency of C:N ratio, C= sufficiency of total C, N= 

sufficiency of total N, P= sufficiency of Olsen P, and CEC= sufficiency of cation 

exchange capacity; PAR=sufficiency of photosynthetically active radiation; VPD= 

sufficiency of vapor pressure deficit; NetN = sufficiency of net N mineralization; Litterk 

= sufficiency of litter decay rate; and LLWR = sufficiency of % of days within the 

LLWR.  Equal weighting factors (0.067) were assigned to all indicators in this model.   

 Compared to the weak relationship between SQ1 and MAI (r2=0.06), addition of 

soil process indicators in SMQ3 improved the model (r2=0.19), especially when outlier 

sites were excluded from the regression (r2=0.91) (Figure 4.21a).  However, inclusion of 

soil process indicators did not improve SMQ3 (r2=0.19) compared to SQM2 (r2=0.43). 

 The remainder of the regressions using soil and climate properties and soil 

processes as indicators for SQM3 for sites 1-10 were done including the outlier sites in 

order to broaden the applicability of the resultant models (Figure 4.21a, b, and c).  As 

previously observed for SQM1, improved correlations between SQ3 and MAI occurred 

for unfertilized treatments for both tree species (r2=0.36 and 0.35 for unfertilized P. 

radiata and unfertilized C. lusitanica, respectively) (Figure 4.21 c and d).  Although 

these correlations were better than the correlations between SQ1 and MAI (r2=0.22 and 
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0.27 for unfertilized P. radiata and unfertilized C. lusitanica, respectively), the strongest 

correlations were for SQ2 and MAI (r2=0.57 and 0.36 for unfertilized P. radiata and 

fertilized C. lusitanica, respectively).   

 

Specific Models for Sites 1-10 

 Specific models for 1) MAI pooled across both species and fertilizer treatments 

(SQM4), 2) MAI for P. radiata  (SQM5), 3) MAI for C. lusitanica (SQM6), 4) MAI for 

P. radiata with fertilizer (SQM7),  5) MAI for P. radiata without fertilizer (SQM8), 6) 

MAI for C. lusitanica with fertilizer (SQM9) and 7) MAI for C. lusitanica without 

fertilizer (SQM10) for sites 1-10 are listed in Table 4.6.  The strongest correlation 

occurred between SQ4 and MAI pooled across both species and fertilizer treatments 

(r2=0.65, p=0.005).  Building specific models by tree species and fertilization treatment 

did not improve correlations between SQ and MAI.  Consequently, the best soil quality 

model for sites 1-10 was: 

SQ4 = VPD(0.36) + PAR (0.25) + Top (0.19) + CN(0.11) + NetN(0.07) + C(0.02)    [9] 

where SQ4=soil quality index 4; VPD= sufficiency of vapor pressure deficit; PAR= 

sufficiency of photosynthetically active radiation; Top= sufficiency of topsoil depth; 

CN= sufficiency of C:N ratio; NetN= sufficiency of net N mineralization; and C= 

sufficiency of total C; and each indicator was assigned a weighting factor based on its 

relative importance to site productivity at those 10 sites.   

 

General Models for Sites 11-32 
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Models using Soil Properties as Indicators 

The first general soil quality model (SQM1), incorporating the 10 soil property 

indicators, was calculated the same way for sites 11-32 as for sites 1-10 (see above). 

There were five outlier sites (3, 11, 17, 20, and 24).  When the outlier sites were included 

in the regression, there was no correlation between SQ1 and MAI (r2=0.06) (Figure 

4.22a).  When the outlier sites were excluded from the analysis, a strong correlation 

between the model and MAI occurred (r2=0.51) (Figure 4.22a).  A similar role of outliers 

in causing low predictability of MAI was observed for correlations of SQ1 with MAI by 

tree species (Figure 4.22b) and by fertilization treatment for each tree species (Figure 

4.22 c and d).   

 

Models using Soil and Climate Properties as Indicators 

 The second general soil quality model (SQM2) (Equation 7) was initially built by 

selecting climate factors (PAR and VPD) in addition to the 10 soil properties that were 

highly correlated to MAI for sites 1-10.  The next step in the soil quality building process 

was to test SQM2 against MAI at the remaining sites 11-32.  Soil quality model 2 

(SQM2) was not correlated with MAI at sites 11-32 (r2=0.003).  Further investigation 

into this relationship revealed that although PAR (r2=0.22) and VPD (r2=0.34) were 

positively correlated with MAI at sites 1-10, PAR (r2=0.03) and VPD (r2=0.10) were 

weakly and negatively correlated with MAI at sites 11-32.  Furthermore, mean air 

temperature was only weakly correlated with MAI (r2=0.16) at sites 1-10, whereas mean 

air temperature was positvely correlated to MAI (r2=0.30) at sites 11-32.  As a result, the 
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soil quality model that incorporated soil properties and climatic factors (PAR and VPD) 

for sites 1-10 was not appropriate for sites 11-32 and had to be adjusted by replacing 

indicators for PAR and VPD with an indicator for mean air temperature.  The resultant 

soil quality model (SQM11), incorporating soil and selected climate properties, for sites 

11-32 was: 

SQ11 = (soil property sufficiencies) + (TEMP)(0.5)    [10] 

Where SQ11=soil quality index 11;  (soil property sufficiencies)= BD(0.05) + Top(0.05) 

+ MP(0.05) + AWC(0.05) + pH(0.05) + CN(0.05) + C(0.05) + N(0.05) + P(0.05) + 

CEC(0.05) where BD= sufficiency of bulk density, Top= sufficiency of topsoil depth, 

MP= sufficiency of macroporosity, AWC= sufficiency of available water content, pH= 

sufficiency of pH, CN= sufficiency of C:N ratio, C= sufficiency of total C, N= 

sufficiency of total N, P= sufficiency of Olsen P, and CEC= sufficiency of cation 

exchange capacity; and TEMP = sufficiency of air temperature.  One-half of the 

weighting was distributed equally among the 10 soil properties and the other half of the 

weighting was allocated to the air temperature variable. Including air temperature in the 

soil quality model improved the correlation (r2=0.61) between soil quality and site 

productivity (Figure 4.23a).  Soil quality index 11 was also correlated with P. radiata 

MAI (r2=0.57), C. lusitanica MAI (r2=0.37) (Figure 4.23b), fertilized P. radiata 

(r2=0.53), unfertilized P. radiata (r2=0.52) (Figure 4.23c), fertilized C. lusitanica 

(r2=0.29), and unfertilized C. lusitanica (r2=0.38) (Figure 4.23d).   

 

Specific Models for Sites 11-32 
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Specific models for 1) MAI pooled across both species and fertilizer treatments 

(SQM12), 2) MAI for P. radiata (SQM13), 3) MAI for C. lusitanica (SQM14), 4) MAI 

for P. radiata with fertilizer (SQM15), 5) MAI for P. radiata without fertilizer (SQM16), 

6)  MAI for C. lusitanica with fertilizer (SQM17) and 7) MAI for C. lusitanica without 

fertilizer (SQM18) for sites 11-32 are listed in Table 4.7.  Coefficients of determination 

for regression of specific soil quality indices and site productivity ranged from 0.59 to 

0.71.  The strongest correlation was for SQ12 and MAI pooled across both species and 

fertilizer treatments (r2=0.71; p<0.0001).  Developing specific models by tree species and 

by tree species and fertilization treatment combinations did not improve correlations.  

Thus, the best soil quality model for sites 11-32 was: 

SQ12 = Temp(0.37) + Top(0.21) + BD(0.19) + CEC(0.13) + P(0.1) [11] 

where SQ12=soil quality index 12; Temp= sufficiency of air temperature; BD= 

sufficiency of bulk density; CEC= sufficiency of cation exchange capacity; and P=  

sufficiency of Olsen P; and each indicator was assigned a weighting factor based on its 

importance to site productivity for those sites.   

 

Final Forest Soil Quality Index for sites 1-32 

 Specific models for 1) MAI pooled across both species and fertilizer treatments 

(FSQM), 2) MAI for P. radiata (FSQM_Pine), 3) MAI for C. lusitanica 

(FSQM_Cypress), 4) MAI for fertilized P. radiata (FSQM Pine Fert), 5) MAI for P. 

radiata without fertilizer (FSQM_Pine_NoFert), 6) MAI for fertilized C. lusitanica 

(FSQMCypress_Fert), and 7) MAI for C. lusitanica without fertilizer 
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(FSQM_Cypress_NoFert) for all sites (1-32) are listed in Table 4.8.  The highest 

correlation occurred between the FSQI pooled across species and fertilizer treatments and 

MAI (r2=0.68; p<0.0001).  Developing specific models by tree species and by tree 

species with and without fertilization did not improve correlations between soil quality 

indices and MAI.  As such, the general forest soil quality index (FSQI), pooled across 

both species and fertilizer treatments for all sites, was: 

FSQI = Temp(0.41) + BD(0.15) + CEC(0.14) + Top(0.13) + P(0.12) +CN(0.05)  [12] 

where FSQI=forest soil quality index; Temp= sufficiceny of air temperature; BD= 

sufficiency of bulk density; CEC= sufficiency of cation exchange capacity; Top= 

sufficiency of topsoil depth; P= sufficiency of Olsen P; CN= sufficiency of C:N ratio; 

and weighting factors were determined based on the relative importance of the indicator 

to site productivity across all sites.   

 

Soil Quality Models and Soil Processes for Sites 1-10 

 Relationships between soil quality indices and measured soil processes at sites 1-

10 were explored.  Soil quality index 1, based on soil properties alone, was positively 

correlated to net N mineralization (kg N ha-1 yr-1) when averaged 1) across sites 1-10 

(r2=0.69) (Figure 4.24a), 2) by species (r2=0.60 and 0.63 for P. radiata and C. lusitanica, 

respectively) (Figure 4.24b), and 3) by fertilization treatments (r2=0.72 and 0.64 for 

fertilized and unfertilized plots, respectively) (Figure 4.24c).  Soil Quality Index 1 was 

not correlated with litter or wood decomposition or the least-limiting water range 

measures (data not shown).  Soil Quality Index 2, based on soil and climate properties, 
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was positively correlated with net N mineralization (r2=0.42) and litter decomposition 

(r2=0.51), but not to the least-limiting water range LLWR (data not shown). 

 Relationships between the general forest soil quality index (FSQI) and soil 

processes measured at sites 1-10 were also explored.  The general FSQI had a relatively 

weak positive correlation to net N mineralization by species (r2=0.24 and 0.28 for P. 

radiata and C. lusitanica, respectively) (Figure 4.25a) and by fertilizer treatment (r2=0.22 

and 0.31 for fertilized and unfertilized plots, respectively) (Figure 4.25b), and had a 

stronger positive correlation (r2=0.54) with litter decomposition pooled across both 

species and fertilizer treatments (Figure 4.25c). 

 

Discussion 

A primary objective of measuring soil quality is to provide a tool for evaluation of 

forest management practices that will optimize the combined goals of maintaining or 

enhancing tree production, eliminating environmental degradation, and sustaining soil 

resources (Letey et al., 2003).  Results of my research show that a qualitative forest soil 

quality model based on general understanding of the interaction among site, climate, and 

soil properties provided a relatively good representation (r2=0.68) of forest productivity 

across New Zealand for both C. lusitanica and P. radiata.  However, soil quality models 

are not designed to simply predict tree growth, but to integrate the many complex 

interactions among important site and soil properties that play a large role in sustaining 

forest productivity (Doran and Parkin, 1994; Larson and Pierce, 1994).  Additionally, the 

final FSQI was also correlated to N mineralization and litter decomposition.  Therefore, 
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these soil quality models provide insight not only into factors controlling tree growth, but 

into key soil nutrient cycling processes that play a longer term role in sustaining forest 

productivity and ecosystem services (Fisher and Binkley, 2000).  Thus, these soil quality 

models provide a framework for the development of additional indices of soil quality that 

can be used to measure a more diverse array of soil functions ranging from climate 

regulation to human living space (Arshad and Martin, 2002). 

In New Zealand, where climatic conditions vary widely across a relatively small 

scale, it was expected that at some sites, climatic factors (i.e. photosynthetically active 

radiation, vapor pressure deficit, and air temperature) would be the most limiting factor to 

tree growth (Woollons et al., 2002).  When climatic indicators were included in addition 

to soil properties in the soil quality models presented in this paper, the relationship 

between the soil quality indices and MAI improved.  The final general and specific FSQI 

models all included the air temperature indicator which had the heaviest weighting factor 

among indicators included in the models. Consequently, it is important to include 

climatic factors in the model for New Zealand in order to account for those sites which 

may have favorable soil properties, but where climatic conditions are not conducive to 

high forest productivity.  Previous soil quality models (e.g., Gale et al., 1991) have used a 

similar approach relying on a combination of climatic and soil variables to predict forest 

productivity for white spruce (Picea glauca) plantations in the northern U.S.  

Soil indicators selected for the final, general FSQI (Table 4.8) have long been 

recognized as important for maintaining soil productivity by previous soil quality 

research in the U.S. (Schoenholtz et al., 2000) and across New Zealand (Sparling and 
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Schipper, 2002; Watt et al., 2005).  Topsoil depth, soil P, and C:N ratio were highly 

correlated with P. radiata and C. lusitanica tree growth in concurrent research (Watt et 

al., 2005; Watt et al., submitted) on the 35 sites, and thus were identified as key indicators 

of site quality in my approach.  Bulk density and cation exchange capacity were 

identified by Sparling and Schipper (2002) as indicators for monitoring “aspects” of soil 

quality throughout New Zealand.  Therefore, indicators chosen for my final FSQI are 

supported by soil quality research across all land uses (Sparling and Schipper, 2002; 

2004) and production forestry (Watt et al., 2005) in New Zealand.  Furthermore, the 

selected soil indicators are sensitive to management, and can provide insight into 

management-induced changes in soil quality over time (Arshad and Martin, 2002). 

Soil quality models that were developed specifically for a particular tree species 

(i.e., Pinus radiata or Cupressus lusitanica) or forest management practice (i.e.,fertilizer 

application), were generally not more accurate than the simpler, general models 

developed for MAI pooled across tree species and fertilizer treatments.  This result 

suggests that, in general, these soil quality models can be useful for multiple tree species 

and forest management practices on a wide array of sites in New Zealand, allowing for a 

more universal use than a model that has been designed for a specific tree species, under 

a specific forest management practice, at a particular site.   

Indicators that were not included in the final forest soil quality index, but that are 

considered to be an integral part of soil quality were pH (Kiniry et al., 1983; Doran and 

Parkin, 1994; Smith and Doran, 1996; Romig et al.,1996) and a measure of water holding 

content or availability (Larson and Pierce, 1991; Doran and Parkin, 1994).  The range of 
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pH at the sites available for this study was 4.0-5.8, with a mean of 5.0.  The lowest 

sufficiency score for pH was 0.63 on a scale of 0 to 1, which was also the highest value 

designated as the minimum value among all sufficiency ranges for all indicators (Table 

4.4).  Thus, across these sites in New Zealand, pH sufficiency score was high, and was 

most likely not limiting tree growth when compared to the other potential indicators.  

Furthermore, the addition of pH into any of the models did not sensitize or improve the 

models because the range was not only very narrow, but values were well within the 

range that would not limit tree growth (Gale et al., 1991; Burger et al., 1994). 

Water holding capacity was also not included in the final FSQI models.  Although 

there was a wide range of sufficiencies for available water content (Table 4.4), addition 

of that indicator did not sensitize or improve the models.  These results suggest that soil 

water was not a limiting factor to tree growth at these 35 sites.  Although some soils 

appear to have low available water content or water holding capacity, average rainfall 

amounts may be sufficient to maintain soil moisture above limiting thresholds.  For 

example, at sites 28 and 33, the soil texture is very sandy, yet average annual rainfall is 

adequate to provide sufficient water to the tree crop.  At those sandy sites, nutrients 

appear to be more limiting than water content.  This speculation is supported by previous 

research at these sites where soil nutrients were highly correlated with tree growth, 

whereas available soil water appeared to have no effect on tree growth (Watt et al., 2005).  

Furthermore, previous research has found that at these sites with sandy soils, there was a 

positive water balance throughout the year, indicating that soil water was not limiting tree 

growth (Watt et al., in press). 
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Conclusions 

The objective of this research was accomplished by developing a useful forest soil 

quality model for plantation forests in New Zealand.  Additionally, this study provides 

the framework for New Zealand policy makers and forest managers to answer the 

question: “What measurements should be made to evaluate the effects of forest 

management on soil function in order to assess sustainability?”   

The FSQI requires calculation of sufficiency levels for forest productivity of 

selected, easily-measured soil properties (bulk density, cation exchange capacity, topsoil 

depth, Olsen P, and C:N ratio) and climatic factors (air temperature).  This FSQI was 

strongly correlated with tree growth and soil processes at 32 sites across a broad 

environmental gradient in New Zealand.  Furthermore, the FSQI did not require 

adjustment to accommodate differences in tree species or forest management regimes 

across this gradient, suggesting that the index has practicality across a range of forest 

management systems. 

The integrative forest soil quality model developed by this effort is quantitative 

and applicable across the complex environmental gradient in New Zealand and provides a 

standardized tool to monitor forest management sustainability as outlined in the Montreal 

Process.  Furthermore, this FSQI can be used to monitor both short- and long-term 

changes in the soil resource, relative to other important soil functions, allowing managers 

to track diverse and evolving elements of sustainability over time. 
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Table 4.1.  Forest soil attributes that support soil functions and their indicators 
for measuring soil quality (modified from Burger and Kelting (1998). 

Attribute   Indicator 

  penetrometer force 
 soil moisture 
 bulk density 
 soil strength 
 particle density 
 A / Ap horizon depth 
 profile drainage class 

Promote root 
growth 

  rooting depth & depth to mottling 
  infiltration rate 
 field capacity 
 available water content 
 soil texture 
 least-limiting water range 

Accept, hold, 
and supply water 

  unsaturated hydraulic conductivity 
  N mineralization  
 extractable nutrients 
 exchangeable bases 
 decomposition rates (k) 
 C:N 
 CEC 

Hold, supply, 
and cycle 
nutrients 

  soil respiration 
  macroporosity 
 redox potential 
 air content 

Promote optimal 
gas exchange 

  soil temperature 
  biologically active OM 
 soil moisture 

Promote 
biological 
activity   pH 
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Table 4.2.  Basic soil quality model-building steps (adapted from Burger and 
Kelting, 1998) 

1. Identify potential soil quality indicators 

2. Develop sufficiency curves for each indicator 

3. Calculate sufficiency values for each indicator  

4. Calculate soil quality index using general model 

5.  Relate model to site and soil productivity measures for evaluation 

6. Determine if addition of climatic indicators improves the model 

7. Determine if addition of difficult-to-measure soil processes improves model 

8. Develop soil quality models specific to tree species and forest management 

9. Test general and specific models on a larger group of sites 

10.  Models may need to be modified to cover broader range of sites 
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Table 4.3. Potential soil, climate, and soil process indicators for measuring forest soil quality in planted forests across New 
Zealand. 

Soil Property  Abbr.1  Climate2 Abbr.  Soil Process3  Abbr. 
Bulk density (Mg m-3) BD  PAR4 (MJ m-2 d-1) PAR  Net N mineralization (kg ha-1 yr-1) NetN 
Topsoil Depth (m) Top  VPD5 (kPa) VPD  Litter decomposition, k (yr-1) Litterk 
Macroporosity (%) MP  Air Temp (˚C) TEMP  Days within the LLWR6 (%) LLWR
Available Water Content (%) AWC  Rainfall (mm) RAIN    
pH pH       
CN ratio CN       
Total C (g C kg-1) C       
Total N (g N kg-1) N       
Olsen P (mg P kg-1) P       

CEC (cmolc kg-1) CEC           
1Abbreviation     
2Climate data are the annual mean for years 1-4 of the study.     
3Soil process data are the mean for year 4 of the study.     
4Photosynthetically active radiation     
5Vapor pressure deficit     
6Least-limiting water range.       
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Table 4.4.  Mean and range of sufficiency values for selected soil 
quality indicators at 32 sites across New Zealand.1 

 Indicator Mean Min2 Max3 

Soil Property    
Bulk density (Mg m-3) 0.94 0.53 1.00 
Topsoil Depth (m) 0.29 0.04 0.44 
Macroporosity (%) 0.69 0.20 1.00 
Available Water Content (%) 0.75 0.16 1.00 
pH 0.91 0.63 1.00 
CN ratio 0.72 0.00 0.98 
Total C (g C kg-1) 0.81 0.24 1.00 
Total N (g N kg-1) 0.50 0.06 1.00 
Olsen P (mg P kg-1) 0.26 0.06 0.72 

CEC (cmolc kg-1) 0.30 0.05 0.84 

Climate     
PAR (MJ m-2 d-1) 0.73 0.51 0.94 
VPD (kPa) 0.59 0.18 0.97 
Air Temp (˚C) 0.83 0.53 1.00 

Soil Process4    
Net N mineralization (kg N ha-1 yr-1) 0.46 0.04 1.00 
Litter k (yr-1) 0.82 0.58 1.00 
Days within the LLWR5 (%) 0.69 0.50 0.79 
1sufficiency scale: 0-1.  
2Minimum  
3Maximum  
4Soil process data are only available for sites 1-10  
5Least-limiting water range  



 
 

 

218

Table 4.5.  Key to general and specific soil quality models for planted forests in New Zealand.   
Name Indicators Weighting Factor Strategy 
 
General Models for sites 1-101 
SQM1 Soil properties equal for all indicators 
SQM2 Soil properties + Climate (PAR and VPD) properties: 0.5; climate:0.5 
SQM3 Soil properties + Climate + Soil Processes equal for all indicators 
 
Specific Models for Sites 1-10 
SQM4 Specific model for mean MAI 
SQM5 Specific model for P. radiata MAI 
SQM6 Specific model for C. lusitanica MAI 
SQM7 Specific model for fertilized P. radiata MAI 
SQM8 Specific model for unfertilized P. radiata MAI 
SQM9 Specific model for fertilized C. lusitanica  MAI 
SQM10 Specific model for unfertilized C. lusitanica  MAI 

Specific wt. factors determined 
for each selected indicator 

 
Test General Models on Sites 11-32 
SQM1 Soil properties equal for all indicators 
SQM2 Soil properties + Climate (PAR and VPD) properties: 0.5; climate:0.5 
 
Specific Models for Sites 11-32 
SQM11 Modified version of SQ2 (TEMP) properties: 0.5; climate:0.5 
SQM12 Specific model for mean MAI 
SQM13 Specific model for P. radiata MAI 
SQM14 Specific model for C. lusitanica MAI 
SQM15 Specific model for fertilized P. radiata MAI 
SQM16 Specific model for unfertilized P. radiata MAI 
SQM17 Specific model for fertilized C. lusitanica  MAI 
SQM18 Specific model for unfertilized C. lusitanica  MAI 

Specific wt. factors determined 
for each selected indicator 

1Sites 1-10 were used to initially build the SQ model because available soil process data were 
limited to those sites. 



 

 

219

Table 4.6.  Selected indicators (Ind.), weighting factors (Wt.), and regression equations for specific soil quality models for sites 1-
10 for planted forests in New Zealand. 

Name 
Ind. 1 
(Wt.) 

Ind. 2 
(Wt.) 

Ind. 3 
(Wt.) 

Ind. 4 
(Wt.) 

Ind. 5 
(Wt.) 

Ind. 6  
(Wt.) Equation r2 p-value 

Specific Models for Sites 1-10    

SQM4 VPD 
(0.36) 

PAR 
(0.25) 

Top 
(0.19) 

CN 
(0.11) 

NetN 
(0.07) 

C 
(0.02) avgMAI=-24.6+57.2(SQ4) 0.65 0.005 

SQM5 VPD 
(0.34) 

PAR 
(0.29) 

Top 
(0.17) 

CN 
(0.11) 

NetN 
(0.09)  pineMAI=-22.8+58.0(SQ5) 0.53 0.02 

SQM6 VPD 
(0.37) 

Top 
(0.17) 

CN 
(0.16) 

C 
(0.16) 

PAR 
(0.11) 

pH 
(0.04) cypressMAI=-9.5+23.0(SQ6) 0.40 0.05 

SQM7 VPD 
(0.62) 

PAR 
(0.38)     FERTpineMAI=-43.7+74.8(SQ7) 0.48 0.03 

SQM8 CN 
(0.38) 

C 
(0.32) 

pH 
(0.14) 

AWC 
(0.12) 

Top 
(0.04)  NOFERTpineMAI=3.0+17.9(SQ8) 0.27 0.1 

SQM9 VPD 
(0.50) 

Top 
(0.27) 

PAR 
(0.20) 

C 
(0.03)   FERTcypressMAI=-21.9+47.5(SQ9) 0.46 0.03 

SQM10 CN 
(0.35) 

C 
(0.29) 

VPD 
(0.18) 

pH 
(0.13) 

AWC 
(0.05)  NOFERTcypressMAI=-3.0+8.6(SQ10) 0.37 0.06 
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Table 4.7.  Selected indicators (Ind.), weighting factors (Wt.) and regression equations for specific soil quality models for sites 11-32 
for planted forests in New Zealand. 

Name 
Ind. 1 
(Wt.) 

Ind. 2 
(Wt.) 

Ind. 3 
(Wt.) 

Ind. 4 
(Wt.) 

Ind. 5 
(Wt.) 

Ind. 6 
(Wt.) Equation r2 p-value 

Specific Models for Sites 11-32    

SQM12 Temp 
(0.37) 

Top 
(0.21) 

BD 
(0.19) 

CEC 
(0.13) 

P 
(0.10)  avgMAI=-71.9+140.3(SQ12) 0.71 <0.0001 

SQM13 Temp 
(0.42) 

Top 
(0.23) 

N 
(0.14) 

P 
(0.12) 

BD 
(0.08)  pineMAI=-67.5+143.3(SQ13) 0.71 <0.0001 

SQM14 Temp 
(0.35) 

CEC 
(0.26) 

CN 
(0.14) 

BD 
(0.14) 

P 
(0.10) 

pH 
(0.03) cypressMAI=-60.4+109.0(SQ14) 0.69 <0.0001 

SQM15 Temp 
(0.41) 

Top 
(0.29) 

N 
(0.13) 

P 
(0.10) 

BD 
(0.07)  FERTpineMAI=-67.6+150.8(SQ15) 0.71 <0.0001 

SQM16 Temp 
(0.49 

N 
(0.20) 

P 
(0.20) 

MP 
(0.11)   NOFERTpineMAI=-51.1+108.3(SQ16) 0.68 <0.0001 

SQM17 Temp 
(0.37) 

CEC 
(0.25) 

BD 
(0.17) 

P 
(0.11) 

CN 
(0.10)  FERTcypressMAI=-65.3+118.8(SQ17) 0.65 <0.0001 

SQM18 CEC 
(0.32) 

Temp 
(0.30) 

CN 
(0.20) 

pH 
(0.09) 

P 
(0.09)  NOFERTcypressMAI=-48.1+93.8(SQ18) 0.59 <0.0001 
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Table 4.8.  Selected indicators (Ind.), weighting factors (Wt.), and regression equations for general and specific forest soil quality 
models for all sites (32 total) 

Name 
Ind. 1 
(Wt.) 

Ind. 2 
(Wt.) 

Ind. 3 
(Wt.) 

Ind. 4 
(Wt.) 

Ind. 5 
(Wt.) 

Ind. 6 
(Wt.) Equation r2 p-value 

General Model       

FSQM Temp 
(0.41) 

BD 
(0.15) 

CEC 
(0.14) 

Top 
(0.13) 

P 
(0.12) 

CN 
(0.05) avgMAI=-45.4+96.0(FSQI) 0.68 <0.0001

Specific models for P. radiata       

FSQM_Pine Temp 
(0.39) 

Top 
(0.21) 

P 
(0.15) 

BD 
(0.11) 

CEC 
(0.10) 

CN 
(0.04) 

pineMAI=-45.5+ 
111.8(FSQI_Pine) 0.61 <0.0001

FSQM_Pine_Fert Temp 
(0.42) 

Top 
(0.28) 

P 
(0.12) 

BD 
(0.12) 

CEC 
(0.05) 

CN 
(0.01) 

FERTpineMAI=-48.1+ 
117.2(FSQI_Pine_Fert) 0.59 <0.0001

FSQM_Pine_NoFert Temp 
(0.35) 

P 
(0.18) 

CEC 
(0.16) 

Top 
(0.13) 

CN 
(0.10) 

BD 
(0.09) 

NOFERTpineMAI=-42.4+ 
105.3(FSQI_Pine_NoFert) 0.53 <0.0001

Specific models for C. lusitanica       

FSQM_Cypress Temp 
(0.44) 

BD 
(0.21) 

CEC 
(0.18) 

P 
(0.08) 

CN 
(0.07) 

Top 
(0.03) 

cypressMAI=-46.3+ 
81.9(FSQI_Cypress) 0.63 <0.0001

FSQM_Cypress_Fert Temp 
(0.43) 

BD 
(0.24) 

CEC 
(0.17) 

P 
(0.08) 

CN 
(0.04) 

Top 
(0.04) 

FERTcypressMAI=-56.9+ 
99.3(FSQI_Cypress_Fert) 0.50 <0.0001

FSQM_Cypress_NoFert Temp 
(0.45) 

CEC 
(0.20) 

BD 
(0.17) 

CN 
(0.10) 

P 
(0.07) 

Top 
(0.02) 

NOFERTcypressMAI=55.9+ 
92.8(FSQI_cypress_NoFert) 0.62 <0.0001
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Figure 4.1.  Site locations across New Zealand (32 total); sites 1-10 indicated by solid 
stars, sites 11-32 indicated by white squares.  



 
 

 

223

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1 1.1 1.4 1.7

Bulk Density (Mg g-3)

Su
ffi

ci
en

cy

BD<1.1: SUFF=1
1<BD<1.4: SUFF= -(BD) + 2.1
BD>1.4: SUFF=-2.33(BD) + 3.97

 
Figure 4.2.  Sufficiency curve for bulk density and its influence on P. radiata and C. 
lusitanica growth in New Zealand.  Curve based on Pierce et al. (1983), Kelting et al. 
(1999), Grossman et al. (2001), Andrews et al. (2004) and Amacher et al. (2007). 
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Figure 4.3.  Sufficiency curve for topsoil depth (A horizon) and its influence on P. 
radiata and C. lusitanica growth in New Zealand.  Curve based on Woollons et al. (2002) 
and Jones et al. (2005).
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Figure 4.4.  Sufficiency curve for macroporosity and its influence on P. radiata and C. 
lusitanica growth in New Zealand.  Curve based on Amacher et al. (2007) and on general 
understanding of relationships between macroporosity and tree growth in New Zealand 
(McLaren and Cameron, 1996). 
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Figure 4.5.  Sufficiency curve for available water content and its influence on P. radiata 
and C. lusitanica growth in New Zealand.  Curve based on Kelting et al. (1999), Gregory 
et al. (2000), and Andrews et al. (2004).
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Figure 4.6.  Sufficiency curve for pH and its influence on P. radiata and C. lusitanica 
growth in New Zealand.  Curve based on Gale et al. (1991), Smith and Doran (1996), 
Andrews et al. (2004), and Amacher et al. (2007).  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 5 10 15 20 25 30 35 40

C:N

Su
ffi

ci
en

cy

CN<10: SUFF=1
10<CN>25: SUFF=-0.02(CN) + 1.2
CN>25: SUFF= -0.047(CN) + 1.87

 
Figure 4.7.  Sufficiency curve for C:N ratio and its influence on P. radiata and C. 
lusitanica growth in New Zealand.  Curve based on general understanding of C:N and 
soil microbial activity (Myrold, 2005). 
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Figure 4.8.  Sufficiency curve for total carbon and its influence on P. radiata and C. 
lusitanica growth in New Zealand.  Curve based on Andrews et al (2004) and Amacher et 
al. (2007). 
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Figure 4.9.  Sufficiency curve for total nitrogen and its influence on P. radiata and C. 
lusitanica growth in New Zealand.  Curve based on Hunter et al. (1986), Sparling, 1997, 
Trasar-Cepeda et al. (1998), and Amacher et al. (2007).
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Figure 4.10.  Sufficiency curve for Olsen P and its influence on P. radiata and C. 
lusitanica growth in New Zealand.  Curve based on Hunter et al. (1986) and Amacher et 
al. (2007). 
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Figure 4.11.  Sufficiency curve for CEC and its influence on P. radiata and C. lusitanica 
growth in New Zealand. Curve based on Amacher et al. (2007). 
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Figure 4.12.  Sufficiency curve for average air temperature and its influence on P. radiata 

and C. lusitanica growth in New Zealand. 
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Figure 4.13.  Sufficiency curve for photosynthetically active radiation (PAR) and its 
influence on P. radiata and C. lusitanica growth in New Zealand. 
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Figure 4.14.  Sufficiency curve for vapor pressure deficit (VPD) and its influence on P. 
radiata and C. lusitanica growth in New Zealand.  
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Figure 4.15.  Sufficiency curve for average annual rainfall and its influence on P. radiata 
and C. lusitanica growth in New Zealand. 
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Figure 4.16.  Sufficiency curve for net N mineralization and its influence on P. radiata 
and C. lusitanica growth in New Zealand. Curve based on Kelting et al. (1999). 
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Figure 4.17.  Sufficiency curve for litter decomposition (k) and its influence on P. radiata 
and C. lusitanica growth in New Zealand. 
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Figure 4.18.  Sufficiency curve for percentage of days within the least-limiting water 
range (LLWR) and its influence on P. radiata and C. lusitanica growth in New Zealand. 
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Figure 4.19.  Relationship between mean annual increment (MAI) a) pooled across both 
species and fertilizer treatments; b) for P. radiata (pine) and C. lusitanica (cypress); c) 
for fertilized and unfertilized P. radiata; d) for fertilized and unfertilized C. lusitanica, 
and soil quality index 1 (SQ1) calculated using selected soil properties for ten planted 
forest sites (sites 1-10) in New Zealand. 
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Figure 4.19.  

excluding outliers: r2 = 0.86
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Figure 4.20.  Relationship between mean annual increment (MAI) a) pooled across both 
species and fertilizer treatments; b) for P. radiata (pine) and C. lusitanica (cypress); c) 
for fertilized and unfertilized P. radiata; d) for fertilized and unfertilized C. lusitanica, 
and soil quality index 2 (SQ2) calculated using selected soil and climate properties for ten 
planted forest sites (sites 1-10) in New Zealand. 
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Figure 4.21.  Relationship between mean annual increment (MAI) a) pooled across both 
species and fertilizer treatments; b) for P. radiata (pine) and C. lusitanica (cypress); c) 
for fertilized and unfertilized P. radiata; d) for fertilized and unfertilized C. lusitanica, 
and soil quality index 3 (SQ3) calculated using selected soil and climate properties and 
soil processes for ten planted forest sites (sites 1-10) in New Zealand. 
 
 
 



 
 

 

237

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.21.  
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Figure 4.22.  Relationship between mean annual increment (MAI) a) pooled across both 
species and fertilizer treatments; b) for P. radiata (pine) and C. lusitanica (cypress); c) 
for fertilized and unfertilized P. radiata; d) for fertilized and unfertilized C. lusitanica, 
and soil quality index 1 (SQ1) calculated using selected soil properties for 24 planted 
forest sites (sites 11-32) in New Zealand. 
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Figure 4.23.  Relationship between mean annual increment (MAI) a) pooled across 
both species and fertilizer treatments; b) for P. radiata (pine) and C. lusitanica 
(cypress); c) for fertilized and unfertilized P. radiata; d) for fertilized and unfertilized 
C. lusitanica, and soil quality index 11 (SQ11) calculated using selected soil and 
climate properties for 24 planted forest sites (sites 11-32) in New Zealand. 
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Figure 4.23.   
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Figure 4.24.  Relationship between net N mineralization a) pooled across both species 
and fertilizer treatments; b) for P. radiata (pine) and C. lusitanica (cypress); c) for 
fertilized and unfertilized treatments and soil quality index 1 (SQ1) calculated using 
selected soil properties for 10 planted forest sites (sites 1-10) in New Zealand. 
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Figure 4.24
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Figure 4.25.  Relationship between the final Forest Soil Quality Index (FSQI) and a) net 
N mineralization for P. radiata (pine) and C. lusitanica (cypress); b) net N mineralization 
for fertilized and unfertilized treatments and c) litter decomposition across both species 
and fertilizer treatments for 10 planted forest sites (sites 1-10) in New Zealand.  
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Figure 4.25 
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CHAPTER 5 

 

SUMMARY AND CONCLUSIONS 
 

 

 

Site-Specific Forest Management Effects  

 Site-specific effects of forest management on tree growth and soil processes were 

identified across a complex environmental gradient in New Zealand in a series of 

envelope plots planted with Pinus radiata and Cupressus lusitanica at high density and 

harvested after four years.  In order to assess specific treatment effects resulting from site 

disturbance, fertilization, and species selection, a multi-step analysis of the environmental 

gradient was pursued.  This entailed correlation and regression analysis, cluster analysis, 

principal component analysis, ranking of site, climate, and soil properties, and analysis of 

treatment response differences.  The resultant grouping of the 10 study sites based on 

high and low levels of each site, climate, and soil property revealed that specific effects 

of forest management on response measures of tree growth, soil N mineralization, and 

litter and wood decomposition were highly dependent on the measured site, climate, and 

soil properties.  Furthermore, significant, contrasting treatment effects were observed 

among contrasting site groupings based on site, climate and soil conditions.  In contrast, 

effects of site disturbance, fertilization, and species selection could be generalized across 

the entire environmental gradient for the least limiting water range, an index of soil water 

availability.  Consequently, acceptance or rejection of hypothesized treatment effects 

across the environmental gradient was dependent on site, climate, and soil conditions.   
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Site disturbance effects were difficult to detect, but generally depended on initial 

soil physical properties, rainfall patterns, or soil fertility levels.  Tree growth was reduced 

under high disturbance treatments at high rainfall sites.  On fertilized plots, NH4 

mineralization was significantly reduced by high disturbance.  Litter decomposition rates 

increased under high disturbance at sites with high rainfall, lower soil temperatures, and 

higher levels of soil fertility.  Disturbance had no significant effect on soil water 

dynamics. 

Fertilization effects were dependent on soil fertility levels, with effects most often 

observed at sites with low levels of soil fertility.  Fertilization increased tree growth at 

sites with low fertility, but had no effect at sites with high soil fertility.  Fertilization 

increased total N mineralization at sites with high bulk densities, but had no effect at 

contrasting sites.  Fertilization increased decomposition rates at sites with low rainfall, 

cooler temperatures, and low slope, but had no effect at contrasting sites.  Soil water 

dynamics across the gradient and within site groupings were improved by fertilization. 

Tree species effects were complex, but across the gradient several significant 

trends were observed.  Across the gradient and within site groupings, tree growth was 

greater for P. radiata compared to C. lusitanica.  In general, N mineralization was greater 

under P. radiata.  But at sites with low rainfall, low soil N, and low exchangeable Ca, 

NO3 mineralization was greater under C. lusitanica.  Decomposition rates were 

significantly greater under C. lusitanica across the gradient.  But at sites with lower soil 

quality, the difference in decomposition rates between the species was even greater, with 

rates always enhanced under C. lusitanica.  Across the gradient and within site groupings, 
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the effect of tree species on soil water dynamics was consistent.  Soils were dry more 

often under P. radiata, and wet more often under C. lusitanica. 

This study presents a methodology for addressing complex environmental 

gradients in order to identify site-specific treatment effects of forest management.  This 

type of approach is necessary to answer forest management questions regarding 

protection and maintenance of soil resources across broad landscape scales.  In 

conclusion, results of this large-scale study support the concept that site-specific forest 

management is necessary for accomplishing management objectives, and optimizing site 

and soil productivity in New Zealand. 

 

Forest Soil Quality Index 

This dissertation provides a description of the development of a forest soil quality 

index for planted forests across the complex environmental gradient in New Zealand.  

Based on previous research and available data from 32 sites across the environmental 

gradient, soil quality indicators that represent the five soil attributes (promote root 

growth, accept, hold, and supply water, hold, supply, and cycle nutrients, promote 

optimal gas exchange, and promote biological activity) that support soil functions were 

identified.  Sufficiency curves for each indicator were developed, based on previous 

research and observations of the influence of each indicator on P. radiata and C. 

lusitanica growth across New Zealand.  Sufficiencies were calculated for each indicator 

at the 32 sites and used to develop an index that was highly correlated to tree growth 

(MAI) and soil processes (N mineralization and litter decomposition), and that could be 
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used as a practical tool for measuring and monitoring sustainable elements of forest 

management as prescribed in the Montreal Process. 

The forest soil quality index (FSQI) developed through this research required 

calculation of sufficiency levels for forest productivity of selected, easily-measured soil 

properties (bulk density, cation exchange capacity, topsoil depth, Olsen P, and C:N) and a 

climatic factor (air temperature).  Sufficiencies are entered into a general equation: 

FSQI=Temp(0.41)+BD(0.15)+CEC(0.14)+Top(0.13)+P(0.12)+CN(0.05)        [1] 

where FSQI is the forest soil quality index that ranges from 0 (very poor soil quality) to 1 

(very high soil quality); Temp is the sufficiency for air temperature (ºC); BD is the 

sufficiency for bulk density (Mg m-3); CEC is the sufficiency for cation exchange 

capacity (cmolc kg-1); Top is the sufficiency for topsoil depth (m); P is the sufficiency for 

Olsen P (mg P kg-1), CN is the sufficiency for C:N; and weighting factors representing 

relative contributions of each indicator are in parentheses.  The FSQI was strongly 

correlated with tree growth at 32 sites and with soil processes at a subset of 10 sites 

across New Zealand.  Furthermore, the FSQI did not require adjustment to accommodate 

differences in tree species or forest management regimes, justifying potential use of the 

index across an array of sites and forest management systems in New Zealand. 

This integrative forest soil quality model is quantitative and applicable across the 

complex environmental gradient in New Zealand and provides a standardized tool to 

monitor an important component of forest management sustainability as outlined in the 

Montreal Process.  Furthermore, this FSQI can be used to monitor both short- and long-

term changes in the soil resource, relative to other important soil functions, allowing 

managers to track diverse sustainability elements over time. 



 
 

 

250

 

Final Words 

This research has provided two methods for approaching questions regarding 

assessment of sustainable elements of forest management across broad environmental 

scales.  One method identified site-specific treatment effects with a multi-step analysis of 

environmental gradients in order to determine site grouping criteria for testing of 

treatment effects.  This method was utilized in Chapter 3 to assess effects of forest 

management on soil processes that determine soil function within the context of soil 

quality across a complex environmental gradient in New Zealand.  The second method 

developed a FSQI that was correlated to both tree growth and soil processes across New 

Zealand.  This method was utilized in Chapter 4 and resulted in a practical tool that can 

be applied across broad environmental scales in order to measure and monitor sustainable 

elements of forest management related to forest soil resources.   

As such, the research presented in this dissertation contributes new understanding 

of forest soils by combining an analytical perspective with practical application to 

generate 1) a better understanding of the site-specific effects of forest management across 

a large-scale, complex environmental gradient, and 2) a useful tool for measuring soil 

resource sustainability elements across that gradient in New Zealand. 



 
 

 

251

BIBLIOGRAPHY 
 

Amacher, M.C., K.P. O’Neill, and C.H. Perry.  2007.  Soil vital signs: a new soil quality  
index (SQI) for assessing forest health.  Res. Pap. RMRS-RP-65WWW. Fort  
Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky Mountain  
Research Station. 12 p. 

 
Amateis, R., M. Sharma, and H. Burkhart. 2003a. Using miniature-scale plantations as 

experimental tools for assessing sustainability issues. Canadian Journal of Forest 
Research-Revue Canadienne De Recherche Forestiere 33:450-454. 

 
Amateis, R.L., M. Sharma, and H.E. Burkhart. 2003b. Scaling growth relationships from 

seedling plots using similarity analysis. Forest Science 49:188-195. 
 
Andrews, J.A., J.E. Johnson, J.L. Torbert, J.A. Burger, and D.L Kelting.  1998.  Minesoil  

and site properties associated with early height growth of eastern white pine.  J.  
Environ. Quality 27:192-199. 

 
Andrews, S.S., D.L Karlen, and J.P. Mitchell.  2002.  A comparison of soil quality  

indexing methods for vegetable production systems in northern California.   
Agriculture, Ecosystems, and Environment 90:25-45. 

 
Andrews, S.S., D.L. Karlen, and C.A. Cambardella.  2004.  The soil management  

assessment framework: a quantitative soil quality evaluation method.  Soil Sci.  
Soc. Am. J. 68:1945-1962. 

 
Anon. 1995.  Criteria and indicators for the conservation and sustainable management of  

temperate and boreal forests – The Montreal Process.  Canadaian Forest Service,  
Natural Resources Canada, Hull, Que., Canada, 27pp. 

 
Ares, A., T.A. Terry, R.E. Miller, H.W. Anderson, and B.L. Flaming.  2005.  Ground- 

based forest harvesting effects on soil physical properties and Douglas-fir growth.   
Soil Sci. Soc. Am. J. 69:1822-1832. 

 
Arshad, M.A., and S.Martin.  2002.  Identifying critical limits for soil quality indicators  

in agro-ecosystems.  Agriculture, Ecosystems, and Environment 88:153-160. 
 
Aust, W.M., M.D. Tippett, J.A. Burger, and W.H. McKee.  1995.  Compaction and  

rutting during harvesting affect better drained soils more than poorly drained soils  
on wet pine flats.  South. J. Appl. For. 19: 72-77. 

 
Berg, B. 2000.  Initial rates and limit values for decomposition of Scots pine and Norway 

spruce needle litter: a synthesis for N-fertilized forest stands.  Can. J. For. Res. 
30:122-135. 

 



 
 

 

252

Berg, B. and Matzner, E.  1997.  The effect of N deposition on the mineralization of C  
from plant litter and humus. Environ. Rev. 5:1-25 

 
Blakemore, L.C., P.L. Searle, and B.K. Daly.  1987.  Methods for Chemical Analysis of 

Soils.  Department of Scientific and Industrial Research, New Zealand Soil 
Bureau Scientific Report No. 80. 

 
Blanco, J.A., M.A. Zavala, J. Bosco Imbert, and F.J. Castillo. 2005. Sustainability of 

forest management practices: evaluation through a simulation model of nutrient 
cycling. Forest Ecology and Management 213:209-228. 

 
Berg, B. 2000.  Initial rates and limit values for decomposition of Scots pine and Norway 

spruce needle litter: a synthesis for N-fertilized forest stands.  Can. J. For. Res. 
30:122-135. 

 
Bouma, J.  1989.  Using soil survey data for quantitative land evaluations.  Adv. Soil Sci.   

9:177-213. 
 
Breland, T.A., and S. Hansen. 1996. Nitrogen mineralization and microbial biomass as 

affected by soil compaction. Soil Biology & Biochemistry 28:655-663. 
 
Briggs, R.D., J.W. Hornbeck, C.T. Smith, R.C. Lemin, and M.L. McCormack.  2000.   

Long-term effects on forest management on nutrient cycling in spruce-fir forests.   
Forest Ecology and Management 38: 285-299. 

 
Bridgham, S.D. and C.J. Richardson.  2003.  Endogenous versus exogenous nutrient  

control over decomposition and mineralization in North Carolina peatlands.   
Biogeochemistry 65:151-178. 

 
Brockley, R.P. 2005. Effects of post-thinning density and repeated fertilization on the 

growth and development of young lodgepole pine. Canadian Journal of Forest 
Research 35:1952-1964. 

 
Bruce, R.R., G.W. Langdale, L.T. West, and W.P. Miller.  1995.  Surface soil  

degradation and soil productivity restoration and maintenance.  Soil Sci. Soc. Am.  
J. 59:654-660. 

 
Bulmer, C.E.and D.G. Simpson.  2005.  Soil compaction and water content as factors  

affecting growth of lodgepole pine seedlings on sandly clay loam soil.  Can. J.  
Soil. Sci. 85:667-679.  

 
Burger, J.A. 1994.  Cumulative effects of silvicultural technology on sustained forest  

productivity. pp 59-70. In: IEA Proceedings, Frederickton, New Brunswick,  
Canada. 

 
Burger, J.A.  1996.  Limitations of Bioassays for Monitoring Forest Soil Productivity:  



 
 

 

253

Rationale and Explanation.  Soil Sci. Soc. Am. J.  60:1674-1678. 
 
Burger, J.A., J.E. Johnson, J.A. Andrews, and J.L. Torbert. 1994. Measuring mine soil  
 productivity for forests. In: International Land Reclamation and Mine Drainage  

Conference on Reclamation and Revegetation, Vol. 3. USDOI Bureau of Mines,  
Special Publication SP 06C-94, pp. 48–56. 

 
Burger, J.A. and D.L. Kelting.  1998.  Soil quality monitoring for assessing sustainable  

forest management.  p. 17-52  In: E.A. Davidson et al. (ed.) The contribution of  
soil science to the development of and implementation of criteria and indicators of  
sustainable forest management.  SSSA Special Publication No. 53.  SSSA,  
Madison, WI 

 
Burger, J.A., and D.L. Kelting. 1999. Using soil quality indicators to assess forest stand 

management. Forest Ecology and Management 122:155-166. 
 
Busse, M.D., S.E. Beattie, R.F. Powers, F.G. Sanchez, and A.E. Tiarks.  2006.  Microbial  

community responses in forest mineral soil to compaction, organic matter  
removal, and vegetation control.  Can. J. For. Res. 36:577-588. 

 
Carter, M.C., T.J. Dean, Z. Wang, and R.A. Newbold.  2006.  Impacts of harvesting and  

postharvest treatments on bulk density, soil strength, and early growth of Pinus  
taeda in the Gulf Coastal Plain: a long-term soil productivity affiliated study.   
Can. J. For. Res. 36:601-614. 

 
Childs S.W., S.P. Shade, D.W.R. Miles, E. Shepard, and H.A. Froehlich. 1989.  

Management of soil physical properties limiting forest productivity. In D.A. Perry  
et al. (eds.) Maintaining the long-term productivity of Pacific Northwest forest 
ecosystems. Timber Press, Portland, OR, USA 

 
Connell, M.J., R.J. Raison, and P.K. Khanna. 1995. Nitrogen mineralization in relation to 

site history and soil properties for a range of Australian forest soils. Biology and 
Fertility of Soils 20:213-220. 

 
Cown, D.J. 1997.  New Zealand forest management and wood quality trends.  In: Zhang  

et al. (ed.) Proceedings of the CTIA-IUFRO. Timber Management Toward Wood  
Quality and End-product Value.  International wood quality workshop, Quebec  
City, Canada. 

 
da Silva, A.P., B.D. Kay, and E. Perfect. 1994. Characterization of the least limiting  

water range of soils. Soil Sci. Soc. Am. J. 58:1775-1781. 
 
Di Filippo, A., F. Biondi, K. Cufar, M. de Luis, M. Grabner, M. Maugeri, E.P. Saba, B. 

Schirone, and G. Piovesan.  2007.  Bioclimatology of beech (Fagus sylvatica L.) 
in the Eastern Alps: spatial and altitudinal climatic signals identified through a 
tree-ring network.  Journal of Biogeography 34:1873-1892. 



 
 

 

254

 
Doran, J.W., and T.B Parkin.  1994.  Defining and Assessing Soil Quality.  p.37-51. In:  

J.W. Doran et al. (ed.) Defining soil quality for a sustainable environment.  SSSA  
Spec. Publ. 35. SSSA, Madison, WI. 

 
Drury, C.F., T.Q Zang, and B.D. Kay.  2003.  The non-limiting and least limiting water  

ranges for soil nitrogen mineralization.  Soil Sci. Soc. Am. J. 67:1388-1404. 
 
Dyck, W.J., and D.W. Cole.  1990.  Requirements for site productivity research.  In:  

Dyck and Mees (eds.).  Impact of intensive harvesting on forest site productivity.   
FRI Bulletin No. 159.  Forest Research Insitutute, Rotorua, New Zealand. 

 
Eisenbies, M.H., J.A. Burger, W.M. Aust, and S.C. Patterson.  2005.  Soil physical  

disturbance and logging residue effects on changes in soil productivity in five- 
year-old pine plantations.  Soil Sci. Soc. Am. J. 69:1833-1843. 

 
Farjon, A.  2001.  World checklist and bibliography of conifers (2nd edition) The Royal  

Botanic Gardens. Kew, England. 
 
Fenn, M.E., M.A. Poth, J.D. Terry, and T.J. Blubaugh. 2005. Nitrogen mineralization and 

nitrification in a mixed-conifer forest in southern California: controlling factors, 
fluxes, and nitrogen fertilization response at a high and low nitrogen deposition 
site. Canadian Journal of Forest Research 35:1464-1486. 

 
Fisher, R.F., and D. Binkley.  2000.  Ecology and Management of Forest Soils, 3rd  

Edition.  John Wiley and Sons, Inc., New York. 
 
Fleming, R.L., R.F. Powers, N.W. Foster, J.M. Kranabetter, D.A. Scott, F. Ponder, S.  

Berch, W.K. Chapman, R.D. Kabzems, K.H. Ludovici, D.M. Morris, D.S. Page- 
Dumroese, P.T. Sanborn, F.G. Sanchez, D.M. Stone, and A.E. Tiarks.  2006.   
Effects of organic matter removal, soil compaction, and vegetation control on 5- 
year seedling performance: a regional comparison of long-term soil productivity  
sites.  Can. J. For. Res. 36:529-550.  

 
Fox, T. 2004. Nitrogen Mineralization Following Fertilization of Douglas-fir Forests with 

Urea in Western Washington. Soil Science Society of America Journal 68:1720-
1728. 

 
Gale, M.R., and D.F. Grigal.  1988.  Performance of a soil productivity index model used  

to predict site quality and stand productivity.  In:Proc. IUFRO Forest Growth  
Modelling and Prediciton Conf. Minneapolis, MN, USA. pp.403-410. 

 
Gale, M.R., D.F. Grigal, and R.B. Harding.  1991.  Soil productivity index: predictions of  

site quality for white spruce plantations.  Soil Sci. Soc. Am. J. 55:1701-1708. 
 



 
 

 

255

Garrett, L., M. Davis, and G. Oliver. 2007. Decomposition of coarse woody debris, and 
methods for determining decay rates. New Zealand Journal of Forestry Science 
37:227-240. 

 
Gholz, H.L., D.A. Wedin, S.M. Smitherman, M.E. Harmon, and W.J. Parton.  2000.   

Long-term dynamics of pine and hardwood litter in contrasting environments:  
toward a global model of decomposition.  Global Change Biology 6:751-765. 

 
Gomez, A., R.F. Powers, M.J. Singer, and W.R. Horwath.  2002.  Soil compaction effects  

on growth of young ponderosa pine following litter removal in California’s Sierra  
Nevada.  Soil Sci. Soc. Am. J. 66:1334-1343.  

 
Gregory, P.J., L.P Simmonds, and C.J. Pilbeam.  2000.  Soil type, climatic regime, and  

the response of water use efficiency to crop management.  Agron. J. 92:814-820. 
 
Grossman, R.B., D.S. Harms, C.A. Seybold, and J.E. Herrick.  2001.  Coupling use- 

dependent and use-invariant data for soil quality evaluation in the United States.   
J. Soil Water Conserv.  56:63-68. 

 
Gurlevik, N., D.L. Kelting, and H.L. Allen.  2004.  Nitrogen mineralization following  

vegetation control and fertilization in a 14-year-old loblolly pine plantation.  Soil  
Sci. Soc. Am. J. 68:272-281. 

 
Hardie, K. 1980.  A review of strength testing as a measure of biodeterioration of wood  

and wood based materials.  Int. Biodeter. Bull. 16:1-8. 
 
Haslett, A.N. 1986  Properties and utilization of exotic specialty timbers grown in New  

Zealand. Part III: Cypresses.  FRI Bulletin No. 119, Forest Research Institute,  
Rotorua, New Zealand, p.12. 

 
Herrick, J.E., J.R. Brown, A.J. Tugel, P.L., Shaver, and K.M. Havstad.  2002.   

Application of Soil Quality Monitoring and Management: Paradigms from  
Rangeland Ecology.  Agron. J. 94:3-11. 

 
Helsinki Process. 1994.  Proceedings of the Ministerial Conferences and Expert  

Meetings.  Liaison Office of the Ministerial Conference on the Protection of  
Forests in Europe.  P.O. Box 232, FIN-00171, Helsinki, Finland. 

 
Hewitt, A.E. 1993. Methods and rationale of the New Zealand Soil Classification.  Land 

Care Research Science Series, No. 2.  Manaaki-Whenua Landcare Research New 
Zealand Ltd., Lincoln, New Zealand, 71pp. 

 
Homann, P.S., B.A. Caldwell, H.N. Chappell, P. Sollins, and C.W. Swanston.  2001.   

Douglas-fir  soil C and N properties a decade after termination of urea  
fertilization.  Can. J. For. Res. 31:2225-2236. 

 



 
 

 

256

Huddleston, J.H., 1984.  Development and use of soil productivity ratings in the US.  
Geoderma 32:297-317. 

 
Hunter, I.R., and A.R. Gibson.  1984.  Predicting Pinus Radiata site index from  

environmental variables.  New Zealand Journal of Forestry Science 14:53-64. 
 
Hunter, I.R., J.M. Prince, J.D. Graham, G. Nicholson.  1985.  What site factors determine 

the fourth year basal area response of radiata pine to nitrogen fertilizer?  New 
Zealand Journal of Forestry Science 16(1):30-40. 

 
Hunter, I.R. and W. Smith. 1996.  Principles of fertilization – illustrated by the New  

Zealand experience.  Fertilizer Research 43:21-29. 
 
Inagaki, Y., S. Miura, and A. Kohzu. 2004. Effects of forest type and stand age on 

litterfall quality and soil N dynamics in Shikoku district, southern Japan. Forest 
Ecology and Management 202:107-117. 

 
Jackson, D.S., E.A. Jackson, and H.H. Gifford.  1983.  Soil water in deep Pinaki sands:  

some interactions with thinned and fertilized Pinus radiata.  New Zealand Journal  
of Forestry Science 13:183-196. 

 
Janisch, J.E., M.E. Harmon, H. Chen, B. Fasth, and J. Sexton. 2005. Decomposition of 

coarse woody debris originating by clearcutting of an old-growth conifer forest. 
Écoscience 12:151-160. 

 
Jones, A.T., J.M. Galbraith, and J.A. Burger.  2005.  Development of a forest site quality  

classification model for mine soils in the Appalachian coalfield region. Paper  
presented at the 2005 National Meting of the American Society of Mining and  
Reclamation, June 19-23.  Published by ASMR, 3134 Montavesta Rd., Lexington,  
KY. 

 
Jurgensen, M.F., D. Reed, D. Page-Dumroese, P. Laks, A. Collins, G. Mroz, and M.  

Degorski.  2006.  Wood strength loss as a measure of decomposition in northern  
forest mineral soil.  European Journal of Soil Biology 42:23-31. 

 
Karlen, D.L., and D.E. Stott. 1994.  A framework for evaluating physical and chemical  

indicators of soil quality. p. 53-72.  In: J.W. Doran et al. (ed.) Defining soil  
quality for a sustainable environment.  SSSA Special Publication 35.  SSSA,  
Madison, WI 

 
Keeney, D.R. 1980.  Predictions of soil nitrogen availability in forest ecosystems: a  

literature review.  Forest Science 26(1):159-171. 
 
Keeney, D.R. 1982. Nitrogen-Availability indices, p. 711-733, In A. L. Page , et al., eds. 

Methods of Soil Analysis. Part 2, 2 ed. Agronomy, Madison, Wisconsin USA. 
 



 
 

 

257

Kelting, D. 1999.  Timber harvesting and site preparation effects on soil quality for  
loblolly pine growing on the lower coastal plain of South Carolina. PhD. Virginia  
Polytechnic Institute and State University. 

 
Kelting, D.L., J.A. Burger, S.C. Patterson, W.M. Aust, M. Miwa, and C.C. Trettin. 1999. 

Soil quality assessment in domesticated forests - a southern pine example. Forest 
Ecology and Management 122:167-185. 

 
Kelting, D.L., J.A. Burger, and S.C. Patterson.  2000.  Early loblolly pine growth 

response to changes in the soil environment.  New Zealand Journal of Forestry 
Science 30:206-224. 

 
Kiniry, L.N., C.L. Scrivner, and M.E. Keener. 1983.  A soil productivity index based on  

predicted water depletion and root growth.  Missouri Agric. Exp. Stn. Res. Bull.  
1051.  Univ. of Missouric Coop. Ext., Columbia. 

 
Knoepp. J.D. and J.M. Vose.  2007.  Regulation of nitrogen mineralization and  

nitrification in Southern Appalachian ecosystems: separating the relative  
importance of biotic vs. abiotic controls.  Pedobiologia 51:89-97. 

 
La Manna, L., M. Rajchenberg.  2004.  The decline of Austrocedrus chilensis forests in  

Patagonia, Argentina: soil features as predisposing factors.  Forest Ecology and  
Management 190:345-357. 

 
Larson, W.E., F.J. Pierce, and R.H. Dowdy.  1983.  The threat of soil erosion to long- 

term crop production.  Science 219:458-465. 
 
Larson, W.E., and F.J. Pierce.  1991.  Conservation and enhancement of Soil Quality.  In:  

Evalutaion for sustainable land management in the developing world.  Vol. 2.   
IBSRAM Proc.  12 (2).  Bangkok, Thailand.  Int. Board for Soil Res. and  
Management. 

 
Larson, W.E., and F.J. Pierce. 1994.  The dynamics of soil quality as a measure of  

sustainable management. P.37-51. In J.W. Doran et al. (ed.) Defining soil quality  
for a sustainable environment.  SSSA Spec. Publ. 35. ASA and SSSA, Madison,  
WI. 

 
Lea, R. and R. Ballard.  1982.  Predicting loblolly pine growth response from N fertilizer  

using soil-N availability indices.  Soil Sci. Soc. Am. J. 46:1096-1099. 
 
Letey, J. 1985.  Relationship between soil physical properties and crop productions.  Adv.  

Soil Sci. 1:277-294. 
 
Letey, J., R.E. Sojka, D.K. Upchurch, D.K. Cassel, K.R. Olson, W.A. Payne, S.E. Petrie,  

G.H. Price, R.J. Reginato, H.D. Scott, P.J. Smethurst, and G.B. Triplett.  2003.   
Deficiencies in the soil quality concept and its application.  Journal of Soil and  



 
 

 

258

Water Conservation 58:180-187. 
 
Lewis, N.B. and I.S. Ferguson.  1993.  Management of Radiata Pine. Inkata Press,  

Melbourne, Australia. 
 
Lilburne, L., G. Sparling, and L. Schipper.  2004.  Soil quality monitoring in New  

Zealand: development of an interpretive framework.  Agriculture, Ecosystems,  
and Environment 104:535-544. 

 
Lister, T.W., J.A. Burger, and S.C. Patterson.  2004.  Role of vegetation in mitigating soil  

quality impacted by forest harvesting. Soil Sci. Soc. Am. J. 68:263-271. 
 
Lou, H. and P. Stiling.  2006.  Testing the enemy release hypothesis: a review and meta- 

analysis.  Biological Invasions 8:1535-1545. 
 
Low, C.B., H.M McKenzie, C.J.A. Shelbourne, and L.D. Gea.  2005.  Sawn timber and  

wood properties of 21-year-old Cupressus lusitanica, C. Macrocarpa, and  
Chamaecyparis Nootkatensis hybrids.  Part 1: Sawn timber performance.  New  
Zealand Journal of Forestry Science 35:91-113. 

 
Ludovici, K.H., and L.W. Kress. 2006. Decomposition and nutrient release from fresh  

and dried pine roots under two fertilizer regimes. Canadian Journal of Forest  
Research 36:105-111. 

 
Maclaren, J.P.  1996.  Environmental effects of planted forests in New Zealand.  FRI  

Bulletin No. 198.  Forest Research Institute, Rotorua, New Zealand, p.180. 
 
Maimone, R.A., L.A. Morris, and T.R. Fox. 1991. Soil nitrogen mineralization potential 

in a fertilized loblolly pine plantation. Soil Science Society of America Journal 
55:522-527. 

 
Marshall, V.G.  2000.  Impacts of forest harvesting on biological processes in northern  

forest soils.  Forest Ecology and Management 133: 43-60. 
 
Mattson, K.G., W.T. Swank, and J.B. Waide. 1987. Decomposition of woody debris in a 

regenerating, clear-cut forest in the Southern Appalachians. Canadian Journal of 
Forest Research 17:712-721. 

 
McCarthy, J.W. and G. Weetman.  2007.  Stand structure and development of an insect- 

mediated boreal forest landscape.  Forest Ecology and Management 241:101-114 
 
McClaugherty, C.A., J. Pastor, J.D. Aber, and J.M. Melillo.  1985.  Forest litter  

decomposition in relation to soil nitrogen dynamics and litter quality.  Ecology  
66:266-275.  

 
McCune, B., Grace, J.B., and D.L. Urban, 2002. Analysis of Ecological Communities.  



 
 

 

259

MjM Software Design, Gleneden Beach, OR, USA. 
 
McLaren, R.G. and K.C. Cameron.  1996.  Soil science: Sustainable Production and  

Environmental Protection, Oxford University Press, Auckland, New Zealand. 
 
McLaughlin, J.W., M.R. Gale, M.F. Jurgensen, and C.C. Trettin. 2000. Soil organic 

matter and nitrogen cycling in response to harvesting, mechanical site preparation, 
and fertilization in a wetland with a mineral substrate. Forest Ecology and 
Management 129:7-23. 

 
Miller, R.W., and D.T. Gardiner.  2001.  Soils in our environment. 9th edition.  Uppder  

Saddle River, NJ. Prentice-Hall.  pp 642. 
 
Ministry of Agriculture and Forestry, 2002.  New Zealand Country Report: Montreal 

Process Criteria and Indicators for the Conservation and Sustainable Management 
of Temperate and Boreal Forests.  MAF Technical Paper No:2002/21. 149 pp. 
Wellington, New Zealand. 

 
Miwa, M., W.M. Aust, J.A. Burger, S.C. Patterson, and E.A. Carter. 2004. Wet-weather 

timber harvesting and site preparation effects on Coastal Plain sites: a review. 
Southern Journal of Applied Forestry 28:137-151. 

 
Mou, P., T.J. Fahey, J.W. Hughes.  1993.  Effects of soil disturbance on vegetation  

recovery and nutrient accumulation following whole-tree harvest of a northern  
hardwood system.  Journal of Applied Ecology 30:661-675. 

 
Mulvaney, R.L., S.A. Kahn, R.G. Hoeft, and H.M Brown.  2001.  A soil organic nitrogen  

fraction that reduces the need for nitrogen fertilization.  Soil Sci. Soc. Am. J.  
65:1164-1172. 

 
Myrold, D.D. 2005.  Transformations of Nitrogen. p. 345.  In: Sylvia et al. (ed.)  

Principles and applications of soil microbiology. Upper Saddle River, New  
Jersey. 

 
Nambiar, E.K.S. 1996. Sustained productivity of forests is a continuing challenge to soil 

science. Soil Science Society of America Journal 60:1629-1642. 
 
National Research Council, 2003.  NEON: Addressing the nation’s environmental 

challenges.  Committee on the national ecological observatory network.  The 
National Academies Press, Washington DC, USA. 132 pp. 

 
Neve, S.D., and G. Hofman. 2000. Influence of soil compaction on carbon and nitrogen 

mineralization of soil organic matter and crop residues. Biology and Fertility of 
Soils 30:544-549. 

 



 
 

 

260

New Zealand Forest Service. 1981.  New Zealand forest service policy on exotic special 
purpose species.  New Zealand Forest Service, Wellington, New Zealand. 

 
Newton, P.F., and I.G. Amponsah.  2006.  Systematic review of short-term growth  

responses of semi-mature black spruce and jack pine stands to nitrogen-based  
fertilization treatments.  Forest Ecology and Management 237:1-14. 

 
Olykan, S.T., X. JianMing, P.W. Clinton, M.F. Skinner, D.J. Graham, and AC. Leckie.  

2008. Effect of boron fertilizer, weed control, genotype on foliar nutrients and  
tree growth of juvenile Pinus radiata at two contrasting sites in New Zealand.  
Forest Ecology and Management 255:1196-1209. 

 
O’Neill, K.P., M.C. Amacher, and C.J. Palmer.  2005.  Developing a national indicator of  

soil quality on US forestlands: methods and initial results.  Environmental  
Monitoring and Assessment 107:59-80. 

 
Page-Dumroese, D.S., M.F. Jurgensen, A.E. Tiarks, F. Ponder, F.G. Sanchez, R.L.  

Fleming, J.M. Kranabetter, R.F. Powers, D.M. Stone, J.D. Elioff, and D.A. Scott.   
2006. Soil physical property changes at the North American long-term soil  
productivity study sites: 1 and 5 years after compaction.  Can. J. For. Res. 36:551- 
564. 

 
Parfitt, R.L., G.J. Salt, and S. Saggar.  2001.  Post-harvest residue decomposition and  

nitrogen dynamics in Pinus radiata plantations of different N status.  Forest  
Ecology and Management 154:55-67. 

 
Paul, K.I., P.J. Polglase, P.J. Smethurst, A.M.O’Connell, C.J. Carlyle, and P.K. Khanna.  

2004.  Soil temperature under forests: a simple model for predicting soil 
temperature under a range of forest types.  Agriculture and Forest Meteorology 
121:167-182. 

 
Pierce, F.J., W.E. Larson, R.H. Dowdy, and W.A.P Graham. 1983.  Productivity of soils:  

assessing long-term changes due to erosion.  J. Soil Water Conserv. 38:39-44. 
 
Ponder, F., Jr., and N.M. Mikkelson. 1995. Characteristics of a long-term forest soil 

productivity research site in Missouri. General Technical Report - Northeastern 
Forest Experiment Station, USDA Forest Service:272-281. 

 
Powers, R.F. 1980.  Mineralizeable soil nitrogen as an index of nitrogen availability to  

forest trees.  Soil Sci. Soc. Am. J.  44:1314-1320. 
 
Powers, R.F.  1991.  Are we maintaining the productivity of forest lands?  Establishing  

guidelines through a network of long-term studies.  In: Harvey, A.E.,  
Neuenschwander, L.F. (Eds.).  Management and Productivity of Western- 
Montane Forest Soils.  April 10-12, 1990.  Boise, ID.  USDA For. Serv. Gen.  
Tech Rep.  INT-280.  pp. 70-81. 



 
 

 

261

 
Powers, R.F., D.H. Alban, G.A. Ruark, and A.E. Tiarks. 1990. A soils research approach 

to evaluating management impacts on long-term productivity. FRI Bulletin:127-
145. 

 
Powers, R.F., D.J. Mead, J.A. Burger, and M.W. Ritchie.  1994.  Designing long term site   

productivity experiments. pp. 247-286.  In: Dyck, W.J., D.W. Cole, and N.B.  
Comerford (Eds.).  Impacts of Forest Harvesting on Long-term Site Productivity.   
Chapman and Hall, London.   

 
Powers, R.F., and G.T. Ferrell.  1996.  Moisture, nutrient, and insect constraints on  

plantation growth: the “Garden of Eden” study.  New Zealand Journal of Forest  
Science 26:126-144. 

 
Powers, R.F., A.E. Tiarks, J.R. Boyle.  1998.  Assessing soil quality: Practicable  

standards for sustainable forest productivity in the United States.  p. 53-80.  In:  
E.A. Davidson et al. (ed.) The contribution of soil science to the development of  
and implementation of criteria and indicators of sustainable forest management.   
SSSA Special Publication 53.  SSSA, Madison, WI 

 
Powers, R.F., and P.E. Reynolds.  1999.  Ten-year responses of ponderosa pine  

plantations to repeated vegetation and nutrient control along an environmental  
gradient.  Canadian Journal of Forest Research 29:1027-1038. 

 
Prescott, C.E.  1997.  Effects of clearcutting and alternative silvicultural systems on rates  

of decomposition and nitrogen mineralization in a coastal montane coniferous  
forest.  Forest Ecology and Management 95:253-260. 

 
Prescott, C.E. 2002. The influence of the forest canopy on nutrient cycling. Tree 

Physiology 22:1193-1200. 
 
Prescott, C.E., J.P. Corbin, and D.Parkinson. 1992.  Immobilization and availability of N  

and P in the forest floors of fertilized Rocky Mountain coniferous forests.  Plant  
and Soil 143:1-10. 

 
Ramakrishna, K., and E.A. Davidson.  1998.  Intergovernmental Negotiations on Criteria  

and Indicators for the Management, Conservation, and Sustainable Development  
of Forests: What role of forest scientists?  p. 1-15  In: E.A. Davidson et al. (ed.)  
The contribution of soil science to the development of and implementation of  
criteria and indicators of sustainable forest management.  SSSA Special  
Publication No. 53.  SSSA, Madison, WI 

 
Read, D.J., and J. Perez-Moreno.  2003.  Mycorrhizas and nutrient cycling in ecosystems 

– a journey towards relevance?  New Phytologist 157:475-492. 
 



 
 

 

262

Reid, R., and G. Wilson. 1986. Agroforestry in Australia and New Zealand : the growing 
of productive trees on farms. Rev. ed. Goddard and Dobson, Box Hill, Vic. 

 
Richardson, B., M.F. Skinner, and G. West. 1999. The role of forest productivity in 

defining sustainability of plantation forests in New Zealand. Forest Ecology and 
Management 122:125-137. 

 
Romig, D.E., M.J. Garlynd, R.F. Harris.  1996. Farmer-based assessment of soil quality:  

a soil health scorecard. p. 39-60.  In: J.W. Doran et al. and A.J. Jones (eds.)  
Methods for assessing soil quality.  SSSA Special Publication 49.   
SSSA, Madison, WI. 

 
Salwasser, H., D.W. MacCleery, and T.A. Snellgrove. 1993.  An ecosystem perspective 

on sustainable forestry and new directions for the U.S. National Forest System. p 
44-89. In G.H. Aplet et al. (ed.) Defining Sustainable Forestry.  Island Press, 
Washington DC.  

 
Sampson, D.A., R.H. Waring, C.A. Maier, C.M. Gough, M.J. Ducey, and K.H. Johnsen. 

2006. Fertilization effects on forest carbon storage and exchange, and net primary 
production: a new hybrid process model for stand management. Forest Ecology 
and Management 221:91-109. 

 
Sanchez, F.G., A.E. Tiarks, J.M. Kranabetter, D.S. Page-Dumroese, R.F. Powers, P.T.  

Sanborn, and W.K. Chapman.  2006.  Effects of organic matter removal and soil  
compaction on fifth-year mineral soil carbon and nitrogen contents for sites across  
the United States and Canada.  Can. J. For. Res. 36:565-576. 

 
Sands, R., E. Haramburu, M. Wood, and R.A. Douglas.  2007.  Harvesting traffic and  

ripping affect growth of Pinus Radiata.  New Zealand Journal of Forestry Science  
37:112-123. 

 
SAS Institute, 1996.  SAS Institute, SAS/STAT Software: Changes and Enhancements 

through Release 6.11, SAS Institute Inc., Cary, NC (1996). 
 
Schipper, L.A and G.P. Sparling.  2000.  Performance of soil condition indicators across  

taxonomic groups and land uses.  Soil Sci. Soc. Am. J. 64:300-311. 
 
Schoenholtz, S.H., H. Van Meigroet, and J.A. Burger.  2000.  A review of chemical and  

physical properties as indicators of forest soil quality: challenges and  
opportunities.  Forest Ecology and Management 138:335-356. 

 
Scott, N.A., R.L. Parfitt, D.J. Ross, and G.J. Salt.  1998.  Carbon and nitrogen  

transformations in New Zealand plantation forest soils from sites with different N  
status.  Can. J. For. Res. 28:967-976. 

 



 
 

 

263

Sharma, M., R.L. Amateis, and H.E. Burkhart. 2003. Forest stand dynamics and 
similarity theory. Ecological Modelling 167:165-180. 

 
Shumway, J.S., and W.A. Atkinson.  1977  Measuring and predicting growth response in  

unthinned stands of Douglas-fir by paired tree analysis and soil testing.  WA State  
Dept. Nat. Resource, DNR Note 15, 10p. Olympia, WA. 

 
Shumway, J.S. 1978.  Predicting nitrogen fertilizer response in unthinned stands of  

Douglas-fir.  Agronomy Abstracts p193. 
 

Simioni, G., P. Ritson, J. McGrath, M.U.F. Kirschbaum, B. Copeland, and I. Dumbrell.   
2008. Predicting wood production and net ecosystem carbon exchange of Pinus  
radiata plantations in south-western Australia: application of a process-based 
model.  Forest Ecology and Management 255:901-912. 

 
Smith, D.M., B.C. Larson, M.J. Kelty, and P.M.S Ashton. 1997.  The practice of  

silviculture: applied forest ecology, 9th Edition.  John Wiley and Sons, Inc. New  
York. 

 
Smith, C.T., A.T. Lowe, P.N. Beets, and W.J. Dyck.  1994.  Nutrient accumulation in  

second-rotation Pinus Radiata after harvest residue management and fertilizer  
treatment of coastal sand dunes.  New Zealand Journal of Forestry Science 24  
(2/3): 362-389. 

 
Smith, C.T., W.J. Dyck, P.N. Beets, P.D. Hodgkiss, and A.T. Lowe. 1994. Nutrition and 

productivity of Pinus radiata following harvest disturbance and fertilization of 
coastal sand dunes. Forest Ecology and Management 66:5-38. 

 
Smith, C.T., and S.D. McMahon.  1997.  Template for developing guidelines for  

sustainable forest management for bioenergy production. p. 157-165.  In: IEA  
Bioenergy,  Forest Management for Bioenergy.  The Finnish Forest Research  
Institute, Vantaa. 

 
Smith, C.T., and R.J. Raison.  1998.  Utility of the Montreal Process indicators for soil  

conservation in native forests and plantations in Australia and New Zealand.  
p.121-136.  In:E.A. Davidson et al. (ed.) The contribution of soil science to the  
development of and implementation of criteria and indicators of sustainable forest 
management.  SSSA Special Publication No. 53.  SSSA, Madison, WI 

 
Smith, C.T., A. T. Lowe, M. F. Skinner, P. N. Beets, S. H. Schoenholtz and Shengzuo  

Fang.  2000.Response of radiata pine forests to residue management and  
fertilization across a fertility gradient in New Zealand.  Forest Ecology and  
Management: 138:203-223. 

 
Smith, J.L., and J.W. Doran. 1996.  Measurement and use of pH and electrical  

conductivity for soil quality analysis. p. 169-186.  In: J.W. Doran et al. and A.J.  



 
 

 

264

Jones (eds.) Methods for assessing soil quality.  SSSA Special Publication 49.   
SSSA, Madison, WI 

 
Smith, S.E. and D.J. Read. 1997.  Mycorrhizal Symbiosis, Second ed.  Academic press,  

605 pp. 
 
Society of American Foresters. 1991.  Task force report on biological diversity in forest  

ecosystems.  SAF, Bethesda, MD.  52pp. 
 
Solis, E., and J. Campo.  2004.  Soil N and P dynamics in two secondary tropical dry  

forests after fertilization.  Forest Ecology and Management 195:409-418. 
 
Sparling, G.P.  1997.  Soil microbial biomass, activity and nutrient cycling as indicators  

of soil health. p. 97-119.  In: Pankhurst et al. (ed.) Biological indicators of soil  
health.  CAB International, New York. 

 
Sparling, G.P, and L.A. Schipper.  2002.  Soil quality at a national scale in New Zealand.   

J. Environ. Qual.  31:1848-1857. 
 
Sparling, G., R.L. Parfitt, A.E. Hewitt, and L.A. Schipper.  2003.  Three approaches to  

define desired soil organic matter contents.  J. Environ. Qual. 32:760-766. 
 
Sparling, G.P., L.A. Schipper, W. Bettjeman, and R. Hill.  2004.  Soil quality monitoring  

in New Zealand: practical lessons from a 6-year trial.  Agriculture, Ecosystems,  
and Environment 104:523-534. 

 
Sparling, G., and L. Schipper.  2004.  Soil quality monitoring in New Zealand: trends and  

issues arising from a broad-scale survey.  Agriculture, Ecosystems, and  
Environment 104:545-552. 

 
Stone, E.L. 1975. Soils and man's use of forest land. In: Bernier, B., Winget, C.H. (Eds.),  

Forest soils and forest land management. Proceedings of the Fourth North  
American Forest Soils Conference. Les Presses de L’universite Laval, Quebec. 

 
Storie, R.E. 1933.  An index for rating the agricultural value of soils. Calif. Agric. Exp.  

Stn. Bull. No. 556. 
 
Tan, X., S.X. Chang, and R. Kabzems.  2005.  Effects of soil compaction and forest floor  

removal on soil microbial properties and N transformations in a boreal forest  
long-term soil productivity study.  Forest Ecology and Management 217:158-170. 

 
Teshome, T. and J.A. Petty.  2000.  Site index equation for Cupressus lusitanica stands in  
 Munessa forest, Ethiopia.  Forest Ecology and Management 126:339-347. 
 
Trasar-Cepeda, C.Leiros, F. Gil-Sotres, and S. Seoane.  1998.  Towards a biochemical  

quality index for soils: an expression relating several biological and biochemical  



 
 

 

265

properties.  Biol. Fertil. Soils 26:100-106. 
 
Turner, D.P., P. Sollins, M. Leuking, and N. Rudd.  1993.  Availability and uptake of  

inorganic nitrogen in a mixed old-growth coniferous forest.  Plant and  
Soil.148:163-174. 

 
Unger, P.W. and T.C. Kaspar.  1994.  Soil compaction and root growth: A review.  

Agron. J. 86:759-766. 
 
Valachovic, Y.S., B.A. Caldwell, K. Cromack, and R.P. Griffiths.  2004.  Leaf litter 

chemistry controls on decomposition of Pacific Northwest trees and woody 
shrubs.  Can. J. For. Res. 34:2131-2147. 

 
Van Miegroet, H., D. Zabowski, C.T. Smith, and H. Lundkvist.  1994.  Review of  

measurement techniques in site productivity studies. In: Dyck, W.J., D.W. Cole,  
and N.B. Comerford (Eds.).  Impacts of Forest Harvesting on Long-term Site  
Productivity.  Chapman and Hall, London.  pp. 247-286.   

 
Vanotti, M.B., S.A. Leclerc, and L.G. Bundy.  1995.  Short-term effects of nitrogen  

fertilization on soil organic nitrogen availability.  Soil Sci. Soc. Am. J. 59:1350- 
1359. 

 
Verhoef, H.A., and L. Brussaard.  1990.  Decomposition and nitrogen mineralization in 

natural and agroecosystems: the contribution of soil animals.  Biogeochemistry 
11: 175-211. 

 
Vestgarden, L.S. 2001.  Carbon and nitrogen turnover in the early stage of Scots pine 

(Pinus sylvestris L.) needle litter decomposition: effects of internal and external 
nitrogen.  Soil Biology and Biochemistry 33:465-474. 

 
Vincent, G., L. Gea, J. Aimers-Halliday, C. Low, and others.  What’s happening with 

Cypresses at forest research.  New Zealand Tree Grower Magazine, May 2002. 
 
Watt, M.S., G. Coker, P.W. Clinton, M.R. Davis, R. Parfitt, R. Simcock, L. Garrett, T. 

Payn, B. Richardson, and A. Dunningham. 2005. Defining sustainability of 
plantation forests through identification of site quality indicators influencing 
productivity--A national view for New Zealand. Forest Ecology and Management 
216:51-63. 

 
Watt, M.S., A.L. Kiyvyra, P.W. Clinton, G.Coker, R.L. Parfitt, R. Simcock, J. Dando, 

M.R. Davis, and S.H. Schoenholtz.  In press.  Modelling water balance in 
fertilized and unfertilized Cupressus lusitanica and Pinus radiata grown across an 
environmental gradient.  Forest Ecology and Management. 

 
Watt, M.S., M.R. Davis, P.W. Clinton, G.Coker, C. Ross, J. Dando, R.L Parfitt, and R. 

Simcock.  Submitted.  Identification of key soil indicators influencing plantation 



 
 

 

266

productivity and sustainability across a national trial series in New Zealand.  
Forest Ecology and Management. 

 
Wang, X. P., D. Page-Dumroese, M. F Jurgensen, and R. J. Ross.  2007.  Field 

assessment of wood stake decomposition in forest soil.  Holzforschung, 61: 605-
610. 

 
Woollons, R.C., M.F. Skinner, B. Richardson, and W.C. Rijske.  2002.  Utility of “A”  

horizon soil characteristics to separate pedological groupings, and their influence  
with climatic and topographic variables on Pinus Radiata growth.  New Zealand  
Journal of Forestry Science 32:195-207 
 

Wymore, A.W. 1993.  Model-based systems engineering: An introduction to the  
mathematical theory of discrete systems and to the tricotyledon theory of system  
design.  CRC Press, Boca Raton, FL. 
 

Zabowski, D., M.F. Skinner, and T.W. Payn.  2007.  Nutrient release by weathering:  
implications for sustainable harvesting of Pinus Radiata in New Zealand soils.   
New Zealand Journal of Forestry Science 37:336-354. 

 
Zou, C., R. Sands, G. Buchan, and I. Hudson.  2000.  Least limiting water range: a  

potential indicator of physical quality of forest soils.  Aust. J. Soil Res. 38:947- 
958. 
 



 
 

 

267

APPENDICES 
 
 

APPENDIX 1 

 
 
 

ACCESSORY TABLES AND FIGURES FOR CHAPTER 3 



 
 

 

268

 
Table A1.1.  Treatment effects1 and interactions on MAI (m3 ha-1 yr-1) by cluster 
and principal component (PC) groupings. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Cluster   Effect p value  Effect p value  Effect p value 
A     F>N 0.003  P>C <0.0001
B     C:F>N 0.1  P>C <0.0001
C     F>N 0.004  P>C 0.0001 
D        P>C 0.002 
E     C:F>N 0.01  N:P>C 0.002 
F     F>N 0.01  P>C 0.0001 
G        P>C 0.0001 
J        P>C 0.003 
K     F>N 0.01  P>C <0.0001
N     C:F>N 0.04  P>C <0.0001
O     F>N 0.02  P>C 0.002 

PC                 
PC-B        N:P>C 0.007 
PC-C     F>N 0.1  P>C 0.01 
PC-D     F>N 0.04  P>C 0.0006 
PC-E     C:F>N 0.05  N: P>C 0.009 
PC-F     U:F>N 0.08  P>C 0.0006 
PC-G     F>N 0.07  P>C 0.04 
PC-H     F>N 0.1  P>C 0.0003 
PC-I        P>C 0.0009 
PC-J     F>N 0.002  P>C <0.0001
PC-K        P>C 0.0001 
PC-L     C:F>N 0.03  N:P>C 0.002 
PC-M     F>N 0.05  P>C <0.0001
PC-N  F:U<D 0.003  F>N 0.002  P>C <0.0001
PC-O             P>C 0.0004 
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) 
or C. lusitanica (C). 
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Table A1.2.  Treatment effects1 and interactions on potential N mineralization 
(mg N kg-1) by cluster and principal component (PC) groupings. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Cluster   Effect p value  Effect p value  Effect p value 
A     F>N 0.1    
B          
C          
D          
E          
F          
G          
J        F:P>C 0.1 
K  C:D>U 0.1       
N          
O          

PC                 
PC-B          
PC-C          
PC-D  C:D>U 0.04     C>P 0.05 
PC-E          
PC-F        F:P>C 0.05 
PC-G          
PC-H          
PC-I          
PC-J  D>U 0.08     C>P 0.08 
PC-K        F:P>C 0.03 
PC-L          
PC-M          
PC-N          
PC-O                 
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) 
or C. lusitanica (C). 
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Table A1.3.  Treatment effects1 and interactions on net N mineralization (mg N 
kg-1) by cluster and principal component (PC) groupings. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Cluster   Effect p value  Effect p value  Effect p value 
A     U:F>N 0.07  P>C 0.1 
B          
C  P:D>U 0.05     D: P>C 0.03 
D        U:P>C 0.07 
E          
F          
G          
J        P>C 0.1 
K          
N          
O        D: P>C 0.006 

PC                 
PC-B        U:P>C 0.07 
PC-C        D:P>C 0.06 
PC-D     F>N 0.1    
PC-E        P>C 0.02 
PC-F          
PC-G          
PC-H        P>C 0.03 
PC-I  C:D>U 0.09       
PC-J          
PC-K        P>C 0.1 
PC-L        D:P>C 0.007 
PC-M          
PC-N          
PC-O                 
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) 
or C. lusitanica (C). 
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Table A1.4.  Treatment effects1 and interactions on ammonification (mg N kg-1) 
by cluster and principal component (PC) groupings. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Cluster   Effect p value  Effect p value  Effect p value 
A     U:F>N 0.05  P>C 0.1 
B          
C          
D        P>C 0.04 
E          
F        P>C 0.08 
G  F:U>D 0.1     P>C 0.01 
J          
K        P>C 0.04 
N  F:U>D 0.03     P>C 0.1 
O          

PC                 
PC-B        P>C ,03 
PC-C          
PC-D          
PC-E     U:F>N 0.05  P>C 0.02 
PC-F          
PC-G          
PC-H          
PC-I          
PC-J     U:F>N 0.06  P>C 0.1 
PC-K          
PC-L        P>C 0.05 
PC-M          
PC-N  N:D>U 0.03       
PC-O             P>C 0.04 
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) 
or C. lusitanica (C). 
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Table A1.5.  Treatment effects1 and interactions on nitrification (mg N kg-1) by 
cluster and principal component (PC) groupings. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Cluster   Effect p value  Effect p value  Effect p value 
A          
B          
C        D:P>C 0.04 
D     D:F>N 0.05    
E          
F          
G          
J        P>C 0.09 
K        P>C 0.1 
N        P>C 0.1 
O        D:P>C 0.04 

PC                 
PC-B          
PC-C          
PC-D          
PC-E        P>C 0.09 
PC-F          
PC-G          
PC-H        D: P>C 0.01 
PC-I  F:D>U 0.05     P>C 0.09 
PC-J        C>P 0.1 
PC-K          
PC-L        P>C 0.06 
PC-M          
PC-N          
PC-O        D:F>N 0.04      
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) 
or C. lusitanica (C). 
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Table A1.6.  Treatment effects1 and interactions on net N mineralization (kg N 
ha-1) by cluster and principal component (PC) groupings. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Cluster   Effect p value  Effect p value  Effect p value 
A     U:F>N 0.07  P>C 0.1 
B        P>C 0.1 
C  P:D>U 0.05     P>C 0.08 
D        U:P>C 0.09 
E          
F          
G        P>C 0.06 
J        P>C 0.05 
K          
N          
O        D:P>C 0.005 

PC                 
PC-B        U:P>C 0.09 
PC-C        D:P>C 0.04 
PC-D     F>N 0.1    
PC-E        P>C 0.01 
PC-F          
PC-G          
PC-H        D:P>C 0.005 
PC-I  C:D>U 0.09       
PC-J          
PC-K        P>C 0.08 
PC-L        P>C 0.01 
PC-M          
PC-N          
PC-O                 
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) 
or C. lusitanica (C). 
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Table A1.7.  Treatment effects1 and interactions on ammonification (kg N ha-1) 
by cluster and principal component (PC) groupings. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Cluster   Effect p value  Effect p value  Effect p value 
A     U:F>N 0.06  P>C 0.09 
B          
C          
D        P>C 0.04 
E          
F        C>P 0.09 
G        P>C 0.008 
J          
K        P>C 0.03 
N          
O        D: P>C 0.005 

PC                 
PC-B        P>C 0.03 
PC-C          
PC-D          
PC-E     U: F>N 0.05  P>C 0.01 
PC-F          
PC-G  N:D>U 0.08       
PC-H          
PC-I          
PC-J        P>C 0.08 
PC-K          
PC-L        P>C 0.03 
PC-M          
PC-N  N:D>U 0.03       
PC-O   U>D 0.1       P>C 0.04 
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) 
or C. lusitanica (C). 
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Table A1.8.  Treatment effects1 and interactions on nitrification (kg N ha-1) by 
cluster and principal component (PC) groupings. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Cluster   Effect p value  Effect p value  Effect p value 
A          
B          
C        D:P>C 0.05 
D  F:D>U 0.05  F>N 0.1    
E          
F          
G  F:D>U 0.05  F>N 0.1    
J        P>C 0.05 
K  F:D>U 0.06     C>P 0.08 
N          
O        D:P>C 0.005 

PC                 
PC-B  F:D>U 0.06       
PC-C          
PC-D          
PC-E        P>C 0.1 
PC-F          
PC-G          
PC-H        D:P>C 0.01 
PC-I  F:D>U 0.04     D: C>P 0.03 
PC-J        C>P 0.1 
PC-K          
PC-L        P>C 0.07 
PC-M          
PC-N        D:P>C 0.04 
PC-O   F:D>U 0.05  F>N 0.1      
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) 
or C. lusitanica (C). 
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Table A1.9.  Treatment effects1 and interactions on litter k (yr-1) by cluster and 
principal component (PC) groupings. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Cluster   Effect p value  Effect p value  Effect p value 
A          
B  N:D>U 0.09     C>P 0.0006 
C          
D  N:D>U 0.02  F>N 0.1  C>P <0.0001
E          
F          
G  N:D>U 0.04     C>P 0.0003 
J          
K  D>U 0.1     C>P 0.0004 
N        C>P 0.0008 
O          

PC                 
PC-B  N:D>U 0.02     C>P 0.0004 
PC-C          
PC-D        C>P 0.03 
PC-E          
PC-F          
PC-G          
PC-H     C:N>F 0.06    
PC-I     F>N 0.04  C>P <0.0001
PC-J  C:D>U 0.03  U:F>N 0.02  C>P 0.006 
PC-K        C>P 0.08 
PC-L          
PC-M        C>P 0.008 
PC-N     N>F 0.07  P>C 0.1 
PC-O   N:D>U 0.02  F>N 0.1  C>P <0.0001
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) 
or C. lusitanica (C). 
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Table A1.10.  Treatment effects1 and interactions on wood k (yr-1) by cluster and 
principal component (PC) groupings. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Cluster   Effect p value  Effect p value  Effect p value 
A        C>P 0.1 
B          
C        C>P 0.03 
D          
E          
F        C>P 0.09 
G        C>P 0.04 
J          
K     F>N 0.06  C>P 0.004 
N     F>N 0.1  C>P 0.06 
O        C>P 0.03 

PC                 
PC-B          
PC-C          
PC-D     F>N 0.05    
PC-E        C>P 0.03 
PC-F          
PC-G        C>P 0.03 
PC-H          
PC-I     F>N 0.07    
PC-J        C>P 0.002 
PC-K          
PC-L        C>P 0.04 
PC-M     F>N 0.02  C>P 0.02 
PC-N        C>P 0.008 
PC-O                 
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) 
or C. lusitanica (C). 
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Table A1.11.  Treatment effects1 and interactions on dry days during years 1-4 
by cluster and principal component (PC) groupings. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Cluster   Effect p value  Effect p value  Effect p value 
A     N>F 0.1  P>C <0.0001
B     N>F 0.01  P>C <0.0001
C     N>F 0.04  P>C <0.0001
D     N>F 0.07  P>C 0.0002 
E        P>C 0.005 
F     N>F 0.01  P>C 0.0006 
G        P>C <0.0001
J        P>C 0.0002 
K     N>F 0.02  P>C <0.0001
N     N>F 0.03  P>C <0.0001
O     N>F 0.1  P>C <0.0001

PC                 
PC-B        P>C 0.0005 
PC-C     N>F 0.1  P>C 0.0004 
PC-D     N>F 0.04  P>C 0.003 
PC-E        P>C <0.0001
PC-F     N>F 0.01  P>C <0.0001
PC-G        P>C 0.002 
PC-H     N>F 0.02  P>C <0.0001
PC-I     N>F 0.02  P>C 0.002 
PC-J     N>F 0.1  P>C <0.0001
PC-K     N>F 0.02  P>C <0.0001
PC-L        P>C <0.0001
PC-M     N>F 0.0006  P>C <0.0001
PC-N     N>F 0.09  P>C <0.0001
PC-O        N>F 0.04  P>C <0.0001
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) 
or C. lusitanica (C). 
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Table A1.12.  Treatment effects1 and interactions on wet days during years 1-4 
by cluster and principal component (PC) groupings. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Cluster   Effect p value  Effect p value  Effect p value 
A     F>N 0.1  C>P <0.0001
B     F>N 0.007  C>P <0.0001
C     F>N 0.03  C>P <0.0001
D     F>N 0.09  C>P <0.0001
E        C>P <0.0001
F     F>N 0.02  C>P <0.0001
G     F>N 0.04  C>P <0.0001
J     F>N 0.04  C>P <0.0001
K     F>N 0.07  C>P <0.0001
N     F>N 0.04  C>P <0.0001
O     F>N 0.09  C>P <0.0001

PC                 
PC-B     F>N 0.03  C>P <0.0001
PC-C        C>P <0.0001
PC-D     F>N 0.1  C>P <0.0001
PC-E        C>P <0.0001
PC-F     F>N 0.06  C>P <0.0001
PC-G        C>P 0.0005 
PC-H     F>N 0.006  C>P <0.0001
PC-I        C>P 0.0002 
PC-J     F>N 0.1  C>P <0.0001
PC-K     F>N 0.01  C>P <0.0001
PC-L     F>N 0.1  C>P <0.0001
PC-M     F>N 0.01  C>P <0.0001
PC-N     F>N 0.04  C>P <0.0001
PC-O        F>N 0.06  C>P <0.0001
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) 
or C. lusitanica (C). 
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Table A1.13.  Treatment effects1 and interactions on days within the LLWR 
during years 1-4 by cluster and principal component (PC) groupings. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Cluster   Effect p value  Effect p value  Effect p value 
A        P>C 0.0002 
B        P>C 0.0002 
C        P>C 0.0001 
D        P>C 0.01 
E        P>C 0.01 
F        P>C <0.0001
G        P>C <0.0001
J        P>C 0.002 
K        P>C <0.0001
N        P>C 0.0003 
O        P>C 0.0003 

PC                 
PC-B          
PC-C        P>C <0.0001
PC-D        P>C 0.0005 
PC-E        P>C 0.01 
PC-F        P>C 0.003 
PC-G        P>C 0.008 
PC-H        P>C <0.0001
PC-I        P>C 0.01 
PC-J        P>C <0.0001
PC-K        P>C 0.003 
PC-L        P>C 0.0007 
PC-M        P>C <0.0001
PC-N        P>C <0.0001
PC-O           P>C 0.0005 
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) 
or C. lusitanica (C). 
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Table A1.14.  Treatment effects1 and interactions on dry days during year 4 by 
cluster and principal component (PC) groupings. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Cluster   Effect p value  Effect p value  Effect p value 
A        P>C <0.0001
B     N>F 0.04  P>C <0.0001
C     N>F 0.03  P>C 0.0003 
D     N>F 0.07  P>C <0.0001
E        P>C 0.003 
F     N>F 0.03  P>C 0.0002 
G        P>C <0.0001
J        P>C 0.0004 
K     N>F 0.06  P>C <0.0001
N     N>F 0.06  P>C <0.0001
O     N>F 0.1  P>C 0.0003 

PC                 
PC-B        P>C 0.0001 
PC-C        P>C 0.009 
PC-D     N>F 0.07  P>C <0.0001
PC-E        P>C 0.0003 
PC-F     N>F 0.03  P>C <0.0001
PC-G        P>C 0.02 
PC-H     N>F 0.08  P>C <0.0001
PC-I     N>F 0.05  P>C <0.0001
PC-J        P>C 0.0001 
PC-K     N>F 0.06  P>C <0.0001
PC-L        P>C <0.0001
PC-M     N>F 0.003  P>C <0.0001
PC-N        P>C <0.0001
PC-O        N>F 0.05  P>C <0.0001
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) 
or C. lusitanica (C). 
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Table A1.15.  Treatment effects1 and interactions on wet days during year 4 by 
cluster and principal component (PC) groupings. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Cluster   Effect p value  Effect p value  Effect p value 
A        C>P <0.0001
B        C>P <0.0001
C        C>P <0.0001
D        C>P <0.0001
E        C>P 0.0006 
F     F>N 0.1  C>P <0.0001
G        C>P <0.0001
J        C>P <0.0001
K        C>P <0.0001
N        C>P <0.0001
O        C>P <0.0001

PC                 
PC-B        C>P <0.0001
PC-C        C>P 0.0004 
PC-D        C>P <0.0001
PC-E        C>P <0.0001
PC-F        C>P 0.0002 
PC-G        C>P 0.0005 
PC-H        C>P <0.0001
PC-I        C>P 0.0003 
PC-J        C>P <0.0001
PC-K        C>P <0.0001
PC-L        C>P <0.0001
PC-M     F>N 0.07  C>P <0.0001
PC-N        C>P <0.0001
PC-O           C>P <0.0001
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) 
or C. lusitanica (C). 
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Table A1.16.  Treatment effects1 and interactions on days within the LLWR 
during year 4 by cluster and principal component (PC) groupings. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Cluster   Effect p value  Effect p value  Effect p value 
A        P>C 0.02 
B          
C        P>C 0.0003 
D     F>N 0.1    
E          
F        P>C 0.0009 
G          
J          
K          
N          
O        P>C <0.0001

PC                 
PC-B        P>C 0.003 
PC-C        P>C 0.0005 
PC-D        P>C 0.02 
PC-E          
PC-F        P>C 0.1 
PC-G          
PC-H        P>C 0.02 
PC-I          
PC-J        P>C 0.03 
PC-K          
PC-L          
PC-M        P>C 0.03 
PC-N        P>C 0.01 
PC-O        F>N 0.09    
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) 
or C. lusitanica (C). 
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Table A1.17.  Treatment effects1 and interactions on MAI (m3 ha-1 yr-1) for low and high levels of site and soil properties. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 

Site Conditions  Low p value High p value  Low p value High p value  Low p value High p value 
Slope       F>N 0.02    P>C <0.0001 P>C 0.01 
Temp       C:F>N 0.05 F>N 0.004  P>C <0.0001 P>C 0.0001 
VPD       F>N 0.06    P>C <0.0001 P>C <0.0001 
Rainfall    U>D 0.1    F>N 0.01  P>C 0.001 P>C <0.0001 
Topsoil       F>N 0.007 C:F>N 0.03  P>C 0.0005 P>C <0.0001 
Physical Properties                         
BD       U:F>N 0.08 F>N 0.03  P>C 0.0006 P>C <0.0001 
Por       F>N 0.03 U:F>N 0.08  P>C <0.0001 P>C 0.0006 
AC       F>N 0.1 F>N 0.05  P>C 0.003 P>C <0.0001 
FC    F:U>D 0.06  C:F>N 0.04 U:F>N 0.01  P>C <0.0001 P>C 0.002 
PWP       F>N 0.01 C:F>N 0.04  P>C 0.0001 P>C <0.0001 
AWC       C:F>N 0.01 F>N 0.07  P>C <0.0001 P>C 0.0008 
Clay       F>N 0.0007    P>C <0.0001 N:P>C 0.005 
Chemical Properties                         
N       F>N 0.002    P>C <0.0001 P>C 0.0002 
CN         F>N 0.0006  P>C 0.0007 P>C <0.0001 
BrayP       F>N 0.03    P>C 0.002 P>C <0.0001 
OrganicP       F>N 0.003    P>C <0.0001 P>C <0.0001 
SolP  F:U>D 0.04    F>N 0.002    P>C <0.0001 P>C 0.0004 
Basesum       F>N 0.008    P>C <0.0001 P>C 0.004 
Basesat       F>N 0.01    P>C <0.0001 P>C 0.0005 
CEC       F>N 0.0007    P>C <0.0001 P>C 0.008 
xCa       F>N 0.01    P>C <0.0001 P>C 0.003 
xMg       F>N 0.02    P>C <0.0001 P>C 0.001 
xK           C:F>N 0.02 F>N 0.09  P>C <0.0001 P>C 0.002 
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) or C. lusitanica (C).
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Table A1.18.  Treatment effects1 and interactions on potential N mineralization (mg N kg-1) for low and high levels of site and soil properties. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Site Conditions  Low p value High p value  Low p value High p value  Low p value High p value
Slope                
Temp                
VPD                
Rainfall                

Topsoil       F>N 0.1        
Physical Properties                             
BD            F:P>C 0.05   
Por              F: P>C 0.09 
AC                
FC                
PWP                
AWC              F: P>C 0.02 
Clay                
Chemical Properties                             
N  D>U 0.08         D:C>P 0.01 F: P>C 0.03 
CN    C:D>U 0.003       F: P>C 0.01 C>P 0.06 
BrayP                
OrganicP       F>N 0.1        
SolP                
Basesum  C:D>U 0.09             
Basesat                
CEC                
xCa                
xMg                
xK       F>N 0.1 N>F 0.06    D:C>P 0.05 
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) or C. lusitanica (C).
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Table A1.19.  Treatment effects1 and interactions on net N mineralization (mg N kg-1) for low and high levels of site and soil properties. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Site Conditions  Low p value High p value  Low p value High p value  Low p value High p value 
Slope              P>C 0.02 
Temp              D:P>C 0.03 
VPD            P>C 0.06   
Rainfall              P>C 0.05 

Topsoil            P>C 0.1   
Physical Properties                              
BD         F>N 0.1    P>C 0.07 
Por       F>N 0.1    P>C 0.07   
AC            P>C 0.02   
FC              D:P>C 0.03 
PWP              P>C 0.07 
AWC            P>C 0.09   
Clay                
Chemical Properties                              
N              P>C 0.1 
CN              D:P>C 0.04 
BrayP            P>C 0.07   
OrganicP       U:F>N 0.07    P>C 0.1   
SolP                
Basesum              P>C 0.1 
Basesat                
CEC              P>C 0.1 
xCa              P>C 0.1 
xMg              P>C 0.06 
xK              D:P>C 0.03 
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) or C. lusitanica (C). 
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Table A1.20.  Treatment effects1 and interactions on ammonification (mg N kg-1) for low and high levels of site and soil 
properties. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Site 
Conditions  Low 

p 
value High 

p 
value  Low 

p 
value High 

p 
value  Low

p 
value High 

p 
value 

Slope         U:F>N 0.05    P>C 0.02 
Temp  F:U>D 0.05         P>C 0.09   
VPD              P>C 0.1 
Rainfall                
Topsoil    F:U>D 0.08       P>C 0.09   
Physical Properties                          
BD         U:F>N 0.04    P>C 0.03 
Por       U:F>N 0.04    P>C 0.03   
AC            P>C 0.05   
FC            P>C 0.04   
PWP                
AWC            P>C 0.09   
Clay  N:D>U 0.03           P>C 0.06 
Chemical Properties                         
N            P>C 0.1   
CN              D:P>C 0.01 
BrayP  F:U>D 0.09         P>C 0.1   
OrganicP       U:F>N 0.05    P>C 0.1   
SolP  N:D>U 0.03           P>C 0.04 
Basesum    F:U>D 0.06       P>C 0.03   
Basesat                
CEC  N:D>U 0.03           P>C 0.06 
xCa            P>C 0.04   
xMg            P>C 0.1   
xK  F:U>D 0.03         P>C 0.04   
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) or C. lusitanica (C). 
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Table A1.21.  Treatment effects1 and interactions on nitrification (mg N kg-1) for low and high levels of site and soil properties. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Site 
Conditions  Low 

p 
value High 

p 
value  Low 

p 
value High 

p 
value  Low 

p 
value High 

p 
value 

Slope              P>C 0.09 
Temp              D:P>C 0.04 
VPD            P>C 0.07 C>P 0.1 
Rainfall  F:D>U 0.05         C>P 0.1 P>C 0.07 
Topsoil                
Physical Properties                            
BD                
Por                
AC            P>C 0.06   
FC  F:D>U 0.09             
PWP                
AWC       F>N 0.1        
Clay                
Chemical Properties                            
N            C>P 0.1   
CN                
BrayP            F:P>C 0.05   
OrganicP                
SolP    F:D>U 0.09    F>N 0.1      
Basesum  F:D>U 0.04         C>P 0.09 P>C 0.1 
Basesat                
CEC                
xCa            C>P 0.1 P>C 0.09 
xMg              P>C 0.1 
xK                
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) or C. lusitanica (C). 
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Table A1.22.  Treatment effects1 and interactions on net N mineralization (kg N ha-1) for low and high levels of site and soil properties. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Site Conditions  Low p value High p value  Low p value High p value  Low p value High p value
Slope              P>C 0.01 
Temp    P:D>U 0.05         D:P>C 0.02 
VPD            D:P>C 0.004   
Rainfall              D:P>C 0.003 
Topsoil            P>C 0.1 P>C 0.1 
Physical Properties                             
BD         F>N 0.09    P>C 0.05 
Por       F>N 0.09    P>C 0.06   
AC            P>C 0.01   
FC              D:P>C 0.01 
PWP       P:F>N 0.07      P>C 0.05 
AWC            D:P>C 0.04   
Clay    D>U 0.1         P>C 0.1 
Chemical Properties                             
N              P>C 0.08 
CN              D:P>C 0.04 
BrayP       P:F>N 0.07    F:P>C 0.007   
OrganicP       U:F>N 0.07    P>C 0.1 P>C 0.1 
SolP                
Basesum              D:P>C 0.02 
Basesat                
CEC  D>U 0.1           P>C 0.1 
xCa              P>C 0.05 
xMg              D:P>C 0.02 
xK            U:P>C 0.08 D:P>C 0.04 
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) or C. lusitanica (C). 
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Table A1.23.  Treatment effects1 and interactions on ammonification (kg N ha-1) for low and high levels of site and soil properties. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Site 
Conditions  Low 

p 
value High 

p 
value  Low 

p 
value High 

p 
value  Low 

p 
value High 

p 
value 

Slope         U:F>N 0.05    P>C 0.01 
Temp  F:U>D 0.05         P>C 0.06   
VPD  F:U>D 0.1           P>C 0.1 
Rainfall                
Topsoil    F:U>D 0.08       P>C 0.09   
Physical Properties                            
BD         U:F>N 0.04    P>C 0.02 
Por       U:F>N 0.04    P>C 0.02   
AC            P>C 0.03   
FC            P>C 0.04   
PWP              P>C 0.1 
AWC            D:P>C  0.02   
Clay  N:D>U 0.03 U>D 0.1         P>C 0.05 
Chemical Properties                            
N            P>C 0.08   
CN       D:N>F 0.09    U:P>C 0.05 D:P>C 0.006 
BrayP    F:U>D 0.1       P>C 0.06   
OrganicP       U:F>N 0.06    P>C 0.09   
SolP  N:D>U 0.03 U>D 0.1         P>C 0.04 
Basesum            P>C 0.02   
Basesat            P>C 0.02   
CEC  N:D>U 0.03 U>D 0.1         P>C 0.05 
xCa            P>C 0.03   
xMg            P>C 0.06   
xK  F:U>D 0.03             

1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) or C. lusitanica (C). 
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Table A1.24.  Treatment effects1 and interactions on nitrification (kg N ha-1) for low and high levels of site and soil properties. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Site Conditions  Low p value High p value  Low p value High p value  Low p value High p value
Slope              P>C 0.1 
Temp              D:P>C 0.05 
VPD    F:D>U 0.05       D:P>C 0.01 D:C>P 0.03 
Rainfall       D:F>N 0.05    D:C>P 0.03 D:P>C 0.01 
Topsoil                
Physical Properties                           
BD         F>N 0.1      
Por       F>N 0.1        
AC            P>C 0.07   
FC       D:F>N 0.04        
PWP                
AWC         F>N 0.1      
Clay                
Chemical Properties                         
N            C>P 0.1   
CN                
BrayP            F:P>C 0.02   
OrganicP                
SolP         D:F>N 0.03  D:P>C 0.04   
Basesum  F:D>U 0.04         C>P 0.07 P>C 0.08 
Basesat              P>C 0.1 
CEC                
xCa            C>P 0.08 P>C 0.05 
xMg              P>C 0.1 
xK                
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) or C. lusitanica (C). 
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Table A1.25.  Treatment effects1 and interactions on litter decomposition (k) for low and high levels of site and soil properties. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Site Conditions  Low p value High p value  Low p value High p value  Low p value High p value 
Slope            C>P 0.007   
Temp  N:D>U 0.02         C>P 0.0002   
VPD            C>P 0.1 C>P 0.01 
Rainfall  N:D>U 0.04    F>N 0.04 N>F 0.09  C>P <0.0001   
Topsoil    N:D>U 0.06         C>P 0.0019 
Physical Properties                           
BD              C>P 0.003 
Por            C>P 0.003   
AC              C>P 0.008 
FC  D>U 0.07         C>P 0.0001   
PWP            C>P 0.05 C>P 0.01 
AWC            C>P 0.002   
Clay            C>P 0.02 C>P 0.02 
Chemical Properties                         
N            C>P 0.006 C>P 0.08 
CN            C>P 0.05 C>P 0.006 
BrayP              C>P 0.001 
OrganicP    N:D>U 0.09         C>P 0.006 
SolP    N:D>U 0.02  N>F 0.07 F>N 0.1    C>P <0.0001
Basesum  D>U 0.1         C>P 0.0004   
Basesat         F>N 0.1  N:C>P 0.03 C>P 0.009 
CEC            C>P 0.02 C>P 0.02 
xCa  D>U 0.1         C>P 0.0004   
xMg            C>P 0.05 C>P 0.01 
xK            C>P 0.03 C>P 0.04 
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) or C. lusitanica (C). 
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Table A1.26.  Treatment effects1 and interactions on wood decomposition (k) for low and high levels of site and soil properties. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Site Conditions  Low p value High p value  Low p value High p value  Low p value High p value
Slope       F>N 0.02    C>P 0.04 C>P 0.03 
Temp              C>P 0.03 
VPD         F>N 0.07  C>P 0.02 N:C>P 0.002 
Rainfall       F>N 0.07      C>P 0.01 
Topsoil            C>P 0.01 C>P 0.06 
Physical Properties                           
BD              C>P 0.009 
Por            C>P 0.009   
AC         F>N 0.01  C>P 0.04 C>P 0.09 
FC       F>N 0.1    C>P 0.07 C>P 0.04 
PWP       F>N 0.07    C>P 0.001 C>P 0.1 
AWC              C>P 0.03 
Clay            C>P 0.002   
Chemical Properties                         
N       P:F>N 0.03    C>P 0.002   
CN       P:F>N 0.07      C>P 0.009 
BrayP         F>N 0.1  C>P 0.03   
OrganicP            C>P 0.01   
SolP            N:C>P 0.002   
Basesum       P:F>N 0.01    C>P 0.0005   
Basesat            C>P 0.02   
CEC            C>P 0.002   
xCa       F>N 0.06    C>P 0.0004   
xMg       P:F>N 0.02    C>P 0.0009   
xK       P:F>N 0.1    C>P 0.001   
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) or C. lusitanica (C). 
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Table A1.27.  Treatment effects1 and interactions on dry days during years 1-4 for low and high levels of site and soil properties. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Site Conditions  Low p value High p value  Low p value High p value  Low p value High p value 
Slope       N>F 0.0002 C:F>N 0.05  P>C <0.0001 P>C <0.0001 
Temp       N>F 0.1 N>F 0.04  P>C <0.0001 P>C <0.0001 
VPD       P:N>F 0.02 N>F 0.02  P>C <0.0001 P>C 0.0002 
Rainfall       N>F 0.02 P: N>F 0.007  P>C 0.002 P>C <0.0001 
Topsoil       N>F 0.07 N>F 0.06  P>C 0.001 P>C <0.0001 
Physical Properties                           
BD       N>F 0.01 N>F 0.1  P>C <0.0001 P>C <0.0001 
Por       N>F 0.1 N>F 0.01  P>C <0.0001 P>C <0.0001 
AC         N>F 0.0006  P>C <0.0001 P>C <0.0001 
FC       N>F 0.03 P:N>F 0.03  P>C <0.0001 P>C <0.0001 
PWP       N>F 0.04 P:N>F 0.02  P>C 0.0001 P>C <0.0001 
AWC       N>F 0.08 P:N>F 0.007  P>C <0.0001 P>C <0.0001 
Clay       N>F 0.02    P>C <0.0001 P>C 0.0001 
Chemical Properties                         
N       N>F 0.1 N>F 0.03  P>C <0.0001 P>C <0.0001 
CN       N>F 0.05 N>F 0.07  P>C 0.0002 P>C <0.0001 
BrayP         N>F 0.0006  P>C <0.0001 P>C <0.0001 
OrganicP       N>F 0.1 N>F 0.02  P>C <0.0001 P>C <0.0001 
SolP       N>F 0.09 N>F 0.04  P>C <0.0001 P>C <0.0001 
Basesum       N>F 0.02    P>C <0.0001 P>C 0.0006 
Basesat       N>F 0.06 N>F 0.06  P>C <0.0001 P.C 0.0003 
CEC       N>F 0.02    P>C <0.0001 P>C 0.0001 
xCa       N>F 0.02    P>C <0.0001 P>C 0.0002 
xMg       N>F 0.02 N>F 0.1  P>C <0.0001 P>C <0.0001 
xK            P:N>F 0.04 N>F 0.04  P>C <0.0001 P>C 0.0001 
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) or C. lusitanica (C). 
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Table A1.28.  Treatment effects1 and interactions on wet days during years 1-4 for low and high levels of site and soil properties. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Site Conditions  Low p value High p value  Low p value High p value  Low p value High p value 
Slope    C:U>D 0.09  F>N 0.008    C>P <0.0001 C>P <0.0001
Temp       F>N 0.09 F>N 0.03  C>P <0.0001 C>P <0.0001
VPD       P:F>N 0.002 F>N 0.08  C>P <0.0001 C>P 0.0002 
Rainfall         P:F>N 0.0002  C>P 0.0002 C>P <0.0001
Topsoil       F>N 0.1 F>N 0.01  C>P <0.0001 C>P <0.0001
Physical Properties                         
BD       F>N 0.06 F>N 0.04  C>P <0.0001 C>P <0.0001
Por       F>N 0.04 F>N 0.06  C>P <0.0001 C>P <0.0001
AC       F>N 0.1 F>N 0.01  C>P <0.0001 C>P <0.0001
FC       F>N 0.04 F>N 0.09  C>P <0.0001 C>P <0.0001
PWP       F>N 0.09 F>N 0.02  C>P <0.0001 C>P <0.0001
AWC       F>N 0.03 F>N 0.06  C>P <0.0001 C>P 0.0001 
Clay       F>N 0.02 F>N 0.09  C>P <0.0001 C>P <0.0001
Chemical Properties                         
N       F>N 0.1 F>N 0.01  C>P <0.0001 C>P <0.0001
CN       F>N 0.03 F>N 0.07  C>P <0.0001 C>P <0.0001
BrayP       F>N 0.1 F>N 0.01  C>P <0.0001 C>P <0.0001
OrganicP       F>N 0.1 F>N 0.007  C>P <0.0001 C>P <0.0001
SolP       F>N 0.04 F>N 0.06  C>P <0.0001 C>P <0.0001
Basesum       F>N 0.07 F>N 0.04  C>P <0.0001 C>P <0.0001
Basesat       F>N 0.07 F>N 0.03  C>P <0.0001 C>P <0.0001
CEC       F>N 0.02 F>N 0.09  C>P <0.0001 C>P <0.0001
xCa       F>N 0.07 F>N 0.04  C>P <0.0001 C>P <0.0001
xMg       F>N 0.1 F>N 0.01  C>P <0.0001 C>P <0.0001
xK            F>N 0.04 F>N 0.06  C>P <0.0001 C>P <0.0001
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) or C. lusitanica (C). 
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Table A1.29.  Treatment effects1 and interactions on days in the LLWR during years 1-4 for low and high levels of site and soil 
properties. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 

Site Conditions  High 
p 

value Low
p 

value  Low
p 

value High
p 

value  Low p value High p value 
Slope         N>F 0.05  P>C <0.0001 P>C 0.01 
Temp            P>C 0.0002 P>C 0.0001 
VPD            P>C <0.0001 P>C 0.006 
Rainfall         N>F 0.1  P>C <0.0001 P>C <0.0001 
Topsoil            P>C 0.0005 P>C <0.0001 
Physical Properties                            
BD            P>C 0.003 P>C <0.0001 
Por            P>C <0.0001 P>C 0.003 
AC       N>F 0.1    P>C 0.0007 P>C <0.0001 
FC            P>C 0.0003 P>C <0.0001 
PWP            P>C <0.0001 P>C 0.0007 
AWC            P>C <0.0001 P>C 0.01 
Clay            P>C <0.0001 P>C 0.08 
Chemical Properties                          
N            P>C <0.0001 P>C 0.003 
CN            P>C 0.08 P>C <0.0001 
BrayP       N>F 0.1    P>C 0.0007 P>C <0.0001 
OrganicP            P>C 0.0002 P>C 0.0002 
SolP            P>C <0.0001 P>C 0.0005 
Basesum            P>C <0.0001 P>C 0.004 
Basesat            P>C <0.0001 P>C 0.0004 
CEC            P>C <0.0001 P>C 0.08 
xCa            P>C <0.0001 P>C 0.002 
xMg            P>C 0.0002 P>C <0.0001 
xK                      P>C 0.0003 P>C <0.0001 
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) or C. lusitanica (C). 
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Table A1.30.  Treatment effects1 and interactions on dry days during year 4 for low and high levels of site and soil properties. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Site Conditions  Low p value High p value  Low p value High p value  Low p value High p value 
Slope       N>F 0.002    P>C <0.0001 P>C 0.0003 
Temp       N>F 0.1 N>F 0.03  P>C <0.0001 P>C 0.0003 
VPD         N>F 0.02  P>C <0.0001 P>C <0.0001
Rainfall       N>F 0.05    P>C <0.0001 P>C <0.0001
Topsoil       N>F 0.1 N>F 0.1  P>C 0.0003 P>C <0.0001
Physical Properties                           
BD       N>F 0.03    P>C <0.0001 P>C <0.0001
Por         N>F 0.03  P>C <0.0001 P>C <0.0001
AC         N>F 0.003  P>C <0.0001 P>C <0.0001
FC       N>F 0.06 N>F 0.1  P>C <0.0001 P>C 0.0003 
PWP       N>F 0.07    P>C <0.0001 P>C <0.0001
AWC         N>F 0.04  P>C <0.0001 P>C 0.0008 
Clay       N>F 0.09    P>C <0.0001 P>C <0.0001
Chemical Properties                         
N         N>F 0.06  P>C <0.0001 P>C <0.0001
CN       N>F 0.08    P>C 0.0004 P>C <0.0001
BrayP         N>F 0.003  P>C <0.0001 P>C <0.0001
OrganicP         N>F 0.04  P>C <0.0001 P>C <0.0001
SolP         N>F 0.05  P>C <0.0001 P>C <0.0001
Basesum       N>F 0.06    P>C <0.0001 P>C 0.001 
Basesat         N>F 0.1  P>C <0.0001 P>C <0.0001
CEC       N>F 0.09    P>C <0.0001 P>C <0.0001
xCa       N>F 0.06    P>C <0.0001 P>C 0.0004 
xMg       N>F 0.08    P>C <0.0001 P>C <0.0001
xK            N>F 0.08 N>F 0.09  P>C <0.0001 P>C <0.0001
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) or C. lusitanica (C). 
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Table A1.31. Treatment effects1 and interactions on wet days during year 4 for low and high levels of site and soil properties. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Site Conditions  Low p value High p value  Low p value High p value  Low p value High p value 
Slope       F>N 0.1    C>P <0.0001 C>P <0.0001
Temp            C>P <0.0001 C>P <0.0001
VPD            C>P <0.0001 C>P 0.0004 
Rainfall            C>P 0.0003 C>P <0.0001
Topsoil            C>P <0.0001 C>P <0.0001
Physical Properties                           
BD            C>P 0.0002 C>P <0.0001
Por            C>P <0.0001 C>P 0.0002 
AC         F>N 0.07  C>P <0.0001 C>P <0.0001
FC            C>P <0.0001 C>P <0.0001
PWP            C>P <0.0001 C>P <0.0001
AWC            C>P <0.0001 C>P 0.0002 
Clay            C>P <0.0001 C>P 0.0002 
Chemical Properties                         
N            C>P <0.0001 C>P <0.0001
CN            C>P 0.0005 C>P <0.0001
BrayP            C>P <0.0001 C>P <0.0001
OrganicP            C>P <0.0001 C>P <0.0001
SolP            C>P <0.0001 C>P <0.0001
Basesum            C>P <0.0001 C>P 0.0003 
Basesat            C>P <0.0001 C>P <0.0001
CEC            C>P <0.0001 C>P 0.0002 
xCa            C>P <0.0001 C>P <0.0001
xMg            C>P <0.0001 C>P <0.0001
xK                     C>P <0.0001 C>P <0.0001
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) or C. lusitanica (C). 
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Table A1.32.  Treatment effects1 and interactions on days in the LLWR during year 4 for low and high levels of site and soil  
properties. 
  DISTURBANCE  FERTILIZATION  TREE SPECIES 
Site Conditions  Low p value High p value  Low p value High p value  Low p value High p value 
Slope            P>C 0.004   
Temp              P>C 0.0003 
VPD            P>C 0.03   
Rainfall              P>C 0.02 
Topsoil       F>N 0.07    P>C 0.0003   
Physical Properties                           
BD            P>C 0.1   
Por              P>C 0.1 
AC              P>C 0.03 
FC              P>C <0.0001
PWP       F>N 0.1    P>C 0.001   
AWC                
Clay            P>C 0.004   
Chemical Properties                         
N            P>C 0.03   
CN              P>C 0.002 
BrayP              P>C 0.03 
OrganicP            P>C 0.02   
SolP         F>N 0.09  P>C 0.01   
Basesum                
Basesat            P>C 0.1   
CEC            P>C 0.004   
xCa                
xMg                
xK                         P>C 0.01 
1High (D) or low (U) disturbance, fertilized (F) or unfertilized (N), P. radiata (P) or C. lusitanica (C). 
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Figure A1.1.  Site means for slope. 
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Figure A1.2.  Site means for average air temperature during year 4. 
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Figure A1.3.  Site means for average vapor pressure deficit during year 4. 
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Figure A1.4.  Site means for total rainfall during year 4. 

0

0.05

0.1

0.15

0.2

0.25

BOT KAR RAK TAR MAM ANI EYR BAL MAH LOR

SITE

To
ps

oi
l D

ep
th

 (m
)

 
Figure A1.5.  Site means for topsoil depth. 
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Figure A1.6.  Site means for bulk density. 
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Figure A1.7.  Site means for porosity. 
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Figure A1.8.  Site means for air capacity. 
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Figure A1.9.  Site means for field capacity. 
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Figure A1.10.  Site means for permanent wilting point. 

0
5

10
15
20
25
30
35
40
45
50

ANI KAR TAR BOT EYR BAL LOR RAK MAH MAM

SITE

A
va

ila
bl

e 
W

at
er

 C
on

te
nt

 (%
)

 
Figure A1.11.  Site means for available water content. 
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Figure A1.12.  Site means for clay content. 
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Figure A1.13.  Site means for total soil N. 
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Figure A1.14.  Site means for C: N ratio. 
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Figure A1.15.  Site means for Bray P. 
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Figure A1.16.  Site means for organic P. 
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Figure A1.17.  Site means for soluble P. 
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Figure A1.18.  Site means for sum of bases. 
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Figure A1.19.  Site means for base saturation. 
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Figure A1.20.  Site means for cation exchange capacity. 
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Figure A1.21.  Site means for exchangeable Ca. 
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Figure A1.22.  Site means for exchangeable Mg. 
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Figure A1.23.  Site means for exchangeable K. 
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Figure A2.1.  Relationship between mean annual increment (MAI) a) pooled across both 
species and fertilizer treatments; b) for P.radiata (pine) and C. lusitanica (cypress); c) for 
fertilized and unfertilized P. radiata; d) for fertilized and unfertilized C. lusitanica, and 
the specific soil quality models developed for each group using selected soil properties 
climate properties for 10 planted forest sites (sites 1-10) in New Zealand. Specific soil 
quality models for each group were a) SQ4; b) P.radiata (SQ5) and (SQ6); c) fertilized 
(SQ7) and unfertilized (SQ8) P. radiata; and d) fertilized (SQ9) and unfertilized (SQ10) 
C. lusitanica.  Equations for each model are listed in Table 4.6. 
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Figure A2.2.  Relationship between mean annual increment (MAI) a) pooled across both 
species and fertilizer treatments; b) for P.radiata (pine) and C. lusitanica (cypress); c) for 
fertilized and unfertilized P. radiata; d) for fertilized and unfertilized C. lusitanica, and 
the specific soil quality models developed for each group using selected soil properties 
climate properties for 24 planted forest sites (sites 11-32) in New Zealand. Specific soil 
quality models for each group were a) SQ12; b) P.radiata (SQ13) and (SQ14); c) 
fertilized (SQ15) and unfertilized (SQ16) P. radiata; and d) fertilized (SQ17) and 
unfertilized (SQ18) C. lusitanica.  Equations for each model are listed in Table 4.7. 
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Figure A2.3.  Relationship between mean annual increment (MAI) a) pooled across both 
species and fertilizer treatments; b) for P.radiata (pine) and C. lusitanica (cypress); c) for 
fertilized and unfertilized P. radiata; d) for fertilized and unfertilized C. lusitanica, and 
the specific soil quality models developed for each group using selected soil properties 
climate properties for 32 planted forest sites in New Zealand. Specific soil quality models 
for each group were a) FSQI; b) P.radiata (FSQI_Pine) and (FSQI_Cypress); c) fertilized 
(FSQI_Pine_Fert) and unfertilized (FSQI_Pine_noFert) P. radiata; and d) fertilized 
(FSQI_Cypress_Fert) and unfertilized (FSQI_Cypress_noFert) C. lusitanica.  Equations 
for each model are listed in Table 4.8. 
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Figure A2.3. 
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