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A LITERATURE REVIEW OF NITROGEN
AVAILABILITY INDICES FOR USE IN URBAN

LANDSCAPES

by Bryant C. Scharenbroch' and John E. Lloyd?

Abstract. Managers of urban landscapes are required to maintain
aesthetic qualities of plants and so must ensure that vegetation has
adequate nitrogen to grow and thrive. Soil organic matter
decomposition and nitrogen mineralization facilitated by soil
microorganisms are the primary determinants of soil nitrogen
availability. Therefore, investigations of soil nitrogen pools, organic
matter, and soil microbial populations should help urban landscape
managers refine diagnostic tools and prescription fertilization for
urban vegetation. Foliar assessments can be used to measure
nitrogen the plant has acquired, but such assessments do not reveal
information about current or future plant nitrogen acquisition. Soil
nitrogen analyses can be used to measure the current nitrogen
available for plant uptake as well as the amount that will poten-
tially be available at some time in the future. Total soil organic
matter changes occur primarily particulate organic matter (POM)
fractions, and positive correlations have been identified between
POM nitrogen, soil microbial nitrogen, and potentially mineraliz-
able nitrogen. Consequently, examinations of POM fractions
potentially indicate changes in soil organic matter and nitrogen
availability. To improve existing standards for determining
nitrogen status and needs of urban landscape plants, soil and plant
nitrogen evaluation must be improved and correlated with plant
nitrogen demand and soil nitrogen supply.

Key Words. Soil organic matter; particulate organic matter;
soil nitrogen cycle; plant-available nitrogen; nitrogen mineraliza-
tion; microbial biomass nitrogen; plant nitrogen diagnosis; soil
nitrogen diagnosis.

TERRESTRIAL NITROGEN CYCLING

Plant establishment and survival is often determined by
interactions with soil in a bottom-up manner; thus, soils
directly impact many plant characteristics (Hutchinson
1959; Hairston et al. 1960; Herms and Mattson 1992;
Robinson 1996). Soil nitrogen mineralization and availability
has a direct and significant influence on plant vitality
(Schulze 1982; McDonald et al. 1986a, 1986b; Millard and
Proe 1992; Ericsson et al. 1996; McAlister and Timmer
1998; Zerihun et al. 1998; Rose 1999; Rosati et al. 2000;
Neilsen et al. 2001; Anttonen et al. 2002; Clinton et al. 2002;
Kraus et al. 2002). Nitrogen is the most limiting element in
temperate terrestrial systems (Vitousek and Howarth 1991;
Aber 1992; Harris 1992). Nitrogen is the fourth most
abundant plant element, and it is an essential component of

proteins, nucleic acids, hormones, and chlorophyll
(Kozlowski 1985; Hopkins 1999). Although the plant
nitrogen demand is large, the supply of nitrogen available
for uptake is often small. Of the total global nitrogen,
99.96% is in the atmosphere as N, gas, and of the remaining
0.04%, only 6.5% (0.0026% of the global nitrogen) is in
forms that plants can acquire from the soil and use for
physiological functioning (Jaffe 1992).

Nitrogen is cycled among terrestrial plants, soil, and
microorganisms (Figure 1). Nitrogen enters the terrestrial
system through biological or industrial fixation, atmospheric
deposition, or fertilization. Nitrogen is fixed in the soil
lattices, oxidized, and assimilated by plants or microorgan-
isms, or lost from the terrestrial system (Evangelou 1998).
Nitrogen assimilation by plants occurs directly through root
uptake or indirectly through mycorrhizal association.
Microbial assimilation of mineral nitrogen is referred to as
immobilization. Upon death, senescence, exudation, or
excretion, nitrogen enters the soil organic matter pool. As
much as 90% of terrestrial nitrogen occurs as soil organic
matter (Pulford 1991). Soil organic matter is decomposed
by microorganisms, mainly fungi and actinomycetes, and
nitrogen is transferred into organic nitrogen components.
Dissolved organic nitrogen (DON) is then used and con-
verted to mineral nitrogen (NH,*, NO,", or NO,") by other
soil organisms, mainly bacteria, through the process of
mineralization. Specifically, mineralization is the production
of NH, or NH,* through microbial decomposition
(Evangelou 1998). Studies have also found that dissolved
organic nitrogen can be directly or indirectly acquired by
plants (Nasholm et al. 1998; Jones and Kielland 2002).

Terrestrial nitrogen losses occur as a result of
volatization, dentrification, runoff, and leaching. Excess soil
ammonium (NH,*) remaining after plant and microbial
uptake can be oxidized by Nitrosomonas and Nitrospira
bacteria through nitrification processes into nitrite (NO,"),
and it is oxidized again into nitrate (NO,") by a nitrobacter
bacterium (Evangelou 1998). In certain instances, such as
high pH, low cation exchange capacity (CEC), or excessive
NH,*, a substantial amount of ammonium may volatize as
ammonia gas (NH,). In conditions of low oxygen availability,
nitrate not taken up by plants or microorganisms can be
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Figure 1. Plant and soil cycling, inputs, and outputs of
nitrogen in terrestrial urban ecosystems. Nitrogen
enters the terrestrial cycle through industrial fixation,
atmospheric fixation and deposition, or fertilization.
Decomposing organic matter releases organic nitrogen
that is mineralized into nitrogen that is available for
plant and microbial uptake. Nitrogen acquired by
microbes is immobilized and not available for plant
uptake. Nitrogen from plants and microbes is returned
to soil upon death, senescence, exertion, or exudation.
Nitrogen leaves the terrestrial cycle through denitrifi-
cation, volatization, and leaching.

further reduced through denitrification by Pseudosomonas
thiobacillus and Micrococcus denitrificans bacteria (Zhu and
Carreiro 1999). Nitrogen, mostly as DON or NO,", can be
lost from the terrestrial system as a result of runoff and
leaching.

Soil mineralization and immobilization processes
determine the plant-available nitrogen pool. The equilibrium
between mineralization and immobilization is influenced by
such factors as temperature, moisture, oxygen, microbial
populations, and the carbon and nitrogen contents of the
organic material (Evangelou 1998). For instance, net
mineralization is generally expected with the relatively low
carbon-to-nitrogen ratio (C:N) of organic material. Nitrogen
immobilization has been found to occur when C:N exceeds
values of 20:1 to 25:1 (Paul and Clark 1989; Sims 1990;
Shiralipour et al. 1992; Burgess et al. 2002; Herms et al.
2002; Sullivan et al. 2002).

URBAN IMPACT ON TERRESTRIAL
NITROGEN CYCLING

The urban terrestrial nitrogen cycle is altered by changes in
physical, chemical, and biological properties of urban soils

(Craul 1985; Pulford 1991; Craul 1993; Beyer et al. 1995;
Craul 1999). Soil formation and development occurs through
the interaction of climate, organisms, relief, parent material,
and time (Jenny 1941). In urban environments, humans alter
these soil-forming factors by impacts associated with urban
infrastructure and soil management practices. Most urban
soils are modified or replaced in order to meet the demands
of urban infrastructure (Bullock and Gregrory 1991; Craul
1993; Huinink 1998; Craul 1999; Fenton and Collins 2000;
Harris et al. 2004). For instance, building specifications often
result in the scraping, compacting, and covering of urban
soils, which can impact soil organic matter, texture, structure,
bulk density, infiltration, aeration, root penetration, and
biological activity. As a result of impacts associated with urban
infrastructure, arborists and urban landscape managers
perform remedial management actions to make urban soils
more suitable plant-growing environments. Remedial soil
management actions include irrigation, aeration, radial
trenching, mulching, and fertilization, all of which further
alter the physical, chemical, biological properties, and, thus,
the nitrogen status of urban soils.

Questions remain as to whether various impositions on
soil properties predispose urban soils to be nitrogen
deficient. Research is necessary to identify nitrogen supply
and demand specifics in a variety of urban environments.
Assessing nitrogen demand can be difficult because it varies
with the wide range of plant species, ages, and physiological
and phenological conditions in urban environments (Marion
2000; Siewert et al. 2000). Nitrogen acquisition by plants
has been studied primarily in forest and agricultural
production systems (Magdoff 1991; Cole 1995). Compara-
tively little research has addressed plant nitrogen demands
in urban systems. Studies in agriculture and forestry have
shown that corn will remove roughly 170 kg N ha™ (3.51b N
1,000 ft) over one growing season (Magdoff 1991) and
that 80 kg N ha™' (1.3 1b N 1,000 ft?) (Cole 1995) is needed
for good growth of western conifers. A study that examined
established shade tree growth recommended adding 134 to
168 kg N ha™ (2.8 to 3.4 1b N 1,000 {t?) to increase growth
of established shade trees (Van der Werken 1981). Most
studies of plant nitrogen demand have focused on plant
growth responses to nitrogen additions. Consequently,
fertilization recommendations are based on plant growth
response data rather than on plant health characteristics or
soil nitrogen availability (Rose 1999). Nitrogen demands to
increase growth may differ from demands to maintain
healthy, more vigorous plants (Herms and Mattson 1992).

Few studies have assessed soil nitrogen supply in urban
landscapes, and most assessed either total or mineral
nitrogen. These studies found wide ranges of total soil
nitrogen, 2,520 to 10,574 kg N ha™ (51 to 214 Ib N 1,000
ft2) (Roberts and Roberts 1984; Beyer et al. 1995) and
mineral nitrogen, 27 to 281 kg N ha™ (0.55t0 5.7 b N
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1,000 ft?) (Roberts and Roberts 1984; Goldman et al. 1995;
Zhu and Carreiro 1999). Measurements of total soil nitro-
gen tend to overestimate plant-available nitrogen, because
much of the soil nitrogen is found in forms that plants
cannot readily acquire (Mulvaney and Khan 2001). For
example, Palmer and Chadwick (1985) found that as much
of 25% of total soil nitrogen is found tied up within the clay
lattices. Additionally, soil nitrogen found associated with
recalcitrant organic matter and microbial biomass is
unavailable for immediate plant uptake (Evangelou 1998).
Measures of mineral nitrogen are also of little use because
mineral nitrogen is extremely susceptible to environmental
conditions such as temperature, moisture, and microbial
activity (Mader and Cook 1982). Additionally, mineral nitrogen
measurements include what is available for uptake not only by
plants but also soil microorganisms (Evangelou 1998).

Currently, research has not adequately examined urban
soil nitrogen status, but urban soils are commonly perceived
to be nitrogen deficient. This perception arises from
observations that organic matter is lost in urban landscapes
through litter removal and from topsoil oxidation, erosion,
and removal (Pulford 1991; Craul 1999; Harris et al. 2004).
However, urban soil organic matter gains may be just as
prevalent as a result of organic inputs from grass clippings
and leaf litter left on site, root turnover, mulching,
composting, and additions of topsoil. Nonetheless, to
overcome these perceived urban soil nitrogen deficiencies,
tree fertilization is commonly performed in urban land-
scapes. A study by Varlamoff et al. (2001) found that 66% of
Georgia homeowners fertilize their trees, but this survey did
not identify whether a soil or plant analysis was performed
prior to fertilization.

NITROGEN FERTILIZATION OF URBAN
TREES

Fertilization of landscape trees was first recorded in the
1600s when nutrients were provided by inserting fertilizer
into soil holes (Gerhold 2002). As a way of enhancing tree
growth, arboriculture expanded in the early 1900s from
repair and pruning to include fertilization. Fertilization has a
much longer history in nonurban systems. Agriculture and
horticulture crop production have long used fertilization to
increase yields. The success of an agricultural crop may
depend on fertilizer efficiency; thus, much research has
been devoted to examining fertilizer use efficiency on a wide
range of commodities (Stamatiadis et al. 1999). Fertilizers
are used in orchards to ensure continuous and profitable
fruit production (Bondada et al. 2001; Johnson et al. 2001;
Kraimer et al. 2001; Niederholzer et al. 2001; Weinert et al.
2002). In forestry, fertilizers are used as a silvicultural
management tool and can be used to increase the produc-
tion and survival of tree seedlings (Mugasha and Pluth 1994;
Sikstrom et al. 1998; Cabrera and Devereaux 1999; Hangs

et al. 2003). Fertilizers have been used in nursery and
Christmas tree production to increase plant establishment
and growth for aesthetically marketable products (Yeager
and Wright 1981; Warren 1993; Rose and Biernacka 1999;
Rose et al. 1999; Broschat and Klock-Moore 2000; Hinesley
et al. 2000). Because of a lack of research on urban plant
nitrogen demands and soil nitrogen supply, fertilization
recommendations from nonurban systems have been
adapted for use in urban areas (Smiley et al. 1991; Watson
1994; Kopinga and van den Burg 1995; Osmond and Platt
2000; Varlamoff et al. 2001; Struve 2002).

Adapting fertilization recommendations from other
systems is convenient but of doubtful value for managing
plant and soil nitrogen in urban environments. The goal of
fertilizer use in agriculture is to maximize crop production
and minimize the waste of plant nutrients (Ingestad 1977).
Consequently, the factors influencing the selection, applica-
tion, and fertilizer rate are the crop and soil characteristics,
climate, yield, and cost of fertilizer in relation to sale price of
the crop (Tisdale et al. 1985). In agriculture as opposed to
arboriculture, however, some or the entire crop is removed
annually. For example, as much as 65% to 75% of the total
nitrogen uptake can be accounted for in the harvest of grain
(Tisdale et al. 1985). Urban trees are more permanent and
tend to adapt to the site while gradually acquiring soil
nitrogen over many years. Despite these obvious contrasts,
tree fertilization regimes have followed an agricultural
mindset, with fertilization performed to attain rapid growth
(Herms 1996). This view was promulgated in the belief that
tree vitality was equated with fast growth and tree stress
with slow growth (Miller 1998).

Urban tree fertilization practices are specified by the
ANSI A300 standards for fertilization (American National
Standards Institute 2001). Standard 7.2.1 states that the
reason for fertilization is to “supply nutrients determined to
be deficient to achieve a clearly defined objective, and this
objective should be accomplished in the manner most
beneficial to the plant.” According to standard 7.2.6, soil
and/or foliar analysis should be used to determine the need
for fertilizer. Standard 8.1.2 states that in the absence of a soil
and/or foliar analysis a 3:1:2 or 3:1:1 fertilizer ratio should be
used, and these ratios should be adjusted based on local
knowledge, plant age and/or condition of the plant, soil, and
environmental conditions. Standard 8.1.4 states that slow-
release fertilizers should be applied at rates between 1,000 to
2,000 kg N ha™ (2 to 4 1b N 1,000 ft?) per application, not to
exceed 3,000 kg N ha™ (6 1b N 1,000 ft?) annually.

These recommendations fail to account for variables
such as the soil nitrogen status or specific nitrogen require-
ments for plant species, physiology, phenology, or age.
Maximum fertilizer efficiency is obtained if applied when the
roots are acquiring nutrients; therefore, time of application
is an important fertilization consideration (Rose 1999). For
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peach trees, 24% of the tree nitrogen is accumulated after
leaf fall (Niederholzer et al. 2001). Approximately 50%, (30
kg ha™) of foliar nitrogen is translocated to tree storage
components, accounting for more than 80% of the nitrogen
storage capacity of the tree. Consequently, foliar nitrogen
resorption, even without fall fertilization, provides sufficient
nitrogen from storage components to initiate normal growth
in the spring until roots are able to access plant-available
forms of soil nitrogen (Niederholzer et al. 2001).

Tree nutritional requirements vary with age. Nitrogen
fertilization was unnecessary for establishment during the
first growing season in microirrigated citrus, and only low
rates of nitrogen (< 68 g tree™! year™) were needed during
the second growing season to maintain adequate tree
nitrogen reserves (Weinert et al. 2002). Current tree care
recommendations suggest limiting fertilization during the
period when trees are being established (Khatamian et al.
1984; Marion 2000; Siewert et al. 2000).

Soil and foliar nitrogen analysis is suggested but not
required according to ANSI standard 8.1.2 (American
National Standards Institute 2001). This situation results in
fertilizer being routinely applied without knowledge of
extant soil nitrogen conditions (Beverly et al. 1997; Osmond
and Platt 2000). Overapplication of fertilizer can be costly
and may result in groundwater contamination or reductions
in insect, disease, and stress resistance of landscape plants
(Latimer et al. 1996; Rose and Biernacka 1999; Marion
2000; Siewert et al. 2000; Herms 2001; Smiley et al. 2002a,
2002b; Smith et al. 2002).

Recently, Plant Health Care (PHC) and Integrated Pest
Management (IPM) programs have promoted site-specific
prescription fertilization for the maintenance of urban trees
(Smith et al. 2002). The ANSI standards serve as the founda-
tion for prescription urban landscape fertilization, but their
utility and value could be increased if they were expanded
to address specific plant nitrogen demand and soil nitrogen
supply in an array of urban environments.

NITROGEN EVALUATION METHODS

For prescription fertilization standards to be site-specific,
nitrogen evaluation methods need to be developed or
refined for use in urban environments. Nitrogen diagnostic
methods need to be both practical and accurate if they are
to be used by arborists and urban landscape managers to
assess nitrogen status and prior to prescription fertilization
recommendations. Practical nitrogen assessments are
affordable, convenient, and easily interpretable. Accurate
nitrogen assessments are well correlated with soil nitrogen
availability and plant nitrogen acquisition. Many methods of
assessing soil nitrogen availability and plant acquisition of
nitrogen have been developed or adapted from other
systems. The accuracy and practicality of some common
plant and soil nitrogen assessment methods are discussed
(Tables 1 and 2).

PLANT DIAGNOSTIC METHODS

Plant assessments relate information about levels of nitro-
gen that the plant has acquired. Plant assessments do not
reveal information about current or future plant nitrogen
availability. Two plant assessments are reviewed that are
used to assess site nitrogen status.

Visual Plant Assessment

Visual plant assessments may be performed by examining
attributes such as leaf size, shape, and color. Visual assess-
ments of foliage are performed on site without the need for
specialized equipment; therefore, they provide quick and
easy information about plant nitrogen status. Typical
symptoms associated with nitrogen deficiencies include
uniform chlorosis starting in the older leaves, reduced size
and abundance of leaves, and reduced shoot growth
(Kozlowski 1985; Perry and Hickman 1998). Leaf color
deficiency symptoms fluctuate in response to nutrient
availability and typically occur because a plant cannot adjust
quickly enough to a newly decreased nutrient supply

Table 1. Commonly performed plant nitrogen assessments and their advantages, disadvantages, and associated cost.

Plant nitrogen

assessment/foliar Advantages

Disadvantages

Cost of analysis*

Visual assessment In-field measurement

Does not directly measure acquisition

Unnecessary

Does not measure availability

Subjective

Environmental variation
Precludes preventive management

Nitrogen analysis Measures plant acquisition

Does not measure availability
Environmental variation

Range: $9 to $17
Mean: $8

Insufficient comparative data

*Cost estimates (U.S. dollars) are rounded to nearest whole dollar (n

3). Midwest Laboratories, Inc. 13611 B Street Omaha, NE 68144-3693.

University of Idaho Analytical Sciences Laboratories, Holm Research Center, Moscow, ID 83843-2203. Servi-Tech Laboratories, Inc., 1602 Park

West Drive, PO. Box 169, Hastings, NE 6890-0169.
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Table 2. Commonly performed soil nitrogen assessments and their advantages, disadvantages, and associated costs.

Soil nitrogen

assessment Advantages

Disadvantages Cost of analysis*

Substrate carbon:nitrogen
ratios

May relate potential availability

Total soil nitrogen May relate potential availability

Organic nitrogen May relate potential availability

Represents current availability

Mineral nitrogen Represents current availability

Potential nitrogen
mineralization

Measure of potential availability

Microbial biomass and
activity

Measure of potential availability

Total soil organic matter
Indicator of overall soil quality

Particulate organic matter**
Represents active organic matter
Indicator of overall soil quality

May represent potential availability

May represent potential availability

Does not measure acquisition
Impractical due to litter removal

Range: $10 to $16
Mean: $12

Does not measure acquisition
Overestimate of availability

Range: $10 to $16
Mean: $14

Does not measure acquisition Unavailable
May not relate potential availability

Does not measure acquisition Range: $11 to $19

Does not relate potential availability Mean: $14
Environmental variation

Includes microbial availability

Does not measure acquisition Unavailable
Artificial laboratory conditions

Does not measure acquisition Unavailable

Environmental variation

Does not measure acquisition
Includes recalcitrant organic matter

Range: $4 to $11
Mean: $7
Does not measure acquisition Range: $4 to $11
Mean: $7

*Cost estimates (U.S. dollars) are rounded to nearest whole dollar (n

3). Midwest Laboratories, Inc., 13611 B Street Omaha, NE 68144-3693.

University of Idaho Analytical Sciences Laboratories, Holm Research Center, Moscow, ID 83843-2203. Servi-Tech Laboratories, Inc., 1602 Park

West Drive, PO. Box 169, Hastings, NE 6890-0169.
**POM isolated by particle size fractionation method.

(Ingestad and Lund 1979). As trees grow, internal nutrients
are diluted unless the nutrient supply is augmented by
increased absorbing root volume (roots growing into new
soil), increased soil nutrients exchangeability (alteration of
cation exchange capacity), or increased soil nutrient
availability (organic matter, fertilization, change in pH, etc.).
Leaf color change is not an exclusive symptom of a soil
nitrogen deficiency; it may also be symptomatic of reduced
plant nutrient uptake caused by root diseases, girdling
roots, drought, adverse soil temperatures, compaction,
waterlogged soils, nematodes, herbicides, and salt injury
(Perry and Hickman 1998; Harris et al. 2004). Visual
symptoms are delayed, and leaves often remain green while
the plant experiences a reduction in growth (Ingestad and
Lund 1979). Therefore, diagnosis with visual plant assess-
ments preclude management options to prevent nitrogen
deficiencies. The quality of visual plant assessments is
limited by interpretation and subjectivity, and they fail to
reveal information about future soil nitrogen available for
plant acquisition (Kozlowski 1985). Reliance on visual plant
symptoms alone to diagnose plant nitrogen acquisition and

soil nitrogen availability is inadequate to determine the
actual nitrogen status of the plant and its environment
(Perry and Hickman 1998).

Foliar Nitrogen

Foliar nitrogen analysis provides a quantitative assessment
of leaf nitrogen concentration. Foliar nitrogen measure-
ments require laboratory analysis and were found to be
moderately subjective by a survey of soil and plant analysis
laboratories in the United States (Table 1). Measurements of
foliar nitrogen can reveal information about the nitrogen
acquired, translocated, and used for physiological processes
(Poorter and Bergkotte 1990; Wood et al. 1992; Kopinga
and van den Burg 1995; Cornelissen et al. 1997; Li et al.
1998; Perry and Hickman 1998). Foliar nitrogen analysis is
preferred as a research tool because it indicates the amount
that trees had acquired and translocated, rather than just
the soil nitrogen that may or may not be available to trees
(Kopinga and van den Burg 1995). Foliar nitrogen assess-
ments provide an indication of current nitrogen availability,
but they fail to reveal information about the future nitrogen
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availability of a site. In addition, foliar nitrogen assessments
must take into account factors that can impact the foliar
nitrogen concentrations, such as the environment, plant
species, and age of the foliage and the plant (Cornelissen et al.
1997). Leaf nitrogen content varies throughout the season as
the plant translocates nitrogen to meet changing source and
sink demands; therefore, foliar nitrogen measurements must
account for temporal changes (Hopkins 1999).

To be a viable tool for assessing nitrogen status, foliar
nitrogen concentrations need to correlate with plant
response to fertilization and soil nitrogen availability (Harris
et al. 2004). Unfortunately, these relationships have yet to
be adequately examined. While attempts have been made to
ascertain foliar nitrogen levels of a variety of urban species,
the database is still relatively deficient (Smith 1972; Kopinga
and van den Burg 1995; Mills and Jones 1996; Perry and
Hickman 1998, 1999). Perry and Hickman’s (1999) survey
of 25 landscape tree species to determine baseline leaf
nitrogen information is limited for urban site nitrogen
diagnosis because foliage was sampled between June and
August only, trees were all within the same age class, and
trees were grown in the same type of irrigated lawn environ-
ment. Mills and Jones (1996) report leaf nitrogen contents
for 252 tree species, but many of the values are from
nursery and container-grown trees and not urban environ-
ments. Foliar nitrogen analysis is limited as a diagnostic tool
because of a lack of comparative data representing the
diversity of urban tree species, ages, and phenology, and the
unpredictable environments in which they are grown.
Without the interpretative aid of an adequate database,
arborists are forced to use general guidelines, such as “trees
in good health often have higher concentrations of nitrogen
when young than when mature” (Binns et al. 1983).

SOIL DIAGNOSTIC METHODS

Soil nitrogen analyses can be used to measure the current
nitrogen available for plant uptake as well as the amount
that will potentially be available at some time in the future.
Although direct assessment of plant acquisition with these
measurements is impossible, they can provide valuable
information regarding soil nitrogen availability and the
potential nitrogen acquisition by plants. Many of the soil
chemical and biological measurements that have been
proposed to assess soil nitrogen status will be reviewed.

Substrate Carbon-to-Nitrogen Ratios

Litter quality has been used to assess site nitrogen status.
These measurements require expensive laboratory analysis
(Table 2). The carbon:nitrogen ratio (C:N) of plant litter
impacts the rates of microbial decomposition and nitrogen
mineralization (Aber and Melillo 1980; Seneviratne et al.
1999), but litter C:N is an inconsistent predictor of the
direct decomposition kinetics that determine nitrogen

availability (Aber et al. 1993; Recous et al. 1995; Pare et al.
1998; Senevirante et al. 1999). Consequently, modifications
of the C:N ratio, such as the lignin:nitrogen ratio, have been
proposed to predict decomposition and nitrogen mineral-
ization (Melillo et al. 1982; Gower and Son 1992; Stump and
Binkley 1993; Scott and Binkley 1997). Litter quality
impacts decomposition, but linkages between litter quality
and available soil nitrogen are unsubstantiated (Scott and
Binkley 1997). Furthermore, aboveground litter measure-
ments do not include contributions to the soil organic
matter pool from root turnover. Litter measurements are
limited for use in urban systems due to litter removal for
landscape aesthetic presentation. Consequently, using C:N
and other litter measurements to predict available nitrogen
in urban soils is impractical and possibly inaccurate.

Total Soil Nitrogen

Total soil nitrogen includes inorganic and organic forms that
may be available or unavailable for plant uptake. Measure-
ments of total soil nitrogen ranked among the most expen-
sive nitrogen diagnostic methods surveyed (Table 2). As
previously mentioned, a significant portion of the total soil
nitrogen is present in forms associated with humic colloids,
clay minerals, or microbial biomass and therefore is unavail-
able for plant acquisition (Mulvaney and Khan 2001). A
measurement of total soil nitrogen includes unavailable
forms; thus, the potential exists to significantly overestimate
nitrogen available for plant uptake. Soils with variable
nitrogen mineralization potentials exist with similar levels of
total soil nitrogen (Magdoff 1991). Total soil nitrogen fails to
correlate with available nitrogen because the percentage of
organic nitrogen mineralized tends to decrease as total soil
nitrogen increases. For these reasons, total soil nitrogen is
an inaccurate measure of nitrogen availability (Drinkwater
etal. 1996).

Soil Organic Nitrogen

Measurements of dissolved organic nitrogen have been
proposed as indices of soil nitrogen availability (Khan et al.
2001; Mulvaney et al. 2001). The organic nitrogen fraction
is typically greater than the mineral nitrogen pool
(Nadelhoffer et al. 1985; Aber et al. 1993; Magill et al. 1997,
Evangelou 1998; Jones and Kielland 2002). While organic
nitrogen is generally considered unavailable to plants,
recent studies have found that certain trees can attain some
of their nitrogen in organic form (Nasholm et al. 1998; Jones
and Kielland 2002). A nitrification block is thought to exist
in these soils, reducing nitrate available for plant uptake and
requiring plants to acquire nitrogen in organic form. Trees
have been known to acquire nitrogen from urea fertilizer,
which is an organic form of nitrogen (Harris et al. 2004).
Consequently, the organic nitrogen pool is a potential
contributor to the pool of soil nitrogen available for plant
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uptake (Chapin 1995; Raab et al. 1996; Lipson and Monson
1998; Jones and Kielland 2002). An organic nitrogen
measurement has been used to identify cornfields that
require nitrogen fertilization (Khan et al. 2001; Mulvaney et
al. 2001), but others have suggested that organic nitrogen
measurements are unreliable predictors of nitrogen avail-
ability (Keeney and Bremner 1964; Porter et al. 1964; Khan
1971; Smith and Young 1975; Meints and Peterson 1977;
Tisdale and Oades 1982; Roberson et al. 1991; Drinkwater
etal. 1996). Measurements of soil organic nitrogen were not
available from the laboratories surveyed (Table 2); there-
fore, measurements of soil organic nitrogen are currently
not practical for assessing nitrogen availability in urban
ecosystems.

Soil Mineral Nitrogen

Measurements of the mineral nitrogen pool are often
performed to identify the current soil nitrogen availability
status, but reveal little information about the future soil
nitrogen availability. Measurements of soil mineral nitrogen
are inherently variable due to influential environmental
factors such as moisture, temperature, and microbial activity
(Khan et al. 2001; Mulvaney et al. 2001). Soil mineral nitrogen
assessments are subject to seasonal variations and require
interpretation and testing throughout the year (Khan et al.
2001). Because of inherent variability and environmental
confounding, measurements of soil mineral nitrogen are
routinely ignored for assessing nitrogen availability (Mader
and Cook 1982). Mineral nitrogen measurements were found
to be relatively expensive when compared to other nitrogen
diagnostic measurements (Table 2).

Total Soil Organic Matter

Because of its role in nitrogen storage and release, soil
organic matter is a critical determinant of overall soil quality
and is often proposed as an index of soil nutrient status
(Tisdale and Oades 1982; Burger and Pritchett 1984; Fox et
al. 1986; Sikora and Stott 1996; McLaughlin et al. 2000) and
nitrogen availability (McLaughlin et al. 2000; Ding et al.
2002). Soil organic matter measurements are relatively
inexpensive and commonly offered by commercial soil
testing laboratories (Table 2). Total soil organic matter
changes are slow (Sikora and Stott 1996); thus, seasonal
variations of soil nitrogen are difficult to predict with total
soil organic matter assessments. Humification creates a
recalcitrant component of soil organic matter that is part of
the total organic matter but is typically inactive in decompo-
sition and nitrogen mineralization (Chefetz et al. 2002;
Graham et al. 2002). Recalcitrant organic matter fractions
have been found to occupy as much as 60% to 70% of the
total soil organic matter (Schnitzer 1986). Turnover rates of
stable soil organic matter components have been estimated
to occur over 1,500 years (Campbell 1978; Parton et al.

1987). Therefore, in-season or season-to-season dynamics
in nitrogen availability would be difficult to detect with total
soil organic matter measurements. Measurements of total
soil organic matter by themselves are inadequate for
providing sufficient information to assess nitrogen availabil-
ity (Sikora and Stott 1996).

Soil Microbial Biomass and Activity

Measurements of microbial biomass and activity have been
used to investigate nitrogen availability (Rice et al. 1996).
Specialized laboratory analyses are required to examine
microbial populations and products, but these measure-
ments are rarely offered by commercial soil testing laborato-
ries (Rice et al. 1996) (Table 2). Because the soil microbial
biomass has a turnover time of 1 to 3 years, it responds
quickly to conditions affecting soil organic matter
(Jenkinson et al. 1980; Paul 1984; Schnurer et al. 1985).
Consequently, microbial biomass and activity are likely to
indicate changes in soil organic matter and nitrogen
availability (Powlson et al. 1987; Bonde et al. 1988; Sparling
1992; Rice et al. 1996). Measurements of enzymes such as
urease, amylase, and amidase were used to assess microbial
populations (Stroo and Jencks 1982). That study found
amylase activity to increase with age of soils in plantings of
black locust (Robinia pseudoacacia) and to be highly corre-
lated with organic matter accumulation, microbial respira-
tion, and mineralizable nitrogen. Measurements of soil
microbial biomass and activity are limited due to variability
from factors that impact microbial populations, such as
temperature and moisture (Insam et al. 1989; Van Gestel et
al. 1992; Grayston et al. 2001), CO, (Hu et al. 1999), pH,
substrate, and nutrient availability (Joergensen and Scheu
1999; Jonasson et al. 1999; Schmidt et al. 2000; Nguyen and
Guckert 2001; Savin et al. 2001), macrofauna trophic
interactions (Jordan et al. 1999; Cole et al. 2002), compac-
tion (Breland and Hansen 1996), root exudation (Grayston
et al. 1996), and other disturbances (Setala et al. 2000;
Wright and Coleman 2002).

Soil Nitrogen Mineralization

Estimates of nitrogen mineralization are used to investigate
soil nitrogen availability (Stanford and Smith 1972; Keeney
1982; Molina et al. 1983; Drinkwater et al. 1996; Verchot et
al. 2001; Anderson 2002; Picone et al. 2002) (Table 2). Soil
nitrogen mineralization assessments measure the amount of
nitrogen mineralized by microbial activity under both
aerobic and anaerobic conditions. Incubations are per-
formed under laboratory conditions, and potential nitrogen
mineralization dynamics may differ from those in the field
(Drinkwater et al. 1996). In situ measurements of nitrogen
mineralization using anion exchange membranes have been
used (Hart and Firestone 1991; Qian and Schoenau 1995),
but field effects of moisture, temperature, substrate,
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microbial, and root activity create variation in nitrogen
mineralization measurements (Liljeroth et al. 1990; Liljeroth
etal. 1994). Additionally, in situ measurements need to be
properly installed, and many measurements need to be
taken because of environmental variability. Laboratory
mineralization measurements are performed under constant
and equal environmental conditions, which is desirable for
diverse soil comparisons (Drinkwater et al. 1996). Unfortu-
nately, measurements of potentially mineralizable nitrogen
are rarely offered by commercial soil testing laboratories
(Picone et al. 2002), and a practical method of assessing
mineralizable nitrogen in the field or laboratory has yet to
be developed for use in diverse urban soil environments.

Chemical methods that extract portions of the organic or
mineral nitrogen pools are available (Schoenholtz et al. 2000),
but they tend to be less accurate predictors of nitrogen
availability than biological indices (Qafoku et al. 2001).
Biological assessments are considered accurate measures of
nitrogen availability because they simulate the activities of soil
microorganisms and soil organic nitrogen to mineral nitrogen
release (Keeney 1982; Drinkwater et al. 1996; Knoepp et al.
2000), but are not practical because they are rarely offered
by commercial soil testing laboratories (Picone et al. 2002).
Therefore, if a practical nitrogen diagnostic method that is
well correlated with soil biological indices could be identified,
arborists and urban landscape managers could use this
method to diagnose nitrogen status of an urban site.

Particulate Soil Organic Matter
Measurements of active soil organic matter components
have been found to relate soil nitrogen status (Parton et al.
1987; Janzen et al. 1992; Cambardella and Elliott 1992,
1993; Biederbeck et al. 1994; Magid et al. 1996; Chan 1997;
Janzen et al. 1998; Six et al. 1998) . An active soil organic
matter component was first suggested by Gainey (1936) and
first quantified with the use of N and kinetic analysis by
Jansson (1958). Campbell (1978) identified compartments of
stable and labile organic matter with characteristic turnover
rates of 53 and 1,429 years, respectively. Paul and Juma
(1981) revised existing soil organic models by suggesting that
the active portion be separated into biomass and nonbiomass
components. Current soil organic matter models include two
or three organic matter pools with different turnover rates
(Parton et al. 1987; Paustian et al. 1992; Cambardella and
Elliott 1992). For example, Parton et al. (1987) proposed a
model with three soil organic matter (SOM) fractions: an
active SOM fraction of microbes and microbial products with
a turnover time of 1 to 5 years; a slow SOM pool with a
turnover time of 20 to 40 years; and, a passive SOM pool
with a turnover time of 200 to 1,500 years.

Recent studies have found that changes in the total soil
organic matter are primarily in the particulate organic
matter (POM) fractions (Parton et al. 1987; Elliott and

Cambardella 1991; Janzen et al. 1992; Cambardella and
Elliott 1992,1993; Biederbeck et al. 1994; Cambardella and
Elliott 1994; Bremer et al. 1994; Magid et al. 1996; Chan
1997; Janzen et al. 1998; Six et al. 1998). Particulate organic
matter is relatively labile and represents a portion of the
organic matter pool that is actively involved in decomposi-
tion. The POM accumulated from organic inputs is a direct
source for the growth and activity of soil microorganisms
(Gale and Cambardella 2000; Franzluebbers and
Stuedemann 2003). In tropical systems, POM accounts for
31% to 67% of the total soil organic matter nitrogen and
carbon variability (Duriancik 2001) and as much as 50% of
the total soil organic matter in cold and semiarid climates
(Franzluebbers and Arshad 1997; Chan 1997). Particulate
organic matter nitrogen is positively correlated with soil
microbial nitrogen, and potentially mineralizable nitrogen
(Alvarez et al. 1998; Sohn Lopez-Forment 2000; Duriancik
2001; Stinner et al. 2003; Franzluebbers and Stuedemann
2003). Consequently, examinations of POM fractions
potentially indicate changes in soil organic matter and
nitrogen availability (Paul 1984; Powlson et al. 1987;
Cambardella and Elliott 1992; Paustian et al. 1992;
Gregorich et al. 1994; Magid et al. 1996; Chan 1997;
Alvarez et al. 1998; Janzen et al. 1998; Graham et al. 2002;
Franzluebbers and Stuedemann 2003; Salas et al. 2003).

Particulate organic matter measurements are performed
by isolating soil organic matter portions with density and
particle size separations. Models of POM dynamics were
developed to distinguish occluded and free organic matter
(Van Veen and Paul 1981; Cambardella and Elliott 1992;
Christensen 1996; Elliott et al. 1996). It has been suggested
that free organic matter is found between soil aggregates
and is readily accessible for decomposition (Cambardella
and Elliott 1992; Six et al. 1998). Occluded organic matter is
less accessible for microbial decomposition because it is
aggregated within soil aggregates. Soil density fractionation
methods have been used to isolate free POM fractions of
plant residues physically unprotected by soil aggregates
(Spycher et al. 1983; Janzen 1987; Christensen 1992;
Janzen et al. 1992; Boone 1994; Barrios et al. 1997). Density
fractionation involves suspending POM in a solution of
known specific gravity, such as Nal (SG = 1.70), separating
the floating light fraction from the sinking heavy fraction,
and washing them with CaCl, (Janzen et al. 1992).

The light fraction is considered highly labile and respon-
sive to management changes, but its importance as a
nitrogen source is disputed (Janzen 1987; Janzen et al.
1992; Bierderbeck et al. 1994; Boone 1994; Curtin and Wen
1999). Boone (1994) found that the light fraction contrib-
uted only 2% to 13% of the total soil nitrogen mineralization
potential, but the heavy fraction was found to be the primary
nitrogen source. Janzen et al. (1992) found that the light
fraction was significantly correlated with microbial nitrogen
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and respiration, but the high C:N ratio of the light fraction
induced temporary nitrogen immobilization and a less
consistent relationship with potential nitrogen mineralization.
Furthermore, Barrios et al. (1997) found that available
nitrogen can be accurately predicted with a simplified density
fractionation method of combining the light (< 1.13 Mg m~)
and intermediate fractions (< 1.37 Mg m™).

Particle size separations of POM isolate soil organic
matter between 2.0 and 0.053 mm in diameter (Cambardella
and Elliott 1992, 1993; Magid et al. 1996; Six et al. 1998;
Gill et al. 1999; Bayer et al. 2001; Kettler et al. 2001; Stone
etal. 2001; Six et al. 2002; Stinner et al. 2002; Salas et al.
2003). Particulate organic matter particle size separations
include both the heavy- and light-fraction organic matter
because they do not isolate physically protected from
nonphysically protected soil organic matter (Parton et al.
1987). Particulate organic matter by particle size separation
isolates an intermediately available organic matter pool.
Particle size fractionations of POM are easily performed by
soil dispersion and wet sieving (Parton et al 1987;
Cambardella and Elliott 1992; Paustian et al. 1992;
Cambardella and Elliott 1993; Six et al. 1998; Curtin and
Wen 1999; Bayer et al. 2001; Ding et al. 2002). Soil organic
matter, carbon, or nitrogen contents in the POM fraction
can then be determined by methods such as loss on ignition
and automated dry combustion (Table 2). Particulate
organic matter has the potential to relate soil nitrogen
availability throughout the growing season, without being
overly sensitive to in-season environmental perturbations
(Franzluebbers and Stuedemann 2003). For these reasons,
POM particle-size separations may be a practical and
accurate assessment of soil nitrogen availability throughout
the growing season in diverse urban sites.

TOWARD IMPROVED URBAN TREE
NITROGEN MANAGEMENT

To improve existing standards for determining nitrogen status
and needs of woody landscape plants, soil and plant assess-
ment techniques must be improved and correlated with soil
nitrogen supply and plant nitrogen demand to be docu-
mented (Harris et al. 2004). The selection of an appropriate
diagnostic method to assess site nitrogen status is difficult.
Prescribing a fertilization treatment without investigating the
soil and plant nitrogen status is currently acceptable (Ameri-
can National Standards Institute 2001). As a result, diagnosis
prior to prescription is sometimes lacking. An increase in
fertilization technology has greatly outpaced plant and site
nitrogen diagnostic techniques (Tisdale et al. 1985).

The need for independent plant and site nitrogen
assessments is critical due to the diversity of individual site
characteristics in urban areas. Because of the innate
variability in urban plants and soil characteristics, the value
of a nitrogen diagnostic tool is dependent on its ability to

accurately predict nitrogen availability across extreme
variation in environments. Of the nitrogen diagnostic
techniques mentioned, POM measurements have potential
to be practical methods of accurately estimating the
nitrogen availability in urban landscapes.

Investigations of soil nitrogen pools, organic matter
quantity and quality, as well as soil microbial populations will
help urban landscape managers’ account for dynamic
processes that determine soil nitrogen availability in urban
soils. Increased awareness of soil nitrogen cycling and plant
acquisition will enable landscape managers to refine
nitrogen diagnoses and fertilization prescriptions for urban
vegetation. The development of comprehensive diagnostic
methods are required to begin building the baseline of
information regarding soil organic matter cycling, microbial
processes, nitrogen availability and plant health in urban
environments.
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Résumé. Les gestionnaires d’aménagements urbains
doivent maintenir les qualités esthétiques des végétaux et,
de ce fait, doivent s'assurer que les plantes ont suffisamment
d’azote pour leur croissance et leur réussite. Les premiers
facteurs déterminants de la disponibilité en azote sont la
décomposition de la matiere organique dans le sol ainsi que
la minéralisation de I'azote produite par les micro-organismes
du sol. De ce fait, les recherches quant aux contenus en azote
du sol, en matiere organique et en populations microbiennes
dans le sol devraient aider les gestionnaires d’aménagements
paysagers en milieu urbain a raffiner leurs outils de diagnos-
tic et leurs prescriptions en fertilisation pour les végétaux
urbains. Les analyses foliaires peuvent étre utilisées pour
mesurer I'azote que les plantes ont acquises, mais cela ne
révele pas d’informations quant aux besoins actuels ou futurs
des végétaux en azote. Les analyses d’azote du sol peuvent
étre utilisées pour mesurer la quantité courante d’azote
disponible pour assimilation par la plante tout comme la
quantité qui pourra étre potentiellement disponible 2 un
moment donné dans le futur. Les changements dans la
quantité totale de matiere organique se produisent de
maniere primaire au niveau des fractions de particules de la
matiere organique, et des corrélations positives ont été
identifiées entre I'azote des particules de la matiere
organique, I'azote microbienne du sol et 'azote qui peut
potentiellement étre minéralisée dans le sol. Conséquemment,
des examens des fractions des particules de la matiere
organique sont des indicateurs potentiels des changements
dans la matiere organique du sol et de la disponibilité en
azote. Afin d’améliorer les standards dans la détermination du
statut de l'azote et les besoins des végétaux dans les
aménagements urbains, I'évaluation en azote dans le sol et les
plantes doit étre améliorée et corrélée entre la demande en
azote des végétaux et I'azote contenu dans le sol.

Zusammenfassung. Von den Stadt- und
Landschaftsplanern wird verlangt, die asthetischen Qualitaten
der Pflanzen beizubehalten und deshalb muss sichergestellt
sein, dass die Vegetation adaquate Stickstoffversorgung hat,
um zu wachsen und zu gedeihen. Die Dekompostierung
organischer Substanz und die Mineralisation von Stickstoff
durch Bodenorganismen sind die primaren Faktoren der
Stickstoffverfugbarkeit. Daher sollen Untersuchungen tber
den Bodenstickstoffgehalt, organische Substanz und Aktivitat
von Bodenorganismen die Manager in die Lage versetzen, die
diagnostischen Werkzeuge und die Duingung zu verbessern.
Blattuntersuchungen konnen genutzt werden, den
erforderlichen Stickstoffbedarf zu ermitteln, aber sie ergeben
keine Informationen tiber den gegenwartigen oder

zukunftigen Bedarf. Die Bodenstickstoffanalyse kann
verwendet werden, um den gegenwartigen
pflanzenverftigbaren Bodenstickstoff und auch den
moglicherweise zukunftig verfugbaren Stickstoff zu messen.
Anderungen in der totalen organischen Substanz tauchen in
der POM-Fraktionen auf und es konnten positive
Korrelationen zwischen diesen, dem mikrobiellen
Bodenstickstoff und den potentiell mineralisierbaren
Stickstoff identifizieret werden. Demzufolge konnen
Untersuchungen der POM-Fraktionen mogliche
Veranderungen in der organischen Substanz und der
Stickstoffverfugbarkeit anzeigen. Um die existierenden
Standards fur die Bestimmung des Stickstoffgehalts und die
Anspriiche der Stadtpflanzen zu verbessern, muss die
Boden- und Pfanzenstickstoffbewertung verbessert und mit
dem Pflanzenstickstoffbedarf und der
Bodenstickstoffverfugbarkeit korreliert werden.

Resumen. Los manejadores del paisaje urbano son
requeridos para mantener la calidad estética de las plantas y
asegurar que la vegetacion mantenga el nitrogeno adecuado
para crecer y florecer. La descomposicion de la materia
organica y la mineralizacion del nitrégeno facilitado por los
microorganismos del suelo son los determinantes primarios
de disponibilidad de nitrégeno del suelo. De ahi que de las
investigaciones de fuentes de nitrégeno en el suelo, materia
organica y poblaciones microbianas deben ayudar a los
manejadores del paisaje a refinar las herramientas de
diagnéstico y prescripcion de fertilizacion para la
vegetacion urbana. Los analisis foliares pueden ser usados
para medir el nitrégeno que las plantas ha adquirido, pero
no dan informacion acerca de la adquisicion actual o futura
del mismo. Los analisis del suelo pueden ser usados para
medir el nitrégeno disponible en el momento para las
plantas, como también la cantidad potencialmente
disponible en el futuro. Los cambios en el nitrogeno total de
la materia organica en el suelo ocurren primariamente en las
fracciones o particulas de materia organica (PMO) y se han
identificado correlaciones positivas entre el nitrogeno PMO,
nitrégeno microbiano del suelo y nitrégeno potencial
mineralizable. Consecuentemente, los examenes de las
fracciones PMO indican cambios en la materia organica del
suelo y la disponibilidad de nitrégeno. Con el fin de mejorar
los estandares existentes para la determinacion del estado
del nitrégeno y las necesidades de las plantas en ambientes
urbanos, la evaluacion del nitrégeno en las plantas debe ser
mejorada y correlacionada con la demanda de nitrégeno y
el aporte del mismo por el suelo.
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