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ABSTRACT

Nitrogen is the primary nutrient limiting ecosystem productivity over most of the US. Although soil nitrogen content is
important, knowledge about its spatial extent at the continental scale is limited. The objective of this study was to esti-
mate net nitrogen mineralization for the conterminous US (CONUS) using an empirical modeling approach by scaling
up site level measurements. Net nitrogen mineralization and total soil nitrogen data across the CONUS were obtained
from three different ecosystems: low elevation forests, high elevation forests, and grasslands. Equations to predict net
nitrogen mineralization were developed through stepwise linear regression using total Kjeldahl nitrogen, air temperature,
precipitation, and nitrogen deposition as predictor variables for four categories: low elevation high temperature forests
(coefficient of determination, R* = 0.83), low elevation low temperature forests (R* = 0.74), high elevation forests (R* =
0.80), and grasslands (R? = 0.88). A map of net nitrogen mineralization was developed in GIS using these equations and
national-scale databases for the CONUS. The result shows that net nitrogen mineralization varies widely across the US.
Grasslands were predicted to have the lowest net nitrogen mineralization, while low elevation forests in the east had the
highest. Mean values were 14.3 kg-ha '-yr' for grasslands, 22.6 kg-ha '-yr' for high elevation forests, 58 kg-ha '-yr '
for low elevation low temperature forests, and 82.9 kg-ha™'-yr™' for low elevation high temperature forests. This conti-
nental scale estimation of net nitrogen mineralization provides a means of comparing net nitrogen mineralization across
regions, and the databases developed from this study are useful for accounting for nitrogen limitations in large scale
ecosystem modeling.
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1. Introduction tion of nitrogen in a substance [7]. Nitrogen mineraliza-
tion, the conversion of organic nitrogen to ammonium,
represents most of the nitrogen availability in unfertilized
soils [8], and provides an index of plant available nitro-
gen [9].

Ecological modeling requires accurate soil nutrient
information [10,11]. Campbell et al. [12] reported that a
way to extrapolate soil nitrogen availability from field
data was urgently needed; such a resource is still un-
available. Modeling simulations have shown that carbon
sequestration under higher carbon dioxide (CO,) condi-
tions and future climate change conditions are likely
overestimated when nitrogen limitations are omitted [13,

Nitrogen is the nutrient that most often limits plant
growth in ecosystems [1-3]. Soil nitrogen limitations
impact many components of an ecosystem, including
limiting forest growth and yield and constraining carbon
sequestration [4]. However, too much nitrogen leaving
soils can cause water pollution problems in watersheds
[5,6]. Total soil nitrogen includes nitrogen in all organic
and inorganic forms, but is not an indicator of plant
available nitrogen. Total soil nitrogen is often referred to
as total Kjeldahl nitrogen (TKN) because it is primarily
measured using the Kjeldahl method, a wet oxidation

laboratory procedure used for the quantitative determina-
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14]. Piao et al. [15] suggested that new terrestrial bio-
sphere models include nutrient limitations to account for
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the substantial effect of carbon-nitrogen interactions of
climate variability and atmospheric CO, concentration on
modeled carbon cycle. Fan et al. [16] indicated that bet-
ter predictions of forest ecosystem dynamics at the re-
gional scale could be provided by using different nitro-
gen mineralization equations to relate to different re-
gions and scales.

Micro-environmental conditions strongly affect nitro-
gen mineralization [17]. Factors controlling nitrogen mi-
neralization vary spatially and temporally and include
temperature, soil moisture, and quality of organic matter
[18-20]. Temperature and soil moisture have been widely
shown to influence nitrogen mineralization [19]. Cold
and dry climates have low nitrogen mineralization and
low plant nitrogen use efficiency due to slowed enzyme
activity [21]. An increase in total soil nitrogen has been
shown to correlate to increased nitrogen mineralization
[22,23]. Increased nitrogen deposition is correlated to
increased nitrogen availability [24,25] due to nitrogen
enriched soil, as well as net primary production [26].

Although net nitrogen mineralization is important to
ecosystem productivity, a national scale database of net
nitrogen mineralization that could be used for ecosystem
model development is lacking primarily due to lack of
spatial data at a continental scale. Many models have
been developed to predict potential nitrogen mineraliza-
tion measured via lab incubations [27,28]. However, few
studies have scaled up field measurements and have es-
timated nitrogen mineralization at a regional scale [16,
29]. Burke et al. [30] utilized the CENTURY ecosystem
model to estimate nitrogen mineralization for the US
Central Plains region. Fan ef al. [16] estimated nitrogen
mineralization across the Midwestern Great Lakes region
based on leaf litter, evapotranspiration, and soil texture
using GIS.

In this work, we synthesized data from previous stud-
ies measuring in situ net nitrogen mineralization. Net
annual nitrogen mineralization was calculated as the sum
of monthly incubated sample nitrogen (NH4-N + NO;-N)

minus initial monthly sample nitrogen (NH4-N + NO3-N).

Stepwise multiple linear regressions were performed for
four data categories: high elevation forests, low elevation
low temperature forests, low elevation high temperature
forests, and grasslands (including prairies, grasslands,
shrublands, and woodlands) to generate equations esti-
mating net nitrogen mineralization based on total Kjel-
dahl nitrogen, air temperature, precipitation, and nitrogen
deposition. These equations were applied to existing na-
tional scale databases to generate a map of net nitrogen
mineralization for the conterminous US (CONUS) be-
cause a national scale database of nitrogen availability
does not currently exist.

The objectives of this study were to create a set of em-
pirical models that can predict net nitrogen mineraliza-
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tion based on total Kjeldahl nitrogen and other environ-
mental variables and to utilize these equations to gener-
ate a map of net nitrogen mineralization for the CONUS.
Our ultimate goal is to improve spatially explicit soil
nutrient data for regional ecosystem modeling.

2. Methodology

Data were obtained from publications reporting both net
nitrogen mineralization and total soil nitrogen data across
the CONUS for low elevation low temperature forests,
low elevation high temperature forests, high elevation
forests, and grasslands. Through stepwise multiple linear
regression, equations to predict net nitrogen mineraliza-
tion were developed for each category using TKN, aver-
age air temperature during growing season, total precipi-
tation during growing season, and nitrogen deposition as
predictor variables. Using these equations and national-
scale databases of TKN, air temperature, precipitation,
and nitrogen deposition for the CONUS, a map of net
nitrogen mineralization was developed in GIS.

2.1. Factors Affecting Nitrogen Availability

A literature review was first conducted to locate studies
reporting both total soil nitrogen and net nitrogen miner-
alization rate across the CONUS. Often, studies reporting
total soil nitrogen and net nitrogen mineralization are soil
warming, elevated carbon dioxide, or nitrogen fertiliza-
tion experiments. Only data from control plots were in-
cluded from these studies to reflect ambient conditions.
The data obtained were used to develop net nitrogen mi-
neralization rate equations based on parameters influ-
encing net nitrogen mineralization that included total soil
nitrogen, air temperature, precipitation, and nitrogen de-
position (Table 1).

The study locations produced by the literature review
were widely distributed across a large climatic gradient
(Figure 1). Net nitrogen mineralization studies are con-
ducted primarily using in situ incubations or laboratory
incubations. The most widely used method for in situ
studies is the buried bag procedure following Eno [46],
in which soil is incubated in the field via polyethylene
bags, although the exact methodology varies by experi-
ment. A few studies utilized the resin core method of
DiStefano and Gholz [47]. Results from the resin tech-
nique have been found to correlate well with the buried
bag [48] and there is no evidence of a systemic bias
[49,50]. We followed previous studies that have utilized
data from different in situ nitrogen mineralization meas-
urement methods [51] and included studies even if they
did not have identical methodology. Studies involving
laboratory incubations measure potential nitrogen miner-
alization, most often utilizing aerobic incubations with
constant air temperature and soil moisture content. /n situ
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Table 1. Observations utilized in the development and validation of in situ net nitrogen mineralization equations in this work.

State Ecosystem nglfg I\L EE;E:S\I T?énp eqNNh:’eP yr" Pmip kgT'\IIl;T?;r’l Reference
Florida Forest 0.3 450° 27.7 319 908 127 [31]
Florida' Forest 0.3 450° 27.7 319 908 43 [31]
Florida Forest 0.6 870° 27.8 359 519 89 [31]
Florida Forest 0.6 870° 27.8 359 519 42 [31]

Colorado Grassland 13.6 20536° 19.1 249 246 9.4 [32]
Colorado Grassland 14 21140° 19.1 249 246 7.9 [32]
Colorado Grassland 13.6 20536° 19.1 249 246 11.5 [32]
Colorado Grassland 8.1 12231° 19.1 249 246 6.2 [32]
Colorado Grassland 10.2 15402° 19.1 249 246 15.8 [32]
Colorado' Grassland 14.9 22499° 19.1 249 246 16.6 [32]
Colorado Grassland 8.3 12533* 19.1 249 246 11.2 [32]
Colorado Grassland 10.2 15402° 19.1 249 246 79 [32]
Colorado Grassland 11.9 17969° 19.1 249 246 8 [32]
Michigan' Forest 1.6 1728° 17.1 430 503 93 [33]
Michigan Forest 1.7 1836" 16.3 459 678 91 [33]
California Forest 2 3140° 23.6 203 44 49 [34]
California' Forest 1.6 2512° 23.6 203 44 31 [34]
California Forest 1.5 2355° 23.6 203 44 12 [34]
West Virginia Forest 42 5502° 19.7 777 553 77 [35]
West Virginia Forest 4.7 6157° 19.7 777 553 78 [35]
Arizona Forest 1.4 1453 14.0 167 239 18 [36]
Arizona Forest 1.6 1660° 14.0 167 239 13 [36]
Arizona Forest 1.5 1557% 14.0 167 239 11 [36]
Arizona Forest 1.2 1245% 14.0 167 239 27 [36]
Maryland Forest 3.35 4355° 14.0 580 560 61 [37]
Maryland Forest 3.35 4355° 14.0 580 560 71 [37]

Texas Grassland 0.7 980° 28.3 309 757 60 [38]

Texas Grassland 1.8 1980° 28.3 309 757 220 [38]

Texas Grassland 1.2 1320° 28.3 309 757 160 [38]

Texas Grassland 2 2200° 28.3 309 757 140 [38]

New York High elev for. 11.5 110407 17.0 410 569 373 [39]
New York High elev for. 16.1 15456° 17.0 410 569 28.99 [39]
New York High elev for. 13.8 13248° 17.0 410 569 21.82 [39]
New York High elev for. 13.2 12672° 17.0 410 569 25.29 [39]
New York High elev for. 15.2 14592° 17.0 410 569 19.85 [39]
Colorado Grassland 1.95 1759° 18.6 261 229 14.9 [40]
Colorado Grassland 1.19 1386° 20.2 291 322 304 [40]
Kansas Grassland 3.15 3299° 22.8 355 417 30 [40]
Kansas' Grassland 2.70 2729° 22.8 393 417 24.5 [40]
Kansas Grassland 1.88 1836° 235 521 448 14.8 [40]
Vermont High elev for. 12.2 13786° 17.9 503 372 13.7 [41]
Vermont' High elev for. 12.2 13786° 17.9 503 372 15.7 [41]
Vermont High elev for. 12.2 13786" 17.9 503 372 16 [41]
Minnesota Grassland 0.59 888" 18.5 452 685 44 [23]
Minnesota Grassland 0.54 802° 18.5 452 685 45 [23]
Minnesota Grassland 0.80 1203° 18.5 452 685 48 [23]
Minnesota Grassland 1.05 1581* 18.5 452 685 65 [23]
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Continued
Oregon Forest 2.90 1552° 13.1 155 520 8 [42]
Oregon Forest 3.10 1659* 13.1 155 520 12 [42]
Oregon' Forest 3.30 1766" 16.0 96 249 25 [42]
Oregon Forest 3.30 1766" 16.0 95 249 22 [42]
Oregon Forest 3.40 1819* 16.0 97 249 37 [42]
Oregon Forest 3.80 2033* 16.0 96 249 42 [42]
Oregon Forest 5.70 30507 13.1 114 520 51 [42]
Oregon Forest 7.80 4173° 13.1 136 520 82 [42]
North Carolina Forest 0.70 812° 24.1 525 513 34.4 [43]
North Carolina Forest 0.70 812° 24.1 525 513 223 [43]
North Carolina Forest 0.70 812° 24.1 525 513 344 [43]
North Carolina Forest 0.60 696" 24.1 525 513 19.1 [43]
California Forest 1.80 1869* 23.2 118 130 21.2 [19]
California High elev for. 1.70 3174* 23.2 85 130 40.4 [19]
California High elev for. 1.57 1628° 232 118 130 1.2 [19]
Massachusetts Forest 17.00 19550° 18.5 514 424 16.1 [44]
Maine Forest 10.00 9400° 18.5 280 403 41.3 [44]
Tennessee High elev for. 5.37 6766" 21.8 533 430 152 [45]
Tennessee High elev for. 5.50 6930" 21.8 533 430 87 [45]
North Carolina High elev for. 6.10 7137% 14.1 463 576 134 [45]
North Carolina' High elev for. 9.03 10565° 15.0 463 576 82 [45]
North Carolina High elev for. 8.97 10491° 15.0 463 576 98 [45]
Virginia High elev for. 8.80 12144 21.9 531 460 73 [45]
Virginia High elev for. 6.85 9453° 21.9 531 460 93 [45]

Where TKN is measured total soil nitrogen (g-kg "), est. TKN is total soil nitrogen estimated using bulk density (kg-ha '), temp is average growing season air
temperature (°C), N dep is nitrogen deposition (eqN-ha '-yr '), precip is total growing season precipitation (mm), and N_min is measured net nitrogen miner-
alization (kg-ha '-yr '). 'Data used for validation; “Complete bulk density given in publication and used for estimating mass per area total soil nitrogen; °Bulk
density determined by soil type for use in estimating mass per area total soil nitrogen.

methods are influenced by ambient air temperature and
precipitation of the study site, whereas laboratory incu-
bations are kept at constant air temperature and soil
moisture content. Soils incubated in a laboratory do not
show seasonal patterns [20]. Potential mineralization
depends on other factors such as incubation method and
time, which vary greatly by experiment and have large
impacts on nitrogen availability estimates [17]. Therefore,
only in situ incubation data was the focus for the genera-
tion of the net nitrogen mineralization equations in this
study. Total soil nitrogen measured on a mass per mass
basis (e.g., gN-kg-soil '-yr ') was the focus of this study
as this measurement type had the greatest number of
data points and the greatest variety of ecosystems. Total
soil nitrogen data were converted to common units of
g-kg '-yr . If data were reported as a percentage, it was
converted into g-kg ' -yr .

To better represent nitrogen availability, total soil ni-
trogen on a per area basis (kg-ha™') was needed. An es-
timate of total soil nitrogen in kg-ha™' was obtained using
bulk density either from publications or by soil type and
location (Table 1) when the publication was missing or
had incomplete bulk density values [52]. Only the upper
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mineral soil was examined in most nitrogen mineraliza-
tion studies [17]. Therefore, when converting from mass
per mass to mass per area, soil depth was kept constant at
10 cm for all data points to provide standardization
among studies. The estimated value of total soil nitrogen
was used in this study for consistent treatment (Table 1)
because per area total soil nitrogen is not given in all
publications. The resulting total soil nitrogen values from
0 - 10 cm depth were used for regression analysis and
mapping at the continental scale.

Air temperature was used instead of soil temperature
for this study because air temperature data are easily ob-
tainable and proved to have a high statistical correlation
to net nitrogen mineralization. Monthly total precipita-
tion and mean air temperature data for year 2010 were
downloaded from the National Climatic Data Center
(NCDC) for a nearby station for each of the research
areas recorded in the in sifu net nitrogen mineralization
studies (Table 1). The majority of net nitrogen minerali-
zation occurs during the growing season due to higher
temperature and greater soil moisture. We define grow-
ing season as the month of May-September. The wet and
dry nitrogen deposition data were derived from a 1-km?
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resolution map compiled by McNulty ef al. [53], who
combined the wet deposition map of Grimm and Lynch
[54], wet deposition isopleth maps from the National
Atmospheric Deposition Program/National Trends Net-
work (NADP/NTN) [55], and dry deposition data from
the Clean Air Status and Trends Network (CAST-NET)
[56].

Data utilized in this study represent many ecosystems
developed under a variety of climate regimes (Figure 1).
Across the CONUS, total soil nitrogen varied from 0.3 to
17 g-kg ™', average growing season air temperature
ranged from 12.8°C to 28.3°C, total growing season pre-
cipitation ranged from 44 to 908 mm, nitrogen deposition
ranged from 84 to 777 eqN-ha '-yr ', and net nitrogen
mineralization ranged from 1.2 to 220 kg-ha '-yr '. Other
studies have shown that vegetation influences net nitro-
gen mineralization [8]. Given the variability in site con-
ditions among the studies, models were formulated for
different land uses, resulting in several net nitrogen min-
eralization equations for different data categories. High
elevation ecosystems contain unique characteristics, such
as low air temperature but high TKN [39] and were thus
separated from low elevation studies. Similarly, forest
and grassland ecosystems were separated to account for
their diverse climatic, soil, and vegetation characteristics.
Data were divided by high elevation forest, low elevation
forest, and grassland (including prairie, grassland, shrub-
land, and woodland) studies to account for differences
(e.g., vegetation, soil type) among ecosystems. Data
clustering of previous studies of temperature and net
primary productivity (NPP) [30,57] and soil respiration
[21], reveals a data division around 19°C. Below 19°C,
net NPP and soil respiration rate increase linearly with
temperature. Above 19°C, a strong linear relationship
between temperature and these processes is no longer

Study Locations
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Figure 1. Map of study locations. The number of data
points in each state is also shown. Symbols indicate the ca-
tegory of the data.
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observed. Thus, the low elevation forest category was
further divided by temperature due to differences in pro-
ductivity at high and low temperature forests with a divi-
sion threshold of 19°C.

2.2. Linear Regression Models

Stepwise multiple linear regressions were performed
independently in Microsoft Excel for each data category
(i.e., high elevation forests, low elevation high tempera-
ture forests, low elevation low temperature forests, and
grasslands) with annual net nitrogen mineralization as the
dependent variable and four independent variables: total
soil nitrogen from 0 to 10 cm depth, average air tem-
perature (°C) during growing season, total precipitation
(mm) during growing season, and nitrogen deposition
(eqN-ha '-yr'"). Independent variables were only in-
cluded in the final equations if they were statistically
significant (i.e., p-value < 0.1).

2.3. Mapping Net Nitrogen Mineralization

The equations developed were used to calculate national
scale net nitrogen mineralization from existing CONUS
databases of the five predictor variables. The total Kjel-
dahl nitrogen map was developed at a 1-km’ resolution
using soil taxonomic relationships to link data from the
National Soil Characterization Database to spatial infor-
mation in STATSGO (State Soil Geographic Database)
[58]. Averages from 1960-2010 Parameter-elevation Re-
gressions on Independent Slopes Model (PRISM) data
were used to obtain average growing season temperature
and total growing season precipitation (http://www.
prism.oregonstate.edu/). The map aggregated to a 1-km’
resolution compiled by McNulty et al. [53] was used for
wet and dry nitrogen deposition.

The 2006 National Land Cover Database [59] was
used to determine which areas were forests and grass-
lands. Forested land cover types included deciduous,
evergreen, and mixed forests. Grasslands, pasture, and
shrublands were included in the grassland category. Air
temperature data from PRISM was used to determine
forest areas above and below 19°C for use in separating
low elevation high temperature forests from low tem-
perature forests (Table 2). High elevation in this study
indicates an elevation of 304.8 m (i.e., 1000 ft) or greater
[60]. The National Elevation Dataset (Data available
from the US Geological Survey) was utilized to deter-
mine elevation. Spatially distributed net nitrogen miner-
alization was computed within ArcGIS as functions of
total Kjeldahl nitrogen, nitrogen deposition, temperature,
and precipitation.

2.4. Validation of the Linear Regression Models

In each of the four data categories, two net nitrogen
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Table 2. Characteristics, coefficient of determination, and
p-values for each data category selected for regression.

High elev. Low elev. ITow elev.
Category forests Grasslands low temp. high temp.
forests forests
Land cover Forest Grassland Forest Forest
Elevation >1000 ft All <1000 ft <1000 ft
Temperature All All <19°C >19°C
R? 0.804 0.880 0.736 0.831
Adj. R? 0.755 0.861 0.656 0.781
SoilN p-value <1 x10™* - 81x10° 20x107°
Ndep p-value 1.0x107° 8.1x107 - 4.1x107
Temp p-value - - 1.1x107 -
Precip p-value 24 x1072 <Ix10* 93x10* <1x10™*

Where SoilN is total soil nitrogen (kg-ha '), N dep is nitrogen deposition
(eqN-ha 'yr ), Temp is average growing season air temperature (“C), and
Precip is total growing season precipitation (mm).

mineralization data points were randomly excluded from
regression for use in validation of the derived regression
equations (Table 1, Figure 1). After stepwise multiple
linear regression was performed and statistically signifi-
cant variables were identified (p-value < 0.1), the corre-
sponding equation was used to predict net nitrogen min-
eralization for these two excluded sites in each data
category. The predicted net nitrogen mineralization val-
ues were compared to the measured net nitrogen miner-
alization values to verify if the equations were represen-
tative of different site conditions. A value was considered
significantly different if the predicted value did not fall
within the measured value plus or minus the standard
error of the category. If the predicted net nitrogen miner-
alization was significantly different from the measured
value, factors causing the discrepancy are explored and
discussed.

3. Results
3.1. Nitrogen Mineralization Equations

Net nitrogen mineralization equations were created sepa-
rately for the four ecosystem categories through stepwise
multiple linear regression. The equations were used to
compare predictions to measured values for each cate-
gory. Predictions were also made for validation sites and
compared to their measured value and discrepancies ex-
plored.

3.1.1. High Elevation Forests

In the high elevation forest category, the regression
model for net nitrogen mineralization had a coefficient of
determination (R?) of 0.80, adjusted coefficient of deter-
mination (adjusted R?) of 0.76 (sample size, n = 16), and
standard error (S.E.) of 11.54 (Table 3). The associated
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equation was used to predict net nitrogen mineralization
for high elevation locations included in regression and
was compared to their corresponding measured values
(Figure 2). Validation sites in Vermont and North Caro-
lina were predicted to have net nitrogen mineralization
rates of 20 kg-ha '-yr' (vs. observed value of 15.7
kg-ha '-yr') and 81 kg-ha "-yr' (vs. observed value of
82 kg-ha '-yr"), respectively. The formula for net nitro-
gen mineralization in the high elevation category is pre-
sented below (Equation 1).

N _minyy,,, =—0.7—=0.01xSo0ilN +0.25x Depo

. )
+0.16 x Precip

where N min is predicted net nitrogen mineralization
(kg-ha '-yr™"), SoilN is estimated total soil nitrogen
(kg-ha™), Depo is nitrogen deposition (eqN-ha '-yr ™),
and Precip is total growing season precipitation (mm).

3.1.2. Grasslands

After graphing net nitrogen mineralization for grasslands
(R? = 0.73), it was apparent that the data from Hibbard ez
al. [38] was an outlier, as measured net nitrogen miner-
alization values are much greater than those in other ar-
eas. Further investigation revealed that this study was

Table 3. Statistics for each data category selected for re-
gression.

) . 2 Standard
Category n R Adjusted R error
High elev. 16 204 7.55 11.54
forests
Grasslands 16 8.80 8.61 4.57
Low elev. low 14 736 6.56 5.70
temp. forests

Low elev. high 14 831 7.81 8.90

temp. forests

Where SoilN is total soil nitrogen (kgha '), Depo is nitrogen deposition
(eqN-ha 'yr "), T is average growing season air temperature (°C), and
Precip is total growing season precipitation (mm).

High Elevation Forests
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Figure 2. Measured and predicted net nitrogen mineraliza-
tion in the high elevation forest category.
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conducted on a site with heavy livestock grazing, possi-
bly resulting in the fertilization of the soil. Previous
studies have shown that nitrogen dynamics can be altered
by long term livestock grazing [61]. Thus, this study was
omitted in further calculations. The net nitrogen miner-
alization regression equation for grasslands had a high
correlation (R? = 0.88, adjusted R* = 0.86, n = 16) and
standard error of 4.77. The associated equation (Equation
2) was used to predict annual net nitrogen mineralization
for all grassland locations included in the regression and
compared to their corresponding measured values (Fig-
ure 3). The equation predicted that the Colorado valida-
tion site should have a net nitrogen mineralization rate of
12 kg-ha "-yr ' (vs. observed value of 16.6 kg-ha '-yr ")
and that the Kansas site should be 22.3 kg-ha '-yr ' (vs.
observed value of 24.5 kg-ha '-yr™").

N _ming,, gma =0.1-=0.08x Depo+0.12x Precip  (2)

3.1.3. Low Elevation Low Temperature Forests

In the low elevation, low temperature (mean growing
season temperature < 19°C) forest category, the net ni-
trogen mineralization R? was 0.74, adjusted R? was 0.66,
and S.E. was 5.70. (n = 14). The regression equation
(Equation 3) was used to predict net nitrogen mineraliza-
tion for all low elevation low temperature forest locations
and was compared to their corresponding measurements
(Figure 4). The equation was used to predict net annual
nitrogen mineralization for two validation sites. The
model predicted that a site in Oregon would have a net
nitrogen mineralization rate of 31 kg-ha™'-yr ' (vs. ob-
served value of 25 kg-ha'yr'") and a site in Michigan
was predicted to be 71 kg-ha '-yr™' (vs. observed value
of 93 kg-ha '-yr'!). The validation site in Oregon could
be over-predicted due to vegetation type because this site
is dominated by Douglas-fir trees. Conifers in the Pacific
Northwest are generally considered nitrogen poor [62,6].
The site in Michigan is possibly under-predicted due to a
high amount of soil organic matter at the site. Increased
soil organic matter has been shown to increase net nitro-
gen mineralization [63].

=—-127.1-0.003x SoiIN +8.47xT
+0.12 x Precip

N _m nlow/brest

(€))
where 7 is average growing season air temperature (*C)

3.1.4. Low Elevation High Temperature Forests

In the low elevation, high temperature (mean growing
season temperature > 19°C) forest category, the net ni-
trogen mineralization R? was 0.83, adjusted R? was 0.78,
and S.E. was 8.90 (n = 12). This equation (Equation 4)
was used to predict annual net nitrogen mineralization
for all low elevation high temperature forest locations
included in regression and was compared to their corre-
sponding measured values (Figure 4). Validation sites in
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Figure 4. Measured and predicted net nitrogen mineraliza-

tion in the low elevation forest category for low temperature
(top) and high temperature (bottom) locations.

N Mineralization predicted (kg-ha ™ yr™)

California and Florida were predicted to have net nitro-
gen mineralization rates of 24 kg-ha '-yr ' (vs. observed
value of 31 kg-ha'-yr') and 50 kg-ha'yr' (vs. ob-
served value of 43 kg-ha "-yr "), respectively.

N _minyp... =3.4+0.01xSoilN —0.14x Depo
+0.17 x Precip

3.2. Spatial Distribution of Net Nitrogen
Mineralization

Predicted net nitrogen mineralization was the highest in

1JG



L.Y. CHAPMAN ET AL.

the south and eastern portions of the US and the lowest in
the west (Figure 5). This trend is similar to nitrogen de-
position and precipitation trends (Figure 6) that in-
crease from west to east. High temperatures (Figure 6)
correlate with high net nitrogen mineralization in the
southern US. The highest net nitrogen mineralization
values correspond to low elevation eastern forests with
high precipitation (Figure 7). Net nitrogen mineraliza-
tion is the lowest in the grassland locations (Figure 8)
and is consistent with low nutrient levels often found in
old fields due to past agriculture practices [22]. High
elevation forest areas have low predicted net nitrogen
mineralization due to low air temperature and slow de-
composition rates (Figure 9).

Net nitrogen mineralization is categorized by low (<50
kg-ha '-yr '), moderate (51 - 100 kg-ha "-yr™"), high (101 -
150 kg-ha "-yr "), and very high (>151 kg-ha 'yr'"). A
large majority of grassland and high elevation forest lo-
cations have values less than 50 kg-ha '-yr ' (Figure 10).
Both low elevation low and high temperature forest ca-
tegories most often have net nitrogen mineralization

1307

rates of 50 - 100 kg-ha™"-yr ' (Figure 11). The mean val-
ues were 14.3 kg-ha "-yr ' (standard deviation, o = 2.89)

Net Nitrogen Mineralization

Legend -
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kahalyr N*C ‘
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I 25 - 50 & S i
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I 100 - 150 L1 IKilometers
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Figure 5. Map of net nitrogen mineralization created using
developed equations. White areas indicate areas not in-
cluded in this study (i.e., non-forest, non-grassland).
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Figure 6. Air temperature (upper left), precipitation (upper right), nitrogen deposition (lower left), and total Kjeldahl nitro-

gen (lower right) input maps.
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(b)

Figure 7. Map of net nitrogen mineralization for low eleva-
tion low (top) and high (bottom) temperature forests.
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Figure 8. Map of net nitrogen mineralization for grassland
locations.
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(@) Figure 9. Map of net nitrogen mineralization for high eleva-
tion forest areas.
Net Nitrogen Mineralization
Low Elevation High Temperaure Forests . . . .
for the grassland category; net nitrogen mineralization
was 22.6 kg-ha '-yr ' (o = 4.86) for high elevation for-
ests; net nitrogen mineralization was 58 kg-ha " -yr ' (o =
3.46) for low eclevation low temperature forests; and 82.9
N kg-ha '-yr! (¢ = 7.31) for low elevation high tempera-
5 5 ture forests.
Legend = 4. Discussion
kg/halyr AW . . . ..
Not represented < 1 Our predicted net nitrogen mineralization values corre-
<25 > . N spond closely with previous modeling studies. In this
[ﬁgg:?go 'W-ég)—E study, and that of Fan et al. [16], the lowest rates ob-
B 100 - 150 S - served for the Great Lakes region are in the Upper Pen-
- 150 0 250 500 1000 1500 insula of Michigan. Rates are also similar in Wisconsin,

Illinois, Indiana, and Ohio. Our study also follows that of
Burke et al. [30], with a trend of low to high nitrogen
mineralization from the west to east in the Central Grass-
land region.

A challenge that emerged during this study was the
difficulty in predicting net nitrogen mineralization for
forest ecosystems. Forests differ greatly by region in soil
type, input material (i.e. litter and root quality), climate,
and previous land use history. Therefore, it is difficult to
predict net nitrogen mineralization using a simple equa-
tion. The separation of forests by temperature was proven
to be the most efficient way to account for differences
between forests.

The equations and maps generated during this study
were not meant to be used to predict net nitrogen miner-
alization at an individual site. Instead, these estimates are
meant to indicate nitrogen availability at a larger spatial
scale. Other factors influencing nitrogen mineralization
exist but are not used in this study due to their limited
availability at a continental scale. At a smaller scale (i.e.,
regional or watershed), other controls of net nitrogen
mineralization could include soil pH, soil aeration,
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Net Nitrogen Mineralization Rate by Category
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Figure 10. Percentage of net nitrogen mineralization in each
data category.
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Figure 11. Percentage of net nitrogen mineralization for
forest areas.

specific vegetation type (i.e. species), land use history
(e.g., burned forest, natural growth forest), and litter
quality. Soil temperature would likely be a better predic-
tor of nitrogen availability than air temperature. This map
and equations were used to predict net nitrogen miner-
alization for forests and grasslands; they may not be ac-
curate for other land types, such as croplands. Extremely
low rates of net nitrogen mineralization calculated for
some locations may indicate a lack of representation for
extreme cases (i.e., very high or low temperatures, pre-
cipitation, nitrogen deposition, or TKN) in equation de-
velopment, although effort was made to represent all
areas equally well.

These equations were developed under steady state
conditions. A change in climate conditions could alter
nitrogen availability, and such a change should be con-
sidered in future work. The model may predict high net
nitrogen mineralization, but this will likely balance over
a long time scale [64]. Ecosystem disturbances and stress-
es, such as insect invasions, drought, severe weather, and
loss of vegetation reduce ecosystem health [65]. The de-
cline of ecosystem health will slow soil processes, in-
cluding net nitrogen mineralization. The equations cre-

Open Access

ated in this study are limited by accuracy of data used
(i.e., total soil nitrogen and net nitrogen mineralization
data measured in the studies, and the temperature, pre-
cipitation, and nitrogen deposition data obtained). The
map is limited by the accuracy of extrapolation (i.e.,
TKN map, nitrogen deposition map, and temperature and
precipitation data). Although the TKN map was created
using 1994 soil data, it is a reasonable estimate of TKN.
Total soil nitrogen (e.g., TKN) remains fairly static over
time, even in nitrogen addition experiments [41] because
the amount added is small relative to the bulk of organic
nitrogen already present in the soil, so this map is a good
estimate of net nitrogen mineralization. There is a short-
age of nitrogen mineralization data measured in situ with
corresponding total soil nitrogen data. To improve study
results, a greater number of study sites should be in-
cluded.

5. Conclusion

Our study suggests that different ecosystems have dif-
ferent controls on net nitrogen mineralization. Climate,
vegetation type, and topographic characteristics are the
three major drivers at the US continental scale. Empiri-
cal equations were developed for high elevation forests,
low elevation high temperature forests, low elevation low
temperature forests, and grasslands using four regionally
readily available parameters (i.e., TKN, air temperature,
precipitation, and nitrogen deposition) or a subset of
them as predictor variables. These empirical models al-
lowed us to extrapolate net nitrogen mineralization at a
national scale. Creating a national map of net nitrogen
mineralization is the first step toward considering nitro-
gen limitations in large scale ecosystem modeling. Future
integrated regional ecosystem models are expected to be
improved by including soil fertility information.
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