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Abstract 
Mineralization, Plant Availability, and Water Quality Consequences of Nitrogen and 

Phosphorus in Land-Applied Municipal Biosolids 
Biosolids are the largely organic semi-solid residuals of municipal wastewater treatment, i.e., 
sewage sludge treated to meet USEPA and NCDENR regulatory levels of pathogens, potentially 
toxic metals, and disease vector attractants.  Biosolids contain plant nutrients such as nitrogen 
(N) and phosphorus (P) in amounts sufficient to serve as fertilizer and organic matter that can 
ameliorate soil physical and chemical properties when land applied.  In North Carolina, the 
majority of biosolids are recycled/disposed via application to agricultural land.  At present, 
biosolids application rates are guided by book-value availability coefficients used to estimate 
first-year plant-available N (PAN). The coefficients are very general, accounting only for several 
different treatment process, total N, and its organic vs. inorganic fractions, if known; they take 
no account of receiving soils and application rates, factors which likely affect PAN.  The 
objectives of this project are to: 1) test two biological incubations and one chemical test for their 
ability to estimate PAN and determine if these estimates depend on biosolids type, their 
application rate, and the soils to which they are applied; 2) relate these laboratory values to 
biosolids N uptake by a typical receiving crop; and 3) assess the feasibility of using the 
laboratory analyses to estimate PAN from land-applied biosolids. We tested two incubations 
long used to estimate PAN from manures and composts: 7-day anaerobic and 112-day aerobic.  
We also tested the amino sugar N test (ASNT), which has been shown in some cases to provide 
reliable estimates of soil PAN.  We used three local municipal biosolids generated from a 
representative range of current wastewater – sludge treatment processes and compared these to a 
100% PAN fertilizer, ammonium nitrate (NH4NO3: AN). The biosolids were “Raleigh Plus” 
(R+), “OWASA Cake” (OC), and “Cary Pellets” (CP). These were applied at five rates to four 
soils representative of typical biosolids receiving land, two from the Piedmont and two from the 
Coastal Plain. For Objective 3, we initiated a field trial testing the effects on tall fescue yield of 
CP and AN, both applied at five rates to one of the test soils. The anaerobic incubation and the 
ASNT have been completed, as has the last sampling of the aerobic incubation.  The results from 
both the anaerobic incubation and the ASNT indicated that PAN depended on the biosolids, the 
rate at which they were applied, and the soil to which they were applied. This indicates that all 
three factors need to be considered when estimating first-year PAN from land-applied biosolids, 
and that the existing biosolids N-availability coefficients likely do not accommodate the range of 
these factors typical of current land application. However, these two tests (anaerobic incubation 
and ASNT) differed with respect to their estimates of the relative amounts of N released from 
two of the biosolids, CP and OC.  Despite this, both tests indicated that the current coefficients 
either over or underestimated PAN from biosolids depending on the biosolids and soil.  
However, the results for CP differed between the tests: the ASNT indicated that the coefficients 
overestimated PAN from CP, while the anaerobic incubation indicated the opposite.  Obviously, 
this puts into question the ability of these tests to indicate first-year PAN mineralization from 
biosolids: both cannot be correct.  To date the field trial has shown that for fescue yield, CP 
behaved similarly to AN at the lowest and highest application rates, but outperformed AN at the 
intermediate rates, which was also reflected in greater N-use efficiency seen with CP. Taken 
together, these results indicate that current biosolids first-year N-availability coefficients should 
be re-evaluated.  The existing coefficients are quite general, take little account of the nature of 
the biosolids, and do not take into account the potential effects of soil characteristics and 
application rate, all of which likely affect PAN from land-applied biosolids.
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1. Introduction 
With North Carolina's rapid increases in population and urbanization, we will generate ever 
increasing quantities of municipal biosolids that will need to be recycled or disposed. Biosolids 
are the largely organic solids, semisolids, or liquid suspensions generated primarily by municipal 
wastewater treatment plant (MWWTP) processing of municipal wastewater.  Wastewater solids 
are first processed into sludge, which receives additional treatment to produce biosolids. 
Currently, and for the near future at least, the predominant means of recycling municipal 
biosolids in North Carolina is by applying them to agricultural crop land underlain by our state's 
very diverse soils. In 2004, the majority of the over 135,000 dry tons of biosolids that were 
produced were recycled by application to permitted agricultural lands, forest lands, and 
reclamation sites. 

In North Carolina, wastewater treatment plants use a number of different processes which 
produce a variety of biosolids. The term biosolids implies wastewater treatment to produce Class 
A or Class B biosolids that meet the land application standards in the Part 503 US Environmental 
Protection Agency regulations (USEPA, 1994). The NC Department of Environment and Natural 
Resources (NCDENR) Division of Water Quality (DWQ) and the USEPA set standards for 
managing biosolids and define three classes of biosolids quality. Class B biosolids are sludge 
treated to meet minimum regulatory limits for pathogen, potentially toxic metals, and disease 
vector attractants.  Class B biosolids can be applied to land only on sites that have received 
permits from the State. Class A biosolids have very low levels of metals and pathogens. Class A 
biosolids can be applied in limited quantities to land without a permit and can be used on crops 
for human consumption and by the general public in gardens, landscaping, etc. Exceptional 
Quality (EQ) biosolids are Class A biosolids that meet more stringent limits on metals. In many 
counties across North Carolina, the land application of Class B biosolids has increased 
dramatically due to population growth and lack of disposal alternatives. At the same time, 
MWWTP are making efforts to increase the proportions of Class A and EQ biosolids produced 
relative to Class B. 

Our municipal biosolids contain substantial quantities of plant nutrients such as nitrogen (N) and 
phosphorus (P), which can fertilize crops.  They also contain organic matter, which can improve 
soil chemical and physical properties for crop growth. However, biosolids must be land-applied 
using methods, times, and rates that are appropriate to receiving soils and crops in order to 
optimize nutrient use efficiency and minimize the quantities of excess N and P available to 
contaminate our ground and surface waters.  The adverse consequences of N and P movement 
from agricultural sources into ground and surface waters in North Carolina are well documented.  
These include drinking and recreation water quality impairment, algae blooms, eutrophication, 
fish kills, and degradation of fin and shell fisheries. 

The proportions and natures of the N and P in biosolids depend on the sources of the wastewater, 
how it is treated, and how the biosolids are generated and processed by the MWWTP.  
Generally, the greater the extent of biosolids processing, the lower will be the N and P content 
and the slower their release.  The majority of biosolids N is in organic forms that need to be 
mineralized into nitrate (NO3) and ammonium (NH4) prior to plant uptake. The majority of 
biosolids P is locked up in inorganic and organic forms, many of which also require 
mineralization to permit plant uptake. Plant availability of N and P from biosolids also depends 
on the biosolids application method and timing relative to season, crop growth stage, and 
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weather, as well as the characteristics of the receiving crop and soil.  To develop agronomic and 
environmentally appropriate biosolids application rates, the proportion of the total biosolids N 
and P that will become available to crops in the first and subsequent years is estimated by 
availability coefficients. These are commonly simple fractions of the total N or P expected to 
become available during the first cropping season after application.  Alternative, more complex 
algorithms use factors other than just N and P content to estimate nutrient availability. Research 
is needed to determine whether different types of biosolids applied to different soils and receiver 
crops require different N and/or P mineralization-availability coefficients.  These coefficients are 
needed to determine biosolids application rates that optimize crop N and P uptake efficiency and 
thus minimize the quantities of excess N and P that can potentially contaminate ground and 
surface waters. 

Currently, the North Carolina Department of Agriculture and Consumer Services (NDCDA&CS) 
Agronomic Division Plant/Waste/Solution/Media Analysis Section determines plant nutrient 
availability for the first crop after biosolids application based on several categories of WWTP 
processes; the total nutrient content of the biosolids; the method of application (e.g., surface 
broadcasting, soil incorporation, injection, or irrigation); and a “one-size-fits-all” biosolids and 
receiving soils availability coefficient. If organic and mineral N (i.e., NH4 and NO3) are known, 
some adjustment is made primarily to take into account the likelihood of volatilization loss of 
NH4 (McGinnis et al., 2011). These nutrient availability estimates take little account of the 
nature of the biosolids and no account of the soil(s) to which they will be applied. In addition, no 
attempt is made to estimate the residual biosolids nutrients that will become available in 
subsequent years, which is especially important for P.  In addition, the bases of these 
recommendations are not well documented (B. Cleveland, personal communication), leaving in 
doubt their scientific validity.  

Current USEPA and NCDENR regulations require that biosolids be applied at agronomic rates 
based on the total N content, an N availability coefficient, and the N need of the receiving crop.  
In NC, crop N need is based on its realistic yield expectation (RYE) and an N-use efficiency 
factor, both of which are specific to the receiving soil, and both of which are available in North 
Carolina's RYE database (North Carolina Nutrient Management Workgroup, 2003).  A software 
program has been developed to facilitate this calculation, the North Carolina Nitrogen Loss 
Evaluation Worksheet (NLEW; Osmond et al., 2000a, 2000b, 2001). However, NLEW was 
designed only to work with commercial mineral fertilizers. For land application of biosolids, 
NLEW is used to calculate the RYE N rate, which is used to develop a biosolids rate based on 
the NCDA&CS N-availability coefficient.  Research is needed to determine whether biosolids-, 
soil-, application rate-, and/or receiving-crop-specific N-availability coefficients are needed to 
extend NLEW’s utility to biosolids, and if so, to determine those coefficients. 

Field research to estimate biosolids N availability and availability coefficients is costly, lengthy, 
and subject to environmental (e.g., precipitation, temperature) and pest perturbations. As with all 
agronomic research, trials typically must be replicated in time and/or space.  Laboratory tests can 
provide alternatives to field trials, although these must be calibrated then validated via extensive 
field research to achieve desired levels of accuracy, precision, and robustness needed for 
extrapolation to appropriate recommendation domains. However, research over many years has 
demonstrated that anaerobic and aerobic laboratory incubations of organic N sources (e.g., 
manures, composts, biosolids) can provide reasonable estimates of field mineralization of 



4 
 

organic N to plant-available forms, predominantly NH4 and NO3 (Bundy and Meissinger, 1994).  
In addition, a relatively new test, the amino sugar N test (ASNT, a.k.a, the Illinois Soil Nitrogen 
Test, ISNT; Mulvaney and Khan, 2001; Mulvaney et al., 2001) was developed initially to 
determine whether crops grown on manured soils were likely to respond to added fertilizer N or 
not. Subsequent research has shown that, in some cases, the ASNT can be used to estimate the 
amount of soil organic N likely to mineralize to PAN and/or the amount of fertilizer N needed to 
achieve optimum agronomic and/or economic yield (e.g., Williams et al., 2007a, 2007b). To our 
knowledge, it has not been tested for estimating PAN from biosolids. 

2. Objectives 
2.1. Test two biological incubations and one chemical analysis for their ability to estimate and 
predict crop uptake of N from three representative types of municipal biosolids applied at several 
rates to four representative receiving soils with a range of chemical and physical properties. 

2.2. Initiate a field trial to determine yield and N uptake of a representative biosolids receiver 
crop (e.g, tall fescue, Festuca arundinacea) in response to biosolids applied at several rates to a 
representative receiving soil. 

2.3. Based on results from Objectives 1 and 2, assess the feasibility of using one or more of the 
tested laboratory analyses to estimate N availability from land-applied biosolids. 

3. Material and Methods 
3.1. Soils: We identified study soils typical of those permitted to receive regional biosolids by 
querying local biosolids land applicators. We chose representative and diverse soils, two from 
the North Carolina Piedmont: Vance sandy clay loam (fine, mixed, semiactive, thermic Typic 
Hapludults) and Wedowee sandy loam (fine, kaolinitic, thermic Typic Kanhapludults); and two 
from the Coastal Plain: Norfolk loamy sand (fine-loamy, kaolinitic, thermic Typic Kandiudults) 
and Noboco loamy sand (fine-loamy, siliceous, subactive, thermic Oxyaquic Paleudults). Using 
USDA-NRCS soil maps (USDA-NRCS, 2011) and aerial photographs, we identified suitable 
sites for collecting soil samples. The Vance sandy loam, ~6% slope (Kleiss et al., 1993), was 
collected under unmanaged sod at the Upper Piedmont Research Station, Reidsville, NC 
(Rockingham Co.). The Wedowee sandy loam, 2-6% slope (USDA-NRCS, 2011) was collected 
under fescue sod bordering the project biosolids field experiment site near Spring Hope, NC 
(Nash Co.). The Norfolk loamy sand, ~2-6% slope (Kleiss, 1981), was collected under 
unmanaged sod at the Central Crops Research Station, Clayton, NC (Johnston Co.). The Noboco 
loamy fine sand, ~0-2% slope (USDA-NRCS, 2011), was collected under unmanaged sod 
bordering a research field at the Williamsdale Biofuels Field Laboratory, Wallace, NC (Duplin 
Co). From each site, we collected ~130 L of soil through a depth of ~20 cm. The soil consisted 
primarily of the surficial Ap horizon (“plow layer”), but for the piedmont soils, included some of 
the clayey Bt horizon.  We sieved the soil to pass a 2-mm screen and submitted a moist sample 
of each to the North Carolina Dept. of Agriculture and Consumer Services Agronomic Division 
(NCDA&CS) Soil Test Section laboratory for routine fertility and chemical analysis. The 
remainder of the soil was air dried prior to the incubations and tests described below. 

3.2. Biosolids: Three diverse, representative biosolids were selected and acquired for testing: 1) 
a dry pellet from the Cary, NC MWWTP: Cary “Enviro Gems” (hereafter: “Cary pellets”: CP), 
which is a Class A EQ residual of a biological nutrient removal process; 2) “Raleigh Plus” (R+), 
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an aerobically processed, lime-stabilized, twice-dewatered Class A EQ product from the Raleigh, 
NC Neuse River WWTP; and 3) “OWASA cake,” (OWC) a moist product generated from the 
anaerobic biological nutrient removal process of the Orange County (NC) Water and Sewage 
Authority (OWASA) WWTP.  Chemical analyses for the first two products were provided by the 
generators.  Because disposal of OWC was contracted to a composter, OWASA was not required 
to analyze them, so we had them analyzed by the NCDA&CS Waste Analysis Laboratory. 

3.3. Laboratory Analyses to Estimate Plant Available Nitrogen: We used three laboratory 
methods for estimating plant available N (PAN; PAN = NH4 + NO3 in these assays) in biosolids: 
aerobic and anaerobic incubation (Bundy and Meissinger, 1994), and the amino-sugar N test 
(ASNT, a.k.a, the Illinois Soil Nitrogen Test, ISNT; Mulvaney and Khan, 2001; Mulvaney et al., 
2001).  

3.3.1. Anaerobic Incubation: The anaerobic test was a 7-day, 40°C incubation of soil plus 
biosolids or fertilizer plus 50 mL of deionized water in sealed plastic specimen cups. The 
experimental design consisted of three treatment factors in a 4 X 5 X 4 factorial: N Source by N 
Rate by Soil.  The four N sources were: 1) NH4NO3 fertilizer reference (reagent grade; assumed 
to be 100% plant available) and the three biosolids described above: CP, R+, OWC. The five N 
rates were multiples (0X, 0.5X, 1.0X, 1.5X, and 2.0X) of the agronomic N rate for fescue for  the 
Wedowee soil, site of the field trial, as determined from the North Carolina Realistic Yield 
Expectation (RYE) Database (North Carolina Nutrient Management Workgroup, 2003). The 
RYE N rate so calculated was 144.5 kg N ha-1.  Ammonium nitrate was applied at this N rate. 
Given that the total N in most biosolids does not become available the first year, we used the 
existing NCDA&CS “first-year-nutrient availability coefficient” for N (McGinnis et al., 2011) to 
estimate the amount of each of the biosolids that would be necessary to release 127 kg plant 
available N ha-1, which is the average RYE N rate of the four test soils.  Each treatment 
combination was replicated four times. After the 7-day incubation, 50 mL of 2 M KCl was added 
to the soil plus biosolids plus water mixture, which was shaken for 1 hr. The extract was filtered 
through No. 42 filter paper and analyzed for NH4 and NO3 on a multi-channel flow injection 
auto-analyzer (Lachat QuikChem 8500 Series 2; Lachat Instruments, Loveland, CO). For the 
statistical analyses, the soil factor will be analyzed as described above, or combined 
appropriately to form an alternative factor, region, i.e., Piedmont versus Coastal Plain. 

3.3.2. Aerobic Incubation: This procedure was adapted from Bundy and Meisinger (1994), 
Montalvo (2008), and Moore (2001).  Our experiment included the same three treatment factors 
and levels detailed above for the anaerobic incubation.  In addition, these tests were run at two 
moisture contents with seven sampling dates (see below).  To ensure a sufficient quantity of 
sample, 600 g of soil was the beginning amount for one replication of each treatment 
combination: 4 Soils X 4 N sources X 4 Rates = 64, plus one 0-N check for each soil, + 4 = 68 
bulk bags at the start of each replication.  The five N rates were calculated on the basis of 600 g 
soil.  Each N Rate X Source treatment combination was added to 600 g soil in a Ziploc® bag and 
mixed thoroughly. For the first replication, mixing was done by hand; for Replications 2-4, 
mixing was done using a blender.  After mixing, each bulk sample was split into two 300 g 
subsamples in separate bags, one of which had moisture adjusted to 80% container capacity 
(estimated by free drainage from a soil column) and weighed; the other half was left as is.  Each 
80% container-capacity adjusted bag was weighed as a starting point for moisture maintenance 
calculations.  The plastic bags were sealed leaving as much head space as possible and incubated 
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at 20⁰C.  On days 0, 3, 7, 14, 28, 56, and 112, two 10-cm3 subsamples (~15 g soil) were removed 
from each bag.  The subsamples from one set of these were weighed, then KCl extracted and 
analyzed for NH4 and NO3 as described above.  The subsamples of the other set were weighed, 
oven dried, then reweighed to determine subsample moisture content in order to express 
extraction results on a dry-weight basis.  Weekly during the 112-day incubation period, each 
80% container-capacity bag was weighed.  Whenever weight loss was ≥ 5% (mass basis, and 
presumed to be water), water was added to restore the original moisture content.  At the same 
time, every bag was opened to ensure adequate aeration then resealed.  Because of the number of 
samples (n = 544) that needed to be processed at each sampling date, replications were staggered 
temporally to keep processing at a manageable level  The last sampling date was May, 14, 2012. 
We have not yet completed all of the statistical analyses of the data presented herein. 

3.3.3. Amino Sugar Nitrogen Test: We used the procedure detailed by Williams et al. (2007), 
which was a modified version of that developed by Kahn et al. (2001).  The modification was the 
use of an incubator instead of a hot plate or griddle because of concerns of uneven heating when 
using the latter (Univ. of Ill., 2004).  The ASNT was performed by placing 1.00 g of air-dried 
soil into a 0.47 L (1 pint) Mason jar and adding 10 mL of 2 M NaOH.  A 60-mm Petri dish was 
filled with 5 mL of H3BO3 indicator solution (bromocresol green and methyl red) and attached 
to the jar lid so as to be suspended above the soil solution.  The jar lid was immediately attached 
to the jar (air tight) and the whole assembly was heated to 48-50ºC in an incubator for 5 h.  After 
incubation, samples were allowed to cool to room temperature, Petri dishes were removed from 
the jars, and the indicator solution was diluted with 5 mL of deionized H2O.  The diluted 
indicator solution was titrated using a standardized H2SO4 solution (approximately 0.01 M) to an 
endpoint established on the basis of color.  Soil test concentrations (mg kg-1) were calculated as 
S × T, where S is milliliters of H2SO4 used in titrating, and T is the titer (µg N mL-1; T = 280 µg 
N mL-1 for 0.01 M H2SO4) of H2SO4 (Khan et al., 2001; Univ. of Ill., 2004).  

3.4. Field Trial: The field trial was initiated in Fall 2010 on a cooperating grower’s field near 
Spring Hope in Nash County to test the efficacy of two N sources and five N rates on tall fescue 
(Festuca arundinacea) yield, N content, and N uptake. This trial was facilitated by a private 
nutrient management consultant, Scott Carpenter of SoilPlus.  An initial meeting was held with 
the landowner to explain our purpose, obtain permission, and secure a suitable site for the 
experiment.  The research site, under established fescue, had no history of biosolids application. 
We used a split-plot factorial treatment structure in a randomized complete block design with 
four replications. The main plot factor consists of two N sources: CP and fertilizer grade 
NH4NO3 prills, applied at multiples (0, 0.5X, 1.0X, 1.5X, and 2X) of the agronomic RYE N rate 
for fescue on the experimental site soil, which is mapped as a Wedowee sandy loam (fine, 
kaolinitic, thermic Typic Kanhapludults). Main plots are 12 by 12 ft.  Nitrogen treatments were 
applied on 15 November 2010.  Yield was estimated in Summer, 2011 by cutting a 3 X 10 ft 
swath down the middle of each plot using a small sickle-bar mower.  Biomass was raked, 
collected and weighed, and a subsample taken for moisture and nutrient analysis at the 
NCDA&CS laboratory. In Fall, 2012, each plot will be split; one split plot will receive a second 
pellet application while the other will not in order to determine residual N from the initial 
application.   

3.5. Statistical Analysis: For analyses of variance, we used PROC MIXED in SAS Version 9.2 
(SAS Institute, Cary, NC, 2012). PROC MIXED is a probability-based approach to general linear 
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mixed models that explicitly incorporate fixed and random effects, i.e., treatments and errors. We 
used Type III sums of squares obtained by fitting each effect corrected for all the other terms of 
the model regardless of their order in the model. Type III sums of squares are robust to 
differences in sample size (Littell et al., 2006). Regressions were done in PROC REG and PROC 
MIXED. Mean separation was performed using the PDMIX800 macro (Piepho, 2012).  

3.6.  Student Involvement: In August 2010, an M.S. graduate research assistant, Ryan Dodd, 
began his research assistantship initially funded by this project.  Prior to the beginning of his 
assistantship, he had been hired as an hourly employee to participate in the final planning and 
preparation for laboratory incubations, analyses, and greenhouse experiments. This project was 
the basis of Ryan’s thesis research, and he completed his M.S. in Fall, 2012. 

3.7. Deviations from original project plans: The original proposal envisioned two+ years of 
research based on an initial one-year funding and an anticipated second-year no-cost extension.  
When notified of the award, we learned that a no-cost extension would not be possible due to the 
end of a federal funding cycle.  We accepted funding none-the-less.  Delays in the establishment 
of project accounts and difficulties in locating appropriate NCDENR-permitted sites for the field 
trials resulted in us establishing only a single trial delayed to summer 2011.  For the ASNT, we 
planned to use existing equipment fabricated for prior research.  However, this was lost during a 
lab renovation, so we had to reconstruct them, delaying the beginning of the ASNT. Despite the 
end of WRRI funding, we continued the laboratory aspects of project through August, 2012. This 
was made possible by graduate assistantship bridge funding from the Dept. of Soil Science that 
allowed Ryan Dodd to complete his degree in fall, 2012.  All Soil Science (SSC) graduate 
students are required to serve as teaching assistants for two semester-sections of a SSC course.  
Ryan served in that capacity in Spring 2011, which decreased the time that he was able to devote 
to this project and resulted in his project assistantship being offset that semester by CALS/SSC 
teaching assistant funds.  Resource constraints due to the funding and timing issues detailed 
above forced us to eliminate the greenhouse trials, limit consideration to N, and postpone the P 
aspects.  We have retained all sample extracts and hope to garner the resources needed to analyze 
these for P. Statistical analyses of the N data continue to this day.   

4. Results and Discussion: NB: Results herein are preliminary and require confirmation by 
additional statistical analyses. 
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Biosolids Analysis: The dry matter proportions of the biosolids (Figure 1) varied as could be 
predicted from their natures: the dried CP had the highest dry matter, the double-dewatered R+ 
intermediate, and OWASA’s dewatered cake the lowest. The analyses of the three biosolids 
revealed that the CP contained the greatest amount of total N, followed by OWC, and R+ (Figure 
1, Table 1). This implies that CP would likely provide more PAN than OWC or R+, which had 
substantially lower total N than the other two biosolids.  The low N content of the R+ likely 
reflects the effectiveness of the biological nutrient removal processes at the Raleigh Neuse River 
WWTP, the source of R+. In recent renovations there, total N removal facilities were constructed 
within six existing activated sludge basins to create anoxic zones and provide biological N 
removal. The Neuse River WWTP also adds a carbon (C) source (e.g., methanol, glycerol) to the  
activated sludge basins to enhance denitrification, thereby converting organic and mineral N to 
gaseous forms such as N2O and N2. The WWTP has an effluent total N limit of 2.5 mg L-1 and is 
currently the largest wastewater treatment facility in the eastern U.S.A. meeting “Limits of 
Technology” total N limits (Hazen and Sawyer, 2011). Finally, the lime stabilization process (see 
below) used by the Neuse River WWTP for pathogen and disease vector reduction converts N to 
ammonia (NH3) which is lost via volatilization (USEPA, 2000). 

Biosolids

Cary Pellets Owasa Raleigh Plus

m
g 

kg
-1

0

20000

40000

60000 Total N 
Organic N 
Inorganic N 

Dry Matter
     -Cary pellets = 95%
     -OWASA cake = 20%
     -Raleigh plus = 52%

Figure 1. Total nitrogen (N), inorganic N, organic N (bars), and percent dry matter (text 
insert) for the three biosolids studied: Raleigh Plus (R+): City of Raleigh Neuse River 
Waste Water Treatment Plant, Raleigh, NC; Carry Pellets (CP): Town of Cary, NC; 
OWASA cake. 
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The proportion of biosolids total N that was organic was similar in all sources, averaging 95%.  
This is typical of biosolids from modern WWTP, which are very effective at removing inorganic 
(mineral) N, i.e., NO3 and NH4, from wastewater. While these mineral forms are considered 
immediately plant available, they are only a small proportion of total biosolids N, hence the 
overarching objective of this research: to estimate the rates and the amounts of biosolids organic 
N that will mineralize to become plant available N (PAN = NH4 + NO3).  The treatment plant 
trends for inorganic N and organic N were the same as for total N:  R+ < OWC < CP.  Nearly all 
the inorganic N was NH4, which is typical of WWTP with efficient denitrification treatment 
processes. 

Chemical analyses of the biosolids are in Table 1.  Of note were the relatively high P levels in 
the OWC.  OWASA’s draft 2011-2015 budget includes funding for improvements to the 
biological treatment aeration system, the biological P removal process, and the anaerobic 
digestion process at the WWTP. These new requirements were identified during the WWTP 
Hydraulic Capacity and Treatment Study (OWASA, 2011). 

R+ was notable because of its calcium (Ca) content, which was an order of magnitude greater 
than that of the Cary and OWASA biosolids.  The NRWWTP achieves USEPA and NCDENR 
pathogen and disease vector reduction requirements via lime stabilization, i.e., adding lime kiln 
dust, which is predominantly Ca and Mg oxides (“quicklime”), to dewatered sludge.  The kiln 
dust increases the pH of the mixture to regulation-required levels (e.g., pH ≥12 for two hours, 
then pH 11.5 for 22 hours), effectively destroying many pathogens .  The reaction is exothermic 
and can generate sufficient heat for pasteurization, thus aiding in pathogen and vector attractant 
reduction. Depending on the process, pH, and temperatures achieved, lime stabilization can 
produce biosolids meeting Class B or Class A pathogen reduction requirements (USEPA, 2000).  
Cary Pellets had an iron (Fe) content an order of magnitude greater than the other biosolids.  Iron 
chloride (FeCl2 or FeCl3) is frequently used in WWTP as a flocculant and to remove P and may 
be the source of the high Fe level in CP. 

4.1. Soil Analysis: Standard NCDA&CS soil analyses of the four soils tested are shown in Table 
2.  Of note are the higher pH, base saturation, Ca, and Mg and lower acidity of the Wedowee 
soil.  This soil was excavated from a managed fescue sod bordering our experimental area.  The 
parameter values noted are indicative of prior lime applications to maintain appropriate soil pH 
to encourage fescue productivity.  The other soils were extracted below unmanaged sod. 

4.3. Anaerobic Incubation: The analysis of variance for plant-available N from anaerobic 
incubation of the four N sources (3 biosolids, NH4NO3) applied at five rates to the four soils 
showed that all interactions and all main effects were statistically significant (Table 3).  The 
primary conclusion from this result alone is that the different biosolids mineralized N via 
anaerobic incubation differently on the different soils and at the various rates of application. 

To illustrate this, Fig. 2 shows the two-way interaction of N Source X Soil at the 1 X RYE 
application rate.  Without biosolids added (0-N control), the Wedowee soil yielded more than 
twice the PAN of the next highest soil, the Noboco, followed by the Norfolk then the Vance.  
This order was different from that for soil humic matter (Table 2). Humic matter as determined 
by the NCDA&CS method is strongly correlated with soil organic matter (Blumhorst et al., 
1990; Gonese and Weber, 1998). When soil PAN does not mirror soil organic matter (SOM), it 
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may be because SOM age fractions differ among the soils, i.e., the Wedowee may have had a 
greater proportion of younger SOM, which typically has a greater N content and mineralizes 
more rapidly than older SOM.  The Source X Soil interaction is apparent from the fact that the 
relative order of PAN release from the soils in the control was seen only for the OWC. In 
general, OWC and CP yielded the greatest and similar amounts of PAN and more than from 
NH4NO3, but again, the relative PAN amounts depended on the soil.  This result did not mirror 
the relative N contents of the biosolids (Fig. 1), i.e., CP > OWC. As hypothesized for soil 
PAN,this result may have been due to the relative “ages” of the biosolids organic fraction, e.g., 
the heat-treated and pelletized CP may be more resistant to mineralization than OWC. Raleigh 
Plus tended to yield the least PAN and less than NH4NO3.  The OWC and CP yielded more 



11 
 

Table 1. Chemical analysis of biosolids studied.  Raleigh Plus values are 12-month averages (12/2009 – 11/2010) supplied by 
the City of Raleigh Neuse River Waste Water Treatment Plant Laboratory and not those for the biosolids studied, which were 
unavailable; these averages are representative of Raleigh Plus (Tim Woody, Reuse Superintendent, City of Raleigh Public 
Utilities; private communication). 

Biosolid
s 

Dry 
matte

r 
Total 

N 

Organi
c 
N 

Inorgani
c 
N 

NH4
-N 

NO3+NO2
 N P K Ca Mg Na Fe Al Mn Cu Zn Cd Cr 

 % -------------------------------------------------------------------------------mg kg-1-------------------------------------------------------------------------------- 
Raleigh 

Plus 52 6939 6645 294 260 34 1765 
304
0 

21862
8 

335
6 531 5954 NA 

10
3 65 
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7 

0.
4 

N
A 

Cary 
pellets 95 6550 62207 3296 3290 6 

3490
0 

566
0 16100 

515
0 
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0 

4270
0 

690
0 
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9 

28
6 

70
2 2 42 
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cake 20 

4880
1 47128 1672 1665 7 

2536
5 

235
7 20559 

453
4 

110
5 7642 NA 
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5 

34
1 

67
8 1 

N
A 

Table 2. . Soil test parameters for the four soils used in the anaerobic incubation of biosolids.   Tests performed by the North 
Carolina Department of Agriculture and Consumer Services Agronomic Division Soil Testing Laboratory. HM, humic 
matter (Mehlich, 1984B); W/V, ground and sieved weight per volume; CEC, cation exchange capacity and Ac, acidity (units 
for both are meq 100 cm-3) (Mehlich, 1976); BS, base saturation.  The CEC, BS, and nutrient contents are based on Mehlich 
3 extraction (Mehlich, 1984A ). 
Soil series HM W/V CEC Ac BS pH P K Ca Mg Mn Zn Cu S Na 

 % g cm-3 —-meq 100 cm-3— %  ------------------------------------------mg kg-1------------------------------- 
Noboco 0.76 1.25 6.7 0.9 87 6.2 331 88 1018 65 11 9 1 11 0 
Norfolk 0.56 1.39 3.4 1.8 47 5.1 80 53 218 50 4 2 1 12 0 
Vance 0.36 1.04 4.9 1.1 78 5.7 124 111 529 113 18 7 5 13 0 
Wedowee 0.41 1.22 8.4 0.5 94 6.8 119 80 1294 143 38 8 2 9 0 
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Table 3. Analysis of variance for total plant-available N from anaerobic incubation of four 
N sources (3 biosolids, NH4NO3 control) applied at five rates on four soils. 

Type 3 Tests of Fixed Effects† 

Effect Pr > F 

N Source <0.0001 

Rate <0.0001 

Soil Type <0.0001 

Rate X N source <0.0001 

N Source X Soil type <0.0001 

Rate X Soil type 0.0299 

Rate X N Source X Soil type <0.0001 

†See explanation in 3.5 Statistical Analyses 

NH4NO3, but again, the relative PAN amounts depended on the soil.  This result did not mirror 
the relative N contents of the biosolids (Fig. 1), i.e., CP > OWC. As hypothesized for soil PAN, 
this result may have been due to the relative “ages” of the biosolids organic fraction, e.g., the 
heat-treated and pelletized CP may be more resistant to mineralization than OWC. Raleigh Plus 
tended to yield the least PAN and less than NH4NO3.  That OWC and CP yielded more PAN 
than NH4NO3, and R+ less, is an indication that the NCDA&CS coefficients may need to be 
modified; they underestimated PAN from OWC and CP and overestimated PAN from R+.  That 
the different biosolids mineralized different amounts of PAN on the different soils indicates that 
soil type and characteristics may also need to be taken into account in estimating first-year N 
mineralization. In addition, the interactions involving rate indicated that the quantity of biosolids 
added also affected mineralization of PAN differently for different biosolids applied to different 
soils. All of this presumes that anaerobic incubation is a reasonable indicator of that first-year 
mineralization. 
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The simple effects on PAN and its components NH4 and NO3 of biosolids source and rate for 
each soil are illustrated in Figures 3 (Coastal Plain) and 4 (Piedmont).  Anaerobic incubation of 
the four unamended (control) soils resulted in varying amounts of PAN (Fig. 3A1, 3B1, 4A1, 
4B1): Wedowee, 41; Noboco, 22; Norfolk, 23; and Vance 12 mg kg-1.  These amounts did not 
parallel the humic matter contents of the soils (Table 2), so were not likely due simply to 
differences in SOM content among the soils prior to incubation (Table 2). Potential explanations 
include inherent differences in these soils’ ability to mineralize organic matter, likely due to 
differing soil chemical, physical, and/or microbiological properties. If this is the case, it could 
have important implications for mineralization of biosolids added to these soils (see below). 
Based on the initial N analyses, we hypothesized that CP would yield the greatest amount of 
PAN after the 7-day anaerobic incubation, however, this was true only on the Norfolk (Fig. 3A1) 
and Vance soils (Fig. 4B1), and there only marginally.  On all soils, CP and OC yielded 
comparable amounts of PAN.  On the Norfolk and Noboco soils, NH4NO3 and R+ yielded 
similar amounts of PAN that were less than that from CP and OWC (Fig. 3A1 and 3B1). On the 

Figure 2. Effects of soil type and N source at the 1 X RYE rate (~148 kg N ha-1) on plant-
available N (PAN = NH4 + NO3) released during a 7-day anaerobic incubation on two 
representative soils from the Coastal Plain (Noboco, Norfolk) and Piedmont (Vance, 
Wedowee). Control, no N added; AN, NH4NO3; CP, Carry Pellet; OWC, Orange County 
Water and Sewer Authority cake; R+, Raleigh Plus cake. 
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Wedowee soil and Vance soils, NH4NO3 behaved similarly.  On the Wedowee soil, RP yielded 
substantially less PAN than the other N sources (Fig. 4A1).  On the Vance soil at the 0.5 X RYE 
rate, CP yielded more PAN than the other N sources, but then PAN decreased at the 1 X RYE 
rate and changed little at higher rates (Fig. 4B1).  The high initial PAN from R+ and its 
subsequent decrease as rate increased was unusual.  Initially we thought that this might have 
been due to a labeling error.  However, when we reran this incubation, extraction, and analysis, 
similar results were obtained.  A potential explanation is that increasing the amount of R+ added 
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Figure 3. Total plant-available N (PAN = NH4 + NO3; #1), ammonium (NH4: #2), and 
nitrate (NO3: #3) released during a 7-day anaerobic incubation of three biosolids and 
NH4NO3, each mixed at five rates with two representative coastal plain soils: Norfolk loamy 
sand (A) and Noboco loamy sand (B).  Nitrogen rates were determined as 0, 0.5 X, 1.0 X, 
1.5 X, and 2.0 X  the North Carolina Realistic Yield Expectation Database (North Carolina 
Nutrient Management Workgroup, 2003) N rate for corn averaged over the four study soil 
types (Norfolk, Noboco, Vance, Wedowee,), i.e., ~148 kg N ha

-1
. Note that the y-axis scale 

for NO3 (Fig. A3 & B3) is half that of those for PAN and NH4. Error bars are standard 
errors. 
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Figure 4. Total plant-available N (PAN = NH4 + NO3; #1), NH4 (#2), and NO3 ( #3) released 
during 7-day anaerobic incubation of three biosolids and NH4NO3, each mixed at five rates 
with two representative piedmont soils: Wedowee sandy loam (A) and Vance sandy clay 
loam (B).  Nitrogen rates determined as 0, 0.5, 1.0, 1.5, and 2.0 X the NC Realistic Yield 
Expectation Database (NC Nutrient Management Workgroup, 2003) N rate for corn 
averaged over the four study soils (Norfolk, Noboco, Vance, Wedowee,): 148 kg N ha

-1
. 

Actual 1 X RYE for NH4NO3 and biosolids = 145 and 127.00 kg ha-1, respectively. NB: y-
axis scale for NO3 (Fig. A3 & B3) is ~half that of those for PAN and NH4. Error bars are 
standard errors. 

Plant-Available Nitrogen Rate (kg N ha-1) 
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to the Vance resulted in greater immobilization of N in microbial biomass due perhaps to 
alleviation of a constraint that had hindered microbial growth and reproduction. 

For the Norfolk and Vance soils (Fig. 3A1 and 4B1), PAN increased nearly linearly and 
similarly (i.e., had similar slopes) with increasing application rate for all N sources except R+, as 
already noted. On all soils, (Fig. 3B1 and 4A1), OWC and CP PAN increased linearly and 
similarly with increasing application rate.   

On the Norfolk and Vance soils, PAN from NH4NO3 increased similarly with increasing rate, 
while on the Noboco and Wedowee soils, PAN increased at a somewhat lesser rate. Thus, release 
of PAN via 7-day anaerobic incubation differed among biosolids and soils, both in terms of the 
amount of PAN and how this changed with different application rates.  

The greater proportion of organic N that is mineralized via anaerobic incubation is typically NH4 
rather than NO3. This was true for all the biosolids tested (Fig. 3 and 4: A2 & B2 vs. A3 & B3).  
For all soils, the NH4 released from all biosolids paralleled and dominated PAN release (Fig. 3 
and 4: A2 vs A1).  However, for NH4NO3 on both soils, only about half of the total PAN was 
NH4, which was to be expected given the nature of this inorganic source.  On the Vance soil, 
there were anomalies in the relative amounts of NH4 released from R+ relative to the other 
treatments and how this changed in response to rate, which were as discussed above for PAN. 
When viewed in light of the NO3 response (Fig. 4B3), it is apparent that this NH4 response was 
the source of the PAN anomaly.  

On the Norfolk, Noboco, and Wedowee soils, there was essentially no NO3 released from 
anaerobic incubation of the biosolids (Fig. 3A3 & B3; Fig. 4A3).  On the Vance soil, there were 
small amounts of NO3 released only with R+ (Fig. 4B3).  However, if we consider the NO3 
released from the unamended control soil as a blank to be subtracted from the biosolids 
treatments, then R+ mineralized no NO3, and the other biosolids appear to have lost NO3.  
Nitrate in these soils may have been assimilated by microorganisms and potentially re-released 
as NH4.  At this point, we have no hypotheses as to why the dynamics of NO3 mineralization for 
R+ on the Vance soil were different from all other treatments.  A closer inspection of existing 
soil analyses and future analyses of soil chemical and physical characteristics may further inform 
these results. 

Different biosolids appeared to have different mineralization rates and amounts among 
themselves and on different soils. Biosolids mineralized N slightly faster in the Vance versus the 
Norfolk soil. A primary objective of this research is to determine if different PAN availability 
coefficients should be used for land application of municipal biosolids from different sources 
and/or on different soils.  These preliminary results indicate that different PAN availability 
coefficients may be needed for biosolids from different sources applied to different soils. These 
preliminary results also indicate that the CP would be the best N source among the three 
biosolids tested.  CP had the highest initial N content, mineralized the most PAN, and had a low 
moisture content which makes their transport and application less expensive than the other 
biosolids. In principle, anaerobic incubation provides a relatively quick (7 days) and easy 
estimate of PAN.  However, the longer-term aerobic incubation better mimics field conditions 
and may provide a better estimate of total PAN as well as an estimate of the temporal rate of N 
mineralization.  The latter is important in order to understand whether mineralization of PAN 
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from biosolids is in temporal synchrony with and of sufficient magnitude to meet crop demand, 
which typically increases over time as a sigmoidal/logistic function.  The better this synchrony, 
the greater the N-use efficiency and crop uptake, and the less surplus N available to leach to 
groundwater. 

4.4. Amino Sugar Nitrogen Test Nitrogen: The analysis of variance for amino sugar N as a 
function of the four N sources (3 biosolids, NH4NO3) applied at five rates on four soils showed 
that all the two-way interactions and main effects were significant at p ≤ 0.009 (Table 4).  The 
three-way interaction had p = 0.08, just missing the α = 0.05 cutoff.  We illustrate each of the 
two way interactions in Figs. 5 – 7, and the simple effects are plotted two ways in Figs. 8 and9. 

Table 4. Analysis of variance for amino sugar N test N as a function of five N sources (3 
biosolids, NH4NO3, control) applied at five rates on four soils. 

Type 3 Tests of Fixed Effects† 

Effect Pr > F 

Soil type <0.0001 

N source <0.0001 

Rate <0.0001 

N source X Rate <0.0001 

N source X Soil type 0.0004 

Rate X Soil type 0.0088 

N source X Rate X Soil type 0.0792 

†See explanation in 3.5 Statistical Analyses 
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Figure 5 shows the effects on amino sugar N of the two-way interaction of N Source X Rate 
averaged over the four soils.  The interaction is apparent in the different slopes of the rate 
responses of the different biosolids.  The OWC yielded by far the most amino sugar N, the 
amount of which increased dramatically with increasing rate.  Cary Pellet and NH4NO3 yielded 
similar amounts of amino sugar N and responded similarly to increasing application rate.  R+ 
yielded no more amino sugar N than the control and this did not change with increasing rates, 
indicating that R+ contained no amino sugar N. As with the anaerobic incubation, the relative 
magnitude of amino sugar N among the biosolids did not parallel their N contents (Fig. 1). The 
relative magnitude of ASN among the biosolids also differed from that seen with anaerobic 
incubation, where OWC and CP yielded similar amounts of PAN.  That R+ yielded no amino 
sugar N may have been due to the enhanced N-removal practices used during their generation at 
the Neuse River WWTP.  These practices seek to remove as much N as possible from effluent 
and biosolids; what remains would, by definition, be resistant to mineralization and thus 
expected to be low in amino sugar N. In contrast, OWC’s greater amount of amino sugar N and 
greater response to rate indicate that it had substantially more mineralizable N than CP, which 
had greater total N.  As stated previously, heat treatment and pelletization of CP may make its N 
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Figure 5. Effects on amino sugar N of the two-way interaction of N Source (3 biosolids, 
NH4NO3) X Rate, averaged over four soils. 
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more difficult to mineralize.  We are searching the literature to determine if research exists that 
tested this hypothesis, i.e., whether heat treatment alone might form and/or release amino sugar 
N or NH3-N. 

Figure 6 illustrates the two-way interaction of Soil Type X Rate averaged over N source. The 
two piedmont soils (Vance, Wedowee) yielded the greatest and similar amounts of ASN, 
followed.by Noboco then Norfolk.  Again, this did not correspond with their SOM contents nor 
did it mirror the results for anaerobic PAN (Fig. 3 and 4), though the ASN results were averaged 
over rate. The rate responses of the coastal plain soils (Noboco, Norfolk) were similar and 
exceeded those of the piedmont soils, between which the Wedowee had the least response. 

Figure 7 illustrates the two-way interaction of Soil Type X N Source averaged over N rate.  The 
relative amounts of ASN among the soils was similar for NH4NO3, CP, and R+¸ which differed 
from OWC, for which there was little or no difference among the soils. The CP and  and thus 
would be expected to quantify only half of the N in NH4NO3.presuming that none of the NO3 
was ammonified, which would be unlikely at the basic pH of the ASNT. We have have yet to 
calculate the NH3 yield of the test relative to the amount of NH4NO3 added.  Relative to 
NH4NO3, R+ yielded slightly less ASN and OWC substantially more.  Presuming that the ASNT 
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Figure 6. Effects of five N rates and four soils on amino sugar N, averaged over four N 
sources (3 biosolids, NH4NO3). 
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is a reasonable indicator of first-year mineralization of PAN, and that it measured only half of 
the N from NH4NO3, these results indicate that the NCDA&CS availability coefficients 
overestimated PAN for CP and R+, and grossly underestimated that from OWC. 

The three-way interaction N rate X N source X Soil type is shown from two perspectives in 
Figures 8 and 9. Figure 8 shows the effects on ASN of PAN rate and soil type, graphed by N 
source.  For some N sources, there were small differences among soil types. However, what is 
most apparent is the greater effect of N source: the ASN response to PAN rate was substantially 
greater for OC compared to the other N sources, which showed little difference among them.  
Figure 9 displays the same data plotted to show the effects on ASN of PAN rate and N source 
graphed by soil type. Here again, it is apparent that ASN response to PAN rate was greatest for 
OC and similar across all soils.  Compared to the other N sources, CP had the greatest amount of 
organic N and NH4-N (Table 1). Presuming that the ASNT would respond similarly to the 
relatively small amounts of NH4-N in both OC and CP, these results imply that the organic N in 
CP is less available to the ASNT than that in OC.  It remains to be seen whether the same is true 
for PAN from land application of these biosolids.  The ASN response to PAN rate for the N 
sources other than OC showed some small differences among soil types. There was some 
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Figure 7. Effects on amino sugar N of N source (3 biosolids, NH4NO3, control) and four 
soils averaged, over five N rates. 
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indication that the ASN responses differed by region, i.e., similar between the two coastal plain 
soils (Noboco and Norfolks) and between the two piedmont soils (Wedowee and Vance). 

While the ASN results differed somewhat from those from anaerobic incubation with respect to 
the relative amounts of N released from CP and OWC, some of the underlying conclusions are 
the same. Results from both tests were affected by interactions between all the factors tested: N 
Source and Rate and Soil Type.  This indicates that soil type and characteristics may need to be 
considered in estimating first-year PAN from biosolids.  In addition, both tests indicated that the
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Figure 8. Simple effects on amino sugar N of soil type (Noboco loamy sand, Norfolk loamy sand, Vance 
sandy clay loam, Wedowee sandy loam) and plant-available N rate of four N sources (NH4NO3 and three 
biosolids: Cary Pellet, OWASA Cake, and Raleigh Plus).mixed with the four soil types, shown by N source. 
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Figure 9. Simple effects on amino sugar N of plant-available N rate and source (NH4NO3 and three biosolids: Cary 
Pellet, OWASA Cake, and Raleigh Plus) mixed with four soil types (Noboco loamy sand, Norfolk loamy sand, 
Vance sandy clay loam, Wedowee sandy loam), shown by soil type. 
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current coefficients either over or underestimated PAN from biosolids, and differently for 
different biosolids.  In addition, the results for CP differed between the tests: the ASNT indicated 
that the coefficients overestimated PAN from CP, while the anaerobic incubation indicated the 
opposite.  Obviously, this puts into question the ability of these tests to indicate first-year PAN 
mineralization from biosolids: both tests cannot be correct. The analysis of variance results for 
the biosolids may have been biased to some extent by the inclusion of the control and NH4NO3.  
At least two additional statistical analyses are anticipated.  The first will be analogous to that 
reported here except that control values will be subtracted from all others.  This is a reasonable 
approach to attempt to isolate the effects of the biosolids alone, although it presumes that adding 
the biosolids to the soils has an additive effect on the parameters quantified in the tests. The 
second statistical analysis will include only the three biosolids to remove the potential bias from 
the inclusion of the control and NH4NO3 in the statistical analyses. 

Field Trial: A late winter (Feb. 18) 2011, visit to the field trial revealed some distinctly visible 
effects on fescue growth and color (Fig. 10), manifested primarily as darker green foliage in 
some treatments due presumably to greater amounts of PAN.  However, the grass had not yet 
been sampled.  Once the fescue broke dormancy and put on growth sufficient to warrant a first 
cutting, grass was harvested in spring 2011.  Figure 11 shows the effects of N source and rate on 
forage biomass. While an N Source X Rate interaction is apparent, it was not statistically 
significant.  Biomass yield response to CP was typical of the N response of any grass: substantial 
but decreasing with each additional increment, ultimately reaching a plateau.  In contrast, the 
response to AN was nearly linear and did not plateau at the rates tested.  Interestingly, biomass 
yield from the two N sources was equivalent at the two addition extremes, 0.5 and 2 X RYE, 
while at the intermediate rates it appears as though CP provided more PAN. The yield response 
to CP at the 0.5 X rate might have been because mineralization of CP and/or fescue growth was 
limited by a deficiency, e.g., nutrient or microbial. At the intermediate rates, CP may have 
provided nutrients that alleviated the deficiency. However, that hypothesis seems unlikely given 
that biomass with AN did not plateau at the higher rates and so appeared not to have been limited 
by a deficiency.  That biomass with AN did not plateau also indicates that optimal yield with AN 
would be achieved at an application rate far in excess of the RYE rate.  Given that CP appeared 
to supply more PAN than AN at the 1- and 1.5- X RYE rates, the preliminary conclusion from 
the field trial is that the current NCDA&CS availability coefficients underestimate PAN 
availability from CP.  Current NCDA&CS coefficients differentiate several treatment processes, 
but do not include a category specific to heat treating and pelleting; to calculate potential PAN 
for CP we used the “other” category.  Our results were not surprising given that the 
heating/pelleting process and the resulting biosolids differed markedly from the others, and that 
the process was probably not available when the coefficients were determined.  It indicates that 
additional research is needed to determine availability coefficients appropriate to heat-treated, 
pelleted biosolids.  

The effects of fall-applied N source (Cary Pellet, NH4NO3) and rate on the proportion of applied 
N recovered in forage, summer, 2011 are shown in Figure 11. It appears that a greater proportion 
of applied N was recovered from CP than from NH4NO3. This may indicate that mineralization 
of CP-N to PAN was in greater synchrony with crop uptake than was the availability of PAN 
from NH4NO3, and/or that N loss from NH4NO3, due perhaps to leaching and denitrification, 
decreased its N-use efficiency. As mentioned above, another possibility is that CP supplied 
needed nutrients not available from AN. 
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5. Conclusions  
The results from both of the laboratory tests reported here, the anaerobic incubation and the 
ASNT, indicated that PAN from the biosolids tested on the soils tested and at the rates tested 
depended on all three of these factors. This indicates that all three of these factors need to 
considered when estimating first-year PAN from biosolids.  That said, the two tests differed with 
respect to the relative amounts of N released from CP and OWC.  Despite this, both tests 
indicated that the current coefficients either over or underestimated PAN from biosolids, with 
these depending on the biosolids and soil.  However, the results for CP differed between the 
tests: the ASNT indicated that the coefficients overestimated PAN from CP, while the anaerobic 
incubation indicated the opposite.  Obviously, this puts into question the ability of these tests to 
indicate first-year PAN mineralization from biosolids: they cannot both be correct.  To date the 
field trial indicated that for fescue yield, CP behaved similarly to NH4NO3 at the lowest and 
highest addition rates, but that at intermediate rates, CP outperformed NH4NO3, which was also 
reflected in the greater N-use efficiency seen with CP. 

  

Figure 10. Trial of Cary Pellets versus NH4NO3 applied at five rates to an established stand 
of tall fescue in Nash Co., NC.  Treatment effects are manifested as different shades of 
green, with darker green associated primarily with greater plant-available N (PAN). 
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6. Recommendations: 
6.1. Nitrogen Availability Coefficients: NCDA&CS should evaluate and reconsider their 
current biosolids N-mineralization coefficients.  The existing coefficients are quite general and 
do not take into account the potential effects of soil characteristics that likely affect biosolids 
PAN.  The origin of the current coefficients is undocumented and precedes the current 
“institutional memory,” thus an assessment of their scientific validity is not possible.  While 
there are somewhat different coefficients for several wastewater treatment processes, these were 
likely established years ago when wastewater treatment processes differed substantially from 
current practice. These typically include recently developed N and P reduction strategies and 
final sludge treatments used to produce Class B, Class A, and Class A EQ biosolids that conform 
to USEPA and NCDENR regulations.  Biosolids produced by various combinations of current 
wastewater treatment processes present a substantial range of characteristics that are known to 
affect mineralization of organic N to PAN.  A prime example of this is the heat-dried pellets 
tested herein. There are no specific NCDA&CS nutrient availability coefficients for these, and 
land applicators must rely on the category “other” to estimate nutrient availability. While CP 
exhibited PAN dynamics similar to OWC on several soils, CP PAN dynamics were quite 
different in one of our test soils. 

CP yield = -1605.14 + (62.41x) + (-0.12x2) ; p < 0.0001 ; R2 = 0.76

AN yield = 693.79 + 18.69x ; p = 0.0007 ; R2 = 0.57
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Figure 11. Effects of fall-applied (2010) N source (Cary Pellet, NH4NO3) and N rate 
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The re-evaluation of current NCDA&CS biosolids mineralization coefficients should begin with 
a thorough review of recent research literature on the topic.  However, given the soil-specific 
results reported here, it is likely that substantial field research will be needed to test and validate 
current or literature-based coefficients and determine the efficacy of complementing and/or 
replacing these with biosolids and soil and rate specific laboratory analyses. If better biosolids 
nutrient mineralization coefficient “book values” can be established and/or replaced by 
biosolids-, soil-, and rate-specific laboratory test, the result would be improved nutrient uptake 
efficiency by receiving crops, which would minimize the amount of excess nutrients available to 
pollute our ground and surface waters.  
 
6.2. Future Project-Related Activity:  
6.2.1. Further research is warranted, much of which can and should be built on the foundation 
established via this project. 

6.2.2.  Complete the statistical analyses of all tests  

6.2.3. Publish the results in one or more refereed journal articles 
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applied N recovered in forage, summer, 2011. 
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6.2.4. Continue to disseminate the results at scientific meetings and share and discuss them with 
NCDA&CS and with regulators and policy makers at NCDENR 

6.2.5. Analyze and interpret project results to develop preliminary biosolids N-availability 
coefficients 

6.2.6. Incorporate these into existing North Carolina nutrient management software (NLEW-
NCANAT) to guide N-rate determinations for land application of different biosolids on different 
soils for different receiver crops 

6.2.7. Estimate potential improvements in crop uptake of biosolids N and any resultant decreases 
in excess N to contaminate ground and surface waters 

6.2.8. Use these and other project results to inform development of biosolids land application 
BMPs to protect North Carolina water quality especially in nutrient sensitive watershed 

6.2.9. Garner resources need to conduct complementary research 

6.2.10. Analyze sample extractions from this project for P in an attempt to realize the same 
objectives outlined for N in the beginning of this report 

6.2.11. Analyse sample extractions from this project for select heavy metals that may be present 
in the various biosolids at concentrations that may threaten soil and ground and surface water 
quality. 

6.2.12. Continue and expand field research needed to calibrate and validate the results for the 
laboratory tests. 
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Appendix 1: Abbreviations 
AN: Ammonium nitrate (NH4NO3) 
Ap: plow layer 
ASNT: amino sugar nitrogen test 
Bt: argillic horizon 
CP: Cary pellets 
DM: dry matter 
EQ: exceptional quality 
H: hydrogen 
inorg: inorganic 
org: organic 
ISNT: Illinois soil nitrogen test 
KCl: Potassium chloride 
N: nitrogen 
NCDA&CS: North Carolina Department of Agriculture and Consumer Services 
NCDENR : North Carolina Dept. of the Environment and Natural Resources 
NH4: ammonium 
NH4NO3: ammonium nitrate (AN) 
NO3: nitrate 
Noboco: soil series: Noboco loamy sand (fine-loamy, siliceous, subactive, thermic Oxyaquic 

Paleudults) 
Norfolk: soil series: Norfolk loamy sand (fine-loamy, kaolinitic, thermic Typic Kandiudults) 
O: Oxygen 
OC: OWASA cake 
OWASA: Orange County Water and Sewer Authority 
PAN: plant available nitrogen 
R+: Raleigh Plus 
RYE: realistic yield expectation 
SSC: Dept. of Soil Science, NCSU 
USDA-NRCS: U.S. Dept. of Agriculture-Natural Resources Conservation Service 
Vance: soil series: Vance sandy clay loam (fine, mixed, semiactive, thermic Typic Hapludults) 
Wedowee: soil series: Wedowee sandy loam (fine, kaolinitic, thermic Typic Kanhapludults 
WWTP: Waste water treatment plant 
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Appendix 2: Publications, presentations, efforts at technology transfer or communication 
of results to end users, policy makers, or others 
 
Dodd. D.R. 2012. Laboratory Analyses to Estimate Plant-available Nitrogen in Land-applied 

Biosolids. M.S. Thesis, NCSU, Raleigh, NC. http://www.lib.ncsu.edu/resolver/1840.16/8212 
Dodd, D.R., J.G. White, and R. Walters. 2012. Laboratory Analyses to Estimate Plant-Available 

Nitrogen In Land Applied Biosolids.  Poster at Soil Sci. Soc. of NC Annual Meeting. Jan. 17-
18, 2012. McKimmon Center, NCSU. Raleigh, NC. 

Dodd, D.R., J.G. White, and R. Walters. 2012. Laboratory Analyses to Estimate Plant-Available 
Nitrogen In Land Applied Biosolids.  Poster at the UNC-WRRI Annual Meeting. March 27-
28, 2012. McKimmon Center, NCSU. Raleigh, NC. 

Shaffer, K., J.G. White, and D.L. Lindbo. 2010. Use of Municipal and Industrial Biosolids. p. 71 
in Chapt. 4: Fertilizer Use. 2010 North Carolina Agricultural Chemicals Manual. CALS, 
NCSU, Raleigh. http://ipm.ncsu.edu/agchem/4-toc.pdf 

White, J.G., D. Israel, R. Walters, D. Osmond, D. Lindbo, and D. Hardy. 2010. Mineralization 
and Plant Availability of Nitrogen and Phosphorus in Land-Applied Municipal Biosolids. In 
Annual Meetings Abstracts [CD-ROM]. ASA, CSSA, and SSSA, Madison, WI. 

White, J.G., D. Israel, R. Walters, D. Osmond, D. Lindbo, and D. Hardy. 2010. Mineralization 
and Plant Availability of Nitrogen and Phosphorus in Land-Applied Municipal Biosolids. 
Poster presented at the 2010 Annual International Meetings of the American Society of 
Agronomy, Crop Science Society of America, and Soil Science Society of America, Oct. 31-
Nov. 3, 2011, Long Beach, CA.  

White, J.G., D. Israel, R. Walters, D. Osmond, D. Lindbo, and D. Hardy. 2010. Mineralization 
and Plant Availability of Nitrogen and Phosphorus in Land-Applied Municipal Biosolids. 
Poster presented at the 2011 Annual Meeting of the Soil Science Society of North Carolina, 
Jan. 18-19, 2011, McKimmon Center, NCSU, Raleigh. 

White, J.G. 2010. Biosolids: Where Are We Going? Current Issues, Future Vision. Invited 
presentation. Fork to Farm: A Biosolids Educational Summit. April 27-28, 2010. 
McKimmon Center, NCSU, Raleigh. 

White, J.G. Biosolids: Fork to Farm to Fury. 2010. Invited presentation. Southern States 
Growmaster Program, August 8, 2010. Holiday Inn Brownstone, Raleigh, NC. 

 
Dr. White was the primary organizer and Co-Coordinator of “Fork to Farm: A Biosolids 
Educational Conference.” April 27-28, 2010. McKimmon Center, NCSU. Raleigh NC.  The 
conference featured nineteen nationally and internationally recognized experts speaking on 
biosolids to a registered audience of ~100, and a half-day field trip to a local wastewater 
treatment plant and biosolids land application site. 

Dr. White had substantial engagement with biosolids producers, land appliers, regulators, and 
environmental activists and was/is a frequent contributor to sludge@lists.ibiblio.org, a listserv 
for discussing issues related to wastewater treatment residuals (biosolids). 

Dr. White met with scientists from USGS North Carolina Water Science Center to discuss 
collaborative activities to characterize water quality impacts of land application of OWASA 
biosolids. He engaged the services of a USDA-NRCS geophysicist/soil scientist to assist in the 
characterization of soils and stratigraphy at the study site. 

http://www.lib.ncsu.edu/resolver/1840.16/8212
http://ipm.ncsu.edu/agchem/4-toc.pdf
mailto:sludge@lists.ibiblio.org
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Drs. White, Osmond, and Lindbo met with representatives from the NCDENR Division of Water 
Quality to discuss regulation and research and extension needs related to phosphorus from land-
applied biosolids. Grant proposal in preparation: White, J.G. and D.L. Osmond. Ground and 
surface-water phosphorus risk coefficients from land-applied municipal biosolids. 
NCDENR/USEPA 319. 

Drs. White serves as member of the North Carolina American Water Works Association/Water 
Environment Association Residual and Groundwater Committee. 

Drs. White and Osmond are members of the NCDENR Division of Water Quality Residuals 
Phosphorus Stakeholder Workgroup, which consists of regulators, consultants, generators, 
representative of environmental NGOs, and scientists.  The workgroup is tasked to develop 
approaches to better manage and regulate phosphorus in land-applied biosolids. 
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