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a  b  s  t  r  a  c  t

The  effects  of  biosolids  application  rate  and  history  on  soil  potential  C  and  N mineralization  were  mea-
sured  over  a 112-day  laboratory  incubation.  Soils  were  collected  from  a large-scale  biosolids  recycling
operation  that  surface-applies  anaerobically  digested  Class  B biosolids  for  commercial  forage  produc-
tion. Five  treatments  were  evaluated:  unamended  control;  22  Mg  dry  biosolids  ha−1 y−1 applied  for  25
years;  22,  45,  and  67  Mg  ha−1 y−1 applied  for 8 years.  Biosolids  additions  enhanced  total  soil organic  C
by  32–92%  and  total  N  by 30–157%  compared  to unamended  soils.  Total  N  increased  with application
rate  and  was  dominated  by nitrate-N.  Potential  C mineralization  (cumulative  CO2 produced)  was  11–62%
greater  in  amended  soils  compared  to controls  and  highest  at 67  Mg  ha−1 y−1. Net  N  mineralization  and
immobilization  were  highest  early  in the  incubation  for  45  and  67  Mg  ha−1 y−1 treatments.  No significant
differences  in  potential  C and  N mineralization  between  controls  and  soils  amended  at  the lowest  rate for
8 or  25  years  suggests  that  biosolids  applications  at 22  Mg  ha−1 y−1 are  sustainable  over  the  long-term.
Higher  potential  N mineralization  rates  and  soil  nitrate  concentrations  under  higher  application  rates
may  increase  the  risk  of  off-site  nutrient  transport  and  requires  further  evaluation.

Published by Elsevier B.V.

1. Introduction

A  common and economical option for managing municipal
biosolids is land application of treated biosolids on agricultural
fields. Land-applying biosolids as an alternative means of waste
management provides soil conditioning and nutrient fertilization
to agricultural systems (Hargreaves et al., 2008; Singh and Agrawal,
2008). The beneficial reuse of biosolids can improve both soil
physical and chemical properties, including increased aggregate
stability (Ojeda et al., 2003; Tejada and Gonzalez, 2007), soil water
content (Nielsen et al., 2003; Kelly et al., 2007), soil organic C
(SOC) (Klavidko and Nelson, 1979; Crecchio et al., 2001; Parat
et al., 2005), and soil nitrogen (N) and phosphorus (P) (Kelly et al.,
2007; Bayley et al., 2008). Currently, municipal biosolids appli-
cations are regulated both at the federal and state level by an
agronomic N rate approach (USEPA, 1983, 1992, 1993; Cogger
et al., 2006). Regulatory compliance minimizes potential nutrient
transport from biosolids-applied areas by matching crop N require-
ments to biosolids N availability (Cogger et al., 2006). When applied
at agronomically acceptable rates, biosolids-derived macronutri-
ents and organic constituents have been linked to increased plant
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growth and greater agricultural productivity (Nielson et al., 1998;
Speir et al., 2004; Sigua and Adjei, 2005).

The potential benefits of biosolids reuse, however, can be lim-
ited when crop requirements are exceeded. Such scenarios include
(but are not limited to) cases when crop production is impacted by
atypical weather conditions (i.e. prolonged drought, hail, and wind
damage) or biological agents (i.e. pests and disease), or under very
long-term applications where the availability of residual soil nutri-
ents may  be in excess of crop N need. The long-term sustainability
of biosolids reuse systems, therefore, will depend on optimizing
biosolids applications with agronomic practices that account for
site-specific management history, soil characteristics, and weather
conditions (Bastian, 2005; Cogger et al., 2006; Elliott and O’Connor,
2007).

Numerous studies have evaluated the soil impacts of short-term
applications (<5 years) (Cogger et al., 1999; Barbarick and Ippolito,
2000; Withers et al., 2001; Fernandes et al., 2005; Sigua and Adjei,
2005; Gibbs et al., 2006; Oladeji et al., 2007). In contrast, studies
evaluating long-term, repeated biosolids applications are limited
(Mullen et al., 2005; Barbarick and Ippolito, 2007), particularly
under large-scale field operations (Zerzghi et al., 2009). The effects
of biosolids application rate and application history on soil quality
can be assessed by measuring carbon mineralization (i.e. respira-
tion) as an indicator of soil microbial activity (Franzluebbers et al.,
2000; Haney et al., 2001; Haney and Franzluebbers, 2009). Further,
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the availability of C often controls microbial N process rates (i.e.
mineralization and immobilization), resulting in strong positive
correlations between microbial N transformations and soil respira-
tion rates (Haney et al., 2001; Luxhøi et al., 2006). The objective of
this study was to evaluate potential C and N mineralization in sur-
face soils (0–10 cm)  from a large-scale municipal biosolids recycling
facility where large tracts (14–48 ha) have had different annual
rates of biosolids applications for different lengths of time (8 years
and 25 years). The site surface applies anaerobically digested, Class
B municipal biosolids to perennial forage fields under no-till man-
agement for commercial hay production (coastal Bermudagrass, or
Cynodon dactylon L.). Soil total and water-extractable C and N pools
and C and N mineralization rates were quantified during a 112-day
laboratory incubation study.

2. Materials and methods

2.1. Site description and soil collection

The study site is a municipally operated 485-ha, zero-discharge
facility in Travis County, TX and is bounded by 5 km of the Colorado
River. Approximately 220 ha of the facility are used in a year-
round, continuous field rotation for hay production using coastal
Bermudagrass (Cynodon dactylon L.). Currently, one-third of the
total biosolids processed by the facility is land-applied as anaer-
obically digested, Class B biosolids. Following anaerobic digestion,
biosolids are belt-pressed to reduce water content then loaded into
manure-spreaders for surface application to a perennial no-tillage
forage crop system. Annual mean characteristics of dry biosolids
based on monthly analysis (November 2006–October 2007) were
pH 8.46 (SM 4500-H B); 17.5% total solids (SM 2540 G); 10,745 mg
NH3-N kg−1 (SM 4500-NH3 D); 14.7 mg  NO2 + NO3-N kg−1 (EPA
353.2); 52,127 mg  TKN kg−1 (EOA 351.2). Regulated biosolids ele-
mental constituents for dry biosolids at all samplings fall well below
the EPA 40 CRF Part 503 limits (USEPA, 1992, 1993).

A subset of fields within the 220-ha area was sampled for
soils used in the present study. Since 1985, a 14 ha field has been
treated with 22 dry Mg  biosolids ha−1 y−1 (25-year treatment), an
agronomic rate below the maximum annual metal loading rate reg-
ulated by the Texas Commission of Environmental Quality, TCEQ;
30 TAC §312.43(b)(4); TAC (2005).  Annual applications in this field,
however, were changed to a single application every 2-years (i.e.
bi-annual applications) starting in 2006 to comply with nutri-
ent management plan recommendations to address high soil N
levels. In 2001, 105 ha of adjacent row-crop land was  acquired
and approved by the former Texas Natural Resource Conserva-
tion Commission (now TCEQ) as an experimental exemption area
to evaluate the potential soil impacts of applying higher rates of
biosolids amendments. The exemption area was split into 20 ha,
36, ha, and 49 ha fields for experimental applications of 22, 45, and
67 Mg  ha−1 y−1, respectively, starting in 2002 (8-year treatment).
This newer area was converted to coastal Bermudagrass hay pro-
duction in 2003. A 2 ha unamended control field is located next to
the lowest application rate field. The control field has not received
applications of biosolids or commercial fertilizer of any kind since
2000. Soils across the site are Bergstrom silt-loams (fine-silty,
mixed, superactive, and thermic Cumulic Haplustolls) and are very
deep, well-drained, and moderately permeable, with slopes <1%.

2.2. Incubation design and soil analyses

Surface soils (0–10 cm;  20 cm × 20 cm sampling area) were
collected in January 2009 from each field (unamended con-
trol; 22 dry Mg  biosolids ha−1 y−1 for 25 years; 22, 45, and
67 Mg  ha−1 y−1 for 8 years) using a hand spade. No biosolids had

been applied to any of the treatment fields for at least 3 months
prior to soil sampling. Visible biosolids and plant material were
removed from the soil surface prior to sampling. Soils were sampled
from three random locations per treatment area and composited
by treatment. Soils were sieved through a 2 mm mesh, large roots
removed, and air-dried prior to laboratory incubations. Separate
soil cores (4.2 cm diameter) also were collected for determining
bulk density in each treatment field.

Triplicate soil samples from each treatment were moistened to
50% water-filled pore space. Each soil sample was incubated indi-
vidually at 25 ± 1 ◦C in the dark. Potential C mineralization was
measured as carbon dioxide (CO2) evolution in all replicates. For
each replicate, 40 g of soil was  placed in a 50 mL disposable beaker
and incubated in 1-quart canning jar containing vials with 10 mL  of
1.0 M KOH to absorb CO2 and sufficient water to maintain humidity.
Alkali traps were replaced daily for the first 3 days of incubation,
then weekly until the end of the incubation period. Blank incu-
bation jars were used (i.e. all components except soil present) to
calculate blank corrections in samples collected from incubation
jars containing soils. Carbon dioxide evolved was determined by
titration to neutral pH with 1.0 M HCl after the addition of 2 M BaCl2
(Anderson, 1982). A total of 75 soil incubation jars were used in
this study (5 treatments × 3 replicates × 5 destructive harvests, not
including Day 0 soils; see below).

Soil concentrations of C and N and net N mineralization rates
were measured over time using destructive sampling in triplicate
for each treatment at Days 0, 7, 13, 28, 56, and 112. Initial total soil
organic C (SOC) and total N (TN) in soils was  determined by dry com-
bustion at 680 ◦C (Vario Max  CHN, Elementar, Hanau, Germany).
Soils were extracted with water (10:1 deionizied water:dry soil
ratio) to simulate available soil nutrients following a natural rain
event, as would occur in a field setting. Water-extracts were mea-
sured for water-soluble organic C (WSOC) and organic N (WSON)
to evaluate the potential in-field availability of labile C and N for
microbial consumption (Apollo 9000, Teledyne Tekmar, Mason,
OH). Inorganic N concentrations in water extracts were measured
using continuous flow colorimetry (Flow Solution IV, OI Analytical,
College Station, TX). Soil C and N concentrations in the 0–10 cm
soil layer were converted to an area basis using soil bulk densi-
ties (Mg  ha−1 for SOC, TN; kg ha−1 for water-soluble C and N). Net
N mineralization (mg  N kg−1 d−1) over the incubation period was
determined as the difference between water-extractable soil inor-
ganic N concentrations (NH4

+–N + NO2
−–N + NO3

−–N) between
two consecutive destructive sampling days.

2.3. Statistical analyses

One-way analysis of variance (ANOVA) was used to test the fixed
effect of biosolids treatment on cumulative CO2 production and
initial soil C and N concentrations. Two-way ANOVAs were used
to test the fixed effects of biosolids treatment and sampling day
on net N mineralization rates and changes in soil C and N con-
centrations over time. Data were tested for normality using the
Shapiro–Wilk statistic and transformed when necessary. Post hoc
multiple comparisons between significant treatment means were
tested for differences using the Fisher’s least significant difference
(LSD) procedure. Linear regressions were used to examine corre-
lations between soil potential C and N mineralization and total
and water-soluble C and N concentrations. All statistical tests were
performed using SAS 9.1 (SAS, Inc., Cary, NC).

3. Results and discussion

Initial SOC in biosolids-amended soils prior to incubation were
32–92% greater than unamended control soils, with highest SOC
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Table 1
Mean initial soil pH, bulk densities, and total and water-soluble C and N in surface soils (0–10 cm)  collected from control and biosolids-applied fields.a

Biosolids application rate (Mg  dry biosolids ha−1 y−1)

0 22 22 45 67
Constituent Unit Control 25-Year 8-Years

pH (1:10) 7.70a 7.35b 7.40b 7.37b 7.22c
Bulk  density g cm−3 1.47a 1.47a 1.48a 1.47a 1.46a
Total  SOC Mg ha−1 31.4a 45.7b 41.8b 48.1b 59.8c
Total  N Mg ha−1 3.0a 4.6b 3.8c 5.6d 9.1e
Total  C:N 10.4ab 9.9a 11.6b 8.7c 6.5d
WSOC kg ha−1 545ab 521ab 534ab 483a 555b
WSON kg ha−1 37.7a 45.9a 55.0a 143.5b 165.4b
Soluble org C:N 14.5a 11.6b 9.8b 3.4c 4.8c
NH4

+-N kg ha−1 7.5a 7.9a 8.4a 10.0b 12.6c
NO3

−-N kg ha−1 11.1a 55.9b 71.4b 374.7c 573.6d
Inorganic N kg ha−1 18.6a 63.8b 79.8b 384.7c 586.2d
Total  soluble N kg ha−1 56.3a 109.7a 134.8a 528.2b 751.7c
Total  soluble C:N 9.7a 4.7b 4.1c 0.9d 0.7e

a n = 3 per treatment. Different letters across each row indicate significant differences (P ≤ 0.05) between application treatments for the measured soil constituent.

in soils applied at the highest rate (P ≤ 0.05) (Table 1). Increases
suggested that dissolved organic C derived from increasing rates of
surface-applied biosolids had infiltrated into surface soils, result-
ing in increased SOC concentrations. Initial differences in SOC were
reflected in potential C mineralization patterns, with cumulative
CO2 production (mg  CO2-C kg−1 soil) increasing up to 62% rela-
tive to controls in the 67 Mg  biosolids ha−1 y−1 treatment (P ≤ 0.05)
(Fig. 1). Our results are similar to other studies that have found
increased C mineralization following land application of biosolids
(Filcheva et al., 1996; Gibbs et al., 2006; Kao et al., 2006; Khan and
Scullion, 2002).

Daily C mineralization rates (mg  CO2-C kg−1 soil d−1) in all
soils showed short-term, high respiration rates followed by steep
declines as shown in previous studies (Chander et al., 1995; García-
Gil et al., 2000; Pascual et al., 2004; Sánchez-Monedero et al.,
2004). High C mineralization rates at the beginning of the incu-
bation period likely corresponded to greater initial C availability
originating from the turnover of microbial biomass following the
re-wetting of initially dry soils (Fierer and Schimel, 2002). Further,
daily C mineralization rates in soils treated at the highest rate were
persistently greater than the other treatments throughout the 112-
day incubation period (Fig. 2). The short-term CO2 evolution from
soils immediately following rewetting is positively correlated with
both basal soil respiration and microbial biomass C (Franzluebbers
et al., 2000; Haney et al., 2001). Repeated dry and rewetting events
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Fig. 1. Mean cumulative CO2 production (mg  CO2-C kg−1 soil; ±se) over the 112-
d  incubation period. Different letters indicate significant treatment differences
between application rates (P ≤ 0.05).

are representative of field conditions, particularly in the central
Texas climate where long dry periods are punctuated by rain-
fall events throughout the year. Thus, significant and persistently
higher C mineralization in soils treated with the highest applica-
tion rate suggests that microbial activity levels and/or microbial
biomass may  have been greater due to increased C availability.

Alternatively, treatment effects on C mineralization may  be
attributed to shifts in microbial community composition/structure
or to changes in microbial C use patterns, but such measurements
were beyond the scope of the present study. In studies where
these measurements have been made, soil microbial community

Fig. 2. (a) Mean daily respiration rates (mg  CO2-C kg−1 soil d−1; ±se) for soils from
different biosolids application treatments. (b) Changes in mean net N mineralization
rates (mg  N kg−1 soil d−1; ±se) over time in soils from different biosolids treatments.
Positive values indicate net N mineralization (i.e. production), and negative val-
ues indicate net immobilization. Asterisks indicate significant treatment differences
(P ≤ 0.05).
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Fig. 3. Correlations between soil cumulative CO2 production (mg  CO2-C kg−1 soil)
and  soil concentrations (mg  kg−1 soil) of (a) total organic C (y = 31.7 x + 463; R2 = 0.53;
P  = 0.002); (b) soluble inorganic N (y = 1.3 x + 1260; R2 = 0.44; P = 0.007).

diversity and composition differ in biosolids-amended agricultural
soils compared to control soils, primarily in response to increased
SOC (Anderson et al., 2008; Macdonald et al., 2007; Sullivan et al.,
2006b). However, other studies on alkaline soils such as those used
in the present study indicate that biosolids applications can alter
microbial C use patterns (Lawlor et al., 2000; Sullivan et al., 2006a),
but do not change soil microbial diversity or shift the composi-
tion of specific microbial taxonomic groups involved in soil fertility
(Crecchio et al., 2004).

Potential C mineralization correlated positively with both total
SOC and extractable inorganic N concentrations (Fig. 3a and b),
which also has been observed in other studies (García-Gil et al.,
2000; Gibbs et al., 2006; Pascual et al., 1999). Carbon mineraliza-
tion, however, was not related to initial labile C availability in the
form of water-soluble organic C (WSOC). The absence of a rela-
tionship with WSOC coupled with the positive correlation with
inorganic N suggests an N-limitation rather than a C-limitation to
microbial mineralization of carbon from soil organic matter in these
biosolids-amended soils.

Similar to treatment patterns in initial SOC, initial TN in
amended soils was significantly greater than unamended control
soils and increased by 30–157% with increasing application rate
(Table 1). Although the majority of labile N (i.e. water-soluble N)
was made up of organic forms in unamended soils, the water-
soluble N pool became dominated increasingly by inorganic N,
specifically nitrate, as application rate increased (P ≤ 0.05) (Table 1).

Further, increases in soluble inorganic N pools in soils from the
experimental exemption area were not directly proportional to
increases in application rates, with 5–8-fold increases in nitrate
concentrations associated with doubling and tripling of the lowest
application rate, respectively.

In addition to significant changes in inorganic pool size, rates
of net N mineralization (i.e. positive values) and immobilization
(i.e. negative values) were greatest in soils amended with the two
highest application rates (Fig. 3b). The greatest fluxes in net N min-
eralization and immobilization rates tended to co-occur with high
daily respiration rates early in the incubation period, consistent
with a resource pulse response (i.e. rainfall event) that would trig-
ger greater microbial activity associated with higher C substrate
availability (Hernández et al., 2002; Sullivan et al., 2006a). Signifi-
cant treatment differences in net N transformation rates on Days 7,
14, and 28 did not persist to the end of the incubation period. The
quantity of organic N mineralized within 7 days of adding water
to soils treated at the two higher application rates almost dou-
bled the extractable concentration of soil inorganic N, which was
quickly immobilized by Day 14. Rapid initial net N mineralization,
along with overall increases in soluble inorganic N, emphasize the
potential for increased N movement off-site via leaching or run-
off (Cogger et al., 2006; Zhang et al., 2006), particularly if multiple
rain events occurred within days of each other before soils could
immobilize N. While repeated rain events within a short period
of time can occur, single rainfall events with long dry periods in
between are much more common in central Texas. Under the sin-
gle rainfall scenario, it is likely that soils would dry out within a few
days following rewetting. Soil dessication would constrain micro-
bial activity, including the immobilization of nitrate, and lead to the
subsequent build-up of nitrate in the soil. This build-up was con-
sistent with both the prevailing climate history at this site as well
as the high overall nitrate concentrations in field soils collected for
this incubation study.

4. Conclusions

Beneficial reuse of municipal biosolids via land application
increased potential C mineralization and net N mineralization and
immobilization in soils amended at the highest application rates.
Long-term increases in SOC in this no-till forage production system
using surface-applied biosolids indicate the long-term potential of
C storage, even at the lowest application rate. At this municipal
biosolids recycling site, surface applications of biosolids at the low-
est rate appear to be sustainable in the long-term. Higher potential
N mineralization rates and nitrate concentrations in soils amended
with 45 and 67 Mg  dry biosolids ha−1 y−1, however, may  limit long-
term use of these application rates, as the resulting excess soil N
levels increase the risk of off-site nutrient transport via run-off or
leaching and requires further evaluation.
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