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a b s t r a c t

Monitoring of repeated composted biosolids applications is necessary for improving beneficial reuse
program management strategies, because materials will likely be reapplied to the same site at a future
point in time. A field trial evaluated a single and a repeated composted biosolids application in terms of
long-term (13–14 years) and short-term (2–3 years) effects, respectively, on soil chemistry and plant
community in a Colorado semi-arid grassland. Six composted biosolids rates (0, 2.5, 5, 10, 21, 30 Mg ha�1)
were surface applied in a split-plot design study with treatment (increasing compost rates) as the main
factor and co-application time (1991, or 1991 and 2002) as the split factor applications. Short- and long-
term treatment effects were evident in 2004 and 2005 for soil 0–8 cm depth pH, EC, NO3-N, NH4-N, total
N, and AB-DTPA soil Cd, Cu, Mo, Zn, P, and Ba. Soil organic matter increases were still evident 13 and 14
years following composted biosolids application. The repeated composted biosolids application
increased soil NO3-N and NH4-N and decreased AB-DTPA extractable Ba as compared to the single
composted biosolids application in 2004; differences between short- and long-term applications were
less evident in 2005. Increasing biosolids rates resulted in increased native perennial grass cover in 2005.
Plant tissue Cu, Mo, Zn, and P concentrations increased, while Ba content decreased depending on
specific plant species and year. Overall, the lack of many significant negative effects suggests that short-
or long-term composted biosolids application at the rates studied did not adversely affect this semi-arid
grassland ecosystem.

Published by Elsevier Ltd.

1. Introduction

Biosolids land application is a major method of disposal in the
US, with approximately 50% land applied nowadays (US EPA,
2007a). In U.S. Environmental Protection Agency (US EPA) Region 8,
which encompasses Colorado, Wyoming, Utah, Montana, North
and South Dakota, 85% of biosolids are land applied (US EPA,
2007b). Biosolids or composted biosolids land application appears
to offer a solution to the disposal of this resource (Speir et al., 2004)
by recycling plant nutrients in an environmentally sound manner.
Composting is recognized to sanitize and stabilize biosolids (US
EPA, 1995), creating a product that results in the transformation of
organic compounds to a higher fraction of humic and fulvic acids
which can contribute to reduced metal bioaccessibility (Brown
et al., 2003). Thus, composting biosolids makes for a more attractive

product for handling and use. The use of composted biosolids in
research settings is extensive.

Zubillaga and Lavado (2002) studied the effects of composted
biosolids on lettuce (Lactuca sativa var. capitata). The authors
observed an increase of up to 40% in biomass production, an inverse
relationship with Zn leaf content, and a positive relationship in Cu
and Ni plant concentrations with increasing composted biosolids
application rate. Mantovi et al. (2005) applied composted, dewa-
tered, and liquid biosolids at rates of 5 and 10 Mg ha�1 yr�1 over
a 12-year period to a winter wheat (Triticum aestivum L.)–sugar
beet (Beta vulgaris L.)–maize (Zea mays L.) rotation. The authors
noted an increase in topsoil organic matter content with com-
posted biosolids application as compared to dewatered or liquid
biosolids, and as compared to N fertilizer, the composted biosolids
increased wheat grain N, P, Zn, and Cu, sugar beet N and Cu, and
corn Cu. Composted biosolids application has also been shown to
positively affected barley (Hordeum vulgare) and Chinese cabbage
(Brassica rapa sp.) yield, but resulted in increased soil and crop Cu
and Zn concentrations (Wei and Liu, 2005). de Andres et al. (2007)
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applied 0 and 40 Mg ha�1 of composted biosolids to an abandoned
alkaline (pH 8.5) soil low in organic matter (9.6 g kg�1) and
monitored shrub survival and growth. Composted biosolids
increased shrub growth and biomass production, although it
slightly reduced shrub survival. Increased shrub growth was related

to an increase in soil fertility status (i.e. increased NO3-N and
extractable P; reduction in pH), yet this may also have been
responsible for reduction in species survivability as competition for
water increased. Tarrason et al. (2007) applied 10 Mg ha�1 of
composted biosolids to an unproductive shrub land, showing that
vegetative cover, herbaceous biomass, and annual tree growth
increased as compared to a control.

To our knowledge, only one research group has studied com-
posted biosolids land application to semi-arid rangelands as
a means of both a disposal and fertilization practice. Harris-Pierce
et al. (1993) and Harris-Pierce (1994) studied the effects of
increasing composted biosolids application to a shortgrass steppe
community in Colorado. Composted biosolids were applied at rates
up to 30 Mg ha�1. Within several years following application the
plant canopy cover increased, yet total aboveground biomass was
unchanged with increasing composted biosolids application;
observed changes were species specific. Plant N, P, K, Cu, Zn, and Ni
concentrations generally increased with increasing application
rate. Plant Mo tended to decrease possibly due to greater species
specific plant growth causing a dilution effect. Soil organic matter,
inorganic N, and total P, Cu, Zn, Pb, Cd, and Mo increased in the
surface soil layer as composted biosolids application rates
increased.

Although these composted biosolids studies support the concept
of beneficial reuse, the long-term benefits of the composted
biosolids applications were not researched. Long-term studies on
soils, plant diversity and productivity are necessary to accurately
assess the lasting environmental impacts of recycling these mate-
rials on rangeland ecosystem stability. In addition, a second issue of

Table 1
Fort Collins, CO Meadow Springs Ranch background soil, 1991 and 2002 composted
biosolids analysis, and US EPA 40 CFR Part 503 Table 3 metal limits. All values are
expressed on a dry weight basis.

Property Background
soil

1991
Composted
biosolids

2002
Composted
biosolids

US EPA 40 CFR
Part 503 Table 3
limitsb

Total solids (%) NDa 57.8 58.0 NAc

pH 5.5 5.0 6.0 NA
EC (dS m�1) 0.2 15.3 ND NA
Organic N (mg kg�1) 1545 20,900 25,400 NA
NO3-N (mg kg�1) 1.2 2541 3492 NA
NH4-N (mg kg�1) 3.9 3000 1800 NA
P (mg kg�1) 353 14,900 34,700 NA
Fe (mg kg�1) 10,030 9968 ND NA
Cd (mg kg�1) 0.7 3.7 2.6 39
Cr (mg kg�1) 12 73.1 21.4 1200
Cu (mg kg�1) 9.6 590 474 1500
Mo (mg kg�1) 0.1 11.5 19.0 NA
Ni (mg kg�1) 7 28.6 16.7 420
Pb (mg kg�1) 8.6 122 39.0 300
Zn (mg kg�1) 37 802 652 2800
Ba (mg kg�1) 163 454 29.0 NA

a ND ¼ not determined.
b US EPA (1993).
c NA ¼ not applicable.

Table 2
Effect of increasing composted biosolids application on long-term (single application, 1991) and short-term (repeated application, 2002) soil pH, EC (dS m�1), NO3-N (mg kg�1),
NH4-N (mg kg�1), total C (%), and total N (%) in the 0–8 cm depth at the Meadow Springs Ranch semi-arid rangeland site, 2004 and 2005. Values inside parentheses represent 1
standard error of the mean. Trt corresponds to treatment (i.e. composted biosolids application rate).

Year; property Long-term/short-term Composted biosolids application rate (mg ha�1) Trt effect
LSD

Time effect
LSD

Trt � time
interaction

0 2.5 5 10 21 30

2004
pH Long-term 6.0 (0.4) 6.4 (0.5) 6.0 (0.2) 6.4 (0.5) 5.6 (0.2) 5.6 (0.3) 0.4* NS NS

Short-term 6.3 (0.1) 6.2 (0.4) 6.0 (0.7) 5.8 (0.3) 5.6 (0.5) 5.3 (0.2)

EC Long-term 0.16 (0.06) 0.22 (0.11) 0.18 (0.05) 0.41 (0.19) 0.30 (0.11) 0.26 (0.04) 0.15* NS NS
Short-term 0.18 (0.07) 0.27 (0.12) 0.30 (0.13) 0.34 (0.15) 0.41 (0.16) 0.54 (0.18)

NO3-N Long-term 3.6 (1.4) 4.3 (0.6) 3.3 (1.7) 7.2 (3.1) 11.0 (7.6) 8.5 (2.0) 5.5* 4.0* NS
Short-term 3.5 (1.9) 5.7 (3.7) 6.4 (5.3) 11.9 (6.7) 14.4 (4.6) 24.7 (11.3)

NH4-N Long-term 3.1 (0.7) 4.8 (3.9) 4.2 (1.0) 7.4 (4.5) 6.3 (2.6) 9.5 (2.1) 1.2* 4.0* NS
Short-term 4.1 (1.0) 6.0 (4.2) 6.8 (5.0) 15.4 (8.0) 12.4 (4.9) 15.5 (5.3)

Total C Long-term 1.56 (0.53) 1.35 (0.26) 1.81 (0.21) 1.85 (0.67) 2.15 (0.47) 2.51 (0.90) 0.53* NS NS
Short-term 1.62 (0.05) 1.59 (0.18) 2.28 (0.34) 1.97 (0.17) 2.35 (0.41) 2.95 (0.82)

Total N Long-term 0.11 (0.06) 0.08 (0.04) 0.12 (0.03) 0.11 (0.05) 0.14 (0.04) 0.19 (0.10) 0.06* NS NS
Short-term 0.11 (0.01) 0.10 (0.03) 0.15 (0.04) 0.13 (0.02) 0.18 (0.05) 0.23 (0.08)

2005
pH Long-term 5.7 (0.3) 6.0 (0.2) 5.8 (0.1) 5.7 (0.2) 5.5 (0.2) 5.4 (0.1) *

Short-term 5.9 (0.2) 5.9 (0.2) 6.1 (0.5) 5.6 (0.2) 5.9 (0.5) 5.4 (0.1)

EC Long-term 0.30 (0.16) 0.36 (0.12) 0.28 (0.17) 0.24 (0.07) 0.22 (0.08) 0.24 (0.10) NS NS NS
Short-term 0.24 (0.07) 0.34 (0.07) 0.37 (0.22) 0.25 (0.04) 0.44 (0.18) 0.25 (0.03)

NO3-N Long-term 0.7 (0.5) 0.6 (0.4) 0.9 (0.6) 5.3 (7.1) 2.9 (3.4) 6.4 (8.4) NS NS NS
Short-term 0.8 (0.5) 1.6 (1.6) 1.6 (0.4) 5.2 (4.8) 22.0 (37.0) 3.0 (1.5)

NH4-N Long-term 1.9 (0.3) 2.3 (0.8) 3.6 (0.9) 9.3 (11.0) 7.0 (2.8) 7.2 (5.8) 5.1* NS NS
Short-term 2.3 (0.5) 4.3 (2.3) 5.1 (2.0) 11.9 (11.7) 11.1 (8.9) 12.1 (3.4)

Total C Long-term 1.53 (0.58) 1.66 (0.18) 1.87 (0.34) 2.11 (0.63) 2.48 (0.35) 2.63 (0.35) 0.53* NS NS
Short-term 1.63 (0.32) 1.89 (0.60) 2.05 (0.24) 2.07 (0.50) 2.77 (0.62) 3.58 (0.66)

Total N Long-term 0.14 (0.05) 0.15 (0.01) 0.16 (0.02) 0.18 (0.04) 0.22 (0.03) 0.22 (0.03) 0.04* NS NS
Short-term 0.16 (0.03) 0.16 (0.01) 0.18 (0.02) 0.18 (0.03) 0.24 (0.05) 0.31 (0.05)

*Significance at 5% probability level, NS ¼ not significant.
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practical importance is the subsequent impact on semi-arid ran-
geland ecosystems following repeated composted biosolids appli-
cations. For a beneficial reuse program to be successful, it would be
ideal if materials could be reapplied to the same site over time
without causing any detrimental effects to soils or vegetation.
Therefore, we utilized the Harris-Pierce et al. (1993) research loca-
tion with the objective to quantify the long-term effects of a single
composted biosolids application and short-term effects of
a repeated composted biosolids application on soil chemical prop-
erties, plant species composition, and plant nutrient and metal
concentrations in a semi-arid rangeland ecosystem.

2. Materials and methods

2.1. Experimental design, site characteristics, and composted
biosolids analyses

In August 1991, 15 � 15 m test plots were established at the
10,500 ha Meadow Springs Ranch (40

�
5304600N, 104

�
5202800W)

owned by the city of Fort Collins, Colorado, USA. Treatments con-
sisted of 0, 2.5, 5, 10, 21 and 30 Mg (dry weight) composted
biosolids ha�1 surface applied with no incorporation. Composted
biosolids were applied with a side-discharge spreader and all
treatments were replicated four times in a randomized complete
block design. In October 2002 the original plots were split in half.
One-half received a second surface (no incorporation) application
using the same treatments at the original rates. This resulted in
a split-plot block design with rate as the main factor and co-
application time (1991 and 2002) as the split factor. Long-term and

short-term plots are defined as those which received composted
biosolids either once in 1991 or twice, both in 1991 and 2002. All
plots used in this study were fenced to 2 m in height to exclude
grazing by domestic livestock, but native antelope were regular
visitors of the study plots as their feces were routinely observed
within the fenced area.

Composted biosolids were obtained from the city of Fort Collins,
Colorado wastewater treatment facility. Composted biosolids
elemental composition (Table 1) was determined by HClO4–HNO3–
HF–HCl digestion (Soltanpour et al., 1996) followed by analysis
using inductively coupled plasma-atomic emission spectrometry
(ICP-AES). Nitrate-N and NH4-N were determined following
methods outlined by Mulvaney (1996), pH (Thomas, 1996) and
electrical conductivity (EC; Rhoades, 1996) were determined by the
saturated paste method of Rhoades (1996). Composted biosolids
total N content was determined by a concentrated H2SO4 digestion
(Bremner, 1996) and organic N content via subtraction of inorganic
N species from total N. Regulated elemental constituents fell below
the EPA 40 CFR Part 503 Table 3 limits (US EPA, 1993).

The cattle-grazed Meadow Springs Ranch is a semi-arid short-
grass steppe rangeland community dominated by perennial
grasses, including western wheatgrass (Pascopyrum smithii (Rydb.)
A. Löve) and needle and thread grass (Hesperostipa comata). The
research area receives 330–380 mm of mean annual precipitation
(NRCS, 1980). The research site soil is classified as an Altvan loam
(fine-loamy over sandy or sandy-skeletal, mixed, superactive, Mesic
Aridic Argiustoll) with 0–3% slopes. The Altvan series consists of
deep, well drained soils that formed in mixed alluvial deposits
(NRCS, 1980).

Table 3
Effect of increasing composted biosolids application on long-term (single application, 1991) and short-term (repeated application, 2002) soil AB-DTPA extractable Cd, Cu, Mo,
Zn, P, and Ba concentrations in the 0–8 cm depth at the Meadow Springs Ranch semi-arid rangeland site, 2004 and 2005. Values inside parentheses represent 1 standard error
of the mean. Trt corresponds to treatment (i.e. composted biosolids application rate).

Year; property Long-term/short-term Composted biosolids application rate (mg ha�1) Trt effect
LSD

Time effect
LSD

Trt � time
interaction

0 (mg kg�1) 2.5 (mg kg�1) 5 (mg kg�1) 10 (mg kg�1) 21 (mg kg�1) 30 (mg kg�1)

2004
Cd Long-term 0.08 (0.02) 0.07 (0.01) 0.07 (0.01) 0.10 (0.02) 0.12 (0.03) 0.13 (0.01) 0.02* NS NS

Short-term 0.07 (0.02) 0.07 (0.02) 0.09 (0.03) 0.11 (0.01) 0.12 (0.01) 0.18 (0.05)

Cu Long-term 1.10 (0.22) 1.32 (0.31) 1.31 (0.19) 3.32 (1.04) 3.44 (0.95) 4.56 (1.64) 1.21* NS NS
Short-term 0.94 (0.26) 1.48 (0.52) 2.16 (0.91) 3.34 (0.97) 3.73 (0.33) 6.74 (2.56)

Mo Long-term 0.016 (0.009) 0.020 (0.004) 0.027 (0.020) 0.071 (0.037) 0.100 (0.021) 0.136 (0.065) *
Short-term 0.012 (0.003) 0.034 (0.014) 0.071 (0.074) 0.110 (0.032) 0.171 (0.034) 0.385 (0.140)

Zn Long-term 0.87 (0.25) 1.26 (0.44) 1.40 (0.35) 5.77 (2.03) 6.58 (2.21) 8.54 (3.32) 2.35* NS NS
Short-term 0.69 (0.14) 1.71 (0.98) 3.41 (2.14) 5.94 (1.79) 7.16 (0.58) 13.1 (4.70)

P Long-term 19 (7) 21 (7) 21 (4) 47 (9) 51 (10) 62 (17) *
Short-term 14 (3) 26 (6) 34 (15) 53 (12) 70 (4) 114 (20)

Ba Long-term 3.93 (0.61) 2.64 (1.22) 2.69 (1.37) 1.99 (0.82) 1.39 (0.38) 1.49 (1.16) 0.86* 0.44* NS
Short-term 3.64 (0.40) 2.57 (0.37) 1.70 (0.36) 1.19 (0.49) 0.66 (0.24) 0.20 (0.16)

2005
Cd Long-term 0.13 (0.04) 0.12 (0.03) 0.17 (0.04) 0.21 (0.07) 0.21 (0.03) 0.28 (0.07) 0.05* NS NS

Short-term 0.11 (0.03) 0.15 (0.04) 0.18 (0.05) 0.21 (0.04) 0.22 (0.04) 0.34 (0.09)

Cu Long-term 1.76 (0.28) 2.33 (0.41) 3.36 (0.70) 6.56 (1.78) 7.19 (1.64) 10.0 (3.66) 2.46* NS NS
Short-term 1.77 (0.33) 3.30 (1.37) 4.29 (0.90) 6.62 (1.68) 8.47 (1.52) 15.1 (6.42)

Mo Long-term 0.023 (0.006) 0.030 (0.016) 0.042 (0.017) 0.123 (0.025) 0.173 (0.047) 0.229 (0.109) *
Short-term 0.017 (0.007) 0.070 (0.039) 0.148 (0.025) 0.236 (0.077) 0.386 (0.161) 0.841 (0.301)

Zn Long-term 1.45 (0.29) 2.04 (0.82) 3.71 (1.53) 10.2 (3.77) 11.4 (2.67) 16.0 (5.78) 3.88* NS NS
Short-term 1.25 (0.36) 3.95 (2.07) 6.12 (1.31) 9.95 (3.31) 13.8 (3.18) 23.8 (8.69)

P Long-term 18 (6) 17 (6) 26 (7) 46 (14) 49 (12) 61 (12) *
Short-term 13 (3) 27 (12) 33 (7) 51 (10) 67 (9) 104 (27)

Ba Long-term 3.31 (0.36) 3.12 (0.65) 3.07 (0.20) 2.29 (0.25) 2.22 (0.18) 2.00 (0.50) *
Short-term 3.50 (0.47) 2.66 (0.60) 1.91 (0.50) 2.33 (0.46) 1.31 (0.39) 1.15 (0.34)

*Significance at 5% probability level, NS ¼ not significant.
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2.2. Soil chemical characterization

One composite soil sample, comprised of 3 cores, was obtained
from each plot using a mechanical probe to depths of 0–8, 8–15,
and 15–30 cm in late June of 2004 and 2005. These depth incre-
ments were identical to that collected by Harris-Pierce et al. (1993)
in the same research plots. All soils were returned to the laboratory,
air-dried, ground to pass a 2-mm sieve, then analyzed for pH and EC
using a saturated paste, NO3-N and NH4-N using a 2 M KCl extract,
and ammonium-bicarbonate diethylenetriaminepentaacetic acid
(AB-DTPA; Barbarick and Workman, 1987) extractable Ca, Mg, Na, K,
P, Al, Fe, Mn, Cu, Zn, Ni, Mo, Cd, Cr, Sr, B, Ba, and Pb using ICP-AES.
Total C and N were also determined on ball-mill ground soil using
a LECO-1000 CHN auto-analyzer (Nelson and Sommers, 1996).

2.3. Plant community characterization and plant tissue chemistry

During mid-June of 2004 and 2005 aboveground plant canopy
percent cover by species was determined in each plot using seven,
15 m transects with measurements obtained every 1.0 m. The
number of plant taxa encountered along each transect was used as
an estimate of species diversity within plots. In addition, the two
dominant plant species (western wheatgrass and needle and
thread grass) were harvested from each plot for tissue nutrient
analyses. Samples were placed in coolers, transported to the labo-
ratory, ground, weighed and then analyzed for total C and N by

LECO-1000 CHN auto-analyzer (Nelson and Sommers, 1996). A
subsample was digested in concentrated HNO3 (Huang and Schulte,
1985) and analyzed for Ca, Mg, Na, K, P, Al, Fe, Mn, Cu, Zn, Ni, Mo, Cd,
Cr, Sr, B, Ba, and Pb using ICP-AES.

2.4. Statistical approach

Statistical analysis was performed on all soil chemical and plant
data using a split-plot in time design in the Proc GLM model, SAS
software version 9.1 (SAS Institute, 2002). We tested our hypoth-
eses using an a ¼ 0.05, calculated a Fisher’s Protected Least
Significant Difference (LSD; Steel and Torrie, 1980) when signifi-
cance was observed within treatments or between timing of
application. If a significant interaction existed between treatment
and time, significance for the interaction is only presented. Plant
community cover data was analyzed using square root transformed
data for variables that were not normally distributed.

3. Results

Notable changes in soil chemical characteristics associated with
single and repeated composted biosolids application were observed
in the 0–8 cm depth; fewer soil chemical characteristic differences
were found in the 8–15 and 15–30 cm depths. Therefore, soil results
will focus solely on the 0–8 cm depth. In addition, soil AB-DTPA
extractable and plant Ca, Mg, Na, K, Al, Fe, Mn, Ni, Cr, Sr, B, and Pb

Fig. 1. Percent canopy cover of various major plant life forms and other cover classes from 2004 to 2005 in replicated (n ¼ 4) semi-arid grassland plots amended with composted
biosolids (0, 2.5, 5, 10, 21, and 30 Mg ha�1). Treatments were applied to plots in either 1991 (LT ¼ long-term – single application) or in 1991 and 2002 (ST ¼ short-term – repeated
application). Cover of rock, shrubs, biennial forb and annual forb are not depicted here because they were only a minor component of cover. Capital letters indicate significant
differences across composted biosolids application rates and reapplication treatment within a year using a Fisher’s LSD test (a ¼ 0.05, n ¼ 4). Asterisks (*) within a graph panel
indicate a significant effect of the 2002 repeated application on the indicated cover class, in this case, litter in 2004 (Fisher’s LSD, a ¼ 0.05, n ¼ 12).
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concentrations were unaffected by a single or repeated composted
biosolids application, and thus will not be discussed for brevity sake.

3.1. Soil chemical characterization

The 2004 soil 0–8 cm pH, EC, NO3-N, NH4-N, total C, and total N
were all affected by composted biosolids application; differences in
these constituents were less evident in 2005 (Table 2). Soil pH
decreased while EC, NO3-N, NH4-N, total C, and total N increased
with increasing composted biosolids application rates in 2004.
Applying a second application of composted biosolids increased
soil NO3-N and NH4-N content as compared to the single applica-
tion. In 2005, soil NH4-N, total C, and total N increased with
increasing composted biosolids application rate. Total soil C
differences, at composted biosolids rates greater than 21 Mg ha�1

as compared to lower rates, were still evident in the long-term
(single application) plots in 2004 and 2005.

The AB-DTPA extractable 0–8 cm soil Cd, Cu, Mo, Zn, and P
concentrations increased, while Ba concentration decreased in
2004 and 2005 with increasing composted biosolids application
rates (Table 3). These increases were expected because both the
single and repeated composted biosolids applications added more
of these elements to the soil (Table 1).

3.2. Plant community characterization

Single and repeated composted biosolids applications resul-
ted in few effects in plant community composition relative to

controls (Fig. 1). During the June 2004 sampling most of the
standing vegetation was senescent. Spring 2005 growing
conditions were favorable and resulted in greater live vegetation
cover, and notably an increase in perennial grasses. Thus, the
effects of single and repeated composted biosolids applications
on the plant community were more evident in 2005 than in
2004.

3.3. Plant tissue chemistry

Cadmium, Cu, Zn, P, and Ba plant tissue concentrations from the
two dominant on-site species, western wheatgrass and needle and
thread grass, are presented in Tables 4 and 5. Cadmium content
was below detection in both years and Mo content was below
detection in 2004 for both species. Single and repeated composted
biosolids application did not affect plant Cu concentration in 2004.
However, in 2004 western wheatgrass Zn concentration showed
a significant treatment by time interactions, and needle and thread
grass Zn concentration increased with increasing composted
biosolids rate as well as with repeated application. Significant
interactions were also present for P and Ba plant concentrations in
2004.

Western wheatgrass Cu, Mo, Zn, and P were affected by
a significant treatment by time interaction, while plant Ba content
decreased in 2005 with increasing composted biosolids application.
Needle and thread grass P concentration increased with increasing
and repeated composted biosolids application, while Ba concen-
trations followed opposite trends.

Table 4
Effect of increasing composted biosolids application on long-term (single application, 1991) and short-term (repeated application, 2002) western wheatgrass (Pascopyrum
smithii (Rydb.) A. Löve) Cd, Cu, Mo, Zn, P, and Ba concentrations at the Meadow Springs Ranch semi-arid rangeland site, 2004 and 2005. Values inside parentheses represent 1
standard error of the mean. Trt corresponds to treatment (i.e. composted biosolids application rate).

Year; property Long-term/short-term Composted biosolids application rate (mg ha�1) Trt effect
LSD

Time effect
LSD

Trt � time
interaction

0 (mg kg�1) 2.5 (mg kg�1) 5 (mg kg�1) 10 (mg kg�1) 21 (mg kg�1) 30 (mg kg�1)

2004
Cd Long-term NDa ND ND ND ND ND

Short-term ND ND ND ND ND ND

Cu Long-term 3.11 (0.46) 4.32 (2.55) 3.76 (1.48) 2.84 (0.35) 3.75 (0.12) 3.11 (0.62) NS NS NS
Short-term 3.01 (0.50) 2.93 (0.62) 2.95 (0.22) 3.15 (0.24) 3.57 (0.57) 3.26 (0.52)

Mo Long-term ND ND ND ND ND ND
Short-term ND ND ND ND ND ND

Zn Long-term 11.9 (1.89) 12.0 (1.48) 11.2 (2.05) 11.9 (2.12) 13.8 (2.92) 13.4 (1.01) *
Short-term 11.9 (1.33) 10.5 (1.76) 10.9 (1.77) 13.1 (1.57) 17.3 (4.44) 16.5 (1.93)

P Long-term 1420 (193) 1500 (176) 1500 (92) 1980 (306) 2370 (379) 2400 (273) *
Short-term 1290 (156) 1490 (189) 1750 (350) 2430 (137) 2830 (441) 2940 (303)

Ba Long-term 28.5 (8.64) 20.8 (4.16) 22.0 (4.41) 26.2 (5.52) 27.3 (1.85) 28.7 (11.3) *
Short-term 23.6 (2.96) 20.7 (5.32) 19.8 (5.20) 19.1 (2.15) 14.7 (2.50) 13.2 (3.62)

2005
Cd Long-term ND ND ND ND ND ND

Short-term ND ND ND ND ND ND

Cu Long-term 2.75 (0.59) 2.83 (1.06) 2.86 (0.43) 2.61 (0.61) 2.84 (0.30) 2.65 (0.52) *
Short-term 2.99 (0.93) 2.61 (0.50) 2.36 (0.25) 2.91 (0.34) 3.58 (0.52) 3.79 (0.53)

Mo Long-term 0.185 (0.075) 0.288 (0.141) 0.216 (0.037) 0.570 (0.170) 0.771 (0.538) 0.478 (0.351) *
Short-term 0.262 (0.093) 0.239 (0.129) 0.382 (0.300) 0.515 (0.240) 1.178 (0.595) 1.153 (0.528)

Zn Long-term 10.4 (0.72) 11.6 (2.21) 11.5 (1.90) 13.4 (1.53) 14.3 (1.47) 15.1 (2.08) *
Short-term 10.8 (0.49) 11.5 (1.59) 11.1 (1.55) 15.1 (3.60) 18.0 (1.51) 21.6 (2.56)

P Long-term 2060 (220) 2200 (251) 2330 (197) 2880 (219) 2970 (228) 3000 (105) *
Short-term 1940 (158) 2340 (74) 2540 (244) 3310 (355) 3960 (162) 3940 (206)

Ba Long-term 27.5 (4.03) 20.8 (10.8) 19.8 (3.56) 21.4 (2.68) 17.9 (2.64) 19.6 (4.24) 5.06* NS NS
Short-term 26.1 (2.75) 21.3 (5.82) 19.8 (3.12) 15.5 (2.71) 15.4 (2.37) 15.0 (4.03)

*Significance at 5% probability level, NS ¼ not significant.
a ND ¼ non-detectable.
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4. Discussion

4.1. Soil chemical characterization

Soil chemical characterization results were expected because
the composted biosolids utilized in both 1991 and 2002 contained
NO3-N, NH4-N, organic N, and salts as measured by EC (Table 1).
Fresquez et al. (1990a) also observed a decrease in soil pH and an
increase in soil N with increasing biosolids rate applied to a semi-
arid grassland in New Mexico.

Total C should have been solely associated with increasing soil
organic matter and not with inorganic C compounds, given the
slightly acidic inherent soil pH which indicates low concentrations
of carbonates (inorganic carbon). This finding implies that appli-
cation of composted biosolids at rates equal to or greater than
21 Mg ha�1 should improve the soil organic matter status in semi-
arid rangeland soils. Other researchers have found similar results.
Mantovi et al. (2005) applied composted biosolids at
10 Mg ha�1 yr�1 over a 12-year period to a winter wheat–sugar
beet–corn rotation, noting an increase in topsoil organic matter
content from w1.8% to 2.3% as compared to control soils. Fernandez
et al. (2007) incubated a composted biosolids amended arid soil and
found that C mineralization patterns were similar to control soils.
This suggested that composted biosolids C compounds are not as
easily degradable by microorganisms as other more labile C sources,
and thus would be efficient at increasing total organic C in arid soils.
Composting biosolids results in the transformation of organic
compounds to a higher fraction of humic and fulvic acids (Brown

et al., 2003) which are more resistant to degradation by
microorganisms.

Increases in AB-DTPA extractable elements were expected
because both the single and repeated composted biosolids appli-
cations added these elements to the soil. The decrease in extractable
Ba content was due to the precipitation of slightly insoluble BaSO4

not extracted easily by AB-DTPA (Ippolito and Barbarick, 2006). Soil
Ba precipitates can lead to less of an environmental concern with
regards to Ba transport to surface and ground waters (Ippolito and
Barbarick, 2006). In a field trial, Baldwin and Shelton (1999) applied
up to 100 Mg ha�1 of composted materials including biosolids to
burley tobacco (Nicotiana tabacum L.). They noted that DTPA-
extractable Cd, Cu, and Zn concentrations increased with increasing
soil pH, and composts containing greater metal concentrations were
associated with greater DTPA soil metal extractability. In a green-
house study, Moral et al. (2002) applied up to 50 g kg�1 of biosolids
or composted biosolids and incubated the amended soils for up to
150 days. The authors noted an increase in AB-DTPA extractable Fe,
Cu, Mn and Zn, and although both types of biosolids contained
similar metal concentrations, metal availability appeared lower in
composted biosolids treatments. Composting appeared to promote
a stronger association between metal and organic constituents
within the composted biosolids (Moral et al., 2002).

4.2. Plant community characterization

During the June 2004 sampling most of the standing vegetation
was senescent, reflective of the dry conditions during the spring of

Table 5
Effect of increasing composted biosolids application on long-term (single application, 1991) and short-term (repeated application, 2002) needle and thread grass (Hesperostipa
comata) Cd, Cu, Zn, P, and Ba concentrations at the Meadow Springs Ranch semi-arid rangeland site, 2004 and 2005. Values inside parentheses represent 1 standard error of the
mean. Trt corresponds to treatment (i.e. composted biosolids application rate).

Year; property Long-term/short-term Composted biosolids application rate (mg ha�1) Trt effect
LSD

Time effect
LSD

Trt � time
interaction

0 (mg kg�1) 2.5 (mg kg�1) 5 (mg kg�1) 10 (mg kg�1) 21 (mg kg�1) 30 (mg kg�1)

2004
Cd Long-term NDa ND ND ND ND ND

Short-term ND ND ND ND ND ND

Cu Long-term 2.96 (0.23) 2.74 (0.45) 2.62 (0.13) 2.54 (0.36) 2.66 (0.23) 2.63 (0.41) NS NS NS
Short-term 2.80 (0.70) 2.84 (0.32) 2.76 (0.37) 2.84 (0.36) 2.88 (0.31) 2.77 (0.16)

Mo Long-term ND ND ND ND ND ND
Short-term ND ND ND ND ND ND

Zn Long-term 8.04 (1.70) 7.61 (1.02) 7.29 (1.38) 7.07 (1.11) 8.59 (1.15) 7.88 (1.85) 1.17* 0.69* NS
Short-term 7.98 (2.53) 7.45 (1.30) 7.41 (0.33) 7.90 (0.96) 10.8 (1.24) 10.0 (1.18)

P Long-term 970 (186) 1170 (81) 1070 (188) 1440 (152) 1630 (173) 1530 (300) *
Short-term 880 (215) 1170 (144) 1230 (119) 1570 (153) 1880 (226) 1970 (123)

Ba Long-term 24.8 (4.09) 26.4 (3.63) 23.6 (2.21) 24.8 (4.84) 24.2 (2.03) 23.8 (4.78) *
Short-term 23.8 (1.45) 23.5 (3.28) 19.9 (6.25) 17.7 (6.16) 12.8 (6.20) 13.6 (4.37)

2005
Cd Long-term ND ND ND ND ND ND

Short-term ND ND ND ND ND ND

Cu Long-term 2.49 (0.28) 2.40 (0.21) 2.77 (0.23) 2.28 (0.33) 1.98 (0.10) 2.05 (0.08) NS NS NS
Short-term 2.55 (0.27) 2.79 (0.45) 2.26 (0.21) 2.33 (0.16) 3.00 (2.38) 1.77 (0.77)

Mo Long-term 0.304 (0.137) 0.419 (0.247) 0.398 (0.132) 0.782 (0.290) 0.694 (0.389) 0.502 (0.128) NS NS NS
Short-term 0.274 (0.089) 0.439 (0.284) 0.307 (0.119) 0.529 (0.284) 0.588 (0.462) 0.330 (0.176)

Zn Long-term 7.36 (0.88) 8.19 (0.86) 8.19 (1.30) 8.54 (1.45) 7.43 (0.88) 7.47 (0.79) NS NS NS
Short-term 7.64 (0.68) 8.56 (1.14) 6.86 (0.53) 7.69 (0.72) 7.94 (2.73) 10.3 (1.40)

P Long-term 1370 (231) 1510 (99) 1680 (225) 1845 (171) 1760 (158) 1790 (138) 175* 50* NS
Short-term 1330 (70) 1640 (124) 1660 (53) 1830 (134) 2000 (353) 2160 (292

Ba Long-term 19.2 (1.10) 18.9 (1.00) 19.2 (2.84) 19.4 (0.83) 18.0 (1.99) 16.8 (1.42) 1.51* 1.15* NS
Short-term 18.0 (1.55) 19.2 (2.37) 17.8 (0.60) 17.5 (2.91) 15.1 (0.70) 13.5 (2.34)

* Significance at 5% probability level, NS ¼ not significant.
a ND ¼ non-detectable.
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2004. At the end of May 2004 the annual cumulative precipitation
was 125 mm (NOAA, 2009), which was a �50 mm departure from
normal. Temperature for the month of May 2004 was 2.0 �C above
normal (NOAA, 2009). Overall, there was a significant positive effect
of composted biosolids on litter cover in 2004 in both single appli-
cation (P ¼ 0.026) and repeated application (P ¼ 0.003) plots, likely
due to increased production in amended plots in previous years. The
increased litter cover was concomitant with reduced cover of lichens
(P ¼ 0.004) and succulents (P ¼ 0.007) in 2004 (Fig. 1).

The most notable effect in 2005 was an increase in perennial
grass cover on plots receiving greater rates of composted biosolids
(Fig. 1), and was associated with reduced cover in other life forms
such as perennial forbs and annual grasses. Others have found
similar results with biosolids land application to semi-arid grass-
lands (Fresquez et al., 1990a, 1990b). The stimulation of perennial
grass growth by composted biosolids resulted in a slight reduction
in plant species diversity (i.e. number of plant taxa encountered) in
single and repeated application plots in 2005 (P ¼ 0.025, data not
shown). Since the study plots were fenced to exclude grazing by
domestic livestock, reduction of the grass canopy under modest
levels of livestock grazing might lead to different results than were
observed here. There was also less cover of invasive plant species in
the highest application rates (P¼ 0.0007; data not shown), which is
contrary to what is often observed for nutrient addition studies in
this region (e.g. Paschke et al., 2000). Another study at this same
site demonstrated increases in native perennial grass growth
associated with increasing rates of biosolids application (Sullivan
et al., 2006).

4.3. Plant tissue chemistry

Increases in plant concentrations, as with most AB-DTPA
extractable elements, were expected because the repeated
biosolids application added more of these elements to the soil.
Decreases in plant Ba content were also expected because Ba was
most likely associated with precipitation of slightly insoluble BaSO4

not readily available to plants (Ippolito and Barbarick, 2006). All
plant metal concentrations were approximately an order of
magnitude lower than those considered hazardous to domestic
livestock (National Research Council, 2005).

Increases in plant metal concentrations associated with
increasing composted biosolids application have been observed by
others. Mantovi et al. (2005) noted that composted biosolids
increased wheat grain P, Zn, and Cu, sugar beet N and Cu, and corn
Cu. Wei and Liu (2005) applied increasing amounts of composted
biosolids, observing an increase in barley and Chinese cabbage leaf
Cu and Zn content, and an increase in barley grain Cu and Zn
concentrations. Lettuce Cu and Zn content increased and decreased,
respectively, when grown in pots with increasing composted
biosolids content (Zubillaga and Lavado, 2002). In all cases the plant
metal concentrations were below those considered hazardous to
domestic livestock (National Research Council, 2005).

5. Conclusions

The 0–8 cm soil EC, NO3-N, NH4-N, total N, and AB-DTPA
extractable Cd, Cu, Mo, Zn, and P concentrations increased as
expected, because composted biosolids add these constituents to
soils. Total soil C also increased with increasing composted biosolids
rate, and long-term increases were observed at rates greater than
21 Mg ha�1. Because composted biosolids contain organic
compounds relatively resistant to microbial degradation, this finding
implies that composted biosolids addition at rates equal to or greater
than 21 Mg ha�1 should improve the long-term soil organic matter
status in semi-arid grassland soils.

The use of composted biosolids resulted in increased cover of
native perennial grasses. In general, western wheatgrass and needle
and thread grass Cu, Mo, Zn, and P concentrations increased with
increasing and repeated composted biosolids application. Again, we
expected to observe increases because composted biosolids add
these constituents to soils and are subsequently taken up by plants.
All plant metal concentrations were below those considered
hazardous to domestic livestock at all composted biosolids appli-
cation rates studied.

Documenting prolonged changes in soil and plant chemistry and
plant community structure associated with composted biosolids
application is necessary to discern prolonged effects of this practice.
Monitoring of repeated composted biosolids applications is also
necessary for a beneficial reuse program to be successful, because
materials will likely be reapplied to the same site over time. Overall,
the lack of many significant negative effects suggests that both
short- and long-term applications of composted biosolids may not
be detrimental to semi-arid grassland sustainability. Reapplying
composted biosolids every 11 years, at rates of up to 30 Mg ha�1, to
semi-arid grasslands similar to those studied should pose minimal
environmental risk.
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