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Urban sewage sludge is a potential source of phosphorus (P) for agriculture and
represents an alternative way to recycle P as fertilizer. However, the use of thermally
conditioned sewage sludge (TCSS) required an accurate assessment of its value as
P-fertilizer. This work aimed at assessing the plant-availability of P from TCSS. Uptake of P
by a mixture of ryegrass and fescue from TCSS and triple super phosphate (TSP) fertilizers
was studied using 32P-labeling technique in a greenhouse experiment. Phosphorus
was applied at the rate of 50mgPkg−1.We also conducted incubation experiments
considering the same treatments to assess soil microbial respiration. Applications of
TCSS and TSP increased plant P uptake that is related to the root P acquisition. The
P taken up by plant from soil plant-available P was lower for control compared to TSP or
TCSS that was attributed to the increase of root interception of soil P. The contribution
of TSP to ryegrass nutrition (Pdff%) was 55% with 22% of the applied P which was
taken up by plants (CPU%). The Pdff value for TCSS was 56% with 14% of fertilizer
P recovery (CPU%). Shoot biomass and total P uptake from TCSS were lower than those
from TSP. As a result, the agronomic effectiveness of TCSS calculated from Pdff value (in
comparison with TSP treatment) was 102%, while the AE of TCSS estimated from CPU
value (in % TSP) was 64%, which is attributed to microbial activity stimulation inducing
P immobilization onto soil constituents and microbial biomass during plant growth. The
high C/N ratio of TCSS stimulated soil microbial biomass that competes with plant roots
to acquire nutrients, such as P. As a consequence, the P taken up from either native
soil or TCSS decreased in similar proportions. The AE value calculated with Pdff% took
into account these interactions between soil, plant, and microbial biomass, and is less
dependent on operational conditions than the AE value calculated with %Precovery.

Keywords: sewage sludge, plant-available P, 32P-labeling technique, microbial P, P immobilization

Abbreviations: 32P, radioactive phosphate ion; AE, agronomic effectiveness; CO2, carbon dioxide; CPUTSP and CPUTCSS,
coefficient of P-fertilizer utilization for TSP and TCSS treatments; IC0, Isotopic composition of P in shoots derived from soil
in the unfertilized treatment; Pdff, proportion of P uptake in shoots derived from fertilizer; Pseed0, PseedTSP, and PseedTCSS,
quantity of P in shoots derived from sown seeds, respectively, for control, TSP, and TCSS treatments; Psoil0, PsoilTSP, PsoilTCSS,
quantity of P in shoots derived from soil plant-available P for control, TSP, and TCSS treatments; Pt0, PtTSP, and PtTCSS, quantity
of P in shoots, respectively, for control, TSP, and TCSS treatments; PTSP and PTCSS, quantity of P in shoots derived from applied
TSP and TCSS; r0, rTSP, and rTCSS, values of radioactivity in harvested shoots in control, TSP, and TCSS treatments; SA, specific
activity; TCSS, thermally conditioned sewage sludge; TSP, triple super phosphate.
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INTRODUCTION

Urban sewage sludge is known as a by-product of urban waste-
water treatment process. According to European Commission
directive, treatments, including biological and heat reduce envi-
ronmental hazards by limiting water pollution, heavy metal con-
tamination, and high pathogen concentration (1). Urban sewage
sludge production has, thus, increased worldwide. The annual
sludge production in Europe represents about 17 million tons in
2000 (2).

Sewage sludge is presently promoted in agriculture as fertilizer
or as a regenerative for soil, due to the possibility of recycling valu-
able components (3). Increase of P content of sludge, as a result of
an improvement of sewage removal technologies,make the sewage
sludge a readily available alternative to mineral P-fertilizers in
agriculture (4, 5). According to its valuable agronomic properties
with high nitrogen and phosphorus and organic matter content,
sewage sludge is commonly used in agriculture to improve soil
properties by increasing plant-available nutrients (2, 6, 7). Fur-
thermore, application of sewage sludge could stimulate the soil
microbial activity, soil respiration, and soil enzymes activities
as a result of degradation of organic matter of urban sewage
sludge (6, 8).

The higher microbial biomass in the sludge-fertilized soils is
attributed mainly to the higher organic carbon in the sewage
sludge (8). Hence, organic amendment as sewage sludge enhances
microbial immobilization of P (9). However, the use of sewage
sludge required an accurate assessment of the value of P-fertilizer.
The existing data of potential P availability of sewage sludge
showed a large dispersion according to the origin and treatment
processes, from 4 to 88% (10, 11). This large variability of P
availability of sewage sludge could be attributed to the type of
study soil, to themethodof assessment, including chemical extrac-
tion from fertilized soil or from sludge, and estimation of plant
P uptake grown in sludge and mineral fertilizer (12). Thus, the
mesocosm study of sewage sludge agronomic value is particularly
relevant in order to cover this variability. Precise description of
how sewage sludge affects the P cycling is required, particularly on
the origin of P taken up by plant as derived from soil or from fer-
tilizer, and on the contribution of P immobilization in microbial
biomass.

The plant-availability of mineral fertilizers has been exten-
sively studied by P radiotracer technique conducted in greenhouse
experiments, as diammonium phosphate (13–16), single super
phosphate (17, 18), KH2PO4 (19), hydroxyapatite (Ca10-P) (20),
or triple super phosphate (TSP) (21). The use of P radiotracer
technique provides precise and quantitative data on P dynamics
through plant P uptake from the labeled source and consequently
reported this isotope method as a suitable tools for the determi-
nation of P released from different sources (13, 22, 23). Further-
more, the existing studies on plant-available P from sewage sludge
assessed by P radiotracer technique in greenhouse experiments
focused rather on filter substrate (24), sewage sludge ash (11),
or urban sewage sludge (17). However, the availability of P in
thermally conditioned sewage sludge (TCSS) by 32P-labeling tech-
nique is currently lacking. This treatment process is rare and used
only in the important plant as Achères, near Paris (France) while

this is a significant phosphate reserve. The annual production of
TCSS from thewaste-water treatment plant at Achères is 8000 tons
dry matter containing about 184 tons of total P (average values
provided by the Syndicat Interdépartemental de l’Agglomération
Parisienne).

This study was conducted by labeling soil P with 32PO4-ions
and then by adding or not the same amount of P either under
TCSS orTSP before seedling under greenhouse condition to assess
the plant-availability of TCSS and its effect on plant yield and P
uptake by combined grasses compared to that of TSP. Specifically,
we aimed to estimate the effect of TCSS on (i) the P uptake by
different plant compartments as root and shoot and (ii) the origin
of P taken up by plant either from soil or applied P, or seeds. It
was hypothesized that a part of P in TCSS is immobilized within
microbial biomass, leading to interact on the plant nutrition with
the consequences ofmodifying P taken either fromplant-available
soil P and applied P.

MATERIALS AND METHODS

Thermally Conditioned Sewage Sludge
Properties
The “Seine Aval” treatment plant, near Paris (France), is treat-
ing waste water corresponding to 6 million person equivalents
with a daily treatment capacity of 2,600,000m3 [average values
provided by the Syndicat Interdépartemental de l’Agglomération
Parisienne, whose scope of action includes four departments and
180municipalities spread over four counties (Val-d’Oise, Essonne,
Yvelines, and Seine-et-Marne)]. The “Seine Aval” plant treated
153,000 tons ofmatters and released the highest amount of sewage
sludge of France corresponding to 8000 tons of drymatter per year
of which 60% is used in agriculture as organo-mineral fertilizer.
The TCSS was sampled in “Seine Aval” plant in 2008. It is a thick-
ened biological sludge obtained by conventional aerobic activated
sludge process followed by clarifloculation, digestion, thermal
conditioning, and then dehydrated by filtration under a press
filter. The clarifloculation treatment combined physico-chemical
addition of ferric chloride and a polymer to allow the P, present in
dissolved form in water, to agglomerate. The digestion is carried
out in closed tanks in which organic materials are degraded at
a temperature of 35°C. To sanitize, the sludge is treated by the
thermal conditioning that consisted of heating to 200°C under a
pressure of 20 bars for 40min.

Details of chemical compositions of TCSS are reported in
Table 1. According to the legislation in place on the use of the
sewage sludge in agriculture as inorganic fertilizer substitution,
nutrients from sewage sludge may be recycled back to agriculture
if the potential risk to public health and environment problems as
result of the presence of trace elements, organic micropollutants,
and pathogens in sludge is controlled.

Greenhouse Experiment
Plant and Soil Materials
Plant-availability of P in TCSS, TSP, and control was assessed
from P uptake of a mixture of ryegrass and fescue (40% Lolium
perenne, 60% Festuca Rubra) in a greenhouse at National Institute
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TABLE 1 |Chemical properties of the studied thermally conditioned sewage
sludge.

Characteristics Values Equivalent
rate of
50mg of

Pkg−1 soil

Limit values
for heavy
metals

in sludgea

gkg−1

soil

bkgha−1

Dry solid content (% DM) 57 4281
Organic carbon (g kg−1) 214 0.459 1607
Total N (g kg−1) 13 0.028 98
N-NO3 (mg kg−1) 0.03 <0.0001 <0.01
N-NH4 (g kg−1) 1.9 0.004 14.27
Total P (g P kg−1 DM) 23.0 0.050 173
Olsen P (gP kg−1 DM) 0.24 0.0005 1.80
Organic P (g P kg−1 DM) 0.8 0.002 6.01
Water extractable
P (g P kg−1 DM)

0.12 n.d. n.d.

Total K (g kg−1) 1.4 0.003 10.52
C/N 16.5
pHwater 7.4
Total Al (g kg−1) 29.6 0.064 222
Total Fe (g kg−1) 11.5 0.025 86
Total CaCO3 (g kg−1) 217 0.466 1630
Total Mn (mg kg−1) 297 0.0006 2.23
Total Cu (mg kg−1) 731 0.002 5.49 1000
Total Zn (mg kg−1) 2408 0.005 18.09 3000
Total Cr (mg kg−1) 134 0.0003 1.01 1000
Total Ni (mg kg−1) 57 0.0001 0.43 200
Total Pb (mg kg−1) 463 0.001 3.48 800
Total Cd (mg kg−1) 15 <0.0001 0.11 20
Total Hg (mg kg−1) 7 <0.0001 0.05 10

aLimit values of heavy metals in sewage sludges permitted for agriculture use according
to France legislation (1).
bBased on 3500 tons of soil per ha (for 25 cm of soil depth and bulk density of 1.4) giving
173 kgPha−1 of added TCSS.

for Agricultural Research (INRA), Bordeaux, France. Optimal
conditions of plant growth were set in greenhouse.

Plants were grown in a P-deficient loamy soil collected from
an unfertilized plot for 35 years of one of the field experi-
ment of the INRA station located near Grignon (78, France).
Topsoil (0–20 cm) was sampled in 1999, air-dried and sieved
through 4mm. The soil has the following properties: clay con-
tent= 283 g kg−1 soil, sand content= 78 g kg−1 soil, silt con-
tent= 593 g kg−1 soil, pHwater = 8.2 (NF ISO 10 390), organic
carbon= 13.1 g kg−1 soil (NF ISO1069 4), Olsen P= 6.1mg kg−1

soil, Kjeldhal total N= 1.33 g kg−1, C/N= 9.8.

Growth Experiment and Soil 32P-Labeling
Plants were grown in pot experiment over 2months. Pots
(10 cm× 10 cm× 13.5 cm) were filled with 1 kg of soil with the
following treatments: no P fertilization as control, mineral P
applied as commercial TSP in which the P form is the monocal-
cium phosphate (Ca(H2PO4)2 H2O), and TCSS, and placed in a
completely randomized design with five replicates per treatment
resulting in a total of 15 pots (1 kg soil per pot). The indirect
method of soil 32P-labeling was used in this study by labeling
soils with carrier-free 32P ion (3.7MBq kg−1 soil) prior to P
fertilization. The soil 32P-labeling were performed by weighing

5 kg of soil for each treatment and by mixing carefully by hands
30ml of 32P-solution per kilogram of soil in Polyvinyl chloride-
box, giving 150ml of 32P-solution for 5 kg of soil. Then the fer-
tilizer (TSP or TCSS) was added at a rate of 50mg of P kg−1

soil dry matter and carefully mixed into the labeled soil. Total
P contents of TSP and TCSS were, respectively, 196.65 g P kg−1

and 23.30 g P kg−1. These 5 kg of soil were divided into five pots.
Three centimeters of acid-washed coarse sand were uniformly
spread in the pot before filling with soil. Deionized water was
added to avoid contamination from dust during 32P-labeling and
to reach 70% of field capacity. Basal nutrients was supplied for
each pot at the following rates (mg kg−1 soil): 80N (as NH4NO3),
60 K (as K2SO4), 20Mg (as MgSO4, 7H2O), 2Mn (as MnCl2),
2 Cu (as CuCl2), 1 Zn (as ZnCl2), 1 B (as H3BO3), 0.1Mo (as
(NH4)6Mo7O24, 4H2O). In each pot, 1 g of seeds was sown on
soil, covered with fine layer of sand and with a plastic mate-
rial and kept in darkness with black cover during germination
period. Throughout the experiment, soil moisture wasmaintained
to 70% of the total water holding capacity. Pots were irrigated
automatically with water according to the water lost by evapo-
transpiration. One pot was weighed on a calibrated scale con-
nected with an automatic control device for water irrigation. The
weight loss due to plant evapotranspiration activated the auto-
matic water irrigation for all pots andmaintained the soilmoisture
in pot.

Shoots were harvested 27, 38, and 59 days after sowing. The
same pots were sampled at each harvest time. Plant materials
were oven dried at 70°C and were weighed after 48 h. Subsample
of 1 g of harvested dry matter was incinerated at 550°C for 5 h.
P in plant material was determined colorimetrically, after ashes
digestion with HNO3 solution, with malachite green colorimetric
method (25). The radioactivity in digests (for shoots) was
measured with a liquid scintillation analyzer (Packard TR 1100,
PerkinElmer) after addition of 2.5ml of liquid scintillation
cocktail (Ultima Gold XR).

The contribution of seed P to plant nutrition was determined
in a similar experiment but without labeling soil P with 32P. Six
replications, three for the first cut and three for the second cut,
were applied for each treatment. After the first (27 days after
sowing) and the second harvest (38 days after sowing), roots were
separated from soils by soaking and gentle agitation in deionized
water. Residual seeds for each pot were removed from roots by
hand picking on sieve (2mm mesh). The whole plant parts (root,
shoot, collets, and seeds) were weighed after oven drying at 70°C.
Seed, shoot, collet, and root P contents were determined by using
the malachite green colorimetric method from digested samples
after ashing and wet digestion (25).

Daily temperature and air relative humidity were continuously
monitored during the experiment. Temperature and air relative
humidity data were obtained from a relative humidity probe
(HMP45AC, VAISALA, Finland) of the recording station in the
greenhouse. Photosynthetically active radiation was measured
with a sensor (SKP 215, Skye Instruments, Llandrindod Wells,
UK and JYP-1000, SDEC, France). All sensors were connected
to a data logger (CR1000, Campbell Scientific, UK). Measure-
ments were taken every 10min and daily averages were calculated
(Figure 1).
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FIGURE 1 | (A) Average daily air temperatures � and air relative humidity
⃝ in the greenhouse throughout the experiment. (B) Average daily
photosynthetically active radiation N in the greenhouse throughout the
experiment.

Determination of P Uptake Derived from
Different Sources
The P taken up by plant in aerial parts (shoots) came either
from seeds, native plant-available soil P, or applied P (26). In the
unfertilized treatment, the fractions of P taken up by shoots are:

– Pt0: quantity of P in shoots of control.
– Pseed0: quantity of P in shoots derived from sown seeds in

control.
– Psoil0: quantity of P in shoots derived from soil plant-available

P, in control.

In the treatment with TSP fertilizer application, the fractions of P
uptake by shoots were:

– PtTSP: quantity of P in shoots, in TSP treatment.
– PseedTSP: quantity of P in shoots derived from sown seeds, in

TSP treatment.
– PsoilTSP: quantity of P in shoots derived from soil plant-

available P, in TSP treatment.
– PTSP: quantity of P in shoots derived from TSP supply.

In the TCSS treatments, the fractions of P uptake by shoots were:

– PtTCSS: quantity of P in shoots, in TCSS treatment.
– PseedTCSS: quantity of P in shoots derived from sown seeds, in

TCSS treatment.
– PsoilTCSS: quantity of P in shoots derived from soil plant-

available P, in TCSS treatment.

– PTCSS: quantity of P in shoots derived from TCSS supply.

As the total P uptake by plant is the sum of P uptake from soil,
seeds, and the fertilizer (13), these P fractions could be deduced
from the following equation systems during the three growth
cycles:

Pt0 = Pseed0 + Psoil0 (1)
PtTSP = PseedTSP + PsoilTSP + PTSP (2)

PtTCSS = PseedTCSS + PsoilTCSS + PTCSS (3)

At the harvest, the contribution of seed P to plant nutrition
was determined from the difference between P content in sown
seeds minus residual seed P content. Values of Pseed0, PseedTSP,
and PseedTCSS, allocated to shoot P, were calculated considering
the contribution of seed P to plant nutrition multiplied by the
proportion of shoot P uptake and total plant P uptake (shoots,
roots, and collets) after the first and the second growth cycles.

Values of Psoil0, PsoilTSP, and PsoilTCSS were obtained using
isotopic labeling of soil plant-available P and assuming that iso-
topic composition or specific activity of P derived from soil plant-
available P taken up by shoots is the same in all treatments (24,
27, 28). Isotopic composition of P in shoots derived from soil in
the unfertilized treatment (IC0) allows to calculate PsoilTSP and
PsoilTCSS with known values of radioactivity in harvested shoots
in treatments of TSP (rTSP) and TCSS (rTCSS).

IC0 = r0/Psoil0 = r0/(Pt0 − Pseed0) (4)

with r0: values of radioactivity in harvested shoots in controls

PsoilTSP = (Pt0 − Pseed0) × rTSP/r0 (5)
PsoilTCSS = (Pt0 − Pseed0) × rTCSS/r0 (6)

Values of PTSP and PTCSS were calculated as:

PTSP = PtTSP − PseedTSP − PsoilTSP (7)
PTCSS = PtTCSS − PseedTCSS − PsoilTCSS (8)

The proportion of P uptake in shoots derived from fertilizer
(Pdff, in %) is:

PdffTSP = 100 × PTSP/PtTSP (9)
PdffTCSS = 100 × PTCSS/PtTCSS (10)

The coefficient of P-fertilizer utilization or fertilizer P recovery
(CPU, in %) was the P taken up by shoots from applied P divided
by the amount of applied P, i.e., 50mgP kg−1 soil (15, 19):

CPUTSP = 100 × PTSP/added P (11)
CPUTCSS = 100 × PTCSS/added P (12)

The agronomic effectiveness (AE, in %) of P in TCSS can be
calculated (13) in two ways as follows: depending on whether one
considers the P taken up by plants from the product (CPU) or the
contribution of the product to the plant P nutrition (Pdff):

AECPU = 100 × (PTCSS/PTSP) (13)
AEPdff = PdffTCSS/PdffTSP (14)

with TSP as reference P-fertilizer.
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Incubation Experiments
In order to assess the influence of P, applied either as TSP or
TCSS, on soil microbial activity, the control soil and soils fertilized
with TSP or TCSS at 50mgP kg−1 were incubated at 27.5°C in
an incubator (FRIOCELL 707, Fisher Bioblock Scientific). Soil
respiration was monitored for 2months. Sampled fresh soils (at
70% of water holding capacity) equivalent to 100 g dry soil were
placed in 1 l glass jars together with one vial containing about 5ml
of 0.5MNaOHand another vial filledwith distilledwater to adjust
the water loss by dehydration. Treatments as blank test without
soil were included in four replicates. The CO2 produced in jar
from soil respiration during a given time interval was absorbed
by the NaOH and measured using back titration method with
0.1N HCl in presence of phenolphthalein (29). Soil respiration
was measured 1, 2, 3, 5, 8, 10, 15, 23, 32, 42, and 63 days after
P-fertilizer application.

Statistical Analysis
Plant variables (such as shoot biomass and total P uptake) and
microbial variables (soil respiration and soil microbial biomass P)

were subjected to one-way analysis of variance to test single
effects of fertilizer treatments. Statistical comparisons between
Control, TSP, and TCSS treatments were performed using Stu-
dent–Newman–Keuls. All analyses were performed with R Statis-
tical (3.1.3) Software (30, 31). Levels of significance were 0.05 (*)
or lower (**0.01, ***0.001).

RESULTS

Biomass Production, Plant P Uptake, and
L-Value
Results from plant biomass production, plant P uptake, 32P
uptake by plant (% introduced radioactivity), and specific activity
are reported in Figure 2 and Table 2. Application of TSP and
TCSS increased shoot biomass significantly over the harvest time,
respectively, by P= 0.007 and P= 0.002, while no significant
increase of shoot biomass was found in control (Figure 2A). The
shoot biomass was affected differently according to the tested
treatments (P< 0.01) (Table 2). The application of TSP resulted in
higher cumulated shoot biomass than the TCSS (28%) and control

FIGURE 2 | Dry matter yield of aerial parts and roots (A,B), P uptake (C,D) by aerial parts and roots, 32P uptake by plant (% introduced radioactivity)
(E), and specific activity (F) as affected by P-fertilizer sources [• control 0P; � triple super phosphate (TSP); N thermally conditioned sewage sludge
(TCSS)] during plant growth. Time is expressed in cumulated degree days after sowing. Error bars indicate SEs for n= 5.
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TABLE 2 | Effect of inorganic and organic fertilizers on the cumulative dry matter weight of plant shoot and root biomass (DMW), total 31P taken up by
shoot without seed P (uptake P), 32P uptake (with reference of introduced radioactivity R), the specific activity of P taken up by plant (SA), L-value, P uptake
from soil (Psoil), P taken up from P input (PTSP or PTCSS), the proportion of P derived from fertilizer P (Pdff), the coefficient of P-fertilizer utilization (CPU),
and the agronomic effectiveness of the TCSS (AECPU or AEPdff).

Control (0P) TSP TCSS Treatment effect (P)

Shoot DM (g kg−1 soil) 2.9± 0.8b 5.3± 0.5a 3.8± 0.3b 0.004
Root DM (g kg−1 soil) 1.8± 0.5b 2.8± 0.2a 2.1± 0.2a,b 0.066
Total 31P uptake in shoot (mgP kg−1) 4.6± 1.2c 19.7± 3.6a 12.5± 0.7b <0.001
P taken up from seeds allocated to shoots (mgP kg−1) 0.62± 0.0a 0.89± 0.19a 0.67± 0.19a 0.238
32P uptake in shoot (%) 11.8± 4.5a 20.1± 4.1a 14.0± 2.9a 0.091
SA (mg−1 Pkg−1) 0.026± 0.002a 0.010± 0.001b 0.011± 0.003b 0.008
L-value (mgP kg−1 soil) 39± 15b 98± 7a 90± 17a 0.004
Psoil (mgP kg−1 soil) 4.7± 2.0b 8.8± 1.7a 5.5± 0.8b 0.044
PTSP or PTCSS (mgP kg−1 soil) – 10.9± 1.9a 7.0± 1.4b 0.048
Pdff (%) – 55± 16a 56± 14a 0.909
CPU (%) – 22± 4a 14± 3b 0.049
AECPU (%) – 100 64± 21 NA
AEPdff (%) – 100 102± 11 NA

Data from the three harvests were combined for shoot biomasses, total 31P, and 32P uptake in shoot, Psoil, and PTSP/PTCSS.
Means±SEs. Significant differences of mean values of plant variables between treatments were determined by one-way ANOVA analysis (P< 0.05, P< 0.01, P< 0.001). Different
letters showed differences between treatments in plant variables (SNK test, α =0.05); NA: not applicable.

(45%). Compared to the control, the addition of TCSS slightly
increased shoot biomass from2.9 to 3.8 g kg−1 soil (although non-
significant). Similar trends of fertilizer effects on shoot biomass
were observed when the analysis was limited for each cut marked
by higher shoot biomass in TSP compared to TCSS and control
(Figure 2A).

The TCSS and TSP fertilizers increased cumulative plant P
uptake significantly compared to control (P< 0.001) (Table 2).
The application of TSP resulted in higher cumulated plant P
uptake than the TCSS (37%) and control (77%). Compared to
control, TCSS increased the cumulated P uptake from 12.5 to
4.6mg P kg−1 soil. Significant differences in plant P uptake were
found between three treatments when the analysis was limited for
each cut marked by highest plant P uptake in TSP and the lowest
in control (Figure 2C).

Total root biomass in the two harvests were significantly
(P< 0.05) affected by fertilizer treatment (Table 2). Increase of
root biomass was most pronounced in TSP, from 1.8 g kg−1 soil
for control to 2.8 g kg−1 soil for mineral P. Applied at the same
rate, increase of root biomass was lowest in TCSS with an aver-
age value of 2.1 g kg−1 soil (Figure 2B). The response of cumu-
lative root P uptake to fertilizer treatments was similar where
the average values were, respectively, 4.9mgP kg−1 soil for TSP,
4.1mg P kg−1 soil for TCSS, and 3.0mg P kg−1 soil for control
(Figure 2D).

The average cumulated 32P uptake in shoot was 11.8 for the
control, 14.0 for TCSS, and 20.1 for TSP. Here, it did not differ
between the treatments (Table 2). Nevertheless, a trend toward
a higher cumulated 32P uptake for TSP and TCSS was observed
when comparing it to cumulated 32P uptake of control. The 32P
uptake by shoot (r/R) increased after TSP and TCSS application
compared to control (Figure 2E). The specific activity (SA), cal-
culated from the ratio between r/R and shoot P uptake, slightly
decreased over the harvest time in all treatment (Figure 2F). As
expected, the SA was significantly higher for control compared
to P-fertilized treatment (Figure 2F; Table 2). By contrast, the

L-value which is a plant-estimate of r the amount of plant-
available P was significantly lower for control compared to TSP
and TCSS (Table 2). In other words, the increase of L-value in
fertilized treatments resulted not only from additional P source
of 50mgP kg−1 soil but also from soil exploitation. We observed
no significant difference of SA and L-value between the TSP and
TCSS treatments.

P Taken Up Derived from Seed, Soil, and
Fertilizers
The amount of seed P translocated to the shoot ranged from 0.62
to 0.86mgP kg−1 soil at the first cut and decreased drastically
from 0.004 to 0.03mgP kg−1 soil at the second harvest. The
P translocated from seed to shoot accounted for 59% of total
shoot P uptake in control and, respectively, 37 and 18% in TCSS
and TSP after the first harvest, while it was respectively 0.32%
for control, 0.63% for TSP, and 0% for TCSS treatment after the
second harvest.

Taking into account of the seed as an additional unlabeled
P source, the shoot P uptake derived from native soil P and
applied fertilizer P were determined. Application of P-fertilizer
significantly increased plant P uptake from plant-available soil P.
The total P taken up by shoot derived from soil in TSP was,
respectively, 87 and 17% higher than those in control and TCSS
treatment (Table 2). Furthermore, the amount of P taken up in
shoots derived from fertilizer was higher in TSP compared to
TCSS fertilizer by 56% (Table 2).

Values of Pdff (%) from TCSS and TSP treatment were surpris-
ingly similar (Table 2), while CPU value was markedly lower in
TCSS than in TSP by 57%. As reported in Table 2, our results
show that the mean value of AE of TCSS (with TSP as reference
fertilizer) calculated from CPU value was around 64% ranging
from 40 to 73% according to the harvest time. The calculated
value of AE from Pdff ranged from 90 to 108% with a mean value
of 102%.
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Soil Microbial Biomass Activity
Soil CO2 respiration released by microbial biomass increased
drastically during the first 2 days of incubation with higher sig-
nificant respiration from TCSS and TSP compared to that from
control (Figure 3A). The increasing soil CO2 emission ranged
from49 to 61mgC-CO2 kg−1 day−1 in TCSS, from48 to 54mgC-
CO2 kg−1 day−1 in TSP, and from 41 to 50mgC-CO2 kg−1 day−1

in control. The soil respiration decreased rapidly thereafter, and
remained constant at the 40th day in which soil CO2 emission
of TCSS treatment was larger than in control and TSP treatment
(Figure 3A). The decreasing soil CO2 efflux ranged from 40 to
5mgC-CO2 kg−1 day−1 in TCSS, from 36 to 4mgC-CO2 kg−1

day−1 in TSP, and from 34 to 4mgC-CO2 kg−1 day−1 in control.
At the end of the incubation, cumulative soil CO2 respirations
were significantly higher in soil fertilizedwith TCSS, by 255mgC-
CO2 kg−1, compared to unfertilized soils, by 214mgC-CO2 kg−1,
and to TSP fertilized soil, by 229mgC-CO2 kg−1 (Figure 3B).

Soil CO2 respiration showed significant differences between
P-fertilizer sources during the incubation time (Figure 3). Sig-
nificant increase of soil CO2 emission was observed in TCSS
relative to control, by 20%during the first week of incubation. This
increasing microbial activity in TCSS decreased with increasing
time and reached 10% at the end of the incubation time. Fur-
thermore, no significant difference in soil respiration was found
between TSP reference fertilizer and control.

DISCUSSION

The used TCSS contained C, N, P, and K in variable propor-
tions (Table 1). The studied TCSS exhibited high organic carbon
and P content values and low total N and K values. Here, the
application of TCSS equivalent rate of 50mgP kg−1 soil provided
0.5 g of organic carbon per kilogram of soil with an equivalent
rate of 1.6 tons of organic carbon per hectare, and 0.03 g of total
N kg−1 soil with an equivalent rate of 98 kg of total N ha−1

(Table 1). Total organic carbon and total N in TCSS were lower
than those reported by Gavalda et al. (2) from sludge pellets
produced by dewatering process through flash thermal process,
with 481 gC kg−1 and 44.9 gN kg−1. By contrast, previous work
on sewage sludge reported a lower value of total P content
(2.2 g P kg−1) with a high total K value (25.3 g K kg−1) (17). The
TCSS used in our study is in accordance with requirements of
France legislation for the use of sewage sludge in agriculture
(1). The contents of the heavy metals in TCSS are below the
limit values permitted in France for sewage sludge application in
agriculture. The heavy metal values observed here were higher
than those reported by Gavalda et al. (2) in a heat-dried sludge.

Influence of Fertilizer Application on Plant
P Nutrition
Fertilizer application had significant effects on plant P nutrition
by impacting the shoot biomass and P uptake. The significant
increase of aerial parts (shoot) observed over the time period is
in accordance with growth stages observed in cereal, like wheat,
rye, . . ., by Feekes scale 5 (32) and also in agreement with the
findings of Guivarch (33) with ryegrass. The increasing shoot
biomass and P uptake in TCSS and TSP treatments could be

FIGURE 3 | Daily (A) and cumulated (B) soil respiration during
incubation experiment as affected by P-fertilizer sources. x-axis
represents the day of incubation for (A). [• control 0P; � triple super
phosphate (TSP); N thermally conditioned sewage sludge (TCSS)]. Means
with SD (n= 3). *, **, and *** denote significant differences between P source
at P<0.05, 0.01, and 0.001 levels, respectively, according to the one-way
ANOVA analysis.

attributed to P nutrition functioning through root exploration
and soil P availability. Here, increasing trend of root P uptake
was observed in TCSS and TSP, respectively, by 27 and 39%
compared to control. Nanzer et al. (11) reported that the devel-
opment of Italian ryegrass was stimulated under non-limited P
condition marked by high biomass production and P uptake from
different available sources, such as P derived from fertilizer, soil,
and seed. During the very early stage of growth (after sowing),
plants use the seed P reserves where P is stored primarily in
phytate form accounting from 65 to 85% of seed total P (34,
35). The hydrolysis of phytate remobilized the seed P reserves
for the seedling P requirement. This remobilized seed P was
allocated mainly to leaves rather than to roots. Under hydroponic
condition, the seed P depletion and the stimulation of root growth
enhanced the plant P nutrition from external P supplies as soil
or fertilizer P (36). Previous works showed that plant growth is
largely affected by P availability during early-season growth (37).
The 32P radiotracer technique quantify the amount of P taken up
by plant that originates from the P-fertilizer or P soil. Nadeem
et al. (36) reported that maize seedling depend exclusively on
seed P reserves up to 5th day after sowing. The seedling started
to use both sources, seed P and exogenous P uptake, between
5th and 17th day (from 70 to 202 cumulated degree days). After
202 cumulated degree days, exogenous P was the main source of
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P for the plant. In this study, the P taken up by shoot derived
from seed accounted for 59% of total shoot P uptake in control,
37% in TCSS and 18% in TSP at 27th day after sowing showed
the higher contribution of remobilized seed P reserve in plant P
nutrition. The amount of plant P uptake derived from soil was
3.13mgP kg−1 soil for TSP, 1.14mgP kg−1 soil for TCSS, and
1.11mgP kg−1 soil for control. This could explain our results
marked by higher value of 32P uptake by shoot (r/R) in 27 days
after sowing (693 cumulated degree) for TSP compared to TCSS
and control.

The contribution of seed P to P nutrition was determined in
order to correct the P taken up by plant from fertilizers. Consid-
ering all of the data across the treatments, the depletion of seed P
reserve observed at the second harvest suggested that the P taken
up by plant derived from seed could be negligible from the second
cut as reported by Frossard et al. (27). By taking into account the
seed as an additional unlabeled P source, shoot P uptake derived
from native soil P and applied fertilizer P were determined. Appli-
cation of P-fertilizer significantly increased P plant-availability
in soil. Increased values of total shoot P uptake and L-value
were observed following TSP and TCSS application (Table 2)
probably because plant roots can access a large volume of soil
in which P-fertilizer and soil were mixed. The higher L-value
observed in TSP and TCSS treatment, are in accordance with
those reported byGuivarch (33); Kvarnström et al. (24), andAchat
et al. (38). Morel and Fardeau (14) reported that the quantity
of P taken up by plant from a fertilizer can be related to native
soil P availability and to root development. Similarly, McLaughlin
et al. (39) reported that the contribution of the P derived from
residues to the plant P nutrition could be significant in soils with
low P status (<20mgP kg−1). In this study, the highest total P
taken up by shoot derived from soil in TSP could be due to
positive interaction of P-fertilizer with soil and to the root system
extension (38). Similarly, the increasing trend of P uptake from
soil P observed in TCSS relative with control may be attributed
to the soil porosity change and stimulated the root development
(24). Furthermore, the amount of P taken up in shoots derived
from fertilizer was higher in TSP compared to TCSS fertilizer (by
56%). This observation is consistentwith previous results reported
by Oberson et al. (26) and Guivarch (33). This was obviously
due to greater release of P from TSP compared to TCSS treat-
ment (17, 26). Water-soluble P-fertilizer as TSP is immediately
available for plant after application while P from TCSS is in the
low available form, including organic form (<5% of total P) and
strongly absorbed forms fixed by iron and Al (<90% of total P)
(33, 40). The availability of P fromTCSS is controlled bymicrobial
activity where the high C/N ratio of TCSS stimulated microbial
biomass marked by significant soil respiration and consequently
promoting the enhancement of P immobilization in microbial
biomass (41).

Cumulative values of P derived from soil (Psoil), from the
fertilizers (PTSP or PTCSS), and Pdff are in agreement with the
findings of Guivarch (33) on this tested TCSS. Furthermore, sim-
ilar results of Psoil and PTCSS were found by Kvarnström et al.
(42) from a non-dewatered sludge. Compared to TSP treatment,
CPU significantly decreased in TCSS by 57%. Similar CPU results
were reported by Frossard et al. (43); Kvarnström et al. (24),

and Zapata and Zaharah (21). The P availability in soil could be
affected by nutrients associated with the P application (44). In
our study, the organic C and N present largely in N-NH4 forms
in TCSS (Table 1) favored a large stimulation of microbial activ-
ity inducing competition between microorganisms and roots for
nutrient acquisition in particular P nutrient (42). Also, the low
responses of TCSS fertilized soil may be attributed to the relative
larger amounts of Fe in TCSS. Iron could be expected to increase
P sorption and reduce P availability of TCSS in soil. Sorption of P
by Fe oxides is the major reaction mechanism of P fixing in soils
fertilized with P-fertilizer (45).

The present study revealed different AE of TCSS according
to the variables. The mean values of AE of TCSS calculated
from % Pdff and % CPU were, respectively, 102 and 64. These
results are in agreement with studies of Guivarch (33) and De
Haan (46) who reported, respectively, AE values of sewage sludge
of 67 and 10–100%. The high C/N ratio of TCSS stimulated
soil microbial biomass that compete with plant roots to acquire
nutrients, such as P. As a consequence, the P taken up from
either native soil or TCSS decreased in similar proportions. The
AE value calculated with % Pdff took into account these inter-
actions between soil, plant, and microbial biomass, and is less
dependent on operational conditions than the AE value calcu-
lated with % CPU. Moreover, the AE value of TCSS could be
explained by an effective net P immobilization due to the higher
amount of Fe incorporated with TCSS (33, 45) and to the high
microbial activity throughout the plant growth trial. O’Connor
et al. (47) reported that a lower P plant-availability was observed
in biosolids with more than 10–30 g kg−1 of total Fe and Al
content. Pommel (48) reported that the low efficiency of TCSS
relative to the tricalcium phosphate is attributed to the higher
Ca and Al bound P contents that could be available for plants
in the long term. Furthermore, McLaughlin and Alston (49) also
reported the significant increase of the proportion of microbial P
derived from residue source as the results of competition between
plant and soil microorganism for fertilizer P. As TCSS had high
organic matter and nutrient availability, soil microbial activity
could be enhanced by TCSS amendment that is confirmed by
Singh and Agrawal (8). The results of soil CO2 respiration for
TCSS treatment compared to control and TSP corroborate this
explanation.

P Immobilization in Biomass Microbial
The decrease of plant biomass production, P uptake, PTCSS, and
CPU in TCSS relative to TSP fertilizer was assumed to be due
to competition between plants and soil microbial biomass for
available P.

Here, significant increase of soil respiration was observed dur-
ing the first 2 days of incubation with higher significant soil CO2
respiration in TCSS and TSP compared to control (Figure 3A).
This flush of soil CO2 respiration is obviously attributed to soil
microbial activity stimulation after rewetting of fertilized and
control soils. Anderson and Domsch (50) reported that fraction
size of soil microbial biomass is assessed from the flush of CO2
respiration in soil-fertilized substrates. The fertilizer-induced res-
piration observed in rewetted soil could be explained by release of
intercellular compounds frommicrobial cells as a result of osmotic
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shock and leading to enhancement of organic C and N availability
(51). Furthermore, the higher soil CO2 respiration found in soil
fertilized with TCSS could be related to priming effect process
where higher mineralization of soil organic matter followed the
addition of organic fertilizer (52). Higher C content and nutrient
fromTCSS input and soil humidification resulted a global increase
of microbial activity (38, 53).

Significant increase of soil respiration, including daily soil CO2
emission and cumulative soil respiration, was observed in TCSS
relative to control and TSP treatments during the incubation time.
The soil respiration, known as the main indicator of microbial
activity, is governed by numerous abiotic and biotic factors, such
as temperature,moisture, nutrient status, the fertilizer application,
and crop growth (54). In this study, the significant effect of TCSS
on soil microbial activity may be attributed to organic C content
as a substrate for microbial biomass proliferation under optimal
condition of temperature andmoisture. This highmicrobial activ-
ity in TCSS treatment during the incubation experiment could
be probably the main source of P immobilization within the
microbial biomass and consequently limiting the P availability
for plant compared to mineral treatment. The soil respiration to
TCSS addition is reported to be highly correlated with microbial
biomass C with a conversion factor of 40 (50, 55). Phosphorus
from TCSS can be rapidly incorporated into microbial biomass
and leading to decrease of soil solution orthophosphate (56, 57).
Thus, the C availability is an important factor affecting microbial
P in soils with or without added C. In this study, the enhancement
of microbial activity suggests the relative importance of P immo-
bilization in the cycling of soil P that is confirmed by the work
of Petersen et al. (10) who reported the high microbial biomass
C:P ratios (from 25 to 100) observed in a field experiment of
Oat (Avena sativa L.) receiving 4.4 t DMha−1 of sewage sludge
treatment (our equivalent TCSS rate was 4.3 t DMha−1).

CONCLUSION

Soil P labeling showed that P use by plants is influenced by
application of inorganic or organic sources. In this study, TCSS
application improved the P plant nutrition by increasing the shoot
biomass and P uptake, respectively by 30 and 171% compared to
the control. This improved P use by plants supplied with organic

source is attributed by root P acquisition, including the increased
P plant uptake from soil P and fertilizer P as a result of interaction
between source and soil. Plant-availability of P in TCSS was lower
than that of reference TSP. The AE of TCSS was quantified,
around 64% in comparison with the TSP treatment by using Pdff
values and around 102% using CPU values. This different AE
is related to the interaction between the P pools in fertilizer, in
soil, in the microbial biomass, and in plant. The AEPdff which
took into account the total plant P uptake is less dependent on
these interactions compared to the AECPU. Application of TCSS in
soils provided an additional source of C, N, and other nutrient as
N-NH4, Fe, Al, andCawhich induced, respectively, a greater stim-
ulation of microbial activity and P sorption in soil constituents.
Further investigations on the soil P chemistry as soil P isotopically
exchangeable are required for subsequent study.
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