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ABSTRACT
This study compared three previously published methods of esti-

mating gross P mineralization: (i) an isotope dilution method that
relies on specific activity, (ii) a later isotope dilution method that uses
isotopically exchangeable P as the response variable, and (iii) a differ-
ential extraction method. We adapted the isotope dilution method
(KB) commonly used for gross N mineralization for gross P miner-
alization. We evaluated two methods used to correct for adsorption of
32P: sterilized soil incubations and a simulation model. Finally, we
examined the necessity of including microbial biomass P as a compo-
nent of labile P for the isotope dilution methods. The three previously
published methods gave highly variable estimates of gross P minerali-
zation, and our data suggest that critical assumptions of each method
were violated. We recommend the KB method because its assump-
tions were generally met and it requires no sterilized samples. The KB
method represents net mineralization because there is no correction
for adsorption/desorption, which we have shown to be complex and
difficult to interpret in nonsterilized samples. Modeled and estimated
adsorption were often different, and relative differences varied among
soil types. We also recommend combining the extractable inorganic
P and microbial biomass P fractions into a single ‘‘labile’’ pool for
isotopic-dilution studies and that the incubations are run over no more
than 3 to 5 d. Although the KB method represents a conservative es-
timate of P mineralization as net P mineralization, it corresponds to a
useful indicator in comparing potentially any soil type.

PHOSPHORUS is the primary limiting nutrient in most
freshwater systems (Schindler, 1977; Chapin, 1998;

Bedford et al., 1999) and in highly weathered terrestrial
soils, such as in Oxisols in the tropics and Ultisols of the
southeastern USA (Stevenson, 1986). Soil organic mat-
ter represents a large reservoir of potentially available P
in natural and managed ecosystems, with up to 80% of
total P found as organic P in some areas (Tiessen et al.,
1994, Kellogg and Bridgham 2003). Despite the obvious
importance of measuring gross P mineralization rates,
the lack of comparisons among techniques and a critical
evaluation of their assumptions has hampered accep-
tance of any standard method.
Studies that have attempted to determine gross P

mineralization rates have used a number of different
methods, none of which have been determined to be
comparable or effective for multiple soil types (Tran
et al., 1988; Walbridge, 1991; Zou et al., 1992; Di et al.,

1995; Frossard et al., 1996; López-Hernández et al.,
1998; Oehl et al., 2001). Many are based on interpreting
isotopic dilution of an introduced rare isotope (32P or
33P) in the soil solution to estimate gross P mineraliza-
tion rates (e.g., Walbridge and Vitousek, 1987; Frossard
et al., 1996; López-Hernández et al., 1998; Oehl et al.,
2001, 2004). Kirkham and Bartholomew (1954) defined
and Di et al. (2000) revised the major assumptions
that must be met for the use of isotopes to be viable for
determining gross P mineralization rates: (i) isotopic
equilibrium, or the available pool and all exchangeable
pools, have equivalent specific activities after a time of
equilibration; (ii) the soil organic pool is the only pool
not labeled by the isotope; (iii) all mineralized ions
equilibrate in the soil solution before moving into other
pools; and (iv) there is no discrimination between the
rare and the more common form of the ion. Oehl et al.
(2001) have suggested a fifth prerequisite from Shep-
pard’s work (1961): The pool sampled must be the pool
in which the isotope was introduced. However, the di-
lution method has long been used in estimating gross
nitrogen (N) mineralization rates, but although 15N
is usually added in water, the available pool is sampled
with a mild extractant, such as 2MKCl (Davidson et al.,
1991). Whether or not this last stipulation is necessary
remains questionable.

The purpose of this article is to compare the three
published methods of estimating gross P mineralization
rates: (i) an early isotope dilution method (Walbridge
and Vitousek, 1987) (WV), (ii) an isotopically exchange-
able P method (López-Hernández et al., 1998) (LH),
and (iii) an extraction method (Zou et al., 1992) (Z).
Other studies have used minor variations of these
methods. Additionally, we adapted the Kirkham and
Bartholomew (1954) (KB) method used for gross N
mineralization for gross P mineralization, as suggested
by Di et al. (2000). For two of the soil types used, we ex-
amined the difference between using a water extraction
and a mild sodium bicarbonate extraction to examine
the potential usefulness of each extract. Furthermore,
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Abbreviations: AC, sodium azide plus autoclaving treatment incu-
bated for 1 h in the Z method, correcting for lysing of microbial cells;
E, isotopically exchangeable P; I, immobilization rate; KB, isotope-
dilution method of Kirkham and Bartholomew adapted for gross P
mineralization; LH, isotope-dilution method for gross P mineraliza-
tion of López-Hernández et al.); M, mineralization rate; MA, sodium
azide plus autoclaving treatment incubated for 24 h in the Z method,
representing the solubilization of inorganic P;N, slope of ln (32Pi,t/

32Pa)
versus ln t in the model of 32P adsorption in the LH method; PM,
sodium azide treatment in the Z method, representing solubilization of
inorganic P and the mineralization of organic P by exoenzymes but no
immobilization by the microbial community; SA, specific activity; slope,
slope of ln of SA of Pi1m pool versus t in WV method; t, time; WV,
isotope dilution method for gross P mineralization method of
Walbridge and Vitousek (1987); X, correction term for adsorption of
32Pi in WV method; Z, differential extraction method for gross P
mineralization of Zou et al.

R
e
p
ro
d
u
c
e
d
fr
o
m

S
o
il
S
c
ie
n
c
e
S
o
c
ie
ty

o
f
A
m
e
ri
c
a
J
o
u
rn
a
l.
P
u
b
lis
h
e
d
b
y
S
o
il
S
c
ie
n
c
e
S
o
c
ie
ty

o
f
A
m
e
ri
c
a
.
A
ll
c
o
p
y
ri
g
h
ts

re
s
e
rv
e
d
.

1349

 Published online June 21, 2006



we tested the validity of using (i) a sterilized incubation
and (ii) a simulation model to correct for adsorption. We
also examined the utility of including microbial biomass
P (Pm) in the labile P pool rather than just the extract-
able inorganic P (Pi) based on the findings of Walbridge
and Vitousek (1987) that the Pi and Pm pools did not
reach isotopic equilibrium. Equations from each method
have been standardized for clarity and are outlined in
the next section.

Four Models of Gross Phosphorus Mineralization
The WV method uses the change in specific activity

of the combined extractable 1 microbial pool (Pi1m) to
determine the mineralization rate. An incubation of
non-sterile soils amended with 32P is required, as well as
an incubation of sterile soils amended with 32P. Included
in this model is a formula to correct for adsorption of
32Pi using the nonsterile and sterile soil incubations:

X 5 32Pi1m,0 2 [31Pi1m,0 (SAi1m,0 1 SAi,f,s 2 SAi,0,s)]

[1]

where X is the correction term, 32Pi1m,0 is the 32Pi1m
concentration in the initial time period in nonsterile
samples, 31Pi1m,0 is the

31Pi1m concentration in the initial
time period in nonsterile samples, SAi1m,0 is the specific
activity of the Pi1m pool in the initial time period in
nonsterile samples, SAi,f,s is the specific activity of the
Pi1m pool in the final time period in sterile samples, and
SAi+m,0,s is the specific activity of the Pi1m pool in the
initial time period in sterile samples. The correction term
is added back into the final activity of the Pi1m pool.
After correction, the mineralization rate (M) is com-
puted as:

M 5 slope 3 (31Pi1m,0 2
31Pi1m,f): [2]

where slope is the slope of the natural log of the spe-
cific activity of the Pi1m pool (SAi1m,t) versus time, and
31Pi+m,f is the final concentration of the 31Pi1m pool.
The LH method uses isotopically exchangeable phos-

phorus as the available pool and estimates P mineral-
ization as the change in that pool over time. This is also
determined from an incubation of nonsterile soils
amended with 32P. To correct for adsorption of 32Pi, a
short-term (100-min) batch experiment is performed
under nonsterile conditions. The decrease in 32P in soil
solution over time (mod

32Pi,t) is modeled with the follow-
ing equation:

mod
32Pi,t

32Pi,a
5 1

32Pi,t51
32Pi,a 2 t 1 1

32Pi,t51
32Pi,a 2

1=N
� �2N

1
32Pi,¥
32Pi,a

[3]

where 32Pi,a is the amount of 32PO4
23 added, and 32Pi,t51

and 32Pi,¥ are the amounts of 32Pi remaining in solution
after 1 min and infinity, respectively. The ratio 32Pi,¥/
32Pi,a is the maximum possible dilution of 32Pi and is
estimated by the ratio of soil solution Pi to total soil P.
The parameter N is estimated from the batch experi-
ment using a linear regression of log (32Pi,t51/32Pi,t) ver-
sus log(t). This equation for N is different from the
published equation from Frossard et al. (1996), which

included a slight mathematical error. Frossard et al.
(1996) derived N to be the slope for log (32Pi,t/

32Pi,a)
versus log (t). For our derivation of N, see the appendix.

Adsorbed isotopically exchangeable P (modEt) at time
t is estimated as:

modEt 5
32Pi,t1

32Pi,a

mod
32Pi,t 2 [4]

The assumptions in this adsorption correction are that
no microbial uptake of 32Pi occurs over the 100-min
incubation and that adsorption over this period can be
extrapolated out to days and weeks. Thus, we extrapo-
lated this over the period of our original incubation of
nonsterile soil (López-Hernández et al., 1998).

The gross mineralization rate of P is computed as the
difference between measured isotopically exchangeable
32P at time t [mesEt] and modEt (Eq. [4]), where

mesEt 5
31Pi,t1

32Pi,a

mes
32Pi,t 2 [5]

We compared the modeled value with the sterile soil
incubations. We also compared the simulation and the
sterilized adsorption with an estimation of adsorption
based on the recovery within the nonsterile soils using a
mass balance approach. Within the nonsterile samples,
we determined all 32P pools with the exception of ad-
sorbed 32P; therefore, any 32P not recovered could be as-
sumed to be adsorbed.

Kirkham and Bartholomew (1954) developed a num-
ber of formulas to be used for mineralization based on
whether the immobilization rate (I) is higher than, equal
to, or less than the mineralization rate (M). As in the
previous two isotope models, the nonsterile soil incuba-
tions are used to determine the variables in the following
formulas. We determined the equation to use by using a
t test to see if the initial and final concentrations of 31Pi
were significantly different and, if they were, whether
net mineralization or immobilization occurred. We used
Pi and the combined Pi and Pm pools (Pi1m) as an esti-
mate of available P, as in the WV method, to examine
potential isotopic disequilibria between these two pools.
The following are the formulas used:

I . M:M 5
31Pi1m,0 2 31Pi1m,t

t
3

ln(SAi1m,o/SAi1m,t)

ln(31Pi1m,o/31Pi1m,t)

[6]

I , M:M 5
31Pi1m,t 2 31Pi1m,0

t
3

ln(SAi1m,0/SAi1m,t)

ln(31Pi1m,t/31Pi1m,o)

[7]

I 5 M:M 5 1
31
Pi1m,o

.
t2 3 ln1

32
Pi1m,0

.
32Pi1m,t2: [8]

The Z method uses a mass balance approach to estimate
the gross P mineralization rate, with sterilization and
autoclaving treatments to correct net estimations of P
mineralization for adsorption andmineralization by phos-
phatase exoenzymes present in soil. Anion-exchange
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resins are used as a measure of P availability. The origi-
nal method calls for g radiation sterilization; however,
we did not have access to a g source, and therefore we
used a 10% sodium azide solution. The first treatment
receives a sodium azide addition (PM), representing
solubilization of inorganic P and the mineralization of
organic P by exoenzymes but no immobilization by the
microbial community. The second treatment receives
sodium azide and is also autoclaved (MA) to inactivate
phosphatase exoenzymes and thus represents only the
solubilization of inorganic P. The PM and MA treat-
ments are incubated for 24 h. The addition of sodium
azide and autoclaving soils cause a large flush of Pi from
the lysing of microbial cells (Zou et al., 1992). To correct
for this release, the sodium azide plus autoclaving treat-
ment is applied to another subsample of the soil, but is
only incubated for an hour (AC). Gross P mineralization
(M) is then calculated as:

M 5 PM 2 (MA 2 AC) [9]

MATERIALS AND METHODS

Soils

We used four soils (Table 1) that represent a range of physi-
cal properties and expected P mineralization rates: an Ultisol
(Aquic Paleustults) and Entisol (Quartzipsamments) from
Venezuela, a Histosol (Houghton muck) from northern In-
diana, USA, and an Alfisol (Aquic Arenic Hapludalf) from
southern Michigan, USA. We chose these soils to represent
a range of adsorption rates because previously published
methods have specified that isotopic dilution is restricted in
utility to less adsorptive soils. However, for a method to be
used as a standard method, it should be able to overcome these
difficulties. The Venezuelan soils were collected, air-dried,
sieved to pass through a 2-mm diameter mesh, and shipped via
overnight express to the University of Notre Dame (South
Bend, IN). Fifteen cores (10-cm depth) were taken from each
site, composited, and roots and large debris were removed by
hand. We did not collect the soil samples from Venezuela and
relied instead on them being collected and sent by students in
the López-Hernández lab. Because of this, it would have been
difficult to obtain fresh soils when shipping time and USDA
regulations were factored in; therefore, the tropical soils ar-
rived air-dried. Because we were comparing the four methods
within a soil type and not the soil types themselves, differences
between soil-preservation techniques are not a problem.

Isotope Dilution

To obtain the variables for each of the models based on
isotope dilution, we used nonsterile soils amended with 32P.

However, gross P mineralization is difficult to ascertain due to
geochemical Pi interactions. Therefore, we tested the possibil-
ity of using a sterile soil control (i.e., without microbial min-
eralization or immobilization of P) to correct for adsorption in
determining gross P mineralization rates. Approximately 100 g
(dry wt) of each soil type was weighed into two sets of Mason
jars (nonsterile and sterile incubation), with three replicates of
each soil type-treatment combination. The previously air-dried
soils were brought to 80% field capacity, and the field-moist
soils were kept at their original moisture levels. Jars were
covered with lids containing septa holes, which were plugged
with glass wool to allow air exchange but reduce moisture loss.
For the sterile soils, we autoclaved them (1208C and 2.12 MPa
for 45 min) and then added a 10% sodium azide solution. The
autoclaving provided an initial sterilization that also denatured
phosphatase enzymes within the soil matrix, and the addition
of sodium azide discouraged recolonization of the soil by bac-
teria. Asceptic techniques were used with the sterile samples
over the course of the incubation. Nonsterile and sterile soils
were kept at 158C and incubated in the dark.

We labeled each sterile and nonsterile soil with 5.0 kBq g21

soil of KH2
32PO4. At 4 h (0 d), 1 d, 4 d, 8 d, and 15 d, the

nonsterile and sterile soils were extracted for Pi and the
nonsterile soils for Pm. Previous isotope-dilution studies have
used soil solution (Oehl et al., 2001), soil extracts (Walbridge
and Vitousek, 1987), or anion-exchange resins (Frossard et al.,
1996; López-Hernández et al., 1998) to estimate available Pi.
To maintain a consistent comparison among models, we deter-
mined Pi by extracting 2-g dry-wt soil with 40 mL of 0.5 M
sodium bicarbonate (Kuo, 1996). For the two tropical soils, we
also determine Pi by extracting 4-g dry-wt soil with 40 mL of
distilled water to ascertain the possibility of using water ex-
tracts to compute gross P mineralization.

Microbial biomass P was determined as the increase in Pi

after chloroform fumigation of subsamples (Walbridge 1991).
The subsample of soil (2-g dry-wt) was placed in a 50-mL
centrifuge tube, and 10 mL of chloroform was added. The tubes
were capped and incubated for 24 h in the dark before bicar-
bonate extraction. At 1, 8, and 15 d, to verify that our sterile
soils were inactive, we determined microbial biomass P and
CO2 respiration for the sterile soils. The recovery of Pm from
chloroform-fumigated soils is an underestimate because of
(i) incomplete lysis of Pm to Pi, which is often corrected for with
a standard efficiency factor (Brookes et al., 1984), and (ii) dif-
ferential recovery of the lysed Pm, which may vary substan-
tially among different soil types.We use the standard correction
in this article (kp 5 0.4). However, if one makes the reasonable
assumption that this correction is constant within a soil type,
then relative dynamics of 32Pm and 31Pm over time within a soil
type should be qualitatively correct. Estimates of gross P min-
eralization in the WV and KB methods are under- or over-
estimated to the extent that the 32Pi1m and 31Pi1m pools and
their SA are under- or overestimated (Eq. [2], [6], [7], [8]).
There was no measurable microbial biomass P or CO2 respi-
ration in sterile samples (data not shown).

An estimate of adsorbed 32P in the soils was determined in
the soils through a mass-balance approach to compare to the
estimations from the modeled method. To do this, any 32P not
recovered in the Pi or Pi1m pool was considered “adsorbed.”

Before determining 32P content of each pool, we used a
molybdate-butanol separation (Jayachandran et al., 1992) to
separate the inorganic 32P from any possible organic 32P. Al-
though dissolved organic P may be a significant pool of soil
solution P, because of attempts to replicate each method and
the assumption that organic P is not labeled, we did not
analyze the dissolved organic P fraction for 32P. We counted
the inorganic 32P with a Beckman scintillation counter using

Table 1. Soil properties of the four soil types. P, N, and C are
based on total dry mass of soil. Soil texture is based on ashed
dry mass of soil. Analyses were done for composited samples
with ,1% difference of replicate samples.

Soil texture

Soil type pH Sand Clay Silt Total P Total N Total C

% mg g21 soil mg g21 soil
Alfisol 7.1 60 20 20 223.1 3.19 44.97
Histosol 6.9 – – – 231.2 4.36 110.0
Entisol 5.4 90 5 5 59.8 0.21 7.86
Ultisol 5.4 50 20 30 93.0 0.32 18.54
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Cerenkov counting. The 31P concentrations in each pool were
determined using the Murphy-Riley colorimetric method
(Kuo, 1996). Finally, we calculated gross mineralization rates
of P based on the equations presented in the introduction.

Simulation of Adsorption

The simulation model was parameterized with a subsample
from each soil type. This took place within days of starting the
above incubations. Soil (10 g) was shaken for 24 h with 99 mL
of deionized water. After equilibration, 1 mL of carrier-free
KH2

32PO4 (150 MBq) was added to each of the soil slurries
and shaken for 100 min. At five time periods over 100 min,
water was removed from each sample using a syringe with a
Millipore filter (0.2mm).We analyzed the water sample for 32Pi

activity and 31Pi concentrations as previously and calculated
adsorption with Eq. [4].

Nonisotopic Method

Using two of the four soil types (Alfisol and Histosol), we
also tested a nonisotopic method for gross P mineralization
(Zou et al., 1992). These incubations took place within days of
beginning the isotope-amended incubations. We weighed out
six sets of three 2.5-g dry-wt equivalent samples into 250-mL
flasks for a total of 18 flasks for each soil type (n 5 3).
Treatments were (i) control (no addition or autoclaving), (ii)
sodium azide addition, and (iii) sodium azide 1 autoclaving.
Two anion-exchange resin bags (0.75 g of Dowex 1-X8 Cl2

resin in nylon mesh bags) were added to the soil slurries af-
ter treatment.

Three of the six sets of samples from each soil type were
used to correct for the initial flush of Pi from lysing of microbial
cells from the treatments. These correction soils were shaken
for 1 h, after which the resin bags were removed. The other
three sets of each soil were shaken for 24 h before removal of
the resin bags. All resin bags were rinsed thoroughly with
deionized water and allowed to air dry to dampness before
extraction. The bags were put in 50-mL centrifuge tubes with
30 mL of 0.5 M HCl to extract for P. We analyzed the extrac-
tions as described previously. We calculated the gross min-
eralization rate using Eq. [9].

Statistics

Within each soil type, we used a repeated measures analysis
of variance to test for interactions between the method used
and time of sampling if the methods differed. If there were
no interactions, pairwise comparisons were determined with a
Tukey post-hoc test.

RESULTS AND DISCUSSION
Change in Specific Activity over Time

We begin by examining the specific activities of vari-
ous P fractions to determine if the first assumption of
isotope-dilution theory holds: Do the available pool and
all exchangeable pools have equivalent specific activities
after equilibration (i.e., is the system in isotopic equilib-
rium)? The absolute magnitude and temporal dynamics
of SA differed in Pi extracted with water or bicarbonate
(SAi, Fig. 1a, b) and in microbial biomass (SAm, Fig. 1c).
Isotopic dilution theory predicts that because all pools
equilibrate with the soil solution pool, the only pool di-
rectly altered is the soil solution pool; mineralization of

the unlabeled organic pool causes the soil solution pool
to be “diluted” by the inputs of unlabeled P. This would
be seen as a decrease in specific activity of the soil solu-
tion pool as specific activity is the ratio of labeled P (32P)
to unlabeled P (31P). In all soil types, the bicarbonate
SAi significantly decreased over time as would be pre-
dicted from isotopic dilution theory (Fig. 1a; p , 0.05).
However, the water SAi did not act as would be pre-
dicted by theory. There was no change in this pool for
the Entisol, whereas there was a sharp decline between
4 h and Day 1 for the Ultisol (p , 0.001, Fig. 1b). There
were no clear trends for SAm. The Entisol SAm did not
significantly differ over time, whereas the Alfisol SAm
increased between Day 4 and 8 (Fig. 1c). In the Histosol,
SAm was not significantly different between 4 h and Day
1 but sharply declined between Day 1 and Day 4 (p 5
0.002) and remained relatively constant through Day 15
(Fig. 1c). Finally, SAm in the Ultisol increased from 4 h
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extracted Pi, and (c) Pm pool for all four soil types. Values are mean
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to Day 1 (p 5 0.02) and increased between Day 8 and
Day 15 (Fig. 1c; p 5 0.045).
Our results indicate that the SA of the Pm pool does

not equilibrate with the SA of the Pi pool even after 15 d.
Therefore, the first assumption of isotopic equilibrium
was violated if the labile P pool is only operationally
defined as “soil solution” P (see Four Methods of Gross
P Mineralization). Walbridge and Vitousek (1987) also
found that the turnover of bacterial biomass with high
SA caused an increase in soil solution SA leading to
lower estimates of isotope dilution in the soil solution.
Based on our results and the findings from previous
work, we concur with Walbridge and Vitousek (1987)
that mineralization studies should combine the Pi and
Pm pools into a single “labile” P pool that undergoes
isotopic dilution. However, because others have not
done this, for the purpose of illustrating the difference
between the two methods we calculated P mineraliza-

tion rates for Pi and the combined the Pi and Pm pools as
“labile” P below.

Correction for Adsorption
Both 31Pm and 32Pm were dynamic through time, and

turnover of Pm generally did not result in an increase in
the Pi pool (Fig. 2, 3). Thus the third assumption of
isotope dilution theory, namely that all mineralized ions
equilibrate in the soil solution before moving into other
pools (see Four Methods of Gross P Mineralization),
seems to have been violated. It is likely that 32P released
from the microbial pool was adsorbed without equili-
brating with the soil solution and, similarly, that min-
eralized P is being taken up directly by microorganisms
without equilibrating with the soil solution. Therefore,
adsorption needs to be corrected for to compute gross
P mineralization accurately, whereas microbial biomass
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should be included in the estimation of “labile” P. We
looked at two methods that attempt to correct for ad-
sorption, WV and LH.
The WV method corrects for adsorption using steril-

ized soils according to Eq. [1]. When we applied this
formula to our four soil types, the correction amount
(data not shown) varied and at times was very large or
a negative number. It is unclear as to why we did not
obtain a correction factor that worked with our data;
however, the correction formula is not viable for all soil
types. The calculated gross mineralization rates using
WV presented in this article includes the correction
factor, but because of its high variability even within a
soil type, we do not recommend its use.
We compared sorption obtained with sterilized soils

to that calculated with the adsorption model using E(t)
(Eq. [4]). In most cases, adsorption in the model and in
sterilized incubations behaved differently (Fig. 4). In the
Entisol, adsorption calculated using water extractions
from the sterile incubations remained less than the
model (p, 0.03), except at 4 h (no difference). Adsorp-
tion in the bicarbonate extraction from the sterile in-
cubation was much lower than the other two estimates
of adsorption (Fig. 4; p , 0.05), except for Day 8, when
water and bicarbonate extractions were similar. In the
Ultisol, adsorption calculated from the water extractions
from the sterile soil was orders of magnitude greater
than bicarbonate extractions (p , 0.001), with the ex-
ception of 4 h, when all three adsorption calculations
were similar and Day 1 when the water and bicarbon-
ate extractions in the sterile incubations were similar.
Adsorption calculated from the modeled and water
extractions from the sterile incubations were similar
across time with the exception of Day 1, when the water-
extracted sterile incubation decreased. Adsorption cal-
culated from the bicarbonate extractions, similar to the
other soil types, rose to a plateau by Day 4 and remained
stable through Day 15. In the Histosol, adsorption mea-
sured in the model and sterilized incubations were sim-
ilar, although this could be due to high variation in the
sterilized incubations. The discrepancies among the dif-
ferent methods of calculating adsorption rates demon-
strate the difficulties behind assessing adsorption.
Two major assumptions of calculating adsorption of P

from the simulation model are that (i) microbial uptake
of P during the 100 min incubation is negligible, and (ii)
adsorption during 100 min can be extrapolated over
days to weeks. The model makes no attempt to correct
for microbial uptake of P, even though there exists an
abundance of evidence in this study (see Fig. 3) and
others that microbial uptake is often rapid and a large
percentage of the added 32P (Richardson and Marshall,
1986; Walbridge and Vitousek, 1987). Because of micro-
bial uptake, the model is a poor estimation of adsorption
inmany soil types, as seenwhen comparedwith the sterile
incubations in this study. Additionally, different adsorp-
tion sites are accessed by P over time (Froelich, 1988),
making extrapolation of adsorption from 100 min to
days or weeks inappropriate. Oehl et al. (2001) repeated
a 1 min batch experiment at several time points over 28-d
incubations for a number of soils and found the adsorp-

tion model’s parameters to be relatively constant over
time, suggesting that this validated its use for soils of low
tomedium adsorption capacity. However, we suggest that
their results demonstrate that very short-term adsorption
dynamics remain constant when repeated over time, not
that adsorption dynamics over minutes can be extrapo-
lated over order-of-magnitude longer time periods.

Finally, we wanted to test the ability of a sterilized-soil
incubation to mimic potential adsorption dynamics in
nonsterilized soils, which is an inherent assumption of
the WVand Z methods. To do this, we assumed that any
32P not recovered in the Pi (or Pi+m within the nonsterile
soil) pool was adsorbed and compared the fraction of
the added 32P found in the adsorbed pool in sterile and
nonsterile incubations. In the Entisol, adsorbed 32P in
the water-extracted sterile soil was higher than the bi-
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carbonate-extracted sterile and nonsterile soils (p ,
0.01; Fig. 5). The bicarbonate-extracted sterile soils and
the nonsterile soils were different only at Days 1 and 4
(p, 0.04; Fig. 5). In the Alfisol, adsorbed 32P was higher
in sterile than in the nonsterile soil after Day 1 (p ,
0.001). In the Histosol, adsorption was higher in the
sterile than the nonsterile soil at Days 1 and 8 (p, 0.04;
Fig. 5). In the Ultisol, adsorbed 32P was higher with
water extractions than bicarbonate extractions, and the
sterile water-extracted adsorption was higher than in the
nonsterile soil (p , 0.04), with the exception of Day 1.
Adsorption in the bicarbonate extractions was generally
highest in the sterile incubation (p , 0.04; Fig. 5).
A major assumption with the use of a sterilized sam-

ple to correct for adsorption is that microbial activity
does not affect the rate of 32P adsorption. However, be-
cause of microbial competition for P in nonsterile soils,
we often observed that adsorption of 32P was lower in
control than in sterilized soils. He and Zhu (1998) dem-

onstrate microbial uptake of 32P associated with miner-
als such as kalonite and aluminum oxide. This shows the
potential of microorganisms to access P that is not con-
sidered readily available. Therefore, using sterile soils
as a correction for adsorption leads to underestimates of
gross P mineralization.

Computation of Mineralization Rates
We computed gross P mineralization rates using the

four methods previously described (Table 2). The water
extraction generally gave much lower values than the
bicarbonate extraction (p, 0.02; Table 2). The extreme
case was the Entisol for the LH method, where use of a
water extraction to represent the labile P pool resulted
in negative mineralization rates. Oehl et al. (2001) argue
that the pool in which isotope dilution is measured must
be the same pool to which the 32P is added, but use of a
water-extractable pool in our soils often gave nonsen-
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sical P mineralization rates, probably because of low
Pi concentrations (Fig. 2) and rapid adsorption of 32P
(Fig. 5) in this pool. Pi in soil solution is strongly buffered
by and undergoes rapid equilibration with easily ad-
sorbed Pi, which is why weak extractants such as bicar-
bonate have routinely been used to quantify the labile Pi
pool. Moreover, a water extractant is not equivalent to
soil solution in terms of osmotic chemistry or quantity.
Last, the gross N mineralization method has long used
a salt solution to measure the dilution of the added 15N
for reasons to those described previously (Davidson
et al., 1991). Thus, our results and the results of others
(Davidson et al., 1991) indicate that an appropriate ex-
tractant, such as bicarbonate, must be used to quantify
isotopic dilution of 32P in any P mineralization method.

When we calculated P mineralization rates using Pi or
Pi+m as the labile pool, we found little agreement within
a soil type and method. The P mineralization rate was
generally greater with the inclusion of the Pm pool in the
calculations than when using only Pi (p, 0.03; Table 2).
Most importantly, we have shown that the SA of the Pi
and Pm pools does not equilibrate (Fig. 1); therefore, the
two pools should be combined into a common (Pi1m)
labile pool to estimate isotopic dilution.

In comparing the four methods, P mineralization rates
from the Z method (Zou et al., 1992) were orders of
magnitude greater than the other three. This method
depends on the difficult-to-evaluate assumption that the
various treatments act specifically on solubilization, mi-
crobial uptake, and mineralization by exoenzymes. At
the very least, we have shown that the use of sterilized
soils to estimate sorption dynamics should be inter-
preted guardedly (Fig. 5). Among the methods using iso-
topic dilution, rates calculated from the KB method
were consistently higher than those determined from the
WV method. This difference is likely due to the correc-
tion for adsorption in the WV method that is lacking
in the KB method and problems with units in the WV
method (see below). The mineralization rate computed
from the LH method in relation to the KB and WV
method depended on the time sampled because of the
variability of the LH method. The LH method also gave
negative results in some soil/extractant combinations.

Although the WV model is conceptually similar to
the KB method, when analyzing the original model used
for these calculations, we discovered a problem with
the final units. Phosphorus mineralization rates are nor-
mally presented in mg P g21 soil d21. Walbridge and
Vitousek (1987) adapted a litter P mineralization model
of Correll and Miklas (1975) to estimate gross P miner-
alization in soils. In this model, P mineralization rates
are calculated based on the change of specific activity
over time, which gives units of Bq g21 soil d21. We could
duplicate the final results in Walbridge and Vitousek
(1987) if the units are Bq g21 soil d21 but not if units are
in mg P g21 soil d21. For the purposes of this article, we
have computed the rates exactly as noted in Walbridge
and Vitousek (1987).

Equation [5] for the LH method is similar to the KB
method when immobilization equals mineralization (Eq.
[8]). The differences between the LH method and I5MT

ab
le

2.
P
m
in
er
al
iz
at
io
n
ra
te
s
(P

m
g
g2

1
so
il
d2

1 )
in

fo
ur

di
ff
er
en

t
so
ils

at
1,

4,
an

d
15

d
af
te
r
th
e
ad

di
tio

n
of

th
e
ra
di
ot
ra
ce
r.

A
lfi
so
l

H
is
to
so
l

E
nt
is
ol

U
lti
so
l

P
m
in
er
al
iz
at
io
n

1
d

4
d

15
d

1
d

4
d

15
d

1
d

4
d

15
d

1
d

4
d

15
da

ys

K
ir
kh

am
an

d
B
ar
th
ol
om

ew
(1
95
4)

P
i

0.
71
0
(0
.4
7)
‡

0.
39
9
(0
.0
7)

0.
10
5
(0
.0
3)

0.
45
5
(0
.1
7)

0.
57
4
(0
.3
9)

0.
04
3
(0
.0
2)

0.
22
3
(0
.0
6)

0.
28
8
(0
.0
9)

0.
09
0
(0
.0
2)

0.
87
1
(0
.0
9)

0.
61
6
(0
.0
9)

0.
15
7
(0
.0
1)

P
i1

m
2.
91
8
(0
.8
4)

0.
52
5
(0
.0
9)

0.
16
1
(0
.0
6)

0.
63
4
(0
.4
0)

0.
76
2
(0
.0
3)

0.
35
9
(0
.2
0)

0.
64
5
(0
.3
0)

0.
32
9
(0
.0
3)

0.
08
5
(0
.0
06
)

0.
92
6
(0
.4
2)

0.
11
1
(0
.0
8)

0.
06
8
(0
.0
2)

P
w

nd
§

nd
nd

nd
nd

nd
0.
24
8
(0
.0
7)

0.
02
6
(0
.0
2)

0.
00
9
(0
.0
03
)

0.
03
1
(0
.0
06
)

0.
00
6
(0
.0
01
)

0.
00
3
(0
.0
01
)

L
óp
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case for the KB method are (i) the use of a modeled 32Pi
adsorption term in the LH method but not the KB
method, (ii) the log term in Eq. [8] but not in Eq. [5], (iii)
the time at which an initial 32Pi or

32Pi+m value is taken,
and (iv) the typical length of the incubations.
Although regularly used to determine gross N miner-

alization (e.g., Davidson et al., 1991), the equations in
the KB method were originally presented in a general-
ized form appropriate for mineralization of any element
(Kirkham and Bartholomew, 1954; see also Di et al.,
2000). These equations are derived from the parame-
terization of a simple model, and the log terms in each
equation come from the integration of the appropriate
mass balance equations. In contrast, the LH model is
empirically based; thus, the log term in Eq. [8] is more
theoretically justified.
Our results indicate that the time at which the initial

value for 32Pi or
32Pi+m is taken is important. The LH

method uses the amount of 32Pi added (32Pi,a) as the ini-
tial value, whereas the KB method for gross N minerali-
zation typically includes a short equilibration period of a
few minutes to 1 d (Davidson et al., 1991; Di et al., 2000)
before taking the initial measurement of the 15N atom%
enrichment (the equivalent of SA for a stable isotope)
of the available pool. We recovered 33 to 76% of 32P in
nonsterile samples after 4 h, with typically much smaller
changes in recovery afterward (data not shown). Thus, it
seems important to provide an initial equilibration pe-
riod before measuring 32Pi,0 or

32Pi+m,0. Oehl et al. (2001)
attempted to overcome problems with equilibration by
incubating the soils until respiration had stabilized, taking
up to 30 d or more. However, because these are incu-
bations and, therefore, closed systems, this stabilization
is the result of exhausting the labile carbon pool, which
is associated with a decrease in nutrient mineralization
rates (Nicolardot et al., 1994; Bridgham et al., 1998;
McLauchlan and Hobbie 2004). The standard Stanford
and Smith (1972) incubations to determine labile nutri-
ent pools are based on this phenomenon. Therefore, pre-
incubating soils for such long periods of time gives
artificially depressed nutrient mineralization rates.
The LH method typically has incorporated long incu-

bation times (weeks to months). We incubated our soils
to 15 d because of the probability of organic matter con-
tamination with 32P over long incubations, as seen by
others with 15N (Bjarnason, 1988). Although one would
expect P mineralization to decrease over time due to ex-
haustion of the labile organic pool, the plateau often seen
in cumulative mesEt (e.g., López-Hernández et al., 1998)
may be an artifact of 32P being remineralized. Therefore,
to compute a mineralization rate using 32P, a time period
that is least likely to result in mineralization of 32P labeled
organic matter is an important consideration. Also, short
incubation times are more likely to give mineralization
rates that are more representative of in situ conditions.

CONCLUSIONS
Because of the inherent problems in the WV, LH, and

Z methods discussed previously, we recommend the use
of the KB method. The KB method has a strong theo-

retical basis for its equations based on the appropriate
mass balance equations, whereas the equations in the
other methods are largely empirical in nature. Di et al.
(2000) suggested that the KB method could be used for
gross P mineralization, but they did not test it or its as-
sumptions against other previously published methods.

Our results show that adsorption is difficult to correct
for in computing P mineralization rates. The WV and
Z methods require sterilized samples, which we have
shown to give varying results in estimating adsorption
for nonsterile soils when compared with mass balance
estimates of adsorption in the nonsterile soil. Although
the LH method does not use sterile soils to estimate
adsorption, it assumes that adsorption over 100 min can
be extrapolated over much longer time periods and that
microbial uptake of 32P is insignificant over the 100-min
incubation. Our results indicate that both assumptions
are violated.

Because of the erratic uptake and release of P by the
microbial community, the isotopic disequilibria of the Pi
and Pm pools, and the apparent lack of equilibration of
mineralized Pm with the Pi pool, we recommend, as did
Walbridge and Vitousek (1987), combining the Pm and
the Pi pools to determine isotopic dilution. Further, in
disagreement with Oehl et al. (2001), we recommend the
use of a mild extractant, such as sodium bicarbonate, for
sample extraction, as is done with the isotopic dilution
method to measure gross N mineralization (Davidson
et al., 1991).

Using the KB method with no sterilization and a mild
extractant represents a conservative estimate of P
mineralization that can be used in potentially any soil
type. The rapid decrease in recovery of 32Pi1m over sev-
eral hours suggests that an equilibration period of sev-
eral hours to 1 d be used before determining the initial
SA. Furthermore, this method could easily be developed
to include intact cores as discussed in Di et al. (2000) to
give in situ rates. Finally, because we recommend com-
bining the inorganic and microbial pool, the estimation
for the microbial pool requires higher precision than we
have demonstrated here. An appropriate estimation
requires that estimations of a kp value be determined for
each soil type as well as the recovery efficiency of 32P
from chloroform fumigated soils.

APPENDIX

Derivation of N

To solve for N, we begin with the original equation:

32Pi,t
32Pi,a

5 1
32Pi,1
32Pi,a 2 t 1 1

32Pi,1
32Pi,a 2

1=N
� �2N

1
32Pi,¥
32Pi,a

As pointed out by Frossard et al. (1996),
32Pi,¥
32Pi,a

ap-

proaches zero and therefore is negligible compared with

1
32Pi,1
32Pi,a 2 t 1 1

32Pi,1
32Pi,a 2

1=N
" #2N

, so it is removed from the

equation. Also, 1
32Pi,t51
32Pi,a 2

1=N

is negligible compared with t.

R
e
p
ro
d
u
c
e
d
fr
o
m

S
o
il
S
c
ie
n
c
e
S
o
c
ie
ty

o
f
A
m
e
ri
c
a
J
o
u
rn
a
l.
P
u
b
lis
h
e
d
b
y
S
o
il
S
c
ie
n
c
e
S
o
c
ie
ty

o
f
A
m
e
ri
c
a
.
A
ll
c
o
p
y
ri
g
h
ts

re
s
e
rv
e
d
.

1357KELLOGG ET AL.: GROSS P MINERALIZATION



Therefore, the equation to solve N is as follows:
32Pi,t
32Pi,a

5 1
32Pi,1
32Pi,a 2[t]

2N

log1
32Pi,t
32Pi,a 2 5 log 1

32Pi,1
32Pi,a 2[t]

2N

� �

log(32Pi,t) 2 log(32Pi,a) 5 log
32Pi,1
32Pi,a

� �
1 log(t2N)

log(32Pi,t) 2 log(32Pi,a) 5 log(32Pi,1) 2 log(32Pi,a)

2 Nlog(t)

Nlog(t) 5 log(32Pi,1) 2 log(32Pi,t)

N 5 log(32Pi,1/32Pi,t)(logt)
21

N is the slope of log(32Pi,1/32Pi,t) versus log(t), rather than the
slope of ln (32Pi,t/32Pi,a) versus ln (t).
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