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ABSTRACT
We utilized a factorial nitrogen (N), phosphorus (P), and potassium (K) addition experiment,
with nutrients added annually to a humid lowland forest in Panama, to study how the distribution
of P in the strongly weathered soil changed 1) over a seven-year period, 2) seasonally between
the wet season and dry season, and 3) in response to added nutrients. The sum of P extracted by
NaHCO3, NaOH, HCl, and H2SO4 from 0-15 cm depth interval was 259 + 17 mg P kg-1 dry soil
in 1997 versus 299 + 28 mg P kg-1 dry soil in 2004 in plots without added nutrients. Inorganic P
in the NaHCO3- and NaOH-extractable fractions decreased during the 7-year interval, whereas
organic P increased. Seasonal variations occurred for all fractions, except residual P. In
particular, values for NaOH-extractable inorganic P and NaHCO3-extractable organic P were
elevated in the wet season, whereas values for NaOH-extractable organic P and NaHCO3extractable inorganic P were elevated in the dry season. Chronic P addition lessened the seasonal
difference when peak values occurred in the wet season, but exacerbated the seasonal difference
for dry season peak values. Subsoil P was predominantly organic, suggesting downward
movement of organically bound P. These results indicate that P moves quickly between labile
and aluminum and iron associated fractions, suggesting very short residence times for P,
including organic P, which helps to alleviate poor soil P fertility.
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Abstract We utilized a factorial nitrogen (N), phosphorus (P), and potassium (K) addition
experiment, with nutrients added annually to a humid lowland forest in Panama, to study how the
distribution of P in the strongly weathered soil changed 1) over a seven-year period, 2)
seasonally between the wet season and dry season, and 3) in response to added nutrients. The
sum of P extracted by NaHCO3, NaOH, HCl, and H2SO4 from 0-15 cm depth interval was 259 +
17 mg P kg-1 dry soil in 1997 versus 299 + 28 mg P kg-1 dry soil in 2004 in plots without added
nutrients. Inorganic P in the NaHCO3- and NaOH-extractable fractions decreased during the 7year interval, whereas organic P increased. Seasonal variations occurred for all fractions, except
residual P. In particular, values for NaOH-extractable inorganic P and NaHCO3-extractable
organic P were elevated in the wet season, whereas values for NaOH-extractable organic P and
NaHCO3-extractable inorganic P were elevated in the dry season. Chronic P addition lessened
the seasonal difference when peak values occurred in the wet season, but exacerbated the
seasonal difference for dry season peak values. Subsoil P was predominantly organic, suggesting
downward movement of organically bound P. These results indicate that P moves quickly
between labile and aluminum and iron associated fractions, suggesting very short residence times
for P, including organic P, which helps to alleviate poor soil P fertility.

Additional keywords: extractable phosphorus, Hedley fractionation, strongly weathered soil,
organic bound P
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Introduction
Soil phosphorus (P) is borne in primary minerals, becomes available to organisms as weathering
releases inorganic P (Pi), but eventually cycles into 1) organic forms (Po), 2) binds to Ca2+, Al3+,
or Fe3+, or 3) becomes physically protected (occluded P) (Walker and Syers 1976). In strongly
weathered soils, most P occurs in these occluded forms (Tiessen et al. 1984; Dieter et al. 2011).
Therefore, the availability of P to maintain forest productivity on strongly weathered soils in the
tropics presents an interesting conundrum (Vitousek et al. 2010), given that most of the P should
be relatively unavailable to plants. Sequential extraction is a common way to characterize the
different forms of soil P (Chang and Jackson 1957; Condron and Newman 2011), and the
fractionation method developed by Hedley et al. (1982) uses a series of reagents designed to
remove Pi and Po bound with increasing strength: NaHCO3 for labile P; NaOH for P bound to
secondary minerals; HCl for P in primary minerals; and finally, H2SO4 and H2O2 for occluded P.
The labile and bound fractions of P in strongly weathered soil might have shorter
residence time than expected. One reason is that most tropical regions have seasonal drought,
and soil drying can influence P fractions in several ways. For example, drying can disrupt
organic matter coatings on mineral particles, exposing fresh surfaces for sorption and desorption
of Pi and Po (Haynes and Swift 1989). Drying also can alter mineral crystals and reduce the
capacity for sorption (McLaughlin et al. 1981). Although, soil microbes can access P sorbed to
minerals during the dry season (Olander and Vitousek 2004), microbial cells desiccate during
prolonged drought (Kieft et al. 1987), and cells can lyse upon rewetting, releasing soluble Po
(Turner and Haygarth 2001; Turner et al. 2003). On the other hand plant demand for Pi during
the wet season can deplete labile forms of P (Vandecar et al. 2009). Therefore, movement of P
among different fractions in relation to seasonal drought is unclear.
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Nutrient fertilization provides an investigative way to examine the biogeochemistry of P
in soils. According to reservoir theory (Eriksson 1971) the amount of nutrient in a particular
fraction in the soil will respond to a new chronic input value as a function of its residence time.
Thus, a rapid increase in concentration indicates a very short residence time, whereas no
immediate increase in magnitude with chronic input indicates a long residence time. We took
advantage of a factorial nitrogen (N), P, and potassium (K) addition experiment, initiated in 1998
with nutrients added annually to a humid lowland forest in Panama (Wright et al. 2011). Here we
examine changes in soil P fractions prior to the onset of nutrient addition in 1997 and again after
seven years of chronic nutrient addition. We also examined seasonal patterns using soils
collected in the late part of a 4-month dry season versus in the middle of the wet season. The
temporal dynamics provide insight into the residence time of P in different fractions. For
example, we expected that values for P in labile fractions would show considerable temporal
variation reflecting plant uptake and microbial immobilization versus return to soil via litterfall.
In contrast, we expected that P in bound fractions would show less temporal change. Combining
temporal dynamics with the nutrient fertilization experiment allowed us to determine how
quickly P cycles into organic, bound, and occluded fractions.
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Materials and Methods
Study site
The study was conducted on the Gigante Peninsula (9 06’31” N, 79 50’37” W), part of the Barro
Colorado Nature Monument, Republic of Panama. The chronic fertilization experiment began in
1998 and has been described in detail elsewhere (Wright et al. 2011; Yavitt et al. 2011). The site
supports mature, semi-deciduous rain forest at least 200 years old (Wright et al. 2011). Annual
precipitation averages 2600 mm, with <10% falling during a 4-month dry season (late December
to late April). Soils on Gigante Peninsula are Oxisols developed on Miocene basalt and are
morphologically similar to the Typic Eutrudox on nearby BCI (Dieter et al. 2010). Topsoil
texture is clay. Average values across all plots (± one standard error, n=32) were: clay (<0.002
mm) = 73.7 ± 2.2%, silt (0.002–0.05 mm) = 12.4 ± 2.1%, sand (0.05–2.0 mm) = 13.9 ± 1.3%
(determined by the pipette method following pre-treatment by H2O2 to destroy organic matter
and sodium dithionite to dissolve iron oxides (Gee and Or 2002).
We replicated the eight treatments of a 2 × 2 × 2 factorial NPK experiment four times.
We placed the four replicates perpendicular to the 36-m topographic gradient because soil
properties (Yavitt et al. 2009) and tree distributions parallel the gradient. Within each replicate,
we blocked the N, P, K and NPK treatments vs. the NP, NK, PK, and control treatments. This
balanced incomplete-block design minimizes uncontrolled error associated with spatial
heterogeneity, enables evaluation of main effects and two-way interactions, but limits the power
to evaluate the three-way interaction (Winer 1971). The 32 treatment plots were 40 X 40 m with
a minimum distance of 40 m between plots, except for two plots were separated by 20 m and a 3
m deep stream channel.
Fertilizer treatments began in June 1998. Fertilizers are added by hand in four equal
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doses each wet season with 6-8 weeks between applications (15-30 May, 1-15 July, 1-15
September, and 15-30 October). Nitrogen is added as coated urea [(NH2)2CO] at an annual dose
of 125 kg N ha-1 yr-1; P is added as triple superphosphate [Ca(H2PO4)2.H2O] at an annual dosage
of 50 kg P ha-1 yr-1; and K is added as KCl at an annual dosage 50 kg K ha-1 yr-1. Similar doses
are used in forestry (Smethurst 2010) and have also been used in tropical montane studies (100–
150 kg N, 50–65 kg P, 50 kg K, e.g. Tanner et al. 1992). Four additional plots received a
micronutrient fertilizer (Scott’s Soluble Trace Element Mix) consisting of HBO2, CuSO4, FeSO4,
MnSO4, ZnSO4 and (NH4)6Mo7O24 at 25 kg ha-1 yr-1 plus dolomitic limestone CaMg(CO3)2 at
230 kg ha-1 yr-1.
Soil analysis
Soil samples were collected during the wet season in September 1997, prior to the first fertilizer
application. We note that 1997 was the driest year in Panama, and we postponed the nutrient
fertilization one year until 1998. A surface sample was collected with a hand trowel from 0–0.15
m depth, excluding litter and debris at the upper surface. Three scoops of soil from within 0.5 m
of the sample point were bulked and a 300-g sample of this bulked soil was collected. A deeper
soil sample (0.3–0.45 m depth was collected with a Dutch auger. Soils were resampled within
one meter of the original locations in the wet season in July 2004 and in the dry season in April
2005 using a soil auger.
Soil samples were divided into portions for various analyses. Field-moist portions were
used for soil moisture determination by quantifying the change in mass before and again after
oven drying at 105°C for 48 hours.
We characterized P in soil using the sequential P fractionation described by Tiessen and
Moir (1993) with minor modifications. The method extracts P with differing degrees of
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availability held in a variety of inorganic and organic forms. We did not use anion exchange
resin for the most labile Pi bound to soil surfaces; rather, we assume that the most labile P was
included in the NaHCO3 extract. We did the NaOH, HClweak, and HClstrong extracts as prescribed.
Inorganic P (Pi) was determined colorimetrically in NaHCO3, NaOH, HClweak, and HClstrong
extracts (Murphy and Riley 1962). Total P in each extract, except the HClweak, was determined
following digestion with ammonium persulfate and H2SO4, and organic bound P (Po) was the
difference between total P and Pi.

Statistical analysis
We used repeated measures analysis of variance (ANOVA) to evaluate differences among
treatments (grouping factors), sampling dates (repeated measures factors) and their interactions
for each P fraction. Between-subjects (henceforth, between-plot) effects evaluate responses over
the entire treatment. Within-subject (henceforth, within-plot) effects evaluate variation among
years and interactions among treatments and year. We used Levene's test to determine whether
variances were homogeneous for the eight NPK factorial treatments. If necessary, the data were
transformed to achieve homogeneity.
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Results
The sum of Pi and Po extracted from soil collected in the wet season in 2004 was considerably
greater than total P determined by ignition at 550oC for 1 hr followed by extraction in 1 M
H2SO4, albeit, for soil collected in 2006 (Figure 1; Turner et al. unpublished data). We realize
this compares extractable P to total P in soils collected in different years; however, it shows that
summation of extracted P overestimates total P in our study site. Consequently we have excluded
the HClstrong fractions from further analyses.
No differences in the sum of extractable P were detected in surface soil and in subsurface
soil across the 7-year time period for plots without added P (Table 1). In contrast, sum of
extractable P was significantly greater in surface soil from plots with added P in 2004 versus the
same plots in 1997. The significant time difference did not extend to the subsoil (Table 1),
although in the 2004 collection the sum of extractable P was greater in plots with added P versus
those that did not have P in the fertilizer (p = 0.0393). This effect, in part, reflects spatial
heterogeneity of extractable P across the 38.4-ha study area.

Surface soils (Figure 2, Table 2)
We found several significant differences in values for soils collected in the wet season in 2004
versus the dry season in 2005. For plots that did not receive added P, values were greater in the
dry season than in the wet season for NaHCO3 Pi, NaOH Po, and HClweak Pi, whereas values were
greater in the wet season than in the dry season for NaHCO3 Po and NaOH Pi. Values did not
vary seasonally for residual P.
Analysis of variance indicated that added N and K did not have a significant impact on
values for P fractions. In contrast, added P had several significant impacts. Hence we compare
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results separately for plots with added P versus without P addition. Phosphorus additions had
much larger impacts on NaHCO3 Pi, NaHCO3 Po and HClweak Pi in the dry season than in the wet
season. In contrast, P additions increased values for NaOH Pi and NaOH Po two- to three-fold in
both the wet season and in the dry season.

Subsurface soil (Figure 3)
For plots that did not receive added P, values for the Pi fractions, NaHCO3, NaOH, and HClweak,
were not significantly different in soils collected in 1997 versus those collected in the wet season
in 2004. In contrast, the Po fractions showed large differences among years with NaHCO3 Po
being larger in 2004 than in 1997, whereas the reverse was observed for the NaOH Po fraction.
We did not examine seasonal patterns for extractable P in subsoil, assuming that we would not
be able to detect meaningful differences over such a short time period.
For the nutrient addition experiment, plots with added P had greater values compared to
plots without added P for NaHCO3 Pi (F1,18 = 6.41, p = 0.021), NaHCO3 Po (F1,18 = 25.08, p
<0.001), NaOH Pi (F1,18 = 10. 33, p = 0.005), and HClweak (F1,18 = 20.05, p <0.001).
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Discussion
It is important to understand soil P availability in tropical forests, because strongly weathered
soils can have less than adequate levels of readily available P to support maximum plant
production. Phosphorus partitions between Pi and Po forms as soils weather, and these forms can
show differential sorption onto surfaces of secondary clay minerals (Shang et al. 1990; Berg and
Joern 2006). The residence times of P in different fractions in strongly weathered soils have
received limited study. Here we examined soil P fractions in a humid lowland forest in Panama
in response to seasonal drought and with seven years of chronic nutrient fertilization. We can
conclude that Pi and Po in the NaHCO3 and NaOH fractions have short residence times, which
help to alleviate low P availability of the site.
The sum of Pi and Po extracted from surface and subsurface soils exceeded the amount of
total P, albeit, for soils collected two years apart. We believe that the HClstrong fraction accounts
for the discrepancy. We analyzed this fraction following Tiessen and Moir (1993), which
suggested that HClstrong might provide more information on occluded forms of Pi and Po residing
within the structure of iron (Fe) and aluminum (Al) minerals. Certainly, such minerals exist in
the study suite, but the large difference between the sum of extractable P and total P (Figure 1)
cannot be ignored. It is not clear why the large difference occurred, but it might be a feature of
strongly weathered soils (Blake et al. 2003). Benzing and Richardson (2005) provide an
alternative explanation: P in the HClstrong fraction could have been extracted from secondary
minerals by NaOH, but it bound quickly to Ca2+ and was recovered subsequently as Ca-P in the
HClstrong fraction. This does not mean that all of the P recovered in the HClstrong fraction should
be added to the NaOH fraction, as silicon extracted by HClstrong can interfere with the
colorimetric analyses for P, resulting in larger than actual values (Aspila et al. 1976).
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Tiessen and Moir (1993) suggested that some of the Po in the HClstrong fraction might be
available to plants and soil microbes. We found Po values of 225 + 15 mg P kg-1 dry soil in the 015 cm depth interval and 181 + 13 mg P kg-1 dry soil in the 30-45 cm depth interval. Although
these values seem fairly large, there are few data from other strongly weathered soils for
comparison. Nevertheless, we acknowledge that Po might be lurking in the HClstrong fraction in
strongly weathered soils, which deserves further study.
Phosphorus fractions in the surface soils in our site show some distinctive features for an
Oxisol (Yang and Post 2011). For example, the amount of labile P, defined as NaHCO3 Pi plus
NaHCO3 Po, equals 32 mg P kg-1 dry soil, which is a bit larger than a mean value of 20 (+19 SD)
mg P kg-1 dry soil found in other Oxisols, We also note that labile P was 97% NaHCO3 Po
compared to a typical value of 50% for labile Po in other Oxisols. Residual P is typically the
largest fraction in Oxisols, i.e., about 60% of the total, whereas residual P was 38% of the total in
our study site. In contrast, organic P, defined as NaHCO3 Po plus NaOH Po, was a larger
percentage: 46% in our site versus 18% in other Oxisols. This percentage also is greater than an
average value for soils in Panama (Turner and Engelbrechect 2011). A portion of our study site
has somewhat poorly drained soils near drainage creeks, and it is plausible that the soil organic
matter accumulation in these soils led to the somewhat larger percentage of Po (Turner and
Engelbrechect 2011). In contrast, secondary Pi, defined as NaOH Pi, was a smaller percentage:
4% in our site versus 15% in other Oxisols. Hence, the amount of extractable P in our site is
similar to values in other strongly weathered Oxisols, but more of the extractable P is in organicbound fractions than usual. Typically, predominance of Po is associated with grassland soils
(Negassa and Leinweber 2009).
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A meta-analysis by Johnson et al. (2003) showed that availability of P to plants and
microorganisms has several definitions in the literature. The most readily available is Pi that
sorbs to anion-exchange membrane. However, several researchers have argued that plantavailable P should include labile Pi that is weakly bound to charged surfaces and extractable by
weak acid and / or salt solutions. One measure is Bray-extractable P (Bray and Kurtz 1945).
Values for Bray-P are < 2 mg P kg-1 dry soil in our study area (Yavitt et al. 2009), which are low
enough to limit plant growth in bioassays (Denslow et al. 1987). Although larger values for
NaHCO3-extractable P (see above) suggest better soil fertility, most of this fraction is Po, and
NaHCO3 Po might occur mostly within microbial cells with release tied to soil drying (Turner et
al. 2003).
Soil P fractions had relatively homogeneous distribution across the 38.4-ha study area.
Values for the Coefficient of Variation (CVs) for P in different fractions were 35 to 50% (N = 36
for soil collected in1997 prior to the nutrient fertilization treatments). This level of variation is
quite similar to the variation that Heilmann et al. (2005) reported for a fairly similar sampling
effort (N = 40) in a 6.25-ha study area in Germany, with CVs of 33%. It is notable that CV
values for P fractions are towards the low end of values for other soil chemical properties in our
site, where CVs are as large as 200% (Yavitt et al. 2009). One explanation is that P is used
essentially the same way in all plants and microorganisms (Makino et al. 2003), and thus biotic
activity tends to homogenize levels of P across a landscape.
For plots without added P, values for NaHCO3 Pi and NaHCO3 Po were significantly
different in soils collected in 1997 versus the wet season in 2004. In contrast, values for NaOH
Pi, NaOH Po, HClweak Pi, and residual P did not differ significantly in soils collected seven years
apart. Different values for NaHCO3 extractable Pi and Po in surface soil in1997 versus 2004 are
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neither surprising nor predictable. Undoubtedly, values for labile P swing widely in response to
input, plant uptake and microbial immobilization of Pi, and mineralization of Po to Pi.
The decrease in the magnitude of the NaHCO3 Pi fraction of 3 mg P kg-1 dry soil between
the dry season and wet season is consistent with plant uptake and microbial immobilization of
labile P during the wet, growing season. For NaHCO3 Po, however, greater values in the wet
season than in the dry season presents a conundrum. Most studies in the literature report that
values for the NaHCO3 Po fraction peak in the non-growing season and decline during the
growing season, driven by Po mineralization and plant demand for available P (cf., Perrott et al.
1990; Chen et al. 2003). In our case, however, the peak value during the wet plant-growth season
does correlate with the maximum rate of litter decomposition (Wieder and Wright 1995),
suggesting litter decay is a proximate source for NaHCO3 Po in the mineral soil (Blair and
Boland 1978; Vincent et al. 2010). This also suggests a very short residence time for NaHCO3 Po
in the mineral soil, given that the amount appears to respond quickly to elevated input of Po from
litter decomposition.
The large seasonal change in the NaOH Pi fraction, 32 mg P kg-1 dry soil greater in the
wet season than in the dry season, was unexpected. This fraction is associated with Fe and Al
oxide minerals, and though potentially plant-available (Richter et al. 2006), it is not thought to be
as labile as NaHCO3 Pi. Assuming the residence time is longer for NaOH Pi than for NaHCO3 Pi,
the buildup of NaOH Pi during the wet plant-growth season might reflect a lag in its response to
seasonal inputs and outputs. Alternatively, the binding ability of Fe and Al oxides for NaOH Pi
might be greater in the wet season than in the dry season. For instance, Chacon et al. (2008)
found that the concentration of the NaOH Pi fraction increased by about 13 mg P kg-1 dry soil
upon soil flooding in tropical Venezuela, suggesting that Pi has better sorption to Fe and Al

14
oxides when soil is flooded. However, in that study, flooding caused the iron reduction from Fe3+
to Fe2+, which provided better sorption. There is no large-scale evidence of seasonal iron
reduction (gleying) in our study site, although it might occur in small pockets in the soil. The
same seasonal dynamic of NaOH Pi occurs in tropical dry forests, which are characterized by a
prolonged drought and a short wet season (Valdespino et al. 2009), implying that large-scale
gleying is not necessary.
There is a general notion in the literature that seasonal dynamics for the NaOH Po
fraction parallel the NaHCO3 Po fraction (cf., Herr et al. 2007). However, this is not necessary so
(cf., Fabre et al. 1996). Assuming that litter decomposition in the wet season is the proximate
source of Po for both the NaHCO3 Po and NaOH Po fractions, Fe and Al oxides might be better
suited for Po sorption in the dry season than in the wet season, accounting for the large dry
season values for NaOH Po. A similar situation occurs in rice paddy soils, in which NaOH Po
levels are much greater in dry than in flooded soils (Darilek et al., 2011). The explanation is that
the redox status of Fe plays a large role in NaOH Po dynamics in paddy soils, in particular, the
reduction of Fe3+ to Fe2+ reduces the adsorption of NaOH Po (Zhang et al. 1994). Clearly studies
of potential P sorption with soils collected seasonally and at different soil moisture levels are
needed to explain the complex patterns between Pi and Po extracted by NaHCO3 and NaOH
observed here.
No seasonal differences in the HClweak Pi and Residual P fractions agrees with the long
residence time of mineral bound and occluded fractions (Richter et al. 2006), and thus seasonal
variations in values are not likely to occur. On the other hand, McGroddy et al. (2008) found
seasonal fluctuation in the amount of Residual P in a tropical soil in Brazil, and thus the
residence time of this fraction might be more variable than expected.
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Another unexpected finding was that the sum of extractable P was 30% greater in the 3045 cm depth interval compared to that in the 0-15 cm depth interval (paired t-test p < 0.001, n =
36). Typically, extractable P is concentrated at the soil surface. In our case, the pattern seemed to
be driven by elevated values for Po in the subsurface soil. Wagar et al. (1986) suggested that Po is
the predominant form of extractable P below 15 cm in soils, because Po is more mobile than Pi,
and thus Po moves downward more readily than Pi. Somewhat surprising was the finding that
NaHCO3 Po and NaOH Po in subsurface soil showed different values in 1997 versus 2004. The
very large decrease in NaOH Po without a concomitant increase in the size of the NaOH Pi
fraction suggests that either there has been a sharp decline in the deposition of Po in the
subsurface over the time period, or mineralization of NaOH Po fueled plant uptake and microbial
immobilization. We do know that plant roots and associated mycorrhizal fungi can access Pi in
subsurface soil, if necessary, bringing it to the surface to support growth (Lynch and Ho 2005;
Porder et al. 2006), where it then cycles between surface soil and litterfall.
In order to interpret results of the nutrient fertilization treatment, our experimental design
bears mention. We have maintained a factorial NPK addition experiment since 1998. Chronic
addition of nutrients, broadcast across large plots (40 x 40 m in our study) are uncommon in
natural forests (cf., Wright et al. 2011). The aim is to increase soil fertility at the ecosystem level
rather than apply nutrients to individual trees, as is the goal in most forestry operations (Miller
1981). Nitrogen is added as urea, and urea mineralization has acidified the soil by one pH unit
(Yavitt et al. 2011). This should increase P binding to Fe and Al oxides. However, we did not
detect a treatment effect of added N on any of the soil P fractions. In contrast, trunk growth rates
have responded to chronic N and K additions (Wright et al. 2011). Part of the explanation is that
added K has reduced fine root biomass, suggesting that plants maintain fewer roots when K is
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abundant in soil, and thus bole growth has responded. Added P has increased the concentration
of P in leaves and in reproductive parts (flowers and fruits) that are returned to soil in litter fall
and fuel Po input into the mineral soil.
Although we apply nutrient fertilizers during the wet season, the largest responses in P
fractions appeared in the dry season. We noticed two patterns in the responses. For NaHCO3 Pi
and NaOH Po, which have greater values in the dry season than in the wet season, P additions
exacerbated the seasonal difference. This reinforces the notion that sorption of NaHCO3 Pi and
NaOH Po to soil colloids in the dry season largely controls the size and seasonal dynamics of
these extractable fractions. In contrast, for NaHCO3 Po and NaOH Pi, both of which have greater
values in the wet season than in the dry season, added P lessened the seasonal differences. There
might be multiple explanations for this pattern. For example, we argued above that Po loss from
decomposing litter controlled the seasonal dynamic in the NaHCO3 Po fraction. Therefore
elevated values in the dry season in soil with added P might reflect early onset of decomposition
in litter with added P (Kaspari et al. 2008) as well as more P coming from the litter in plots with
added P. We also note that the dry season in 2005, when we made measurements, was about 27%
wetter than normal (versus average dry season rainfall between 1994 to 2011). Therefore, rains
in March and in April could have mobilized Po from litter in plots with added P. For NaOH Pi,
we can only speculate that larger values occur when plant uptake and microbial immobilization
are relaxed during the dry season. Hence, plant uptake and microbial immobilization might
control dynamics of NaOH Pi to a greater extent than expected.
Research in agricultural soils has shown overwhelmingly that P fertilizers remain in
surface soils. The main reason is very high phosphate fixation capacity of soil materials, and thus
there are few examples in which subsurface soils show a response to chronic P additions (cf.,
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Wang et al. 2007; Rivaie et al. 2008). Therefore, our finding that added P increased values for
fractions, except NaOH Po, in subsurface soil suggests downward movement of added P. This
might be an initial response to P saturation, much like that observed for chronic N additions
(Corre et al. 2010).
Overall, we added 350 kg P ha-1 during the seven year study period. By comparison, we
estimate that we recovered 57% from soil in extractable fractions: 118 kg P ha-1 in the 0-15 cm
depth interval, 67 kg P ha-1 in the 15-30 cm depth interval, and 17 kg P ha-1 in the 30-45 cm
depth interval. The amount in the 15-30 cm depth interval is a linear extrapolation of measured
values in the depth intervals above and below. We know that an additional 1.8 kg P ha-1 has been
added to nutrient cycle in leaf and reproductive litter (Wright et al. 2011), leaving a relatively
large percentge unaccounted for. We suspect, at least, some of the missing P is residing in the
HClstrong fraction, presumably as Po. Finding 40% of fertilizer P is a mystery that awaits further
study.

18
REFERENCES
Aspila KI, Agemian H, Chau ASY (1976) A semi-automated method for the determination of
inorganic, organic and total phosphate in sediments. Analyst 101, 187-197.
Benzing P, Richardson CJ (2005) CaCO3 causes underestimation of NaOH-extractable
phosphorus in sequential fractionations. Soil Science 170, 802-809.
Berg AS, Joern BC (2006) Sorption dynamics of organic and inorganic phosphorus compounds
in soil. Journal of Environmental Quality 35, 1855-1862
Blair GJ, Boland OW (1978) The release of phosphorus from plant material added to soil.
Australian Journal of Soil Research 16, 101-111.
Blake L, Johnston AE, Poulton PR, Goulding KWT (2003) Changes in soil phosphorus fractions
following positive and negative phosphorus balances for long periods. Plant and Soil
254, 245-261
Bray RH, Kurtz LT (1945) Determination of total, organic and available forms of phosphorus in
soils. Soil Science 59, 39-45.
Chacón N, Dezzeo N, Flores S, Rangel M (2008) Seasonal changes in soil phosphorus dynamics
in relation to root mass along a flooded tropical forest gradient in the lower Orinoco
River, Venezuela. Biogeochemistry 87, 157-168.
Chang SC, Jackson ML (1957) Fractionation of soil phosphorus. Soil Science 84, 133–144
Chen CR, Condron LM, Davis MR, Sherlock RR (2003) Seasonal changes in soil phosphorus
and associated microbial properties under adjacent grassland and forest in New Zealand.
Forest Ecology and Management 177, 539-557.
Condron LM, Newman S (2011) Revisiting the fundamentals of phosphorus fractionation of
sediments and soils. Journal of Soils and Sediments 11, 830-840.

19
Corre MD, Veldkamp E, Arnold J, Wright SJ (2010) Impact of elevated N input on soil N
cycling and losses in old-growth lowland and montane forests in Panama. Ecology 91,
1715-1729.
Darilek JL, Sun WX, Huang B, Wang ZG, Qi YB, Weindorf DC (2011) Effect of moisture
conditions in rice paddies on phosphorus fractionation in agriculture soils of rapidly
developing regions of China. Communications in Soil Science and Plant Analysis 42,
1752-1764
Denslow JS, Vitousek PM, Schultz JC (1987) Bioassays of nutrient limitation in a tropical
rainforest soil. Oecologia 74, 370-376.
Dieter D, Elsenbeer H, Turner BL (2010) Phosphorus fractionation in lowland tropical rainforest
soils in central Panama. Catena 82,118-125
Eriksson E (1971) Compartment models and reservoir theory. Annual Review of Ecology and
Systematics 2, 67-84.
Fabre A, Pinay G, Ruffinoni C (1996) Seasonal changes in inorganic and organic phosphorus in
the soil of a riparian forest. Biogeochemistry 35, 419-432
Gee GW, Or D (2002) Particle size analysis. In ‘Methods of soil analysis, part 4 - physical
methods’. (Eds JH Dane, C Topp) pp. 255-293. (Soil Science Society of America:
Madison, WI)
Haynes RJ, Swift RS (1989) The effects of pH and drying on adsorption of phosphate by
aluminum-organic matter associations. Journal of Soil Science 70, 773-781.
Hedley MJ, Stewart JWB, Chauhan BS (1982) Changes in the inorganic and organic soil
phosphorus fractions induced by cultivation practices and by laboratory incubations. Soil
Science Society of America Journal 46, 970-976

20
Heilmann E, Leinweber P, Ollesch G, Meißner R (2005) Spatial variability of sequentially
extracted P fractions in a silty loam. Journal of Plant Nutrition and Soil Science 168,
307-315.
Herr C, Chapuis-Lardy L, Dassonville N, Vanderhoeven S, Meerts P (2007) Seasonal effect of
the exotic invasive plant Solidago gigantea on soil pH and P fractions. Journal of Plant
Nutrition and Soil Science 170, 729-738.
Johnson AH, Frizano J, Vann DR (2003) Biogeochemical implications of labile phosphorus in
forest soils determined by the Hedley fractionation procedure. Oecologia 135, 487-499.
Kaspari M, Garcia MN, Harms KE, Santana M, Wright SJ, Yavitt JB (2008) Multiple nutrients
limit litterfall and decomposition in a tropical forest. Ecology Letters 11, 35-43.
Kieft TL, Soroker E, Firestone MK (1987) Microbial biomass response to a rapid increase in
water potential when dry soil is wetted. Soil Biology & Biochemistry 19, 119–126
Lynch JP, Ho MD (2005) Rhizoeconomics: carbon costs of phosphorus acquisition. Plant and
Soil 269, 45-56.
Makino W, Cotner JB, Sterner RW, Elser JJ (2003) Are bacteria more like plants or animals?
Growth rate and resource dependence of bacterial C : N : P stoichiometry. Functional
Ecology 17, 121-130.
McGroddy ME, Silver WL, de Oliveira RC, de Mello WZ, Keller M (2008) Retention of
phosphorus in highly weathered soils under a lowland Amazonian forest ecosystem.
Journal of Geophysical Research-Biogeosciences 113, GO4012.
doi:10.1029/2008JG000756
McLaughlin JR, Ryden JC, Syers JK (1981) Sorption of inorganic-phosphate by iron-containing
and aluminum-containing components. Journal of Soil Science 32, 365-377.

21
Miller HG (1981) Forest fertilization: some guiding concepts. Forestry 54, 157-167.
Murphy J, Riley JP (1962) A modified single solution method for the determination of phosphate
in natural waters. Analytica Chimica Acta 27, 31-36.
Negassa W, Leinweber P (2009) How does the Hedley sequential phosphorus fractionation
reflect impacts of land use and management on soil phosphorus: a review. Journal of
Plant Nutrition and Soil Science 172, 305-325.
Olander LP, Vitousek PM (2004) Biological and geochemical sinks for phosphorus in soil from a
wet tropical forest. Ecosystems 7, 404–419.
Newbery DM, Alexander IJ, Rother JA (1997) Phosphorus dynamics in a lowland Africian rain
forest: the influence of ectomycorrhizal trees. Ecological Monographs 67, 367-409.
Perrott KW, Sarathchandra SU, Waller JE (1990) Seasonal storage and release of phosphorus
and potassium by organic matter and the microbial biomass in a high-producing pastoral
soil. Australian Journal of Soil Research 28, 593–608
Porder S, Clark DB, Vitousek PM (2006) Persistence of rock-derived nutrients in the wet tropical
forests of La Selva, Costa Rica. Ecology 87, 594-602.
Richter DD, Allen HL, Li JW, Markewitz D, Raikes J (2006) Bioavailability of slowly cycling
soil phosphorus: Major restructuring of soil-P fractions over four decades in an aggrading
forest. Oecologia 150, 259–271.
Rivaie AA, Loganathan P, Graham JD, Tillman RW, Payn TW (2008) Effect of phosphate rock
and triple superphosphate on soil phosphorus fractions and their plant-availabilty and
downward movement in two volcanic ash soils under Pinus radiata plantations in New
Zealand. Nutrient Cycling in Agroecosystems 82, 75-88.

22
Shang C, Huang PM, Stewart JWB (1990) Kinetics of adsorption of organic and inorganic
phosphates by short-range ordered precipitate of aluminium. Canadian Journal of Soil
Science 70, 461–470
Smethurst PJ (2010) Forest fertilization: trends in knowledge and practice compared to
agriculture. Plant and Soil 335, 83-100.
Tanner EVJ, Vitousek PM, Cuevas E (1998) Experimental investigation of nutrient limitation of
forest growth on wet tropical mountains. Ecology 79, 10–22.
Tiessen H, Moir JO (1993) Characterization of available P by sequential extraction,. In ‘Soil
sampling and methods of analysis’. (Ed MR Carter) pp. 75-86. (Lewis: Boca Raton,
Florida)
Tiessen H, Stewart JWB, Cole CV (1984) Pathways of phosphorus transformations in soils of
differing pedogenesis. Soil Science Society of America Journal 48, 853–858.
Turner BL, Haygarth PM (2001) Phosphorus solubilization in rewetted soils. Nature 411, 258.
Turner BL, Engelbrecht BMJ (2011) Soil organic phosphorus in lowland tropical rain forests.
Biogeochemistry 103, 297-315.
Turner BL, Newman S, Reddy KR (2006) Overestimation of organic phosphorus in wetland soils
by alkaline extraction and molybdate colorimetry. Environmental Science & Technology
40, 2249-2254.
Turner BL, Driessen JP, Haygarth PM, McKelvie ID (2003) Potential contribution of lysed
bacterial cells to phosphorus solubilisation in two rewetted Australian pasture soils. Soil
Biology & Biochemistry 35, 187–189

23
Valdespino P, Romualdo R, Cadenazzi L, Campo J (2009) Phosphorus cycling in primary and
secondary seasonally dry tropical forests in Mexico. Annals of Forest Science 66, 107
DOI: 10.1051/forest:2008075
Vandecar KL, Lawrence D, Wood T, Oberbauer SF, Das R, Tully K, Schwendenmann L (2009)
Biotic and abiotic controls on diurnal fluctuations in labile soil phosphorus of a wet
tropical forest. Ecology 90, 2547–2555.
Vincent AG, Turner BL, Tanner EVJ (2010) Soil organic phosphorus dynamics following
perturbation of litter cycling in a tropical moist forest. European Journal of Soil Science
61, 48–57
Vitousek PM, Porder S, Houlton BZ, Chadwick OA (2010) Terrestrial phosphorus limitation:
mechanisms, implications, and nitrogen-phosphorus interactions. Ecological Applications
20, 5–15.
Wagar BI, Stewart JWB, Moir JO (1986) Changes with time in the form and availability of
residual fertilizer phosphorus on Chernozemic soils. Canandian Journal of Soil Science
66, 105–119
Walker TW, Syers JK (1976) The fate of phosphorus during pedogenesis. Geoderma 15, 1-9.
Wang X, Lester DW, Guppy CN, Lockwood PV, Tang C (2007) Changes in phosphorus
fractions at various soils depsths following long-term P fertiliser application on a Black
Vertisol from south-eastern Queensland. Australian Journal of Soil Research 45, 524532.
Wieder RK, Wright SJ (1995) Tropical forest litter dynamics and dry season irrigation on Barro
Colorado Island, Panama. Ecology 76, 1971-1979.
Winer BJ (1971) ‘Statistical principles in experimental design.’ (McGraw-Hill: New York)

24
Wright SJ, Yavitt JB, Wurzburger N, Turner BL, Tanner EVJ, Sayer EJ, Santiago LS, Kaspari
M, Hedin LO, Harms KE, Garcia MN, Corre MD (2011) Potassium, phosphorus or
nitrogen limit root allocation, tree growth and litter production in a lowland tropical
forest. Ecology 92, 1616-1625.
Yang X, Post WM (2011) Phosphorus transformations as a function of pedogenesis: A synthesis
of soil phosphorus data using Hedley fractionation method. Biogeosciences 8, 2907-2916.
Yavitt, J.B., Harms, K.E., Garcia, M.N., Wright, S.J., He, F, Mirabello MJ (2009) Spatial
heterogeneity of soil chemical properties in a lowland tropical moist forest, Panama.
Australian Journal of Soil Research 47, 674–687.
Yavitt JB, Harms KE, Garcia MN, Mirabello MJ, Wright SJ (2011) Soil fertility and fine root
dynamics in response to 4 years of nutrient (N, P, K) fertilization in a lowland tropical
moist forest, Panama. Austral Ecology 36, 433–45.
Zhang YS, Werner W, Scherer H W, Sun X (1994) Effect of organic manure on organic
phosphorus fractions in two paddy soils. Biology and Fertility of Soils 17, 64-68 .

25
Table 1. Sum of extractable P (mg P kg-1 dry soil) for collects seven years apart, and test of
statistical difference
Depth = cm; = pre-treatment value
Treatment

Depth

1997

2004

-P

0-15

259 + 17

299 + 28

0.2566

+P

0-15

243 + 18

430 + 64

0.0096

-P

30-45

340 + 12

310 + 20

0.4937

+P

30-45

356 + 17

369 + 17

0.4528

P
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Table 2. Analysis of variance for soil P fractions (0-15 cm depth interval) in response to P
addition and wet season versus dry season.
Added P

Season

Fraction

F

P

NaHCO3 Pi

8.12

0.011

65.01

<0.001

NaHCO3 Po

14.71

0.001

6.22

0.023

NaOH Pi

61.85

<0.001

52.58

<0.001

NaOH Po

6.47

0.020

34.71

<0.001

25.20

<0.001

33.39

<0.001

HClweak Pi

F

P
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Figure Legends
Fig. 1. Sum of P in extractable fractions versus total P measured independently for surface soils
in (a) plots without add P and (b) plots with added P.

Fig. 2. Soil P fractions for surface soils.

Fig. 3. Soil P fractions for subsurface soils.
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