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Abstract The effects of natural hydrological fluc-
tuations on the nature and bioavailability of soil
phosphorus (P) in relation to iron (Fe) and aluminum
(Al) chemistry and root mass were studied along a
flooded tropical forest gradient in Mapire river,
Venezuela. Soil samples were collected following a
complete natural hydroperiod: end of the dry season
(May 2004), end of the rainy season (November
2004) and end of the subsequent dry season (May
2005), and from three zones subjected to different
flooding intensities: MAX, MED and MIN zones
inundated for 8, 5 and 2 months per year respectively.
The results showed that flood induced the increase of
resin-Pi in the MAX zone, but not in the MED and
MIN zones. Flood in the soil of the MAX zone also
induced the increase of the NaOH-Pi fraction, which
removes inorganic P sorbed onto secondary Fe and Al
minerals. Changes in this redox-sensitive P form can
be considered indirect evidence that P in the MAX
zone can be released from the dissolution of iron
oxyhydroxide. This field study also showed that along
the flooded forest gradient, fine root mass declined
during the flood event. However, such decline was
more pronounced in the MIN zone than in the MAX
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zone. In this zone fine root mass was higher than in
the other zones.
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Introduction

Floodplain forests are communities that occur on
seasonally flooded land along river corridors. In such
communities, periodic oscillation between inundation
and drought originated by the river discharge facil-
itates the exchange of resources between the river
channel and the connected floodplain, and has been
considered the major driving force responsible for the
structure, function and evolutionary history of the
biota in these ecosystems (Junk et al. 1989).
Intermittent flooding and draining of soils in
floodplain forests result in considerable temporal
variability of soil oxygen. Under saturated soil
conditions, water restricts gas diffusion and limits
the soil oxygen availability (Smith and Tiedje 1979),
diminishing the soil redox potential (Gambrell and
Patrick 1978). When the oxygen in soils is depleted,
microbes are capable of using alternative electron
acceptors during the decomposition of organic matter,
such as NO5-N, Fe**, Mn** SO~ and CO, (Lovley
and Phillips 1986; Moore et al. 1992; McLatchey and
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Reddy 1998; Quantin et al. 2001). Bacterial reduction
of these electron acceptors can affect the cycling of
essential nutrients such as nitrogen (N) and phospho-
rus (P), which globally have been considered the most
limiting nutrients of the net primary productivity
(NPP) in forests ecosystems (Vitousek 1984; Vitousek
and Sanford 1986; Schilling and Lockaby 2006).

Net primary productivity in floodplain forests
requires a large nutrient supply from the river water
and the soil where the forests are growing (Junk
and Piedade 1997). In these forests, belowground
productivity (root production) is highly sensitive to
hydroperiod fluctuations. According to Megonigal and
Day (1992) and Baker et al. (2001), root biomass and
root production are frequently greater in periodically
flooded than in continuously flooded environments.
This is particularly interesting considering that root
production represents a high percentage of NPP in some
temperate and tropical forests ecosystems (Nadelhoffer
and Raich 1992).

Tropical plant biologists have considered that
productivity in the tropics is often limited by the
rate of phosphorus supply (Vitousek 1984; Vitousek
and Sanford 1986), due to the fact that most of the
available P is being chemisorbed on amorphous and
crystalline Fe and Al oxides/oxyhydroxides (Parfitt
et al. 1975; Hsu 1977; Loépez-Hernandez 1977,
Schwertmann and Taylor 1977; Parfitt 1978). In
floodplain forests, however, P may not limit the NPP,
because it can be released from the geochemical pool
when the soil becomes waterlogged (Patrick and
Kahlid 1974; Moore et al. 1992; Szilas et al. 1998;
Young and Ross 2001).

In flooded soils several mechanisms have been
connected with the release of P from the geochemical
pool, including reduction and dissolution of Fe (III)
phosphates, hydrolysis and dissolution of Fe and Al
phosphates and release of clay-associated phosphates
(Ponnamperuma 1972; Gambrell and Patrick 1978;
Baldwin and Mitchell 2000; Chacon et al. 2005;
Chacén et al 2006a, b). However, P solubilized by
these processes can also undergo secondary chemical
reactions with ferrous minerals (i.e. amorphous
ferrous hydroxide gel complexes, vivianite) formed
during Fe(Ill) reduction (Willet and Higgins 1978;
Phillips and Greenway 1998) and with non-redox
sensitive elements such as the aluminum (Darke and
Walbridge 2000), resulting in a decrease in the soluble
soil P concentration. The effect of experimentally
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controlled variation of soil redox potential on P
mobility has been shown in several studies (Willet and
Higgins 1978; Phillips and Greenway 1998; Mello
and Torrent 1998; McLatchey and Reddy 1998;
Mitchell and Baldwin 1998; Young and Ross 2001;
Wright et al. 2001; Turner and Haygarth 2001;
Corstanje and Reddy 2004; Chacén et al 2006a, b).
However, substantially less research has been directed
towards the understanding of how natural flooding
and subsequent draining of soils change the soil P
distribution and availability, especially in floodplain
forests (Fabre et al. 1996; Darke and Walbridge
2000).

The main objective of this study was to determine
the effects of natural hydrological fluctuations in a
tropical forest ecosystem on the nature and bioavail-
ability of soil P in relation to Fe and Al chemistry and
root mass.

Materials and methods
Study area

The floodplain of the Mapire river is located in SE
Venezuela, between 7°30'—8°30'N and 64°30'—
65°00'W. This river is a north tributary of the lower
Orinoco river, and its basin constitutes a region of
low relief covered by the Pleistocene Mesa Forma-
tion, which consists of horizontally bedded alluvial
sediments and to a minor extent by marsh deposits
(Carb6n and Schubert 1994).

The Mapire river has been classified as a black-
water river due to its brown colour and its oligo-
trophic character in terms of nutrient, sediment load
and primary productivity (Vegas-Vilarribia 1988).
According to the climatic diagram of the region
(Vegas-Vilarrubia and Herrera 1993), the annual
mean temperature is 27.4°C and the annual precip-
itation averages 1,333 mm, with the dry season
between November and April and the rainy season
from May to October.

Forests communities at the Mapire river are related
to longitudinal and perpendicular gradients of flood-
ing depth and duration, which are associated with
local topography. The present study was carried out
in three zones along a flooded gradient perpendicular
to the course of the Mapire river: (i) a low zone near
the river margin (MAX), where the flood reaches a
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maximum of up to 12 m and lasts up to 8 months
(from May to December); (ii) an intermediate zone
(MED) where the flood reaches a maximum of up to
5 m and lasts up to 5 months (from June to Novem-
ber); and (iii) a high zone (MIN) where the flood
reaches a maximum of 1 m for 2 months (from July
to September).

Soil sample collection

Soil samples in each zone of the flooded gradient were
collected following a complete natural hydroperiod
fluctuation: (1) at the end of the dry season (May
2004) when the soils were very dry, (2) at the end of
the rainy season (November 2004) when the soils
were still waterlogged, and (3) at the end of the
subsequent dry season (May 2005). In each zone and
during the three collection periods, the soil samples
were collected from the surface mineral horizon
(0-10 cm) at nine points arranged into three transects
with three sampling points in each one (Fig. 1). At
each sampling point, two soil cores of the surface
mineral horizon were extracted using a circular soil
corer with a 4.8 cm inside diameter (n = 18 per zone
and collection date, total n = 162). At each collection
date, samples were stored in plastic bags and shipped
immediately to the laboratory at room temperature in
order to avoid detrimental impacts to microbes
(Verchot 1999). Upon arrival the soil samples to the
laboratory, half of the soil samples were used to

determine soil P distribution and Fe and Al fractions,
while the rest of the samples were used in the
determination of soil bulk density and root mass.

P fractions

Duplicate of 0.50 g aliquots of the fresh soil were
used to obtain soil P fractions according to the
method of Hedley et al. (1982) as modified by
Tiessen and Moir (1993). Soil aliquots were then
extracted sequentially by anion exchange resin,
followed by 0.5 M NaHCO;, 0.1 M NaOH, hot
concentrated HCl and final complete digestion in
concentrated H,SO, and H,0,. Total P was deter-
mined in aliquots of each extract by digestion with
ammonium persulphate and H,SO,4 to convert all the
organic P forms (Po) to inorganic P forms (Pi).
Another aliquots of each extract was used to measure
Pi after acidification with H,SO4 to precipitate
organic matter. The pH of the final extracted
solutions was adjusted, and the P concentration was
determined colorimetrically by the molybdate-ascor-
bic acid procedure (Murphy and Riley 1962).
According to Tiessen and Moir (1993), soil P
fractions obtained by this procedure have been
associated with the following operationally defined
pools: (i) P extracted with resin, often considered the
labile Pi; (ii) the bicarbonate- and hydroxide extract-
able P, considered as the Fe- and Al- associated Pi;
and (iii) the hot concentrate HCI] and digestion of the

Fig. 1 Soil sampling
pattern in the different
zones of the flooded forest
gradient. T—transect;
(e)—sampling point;
MAX—maximum zone;
MED—medium zone;
MIN—minimum zone,
(adapted from Rosales
1989)

MAPIRE
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residue, defined as the highly resistant and unavail-
able Pi. The difference between the total P and Pi of
each extract gives the Po.

Al and Fe fractions estimation

Crystalline, non-crystalline and organically bound
forms of Fe and Al were estimated using a selective
dissolution method. Organically bound Fe and Al
were extracted with sodium pyrophosphate (Fep, Alp)
(McKeague 1967). Poorly crystalline forms of Fe and
Al (Fep, Alg) were obtained by extracting the soil
with ammonium oxalate (pH =4 in the dark)
(McKeague and Day 1966). Highly structured Fe
and Al associated to crystalline Fe oxides were
extracted with dithionite-citrate-bicarbonate (Fepcg,
Alpcg) following the method of Mehra and Jackson
(1960). It is known that the oxalate extract dissolves
both non-crystalline and organically bound Fe and Al
forms, while the DCB method dissolves crystalline
Fe and Al associated, non-crystalline, and organically
bound Fe and Al forms. Therefore estimates of the
different forms of Fe and Al were obtained using the
following relationship: non-crystalline Fe and Al
forms (Feg, Alp) = oxalate- pyrophosphate extract;
crystalline Fe and Al associated (Fepcg, Alpcg) =
DCB- oxalate extract. Fe and Al concentrations were
determined using atomic absorption spectroscopy.

Root mass

Soil samples collected for root mass determination
were air dried and passed through a 2 mm soil sieve.
Roots were sorted by size <2 mm (fine roots) and
2-9 mm (coarse roots). Live and dead fine roots were
not distinguished. Fine roots were separated from the
soil fraction in two steps: (i) manual extraction by 1
uninterrupted hour, and (ii) rinse the soil sample with
distilled water on a nylon mesh (0.6 mm diameter
mesh). The material obtained from rinsing was a
mixture of fine roots and organic detritus. In order to
obtain the fine root weight in this step, the mixture
material was oven dried at 70°C to a constant mass.
After being dried, all visible fine roots were separated
by manual extraction. Total fine root weight com-
prised then the sum of weights obtained in the two
above mentioned steps. Root mass in each diameter
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class was calculated by multiplying the total weight
by the corresponding soil bulk density. An aliquot of
fine roots obtained in the first step (0.25 g) was
digested for six hours with an H,SO,—H,0, mixture,
before determining the P contents by an auto-analyser.

Statistical analysis

Statistical analysis of the data was carried out using an
one-way analysis of variance (ANOVA). Data were
log-transformed when necessary to meet the assump-
tions for ANOVA. A Tukey Honest Significant
Difference (HSD) test was used as a means separation
procedure. A Kruskal-Wallis non-parametric test was
used when the data did not meet assumptions for
ANOVA. The relationships among the different soil P
fractions were analyzed using Pearson correlation
coefficients and tested for significance at the 5% level.
Statistical analyses were performed using STATITI-
CA for Windows 6.0 (Statistica 2001).

Results
Seasonal changes in soil P distribution

Seasonal variation in soil P fractions along the flooded
forest gradient is summarized in Table 1a.In the longer
time flooded zone (MAX), the concentration of resin-
Pi measured during the dry season (May 2004 and May
2005) was significantly lower than that measured at the
end of the rainy season (November 2004). This
seasonal pattern was not observed in the MED and
MIN zones (Table 1a). The concentration of NaOH-Pi
fraction, which is associated with the P strongly
chemisorbed on amorphous and some crystalline Al
and Fe phosphates (Tiessen et al. 1983), also increased
significantly (P < 0.05) in the MAX zone during the
rainy season, while in the other zones (MED, MIN) this
P fraction was similar throughout the three collection
periods (Table 1a). Resin-Pi and NaOH-Pi were high
and positively correlated (r = 0.44, P < 0.05;
n = 27) in the soils of the MAX zone, while in the
other zones (MED and MIN) no significant correlations
between both P fractions were obtained.

NaOH-Po was another important P fraction that
was sensitive to seasonal changes in the MAX zone,
but this seasonal variation was not observed in the
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MED and MIN zones. In the MAX zone NaOH-Po
followed a similar trend to that of the NaOH-Pi
fraction, with the highest value when the soil was still
waterlogged (November 2004).

Unlike the previous soil P fractions, NaHCO5-Pi
showed a seasonal trend in the soil of the MIN zone
(Table 1a). In this zone the concentration of
NaHCOs3-Pi decreased significantly (P < 0.05) in
November 2004, in relation to the concentrations
obtained in May 2004 and May 2005. In the other
zones (MAX and MED), this P fraction did not
follow a defined seasonal pattern. With few excep-
tions, HCI-Pi and Residual-P fractions were stable
over the entire study period.

Along the seasonal flooded gradient and through-
out the study period, soil P fractions expressed as a
percentage of total P, showed a similar trend to that
of the absolute values (Table 1b).

Phosphorus fractions grouped into non-occluded
(resin + NaHCO;-Pi + NaOH-Pi), organic (NaH
COs5 + NaOH + HCI) and occluded (concentrated
HCl-extractable + residual) forms as a proportion of
total P showed seasonal variation in the MAX zone. In
November 2004 non-occluded and organic P increased,
while occluded P forms decreased in relation to the values
recorded for May 2004 and May 2005 (Table 1a).
The MAX zone did not show seasonal variation in HCI-
Pi and residual P fractions (Table 1a). However, when
such P fractions were grouped and expressed as a
proportion of the total P (occluded-P), this P form
showed clear seasonal variation. From May 2004 to
November 2004, occluded P decreased significantly
(P < 0.05), while from November 2004 to May 2005
this P form returned towards the initial value of May
2004 (Table 1a). Seasonal variations in the grouped P
forms were not detected in the MED and MIN zones,
which remained stable throughout the study period
(Table 1a).

Seasonal changes in Fe and Al fractions

Poorly crystalline Fe (Fep) and crystalline Fe and Al
associated (Fepcp, Alpcg) were highly variable
during the study period in all studied zones (Table 2).
No seasonal differences in the mentioned Fe and Al
fractions were found.

Organically bound Fe (Fep) was stable over the
entire study period, especially in the MAX and MIN

zones, while the amount of Alp in all studied zones
decreased significantly after the flood event (from
May 2004 to November 2004) (Table 2). The low
amount obtained in this Al fraction in November
2004, stayed until the next dry season, therefore a
clear seasonal pattern in the behavior of organically
bound Al could not be established.

Seasonal changes in root mass and P content
along the flooded gradient

Coarse and fine root mass and their variations among
the zones and during the three collection dates are
summarized in Table 3. Comparing the values of fine
root mass during the dry season (May 2004) and after
the flood period (November 2004), it can be observed
that fine root mass decreased significantly by 39% in
the MAX zone, 55% in the MED zone and 59% in the
MIN zone. Initial values of the fine root mass in May
2004 were not recovered for the next dry season (May
2005). With few exceptions, fine root mass was
significantly higher (P < 0.05) in the MAX zone than
in the MED and MIN zones during the different
collection dates (Table 3).

Throughout the study period, coarse root mass did
not show seasonal changes in either MAX or the MIN
zones. However in the MED zone, coarse root mass
was significantly lower at the end of the flood event
(November 2004) than during the dry seasons (May
2004 and May 2005) (Table 3). Within the same
collection date, coarse root mass followed the same
trend observed by the fine root mass (high values in the
MAX zone in relation to the MED and MIN zones).

Phosphorus content in the fine root mass did not
show seasonal variations along the flooded gradient
(Table 3). Throughout the collection dates, P content
in fine root mass decreased significantly (P < 0.05)
from the MAX to the MIN zone (Table 3).

Discussion

Effect of seasonal variation on soil P distribution

In an earlier research along the studied flooded
gradient, Chacén et al. (2005) hypothesized that in

the longer time flooded zone (MAX) the combined
effect of long flood period and high soil organic
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Table 2 Seasonal values of iron and aluminum fractions (mmol kg~') in the studied zones along the flooded forest gradient

Zone/date Feo Fepce Alp Alpcp Fep Alp

collection

MAX

May 2004 8.58 + 3.65" (8) b.d.l. b.d.l. b.d.l. 2412 + 7.74* 289.28 + 82.13*
Nov 2004 759 + 3.26% b.d.l. b.d.l. b.d.l. 29.30 + .6.71*  113.53 + 26.29°
May 2005 b.d.L 20.78 £ 15.88  b.d.l. 193.23 £+ 249.99 26.53 + 7.54* 90.23 + 14.27°
MED

May 2004 7.68 + 3.40* (6) b.d.l b.d.l. 13.33 & 10.19° (7) 31.92 + 3.83°  335.85 + 64.57°
Nov 2004 8.20 £ 3.27%8) b.d.l. b.d.l b.d.l 32.67 + 8.17° 178.33 + 45.53°
May 2005 b.d.L 7.51 £ 6.13 (7) b.d.l 332.74 4+ 310.97* (8) 44.70 + 11.83* 155.65 + 34.29"
MIN

May 2004 b.d.L 395+ 198 (7) b.dl b.d.L 26.99 + 3.95*  208.57 £ 39.32%
Nov 2004 7.89 £ 1.72* (5) b.d.l b.d.l b.d.L 25.38 + 7.38* 136.44 + 31.78°
May 2005 11.72 + 8.83* (8) b.d.l. 44.68 £+ 29.64 b.d.l 31.94 + 8.66" 82.52 £+ 12.93°

Data are means of nine replicates unless otherwise stated in parenthesis. Mean values £ SD followed by different letters in
columns, denote significant differences among collection dates within the same zone (ANOVA P < 0.05). MAX = maximum zone;
MED = medium zone; MIN = minimum zone; Feg—Alg, Fepcp—Alpcg and Fep—Alp = ammonium-oxalate, dithionite-citrate-
bicarbonate and pyrophosphates-extractable Fe or Al respectively; b.d.l. = below the detection limit

Table 3 Variations in root mass (g/m?) and P content (mg/m?) among zones and among date collection

Zone/diameter class May 2004 November 2004 May 2005
MAX
Fine rotos 554.02 + 399.79% 338.01 + 76.28%! 251.57 + 80.12°!

1036.22 =+ 330.99%!
120.83 =+ 33.54%!

931.25 + 320.18%
154.14 + 30.48%!

1225.29 =+ 407.30*!
217.23 + 178.20%

Coarse roots
P in fine roots
MED

Fine roots 179.60 + 60.21"2
937.39 + 502.53%!

97.64 + 26.80*

132.90 + 33.47*?
348.68 + 106.90"
81.58 + 26.19*

291.86 + 74.61%12
1001.23 + 562.27%
122.57 + 48.40*'2

Coarse roots
P in fine roots
MIN

Fine roots 71.15 £ 20.19"
190.92 + 81.81**

26.75 + 14.70"2

96.69 + 40.53%
172.50 + 150.84%
85.59 + 30.37%2

238.42 + 86.07*
188.46 + 127.98*
78.11 + 62.042

Coarse roots
P in fine roots

Different letters in the same row, denote significant differences among collection dates within the same zone. Different numbers in
the same column denote significant differences among zones within the same collection date (ANOVA P < 0.05). Fine roots = roots
less than 2 mm; Coarse roots = roots between 2-9 mm diameter; MAX = maximum zone; MED = medium zone;
MIN = minimum zone

carbon content could make this zone a suitable site
for bacterial reduction of Fe(IlI), which would
increase the solubility of P associated to Fe oxides.
Later, in a laboratory experiment with soils of the
longer and shorter time flooded zones (MAX and
MIN) we found that the anaerobic condition stimu-
lated the Fe(IIl) reduction in these soils (Chacon

et al. 2006a). Iron reduction in the last mentioned
experiment did not lead to a net increase of the
soluble P content. However, in both MAX and MIN
zones P was high and positively correlated with the
bio-produced Fe(Il), implying that Fe dissolution
plays an important role in the mobilization of P in
these soils.
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From the above mentioned research, it was clear
that a long-term field study was necessary to deter-
mine if soil P distribution and Fe and Al
biogeochemistry in the flooded gradient are linked to
the natural hydroperiod fluctuation. The results of this
study indicated that flood induced the release of P in
available form (resin-Pi) in the longer time flooded
zone (MAX), which was not observed in the medium
and shorter time flooded zones (MED and MIN,
respectively). Flood in the soil of the MAX zone also
induced the increase of NaOH-Pi fraction. Compari-
sons of our results with other studies are difficult,
because to our knowledge no one has analyzed the
effects of flooding on the soil P distribution and
availability in seasonal flooded forests of tropical
regions. Data from a riparian forest in a temperate
zone showed seasonal variations in soil P fractions
(Fabre et al. 1996). The authors found that the most
labile P forms (resin-Pi, NaHCO5-Pi, NaOH-Pi and
NaHCO;-Po) were highly dependent on seasons with
accumulation during winter and decrease during the
spring. In this riparian forest, flood events were
detected during the spring season and were consid-
ered, among other factors, to be the possible cause of
decrease of the labile P forms in these soils. In Georgia
floodplain forest, Wright et al. (2001) obtained an
increase in resin-Pi when the soil was artificially
flooded. However no significant changes were
reported in Fe/Al phosphate fractions. The authors
suggested that biological processes are a more prob-
able explanation for flooding-induced increases in P
availability than solubilization of mineral phosphates.

Our results contrast with the above mentioned
studies and suggest that during the flood phase
occurred changes at the mineralogical level, which
allowed the observed increase in the size of NaOH-
Pi, which remove inorganic P sorbed onto secondary
Fe and Al minerals (Tiessen et al. 1983). The direct
relationship between resin-Pi and NaOH-Pi in the soil
of the MAX zone, suggests also that the available P
pool is partly controlled by the dynamics of P
chemisorbed on Fe and Al oxides. It is likely that
phosphorus released during the flood event is used
quickly by microbial and plant uptake in the period
between the end of the rainy season and the
beginning of the dry season, which leads to the
significant decrease in the concentration of resin-Pi
and NaOH-Pi fractions, when the soil of the MAX
zone is completely dry.
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In wetlands soils, the release of organic P during
the rewetting of the dry soil has been attributable to
the lysis of microbial cells (Qiu and McComb 1995,
Turner and Haygarth 2001). However, during periods
of anoxic soil conditions in upland non-flooded
tropical forest soils, it was determined that Fe(III)
reduction lead to the release of organic P (Pere-
tyazhko and Sposito 2005). Our results in the MAX
zone are in agreement with the last mentioned study,
because flood induced the increase of NaOH-Po
fraction (Hedley et al. 1982). Organic P released
from Fe(III) dissolution during the flood event could
play an important role as a source of P for plants
growing on these soils, particularly under reduced
conditions. It is well known that extracellular phos-
phatase can mineralize organic phosphorus (Tarfdar
and Jungk 1987) with the production of inorganic
PO;~, which is the only P taken up by plants and
microorganisms (Stevenson 1986). In the MAX zone
of this study, Chacén et al. (2006a) reported that
anoxic soil conditions lead to an increase of acid
phosphatase activity (APA). A similar behavior in
APA was observed when the soil of the a temperate
wetland was flooded (Corstanaje and Reddy 2004).

In the shorter time flooded zone (MIN) it was
hypothesized that the longer dry period can produce a
high accumulation of microbial biomass, which is
subsequently released at the end of the dry season
(Chacén et al. 2005). In this study we hypothesize
that the large pool of P immobilized by the microbial
biomass during the dry season could be released and
used to cover the plant and microbial demand during
the rainy season. That P consumption, probably leads
to the observed decrease of NaHCO;-Pi in the MIN
zone.

The partitioning of total soil P into non-occluded
(resin + NaHCOs- + NaOH-Pi), organic (NaHCOs- +
NaOH- + HCI-Po) and occluded (concentrated HCI-
extractable + residual) forms was initially used by
Walker and Syers (1976) to develop a conceptual
model of soil development, which was later confirmed
by Crews et al. (1995). This model has also been used to
predict the effect of tropical forest disturbance on the
size of the different P pools (Garcia-Montiel et al. 2000;
Chacon and Dezzeo 2004). We think that natural
hydroperiod fluctuation could also affect the distribution
of the three different P pools by altering the mineral
stability and organic matter turnover. From the data of
this study it was clear that the long flood period in the
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MAX zone lead to an increase of total P partitioned into
non-occluded and organic P forms, and a decrease in
occluded or non-available P forms. In contrast, in the
zones with medium (MED) and short (MIN) flood
periods, such P pools were not sensitive to seasonal
variation.

From the above discussion it is important to
emphasize that to our knowledge no study has thus
far determined the small-scale time variability of
these P pools in tropical flooded forests. Therefore, if
the labile P pools are indeed changing by effect of the
natural hydroperiod fluctuation, as it was discussed in
this study, more experimental work is clearly
required in order to determine the effect of such P
conversion on the overall rate of P acquisition in
these ecosystems.

Seasonal variation in Fe and Al biogeochemistry
and their relationship with soil P dynamics

Our results of poorly and crystalline Fe oxy-hydrox-
ide did not show changes associated with natural
hydroperiod fluctuation. There are two possible
explanations why we did not detect changes in the
Fe-oxyhydroxides content. The first one is that the
mineral dissolution during the flood event was
probably too small as to produce any detectable
change on Fe pools. The other possible explanation is
that Fe analysis was performed in a unsuitable form,
due to the fact that soil extraction was carried out
under oxic conditions and that we used an undis-
turbed (not sieved) soil instead of the fine soil
fraction, where probably are concentrated most of the
Fe minerals. The proposed first explanation is sup-
ported by the results obtained by Shenker et al.
(2005), who suggested that the processes of mineral
dissolution that take place upon re-flooding of the
soils do not reflect a short-term effect, but might
contribute with the P release for decades.

In this study we measured Fe fractions in order to
associate the flood induced changes on Fe oxyhy-
droxide with the behavior of the redox sensitive P
fractions (i.e. NaOH- and occluded-P). Unfortu-
nately, we do not have direct evidence that the
flood event induced Fe dissolution. However, in the
MAX zone NaOH- and occluded-P were highly
affected by the oscillation of soil oxygenation derived
from the natural cycle of drawdown-reflood. This can

be considered as indirect evidence that P is released
from the reduction of Fe-hydroxide or Fe-P minerals.

Organically-bound Fe and Al fractions (Alp, Fep)
followed different patterns. While Fep was stable
over the entire study period, Alp declined during the
flooding phase. The loss of organic- matter aluminum
complexes (OM-Al) by the action of floodwaters is an
expected result in black water rivers (Darke and
Walbridge 2000). These organic complexes have
important implications for P retention (Gerke and
Jungk 1991; Darke and Walbridge 2000; Chacén and
Dezzeo 2004).

Coarse and fine roots mass and their relationship
with soil P dynamics

It is well documented that root biomass and produc-
tion in forested floodplains respond to the magnitude,
duration and timing of flood events (i.e. Day 1987;
Powell and Day 1991; Megonigal and Day 1992;
Baker et al. 2001). Continuous flooding reduces the
belowground carbon allocation in relation to periodic
and not flooded soil conditions.

In this study total fine root mass declined during the
flood event along the three zones of the flooding
gradient. Such decline was more pronounced in the
MIN zone than in the MAX zone, in spite of the fact
that flooding period in the MAX zone is 8 months,
while in the MIN zone is only 2 months. Additionally
it is important to emphasize that the highest fine root
mass in all collection dates was detected in the MAX
zone. Our data contrast, in part, with previous
mentioned works, because in the zone with the longer
flood period (MAX), fine root mass should be smaller
than that of the zone with the shorter flood period
(MIN) and also, flood event should lead to a greater
decrease in the fine root mass in the zone with the
longer flood period. It is possible that in the MAX
zone, P provided under anaerobic soil condition is
being used quickly to produce new fine roots, which
can on the one hand compensates the losses induced
by flood, and on the other help to maintain P within
the ecosystem. In fact, our data of P content in the fine
root mass of the MAX zone were significantly higher
than the values obtained in the MED and MIN zones
in all collection dates. In experiments of P fertilization
it was reported that waterlogged roots showed mor-
phology more favorable to nutrient uptake (finer
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roots) and increased both the affinity for P (lower K,,,)
and the velocity of P uptake (V,,) (Rubio et al. 1997).

Contrary to our expectations, fine root mass along
the forest gradient was not recovered to the pre-
flooded levels in the subsequent dry season. The
results in this study contribute with a good experi-
mental evidence that the fine root mass is modulated
by the annual flood event. However, from this data
we are not able to explain the dynamics of the fine
root mass rebuild, which may not be an annual
process. A better understanding of the root dynamics
in this floodplain forests will require long-term
studies in the field that establish the patterns of root
production and decomposition.

With the exception of the MED zone, coarse roots
were not affected by the hydroperiod fluctuation.
There are two possible explanations why we did not
detect any change in the coarse root mass in the Max
and MIN zones. One explanation is that turnover rate
of the coarse roots is too slow to be able to detect
changes associated with seasonality. Another expla-
nation is that coarse roots are much heavier than fine
roots and therefore are less likely to be exported from
the ecosystem during the flood event. According to
Bloomfield et al. (1996) coarse roots have a much
lower senescence and turnover rates than fine roots.
Fine roots are considered to be ephemeral, with a
lifespan not longer than one growing season. Factors
regulating the dynamics of coarse roots in the MED
zone can not be identified from our results.

Conclusions

Our field study showed that 8 months of flooding
increased the bioavailability of soil P compared with
the shorter flood periods (2 and 5 months). This P
increase seems to be tightly linked to mineral dissolu-
tion processes. This study also showed that finer roots
were affected by the flood event. However, this effect
was less pronounced in the longer term flood zone.
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