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Abstract
Soil physico-chemical characteristics of floodplains, particularly hydrology, influence microbiological
activity. As such, each river floodplain system has a unique physico-chemical dynamic that in turn
supports the microbial community. The Mapire River floodplain is a complex system in which seasonal
flood pulses cause changes in the soil physico-chemical variables. We examined how these temporal and
spatial differences are associated with the microbiological activity along a seasonally flooded gradient at
the mouth of the Mapire River (Lower Orinoco, Venezuela). Soil samples were collected during three
different seasons by a systematic sampling at 4 points of the gradient, defined by the intensity of
flooding. The physico-chemical parameters of the soil were determined and related by the density and
physiological profile of the microbial community through multivariate permutation analysis and gradient
analysis. The results indicate that there is a spatial gradient determined by soil clay content and a
temporal gradient influenced by moisture and total organic carbon. Significant differences were found
among soil zones and seasons, with the interaction of both factors also significant. It was observed that
microbial activity is decisive in phosphorus dynamics, even during flooding. It is concluded that amid the
complex interactions between biotic and abiotic factors, microbial communities are able to respond to
changes in the physico-chemical soil environment and maintain their activity throughout the hydroperiod.

Introduction
Floodplain soils are semi-terrestrial comprised of periodic deposition of suspended river sediments during
flood events (Rinklebe et al. 2007; Luster et al. 2014) and with fluctuating soil moisture conditions
depending on water table (Gutknecht et al., 2006; Shaheen et al. 2014). Floodplain hydrology is therefore
a major factor impacting the soil microbial community (Bossio and Scow 1995; Rinklebe and Langer
2010). Soil physico-chemical characteristics such as pH, humidity, and nutrients act as control agents for
microbial activity, promoting changes in biogeochemical cycles however, hydrology is considered as the
most important driver (Gutknecht et al. 2006; Ou et al. 2019). Several studies indicate that microbial
activity depends on soil aeration, which is affected by flooding (Gutknecht et al. 2006). Moreover, under
soil saturation conditions nutrient loss occurs due to volatilization or runoff, immobilization of reduced
substances such as ammonium, nitrite and sulfide, and mobilization of phosphate due to iron reduction
(Ou et al. 2019). These processes of nutrient transformation and mobilization cannot be generalized and
are the result of the unique dynamic interaction of floodplain and hydrology (Noe and Hupp et al. 2007).
Little is known about the biogeochemical cycles of the Mapire River, a tributary of the Orinoco River,
Venezuela. The Mapire River is classified as “blackwater” due to its dark brown color and its oligotrophic
character (Vegas-Vilarrúbia and Herrera 1993). When these waters flow into the Orinoco River a natural
damming phenomenon occurs due to the water density differences. Consequently, the mouth of the
Mapire River transforms into a complex floodplain system by damming produced by Orinoco River during
the rainy season. Such flooding processes occur widely in the lower Orinoco.
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The longitudinal gradient of flooding that determines water depth and flood duration is dependent on
local topography, and this variable flood intensity produces differences in the floristic composition and
structure of the forest along the topographic gradient (Rosales 1989). These topographic and floristic
variations likely promote changes in the physico-chemical conditions of the floodplain soil and therefore
the dynamics of soil microbial communities (Zamora and Malaver 2019). Here, we assess seasonal
changes in physico-chemical parameters of soil and their effect on microbial activity, particularly on the
density of bacterial groups associated with biogeochemical processes and the functional structure of the
soil microbial community for the Mapire River floodplain.

Materials And Methods
The study site was located in SE Venezuela (N 7°44’, W 64°45’) in the floodplain at the mouth of the
Mapire River in the lower Orinoco basin (Fig. 1). The Mapire River is a northern tributary of the lower
Orinoco River. The annual mean temperature is 27.4°C and the annual precipitation averages 1.333 m.
The dry season is between November and April and the rainy season from May to October (VegasVilarrúbia and Herrera 1993). This study was carried out in the igapó forest, characterized by Rosales
(1989) according to the vegetation type and low soil fertility. No agricultural fields, that could affect the
soil chemistry, were nearby.
The study was conducted throughout a complete natural hydroperiod: dry season (T1, March), onset of
rains (T2, May) and flood season (T3, August). The topographic gradient was previously delimited and
characterized by Rosales (1989) and Chacón et al. (2005): (i) zone of maximum flood depth (MAX) where
floodwaters reach a maximum of up to 12 m for eight months a year (May to December); (ii) zone of
intermedium flood depth (MED) where floodwaters reach a maximum of up to 5 m during five months a
year (June to November); and (iii) zone of minimum flood depth (MIN) where floodwaters reach a
maximum of 1 m depth only two months a year (July to September) and (iv) the highest elevation zone
(NF) which never floods. Soil samples were collected in each of the three seasons from the four zones
from the surface mineral horizon (0–10 cm) in twelve points arranged into three transects (400 m) 1.5 m
apart (Fig. 2), a sufficient distance for there to be heterogeneity in microbial composition (Vos et al.
2013). At each sampling point, three soil cores (8 cm inside diameter) were collected to form a composite
sample for each point (n = 3 composite samples per zone and collection date, total n = 36).
Soil samples were dried at ambient temperature (except those used to determine moisture content and for
microbiological evaluation), sieved (mesh #10), and homogenized prior to analysis. Soil texture was
determined for each sample using the Bouyucos hydrometer method (Day 1965). Soil water content was
determined according Richards (1941) and reported as percent humidity (H %). Soil pH was measured in
a 1:2.5 ratio soil:water mixture (Jackson 1976) with a standard glass electrode (HORIBA). Total organic
carbon (Ct) and soluble carbon (Cs) were measured by the complete oxidation method (Walkley and
Black 1934). Total Kjeldahl nitrogen (Nt) followed Anderson and Ingram (1993). Total phosphorus (Pt)
was extracted by binary digestion with concentrated nitric and perchloric acids (Anderson and Ingram
1993) and determined using an autoanalyzer (Technicon AA). Available phosphorus (Pd), or labile soil
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phosphorus, was extracted using an anion exchange resin (Tiessen and Moir 1993). The phosphate in the
resin was desorbed with 0.1M H2SO4 and determined colorimetrically by the molybdate-ascorbic acid
method (Murphy and Riley 1962). Exchangeable calcium (Ca+ 2), magnesium (Mg+ 2), potassium (K+) and
sodium (Na+) cations were determined by atomic absorption spectrophotometry (Thomas 1982).
Exchangeable acidity (H+) and aluminum (Al+ 3) were extracted with 1M KCl and titrated with 0.1M NaOH
and 0.1M HCl, respectively to determine their concentrations (McLean 1965). Fe (II) ions were extracted
with 0.5N HCl (Chao and Zhou 1983) and quantified using the ferrozine colorimetric method (Stookey
1970). Ammonium (NH4+) was extracted with 0.01M CaCl2 (Anderson and Ingram 1993) and quantified
by colorimetry at 690 nm. Nitrate ions (NO3) were extracted with 0.01M CaCl2 (Anderson and Ingram
1993) and quantified by colorimetry using the nitration technique (Keeney and Nelson 1982). The data
matrix of physico-chemical variables is shown in Supplementary Table S1.
The total number of culturable bacteria and fungi were counted as colony forming units (CFUs) on agar
plates using the dilution plate method. Suspensions were serially diluted and plated on trypticase soy
agar for aerobic bacteria, thioglycolate agar for anaerobic bacteria and malta agar for fungi. Plates were
incubated at 26°C for 24 h for bacteria and 72 h for fungi. A GasPack System was used for anaerobic
bacteria incubation. A total of 30 strains of aerobic bacteria and 30 strains of anaerobic bacteria for each
gradient zone (10 strains per season and site) and all morphologically distinct fungal strains
(filamentous and yeast) were randomly isolated from each replicate.
Density of sulfate and iron reducing, methanogenic and nitrifying bacteria was estimated by most
probable number (MPN) in 5 test tube series. Methanogenic bacteria were cultured in 9 ml of a basic
anaerobe culture medium (Ravott et al. 1995) supplemented with 15% sodium acetate and with inverted
Durham tubes. Test tubes were incubated at ambient temperature for 60 d under anaerobic conditions.
Gas formation in Durham tubes indicated formation of methane from acetate (Fernández et al. 2006).
Ferrous bacteria were cultured similar to methanogenic bacteria but with the addition 10% iron citrate.
Tubes were incubated for 30 d at ambient temperature under anaerobic conditions. Reduction of Fe (III) to
Fe (II) in the medium was evident by a change in color from yellow to transparent (Fernández et al. 2006).
Sulfate reducing bacteria (SRB) were cultured using a modification of the Baars method (Zamora and
Malaver 2012). The tubes were incubated in the dark and at ambient temperature for 14 d under
anaerobic conditions. The presence of SRB was identified by precipitation of ferrous sulfide (FeS; black
color). Nitrifying bacteria were cultured following Garassini (1962). Test tubes were incubated for 21 d at
ambient temperature. The presence of nitrates in the medium was identified by adding sulfuric
diphenylamine (blue color).
The functionality of each isolated bacterial and fungal strain was characterized using 14 biochemical
tests related to mineralization of soil organic matter including: glucose, lactose, peptones (with Kliger
agar), starch, production of urease (with urea medium), proteases (with gelatin nutritive medium), and
nitrate reductases (with nitrate agar) (MacFaddin 2004). Hydrolysis of cellulose, lignin, chitin, pectin and
inositol hexaphosphate was determined according to Parkinson et al. (1971). Lipase production was
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determined using Tween 80 as substrate in the Tween Opacity Test (Slifkin 2000) and solubilization of
phosphates using Pikovskaya’s agar. Results were expressed as frequencies of use of each substrate
(number of positive responses) with respect to the total number of strains (Supplementary Table S2).
Granulometric difference in soils among gradient zones was tested with one-way analysis of variance
(ANOVA). A two-way multivariate ANOVA based on permutations (PERMANOVA) was used to test the null
hypothesis of no differences in physico-chemical and microbiological condition among gradient zones
and seasons. The PERMANOVA was performed using a Euclidean distance matrix for physico-chemical
data to avoid the effect of units and Bray-Curtis distance matrix for microbiological data to determine the
similarity in the responses of the different substrates. The data were previously transformed with square
roots and normalized. The statistical significance of the PERMANOVA was tested with 9999 Type III sum
of squares (SS) permutations and a reduced model to generate a permuted F-statistic and a p-value.
When significant differences were found, the variables that contributed the most to the differences were
identified through a SIMPER analysis (Anderson et al. 2006). A Canonic Redundancy Analysis (RDA) was
used to determine the influence of the environmental variables on the microbiological variables. All
statistical analyses were performed with PRIMER 6 & PERMANOVA + V6.1.16 and CANOCO 4.5 software
(Braak and Smilauer 1997).

Results
A texture gradient was observed from the MAX area to the NF area, defined by sand and clay content
(Table 1). The MED area presented a greater percent of clay with respect to other areas and the MIN and
NF areas had greater sand content than lower areas of the gradient. The texture gradient from the MAX to
the NF zone is determined by an increase in sand content thus, NF and MIN areas are better drained than
MAX and MED areas.
Table 1
Soil texture of the different areas of the flooding gradient
Zone

Texture
%Clay

%Silt

%Sand

Textural Class

MAX

54,17 b

23,33 a

22,5 b

Clayey

MED

65 a

20,83 a

14,17 c

Clayey

MIN

21,67 c

20,83 a

57,5 a

Sandy Clayey Loam

NF

18,33 c

20 a

61,67 a

Sandy Loam

Mean followed by different letters in the same column indicate statistically significant differences
(ANOVA, p ≤ 0.05, n = 3). MAX, maximum flood zone. MED, medium flood zone. MIN, minimum flood
zone. NF, not flooded area.
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The PERMANOVA analysis indicated significant differences (p < 0.05) among the different zones of the
gradient and across the different periods for both physico-chemical and microbiological variables
(Tables 2 and 3). The interaction between the seasons and zones was also significant (p < 0.05) for both
physicochemical and microbiological variables. PERMANOVA analysis of the physico-chemical variables
(Table 2) indicated that the spatial factor had greater relevance than the temporal factor. Season
explained 15.53% of the variance of soil physico-chemical conditions and zone explained 34.86% of the
variance and 27.74% of the variance was explained by the interaction of both factors (Table 2). The
physico-chemical variable that contributed most to the spatial differences among zones is NO3 while
temporal differences among the seasons were mainly due to Ct (SIMPER, Supplementary Table S3).
Table 2
PERMANOVA analysis of physicochemical properties of the soil along the flooding gradient.
Variable

d.f.

SS

PseudoF

Pperm

% CV

Season

2

90.432

9.52

0.001

15.53%

Zone

3

218.68

15.35

0.001

34.86%

Season x Zone

6

136.94

4.80

0.001

27.74%

Residual

24

113.95

Total

35

560.00

21.86%

d.f. degrees of freedom. SS sum of squares. PseudoF permutated F-statistic. Pperm permutated Pvalue. % CV percent coefficient of variation.
Table 3
PERMANOVA analysis of microbiological variables of the soil along the flooding gradient.
Variation source

d.f.

SS

PseudoF

Pperm

%CV

Season

2

12566

939,63

0.001

34.07%

Zone

3

5675,2

282,91

0.001

13.64%

Season x Zone

6

14370

358,19

0.001

51.86%

Residual

24

160,48

Total

35

32772

0.44%

d.f. degrees of freedom. SS sum of squares. PseudoF permutated F-statistic. Pperm permutated Pvalue. %CV percent coefficient of variation.
PERMANOVA analysis of the microbiological variables showed that season explained the 34.07% of the
variance while zone explained 13.64% of the variance and 51.86% the variability was explained by the
interaction of season and zone (Table 3). The microbial characteristics that predominantly described
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spatial and temporal differences in the flood gradient were the density of ferrous, methanogenic,
nitrifying and sulfate-reducing bacteria (SIMPER, Supplementary Table S4).
Redundancy analysis indicated that the change in the functional structure of the microbial community
was associated with temporary variations in the physico-chemical parameters of the soil, mainly Nt, Fe(II),
%H, Cs and Pd (Fig. 3) and spatial variations determined by sand and clays content. At T1, the clay soils
of the MAX and MED zones were related to greater concentrations of Fe (II), Al ions, Nt and Pt. The
sandiest zones, MIN and NF, presented higher Ct, Cs and NH4. The physiological profile of the microbial
community during this period was characterized by denitrification, the degradation of structural
compounds such as cellulose, lignin, pectin and chitin, as well as enzymatic activity of ureases, lipases,
and ta high density of ferrous bacteria. During T2, there was an increase in the density of anaerobic and
nitrifying bacteria. The substrate use profile was characterized by consumption of labile carbohydrates,
such as glucose and starch (activity of amylases), as well as a higher frequency of microorganisms with
nitrate-reductase activity. The substrate use profile was mainly associated with variables such as Ct, Pd
and increased pH (Fig. 3). In T3, when moisture content reached maximum values (100% of the field
capacity in the MAX and MED zones), pH, NO3 and Pd content also increased. The physiological profile of
the microbial community was characterized by greater activity of proteinases and increases in the density
of bacteria with anaerobic catabolism, such as anaerobic heterotrophic bacteria, and methanogenic and
sulfate-reducing bacteria. In particular, a positive relationship was observed between the concentration of
available phosphorus and the mineralization and solubilization of this element by the microorganisms. A
positive relationship was also observed between available phosphorus and the density of ferrous and
sulfate-reducing bacteria (Fig. 3).

Discussion
The vegetation in the floodplain of the Mapire River shows a differential zonation that responds to the
flood gradient and the texture and chemical characteristics of the soil (Rosales 1989, Herrera 2013).
Psidium ovalifolium (Myrtaceae) dominates the MAX zone, Pouteria orinocensis (Sapotaceae) and

Eschweilera tenifolia (Lecithydaceae) the MED zone, and Ascomiun nitens (Papilionaceae) and
Capsiandra laurifolia (Mimosaceae) dominate the MIN zone. Non-flooded area (NF) is an ecotone that is
represented by species from the MIN zone and the adjacent Trachypogon spicatus (Poaceae) savanna.
Multivariate analyzes indicated a heterogeneous gradient of soil physico-chemical conditions,
differentiated by soil textures between the zones, that in turn influences the temporal dynamics of
nutrients (Table 2, Fig. 3), mainly nitrate and total carbon (Supplementary S3).
The soil texture gradient (Table 1) results from the sequence of sediment deposition according to the
floodplain topography. Heavier sediments are washed away by floodwaters and deposited in areas
farthest from the riverbed, whereas fine sediments are deposited by suspension in lower areas adjacent to
the channel (Miller et al. 2001). The floodplain soils of Mapire River are very acidic (pH < 5), attributable to
exchangeable Al+ 3 and H+, the primary source of soil acidity (Chacón et al. 2005). However, during
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flooding there is a slight increase in soil pH (Supplementary S1), attributable to changes in redox
potential and the reduction of Fe(III) to Fe(II) (Lin et al. 2018).
Thus, the structure of the soil microbial community in the Mapire River floodplain shows a complex
spatio-temporal pattern (Table 3) in which the density of functional groups depends on the availability of
resources (Fig. 3; Supplementary S4). The distribution of samples along the canonical axes (Fig. 3)
reflects this seasonal pattern of the microbial community in response to physico-chemical soil
conditions. In this work, the diversity of microbial species was not determined, but the functional structure
(physiological profile) was used as an estimator of the structure of the microbial communities. The
evaluation of the use of different carbon sources (physiological profile) by a microorganism or a
consortium of them is a methodology that allows establishing the physiological profile of heterotrophic
microbial assemblages capable of being metabolically active and culturable (Zamora et al. 2012). As an
advantage, some research shows that these conventional microbiology methods, combined with a
community ecology approach, can detect structural or functional changes in the soil microbial
community (Xue et al. 2008; Huang et al. 2017).
During T1, Pt was related to total nitrogen and clay content, consistent with Fassbender and Bonermisza
(1987) who established that in the tropics the highest concentrations of Pt are related to elevated clay
and organic matter content. Total phosphorus in our study was also strongly correlated with Fe (II) ions
similar to Chacón et al. (2008) who showed that the Pt in these floodplain soils is adsorbed on iron and
aluminum oxides. Total nitrogen was more elevated in the dry season associated with the ammonium
(Fig. 3), possibly indicating a greater availability of organic substances (Yao et al. 1999). Correlated with
the physico-chemical variables was the presence of microorganisms that degrade structural compounds.
Cellullolytic, pectinolytic and lignolytic guilds were found in the MIN and NF zones, and chitinolytic and
lipolytic guilds with urease activity and a high density of ferrous bacteria in the MAX and MED zones. One
explanation for this pattern is that under dry conditions, vegetation loses its leaves and the accumulated
leaf litter limits the type of microbial activity (Bastianoni et al. 2015). Litter contains a high content of
structural compounds used by specific microbial groups (bacteria and fungi) (Smart and Jackson 2009)
and consequently those guilds predominate.
Spatial variations in the distribution of guilds could be a consequence of differences in soil texture. The
MIN and NF zones have a higher sand content and the porosity allows for greater oxygen diffusion. In
contrast, the MAX and MED zones have more clay, less oxygen and therefore lower activity of the
concomitant exoenzymes (Paul and Clark 1996; Balasooriya et al. 2008). In addition, the use of nitrogen
compounds is related to the availability of N and therefore urease activity, indicating organic nitrogen
mineralization is closely linked to the concentration of ammonium. Similarly, it was observed that the use
of peptones as an energy source (carbohydrates generated during peptide hydrolysis) is closely related to
nitrogen content, while protein hydrolysis is negatively correlated with Nt.
During the onset of the rainy season (T2), organic matter increased which allowed for greater expression
of microbial guilds that metabolize simple carbohydrates such as glucose, lactose and starch. The
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increase in available organic carbon is attributed to an increased microbial biomass and activity because
of the changes in soil moisture, the washing of nutrients from leaf litter, as well as lysis of microbial cells
by osmotic shock caused by soil rewetting (Ou et al. 2019). Forest vegetation also increases microbial
activity (Herrera 2013) providing radical exudates and leaf litter that function as substrate for
microorganisms (Stoeckel and Miller-Goodman 2001). Interestingly, available phosphorus was correlated
with total carbon (Fig. 3) suggesting that phosphorus balance in the soil is associated with
mineralization of organic matter. Similar to T1, in T2 it was observed that the MIN and NF zones, with
their predominance of sand, were characterized by a higher density of nitrifying bacteria whereas, the
MAX and MED zones presented a higher density of methanogenic bacteria. This result is expected since
heterotrophic nitrification is more relevant in acid soils (Myrold, 2005) and the initial wetting of soils at
the start of the rainy season releases nitrogen from organic matter that becomes available for nitrification
by aerobic acid-tolerant nitrifying bacteria (Randle-Boggis et al. 2018). This explains the observed
correlation between the density of nitrating bacteria with the proteolytic activity of heterotrophic bacteria,
since proteins are the main source of organic nitrogen in the soil and during their degradation mainly
ammonium is released which serves as a substrate for the nitrating bacteria (Li et al. 2018).
Methanogenic bacteria were present in all zones of the gradient, although a higher density of
methanogenic bacteria was quantified at the onset of the rainy season (T2) (Fig. 3). This is not
unexpected since it has been previously reported that a low density of cultivable methanogenic bacteria
can be found in well-drained soils (Hernández et al. 2019). Fermentative methanogenic bacteria maintain
syntrophic relationships with other microorganisms such as facultative heterotrophic bacteria that, during
incomplete oxidation of organic compounds, release intermediate metabolites such as pyruvate, formate,
and alcohols, among others, as well as H2 and CO2 (Hornibrook et al. 1997). Additionally, acetogenic
bacteria use CO2 and H2 to degrade these metabolites and produce acetate used as substrate by
chemoorganotrophic methanogens (Hernández et al. 2019). In the present study, the methanogenic
density was positively associated with the highest accumulation of available soil carbon consistent with
Hornibrook et al. (1997) and Hernández et al. (2019), who established that the spatial distribution of
fermentative methanogenic bacteria is determined by the availability of labile carbon.
At the end of the hydroperiod (T3), the soil microbial community remained active with a high density of
fungi, also aerobic, anaerobic, and sulfate-reducing bacteria. Proteolytic guild was associated with an
increase in pH, nitrate, and available phosphorus (Fig. 3). Similar results were reported by Moche et al.
(2015) who indicated that it is not the flood pulse that defines microbial activity, but rather, the availability
of substrates in the soil, because the heterogeneity of litter in the soil guarantees a variety of substrates
for microbial activity. They propose that the flood pulse determines the availability of carbon sources and
this in turn influences community structure. The fact that aerobic bacteria density was not affected by
flooding is attributed to the plasticity of the bacteria to adapt to different conditions. Fungal density, in
contrast, was influenced by moisture and organic carbon content in soil consistent with Morton (2005).
Fungi are heterotrophic microorganisms and their abundance and diversity is determined by the
availability of oxidizable carbon substrates to obtain nutrients and energy. If there is no water available in
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the soil, fungi are unable to catalyze biochemical reactions (Paul and Clark 1996; Morton 2005).
Nevertheless, although soil moisture favors the establishment and development of these
microorganisms, the presence on the ground during the flood season indicates that fungi could be
adapted to flood pulses.
Soil moisture also favors the activity of microorganisms that mineralize phosphorus and nitrogen, thus,
the observed low or negative correlation with the degradation of structural polymers such as cellulose,
lignin and chitin in this study. Although water is an essential factor for microbial activity, in soils with high
clay content, moisture generates anoxic microzones where hydrolysis of complex organic compounds
becomes inefficient (Wagner and Wolf 2005). The highest total nitrogen values were found in the MAX
and MED zones because in these areas, the organic matter is greatest. In addition, inorganic nitrogen, in
this type of soil, is less susceptible to runoff losses because of its adsorption on clays (Paul and Clark
1996). Use of nitrogen compounds is related to N availability, thus urease activity indicating nitrogen
mineralization, is closely linked to the concentration of the Nt. Similarly, it was observed that the use of
peptones as an energy source (carbohydrates generated during peptide hydrolysis) is closely related to
nitrogen content, while protein hydrolysis is negatively correlated with Nt (Fig. 3). The nitrogen and
phosphorus cycles are determined by the C:N and C:P ratios, since the extracellular enzymes responsible
for the hydrolysis of organic compounds are inducible (Smart and Jackson 2009). Phosphatase enzymes
carry out organic phosphorus mineralization and proteases are the analog for nitrogen (Wagner and Wolf
2005). These exoenzymes are sensitive to acidity and are mainly induced by a substrate deficiency in the
soil solution (Nannipieri et al. 2012).
The fact that phosphorus mineralization by bacteria and fungi isolated from the floodplain was
negatively associated with total phosphorus but positively correlated with available phosphorus (Fig. 3)
indicates that microbial activity is a determinant in soil phosphorus dynamics even during flooding
although other processes could also be involved. Chacón et al. (2005, 2008) suggest that during flooding,
P release from the geochemical pool can occur by microbial reduction of Fe (III) minerals. They argue that
the bioavailability of phosphorus increases in the MAX and MED areas of the gradient as a result of the
mineral dissolution process of iron and aluminum oxides. This suggestion may be supported by the
present results that indicate a relationship between total phosphorus and the density of ferrous and
sulfate-reducing bacteria, as well as the microbial solubilization of inorganic phosphorus in the MAX and
MED zones (Fig. 3).
In summary, this study shows that the Mapire floodplain forest has very efficient mechanisms for capture
and utilization of nutrients which agrees with previous studies carried out by Barrios and Herrera (1994).
However, the results found in the present work only partially agree Balasooriya (2008), Mentzer (2006),
Bossio and Scow (1995), among others, that soil moisture is the determining factor in the activity and
composition of the soil microbial community. The present study determined that soil moisture and total
organic carbon content are the main factors that determine microbial activity. However, these variables
alone do not explain all the changes that occur along the flood gradient. The soil physico-chemical
parameters affect microbial activity in a complex way and microbial communities respond to changes in
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the environment while maintaining their activity throughout the hydroperiod. The results of the present
work are also consistent with Yu and Ehrenfeld (2010) who concluded that the depth of the water sheet,
together with other soil factors, determines the differences in microbial communities in wetlands.
Likewise, Lowell et al. (2009) reported that habitat heterogeneity, in the form of spatial differences in
chemical properties and nutrient content of soils, determines the composition of the microbial community
in floodplains.

Conclusions
The Mapire River flooplain presents a spatial gradient of physico-chemical conditions determined mainly
by high clay content in the topographically lower zone (MAX and MED zones) and sand in the highest
zone (MIN and NF zones). The physico-chemical characteristics generate a temporal gradient of
conditions determined mainly by moisture and total organic carbon, and to a lesser extent by total
phosphorus, total nitrogen and pH. The relationships between the physico-chemical variables of the soil
and the microbiological variables are not linear. The interaction between biotic and abiotic factors is
complex and the microbial community maintains its activity despite the spatio-temporal heterogeneity of
the soil. The biogeochemistry of the flooplain forest responds to changes in available nutrients, with
mineralization of carbon compounds occurring mainly during the onset of rains whereas, different
macronutrient release mechanisms, such as solubilization, are activated during the flood phase.
Phosphorus solubilization, mineral hydrolysis and activation of enzymes (e.g., phosphatases, amylases,
proteases) and use of electron acceptors are alternatives to oxygen to meet microbial nutrient and energy
demands.
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Figure 1
Geographical location of the floodplain of the Mapire River (taken from Barrios and Herrera 1994).
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Figure 2
Soil sampling pattern in the different zones of the flooded forest gradient (adapted from Rosales, 1989).
(∙) sampling point. MAX, maximum flood zone. MED, medium flood zone. MIN, minimum flood zone. NF,
not flooded area.
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Figure 3
Canonical redundancy analysis triplot for descriptors of the microbial community according to the
physicochemical variables along the flood gradient of the Mapire River across season studied. MAX,
maximum flooded area. MED, intermediate flooded area. MIN, minimum flooded area. NF, no flooding
area. T1, dry season. T2, beginning of rainy season. T3, flooding season. Dens AE, density of aerobic
bacteria. Dens AN, density of anaerobic bacteria. Dens H, density of fungi. DensFer, density of ferrous
bacteria. DensBSR, density of sulfate reducing bacteria. DensNitra, density of nitrating bacteria. DensMet,
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density of methanogenic bacteria. Glu, glucose degradation. Pep, degradation of peptones. Ami,
hydrolysis of starch. Pec, degradation of pectin. Cel, cellulose degradation. Lig, degradation of lignin. Qui,
degradation of chitin. Prot, degradation of proteins (proteinases). Lip, lipid degradation (lipases). NO2,
reduction of nitrates to nitrites (nitrate reductases). N2, denitrification (nitrate reductases). Ure, urea
mineralization. Pi, solubilization of phosphates. Po, phosphorus mineralization (phytinases). %H,
humidity percentage. Ct, total carbon. Cs, soluble carbon. Nt, total nitrogen. NO3, nitrate. NH4,
ammonium. Pt, total phosphorus. Pd, available phosphorus. Al, exchangeable aluminium. Fe(II), cation
ferrous. %Arc, clay percentage. %Are, sand percentage.
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