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Abstract
In the present work, the succession of consuming organisms and the dynamics of nutrients in flooded soils were studied 
in the laboratory. We collected soil samples in a sector of the Salado River middle basin from three topographies (upper, 
middle, lower) with different land uses (agricultural and mixed, involving both agriculture and cattle) that were flooded at 
dissimilar times. We measured the physical and chemical parameters of the water, nutrients, and chlorophyll a and realized 
an analysis of the organisms. The reactive fractions of phosphorus and nitrogen increased at the beginning of the flooding, 
mainly through the agricultural use of the upper topography. Chlorophyll a increased in the intermediate and final stages 
of the flooding in all treatments, with the maximum values being found in the lower agricultural topography. In the 195 
taxa recorded, the species richness increased towards the intermediate stage, being slightly higher with agricultural land 
use. The upper topography exhibited the lowest richness, but the highest densities, due to protist contributions. Rotifers and 
microcrustaceans were recorded mainly in middle and lower topographies. Trophic-group diversity and complexity increased 
with decreasing topography and with increased flooding time. We conclude that the residence time of the water in the soil, 
and the adaptation strategies of the organisms, are key elements in edaphic development and composition during the stages 
of flooding.
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Introduction

In floodable river systems, the hydrologic connectivity trig-
gered by a flood pulse exerts a significant influence on the 
exchange of materials between the main river channel and 
the floodplain (Junk et al. 1989). The movement of water 
within the river system influences the transport of sus-
pended sediments, the concentration of nutrients, and the 
exchange of organisms between the main channel and its 
floodplain, both during periods of flooding and isolation 
(Junk et al. 1989; Neiff 1990). Floodplains are low-slope 
areas exposed to periodic flooding due to rising river levels 
or associated lentic environments. The exchanges between 
these environments and the river are consequential, produc-
ing an enrichment of the lotic plankton and the changes that 

this circumstance represents (Amoros and Bornette 2002; 
Vázquez et al. 2007).

The Salado River basin is one of the most economically 
essential basins within the Buenos Aires province, being 
responsible for a third of the national agricultural produc-
tion. The Salado is a typical lowland river with an average 
slope of 0.107 m/km and a length of 571 km, covering an 
area of ca. 150,000 km2. The regime of the river is quite 
variable; with the flow not exceeding 100 m3/s in dry periods 
and reaching up to 1500 m3/s in times of flooding, along 
with the consequent variations in conductivity and transport 
of dissolved and particulate materials (Gabellone et al. 2008; 
Solari et al. 2002).

The flooding of large areas is one of the characteristics of 
the basin (Gabellone et al. 2005). The floodplain includes 
many shallow lakes with different degrees of connectivity to 
the river (Bazzuri et al. 2018). The Salado and its associated 
wetlands constitute an ecosystem performing many func-
tions that are a service—i.e., modulating floods, receiving 
and transporting effluent discharges from the towns located 
on the banks as well as from the agrochemicals that arrive 
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through surface runoff. Certain types of these agrochemi-
cals can be metabolized in the extensive wetlands, before 
flowing into the Samborombón Bay via the Río-de-La-Plata 
Estuary (Gabellone et al. 2013). During a flood, the water 
bodies of the plain—e.g., shallow lakes, paleochannels, and 
oxbow lakes—are connected with the course of the river, 
which receives different materials such as organic matter 
and minerals from the soil. These interactions and relation-
ships demonstrate the significance of the interconnectivity 
of water bodies to the transport of inocula of organisms. In 
addition, the occurrence of floods has an effect on the qual-
ity of the soil, on the surface and underground water, and 
on the distribution of both the terrestrial and aquatic native 
flora and fauna (Gabellone et al. 2003).

Studies carried out in the selected area have verified a 
great similarity between the organisms of the zooplankton 
from flood water and those observed in the Salado River 
(Claps et al. 2009; Quaíni 2011). Many species arise from 
resistance structures that remain in the soil after a flooding 
or originate from edaphic communities that are maintained 
by soil moisture, ambient moisture, or sporadic rains (Cohen 
and Shurin 2003). Organisms exhibit different mechanisms 
of adaptation to desiccation—among which is dormancy, a 
state of reduced metabolic activity adopted by many organ-
isms in reaction to environmentally stressful conditions. 
Dormancy implies a temporary suspension of cell division in 
the example of unicellular organisms such as bacteria (Van 
Vliet 2015), algae, and protists (Corliss and Esser 1974; 
Rengefors et al. 1998), or a suspension in cell-cycle progres-
sion, growth, development, and reproduction in multicellular 
organisms such as plants and metazoans (Keilin 1959; Alek-
seev et al. 2007; Hairston and Fox 2009). Various studies 
have demonstrated that diapause provides the advantage of 
promoting the colonization of new habitats, expanding the 
distribution area of the species, and facilitating the coloniza-
tion of other environments (Alekseev et al. 2007).

An example of adaptation to unfavorable conditions 
is that of the bdelloid rotifers, which are a group that can 
secrete a cyst with a protective gel layer to survive desicca-
tion (Williams 2006; Alekseev et al. 2007). Copepods can 
enter dormancy as eggs, juveniles, or adults, and as such 
survive desiccation at any life stage (Datry et al. 2012). Goo-
derham and Tsyrlin (2002) have recorded that cladoceran-
crustacean ephippia from dry pond sediments have success-
fully hatched after 200 years and have been able to survive 
freezing and desiccation (Mellors 1975). Strachan et al. 
(2014), in six species of Cyprididae (ostracods), observed 
strategies to survive desiccation in an intermittent wetland. 
Typical soil species of nematodes can live in a film of soil 
water and also survive periodic dehydration in a state of 
cryptobiosis (Ruppert and Barnes 1995), while ciliate pro-
tists can develop resistance structures, some of which may 
remain viable for many years (Noland and Gojdics 1967). 

The presence of organisms in flooded soils is related to their 
ability to survive periods of drought, for example, through 
such resistance structures. In addition, the appearance of 
those structures at different times of flooding depends on the 
life cycle and the resources available to the species (Zaplara 
et al. 2018). The frequency of soil flooding is a determining 
condition for the type of communities that develop there. A 
soil with a higher frequency of flooding maintains a different 
community than another nearby site exposed to a different 
frequency and intensity of soil moisture (Quaíni 2011). Each 
of the different groups of zooplankton may prefer a certain 
topographical position for the laying of the inocula, result-
ing in the subsequent observation of a diverse succession of 
organisms in each instance (Quaíni 2011). Empirical knowl-
edge of such successions enables the consideration that more 
complex ecosystems are more mature—that is, composed 
of many organisms, involving long food chains, and with 
well-defined, or more specialized, interspecific relationships 
(Margalef 1963). Regarding the previously stated informa-
tion, the objective of the work reported here was to study, in 
the laboratory, through the use of microcosms, the effect of 
different soil-flooding times on the succession of consuming 
organisms and the effect on the dynamics of environmental 
variables through comparing different topographies and land 
uses (involving agriculture alone and agriculture plus live-
stock). We examined this under the hypothesis that the time 
of soil flooding, in relation to the different topographic posi-
tions, determines the availability of nutrients, the emergence 
of organisms, their development, the succession of commu-
nities, the observation of the development of organisms with 
longer life cycles and trophic webs, and more complex suc-
cessions in those soils with longer exposure to flood water.

According to what was previously stated, the objective of 
this work was to study the effect of different soil-flooding 
times on the succession of consuming organisms and on the 
dynamics of environmental variables in laboratory micro-
cosms, while comparing different topographies and land 
uses, with the hypothesis that the flooding time of the soil in 
different topographic positions determines the availability of 
nutrients, the emergence and growth of organisms, and the 
succession of communities, while noticing a development 
of organisms with longer life cycles, more complex trophic 
networks, and successions in those soils with a longer flood 
time.

Materials and methods

Study area

The study area (Fig. 1) is located in the middle basin of 
the Salado River, located in the ecoregion of the Argentine 
pampas plain (Viglizzo et al. 2006) and in the neotropical 
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phytogeographic region of the Chaco Domain (La Pampa 
province; Cabrera 1971). The site selected for the collec-
tion of the samples was in the agrotechnical school M. C. 
and M. L. Inchausti, belonging to the National University of 
La Plata, located near the town of Valdés, (County of 25 de 
Mayo, Buenos-Aires province). The particular characteris-
tics of this locale, such as climate, rainfall, and slope, among 
others, are detailed in Solari et al. (2018).

The plots selected for the extraction of the samples had 
different previous uses (Fig. 2): agricultural use (-a), and 
mixed use involving agriculture and livestock (-m). Like-
wise, the plots are located at different topographic levels: 
upper (U), middle (M), and lower (L). The recurrence of 
flooding in these areas is different, the area of the upper 
topography is the one that undergoes a lower recurrence of 
flooding and, because of the characteristics of that topog-
raphy’s sandy soil, less water is retained. The intermediate 
zone, denoted middle, has a low recurrence of flooding, but 

the water remains longer since the soils contain a higher con-
centration of fine particles such as silt and clay. The lower 
topography, with frequent flooding and greater retention of 
water, is an inappropriate site for land use, and therefore 
remains without such use.

Extraction and treatment of samples: methodology 
applied in the field and in the laboratory

The extraction of the soil samples was carried out with 
metallic corers with an area of 28.3 cm2 and a soil height 
profile of 5 cm. The soil samples were placed in plastic 
bottles, covered, and transferred to the laboratory. For the 
microcosms, samples of soil plus water without chlorine 
were placed in glass jars with a volume of 0.75 L. In this 
water, the physical and chemical parameters had been pre-
viously measured, with those characteristics constituting 
the initial condition. The flooding was simulated by raising 

Fig. 1   Location of the sampling 
site in the Salado River basin
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the water level vertically with ascending Pasteur pipettes. 
Subsequently, the units were covered and taken to breeding 
chambers programmed for temperature and photoperiod. 
The post-flooding study was carried out in two phases, since 
the capacity of the incubators was limited for the total num-
ber of samples: phase I with intensive daily sampling for 
5 days, and phase II with weekly sampling, every 14 days 
and every 20 days. The duration of the flood was different for 
each topography, with the upper being flooded for 26 days, 
the middle for 54 days, and the lower for 96 days. Each sam-
pling time contained three replicates per treatment, along 
with three control units without soil (Table 1).

The sampling sequence in each experimental unit at each 
time was as follows (Fig. 3): (1) the experimental units were 
removed from the incubators, (2) environmental variables 
in the water column were measured [pH, conductivity (µS/
cm), temperature (°C), and dissolved oxygen (% saturation)] 
with a HORIBA U10 multiple sensor, the oxidation–reduc-
tion potential was measured with a Dr. Lange ECM multi-
plus multiparameter sensor, and turbidity (in nephelometric 

turbidity units, NTUs) was measured with a HACH 2100p 
turbidimeter, (3) sampling for the chemical and biological 
analysis of each experimental unit was performed—extrac-
tions were made for the measurements as follows—(a) 
100 mL of water was removed for analysis of ammonium, 
soluble reactive phosphorus, total phosphorus, nitrates and 
nitrites, and chlorophyll a (APHA 2012) and (b) 10 mL of 
water was removed with a syringe and hose system for the 
counting of protozoa by the Utermöhl method and the pro-
tozoa fixed with 1% (v/v) Lugol’s acetic acid, and (4) the 
remaining volume was filtered through a plankton net with a 
35-µm pore mesh and fixed with 4% (v/v) aqueous formalde-
hyde for counting metazoans in Sedgewick-Rafter chambers. 
Subsequently, the experimental units were discarded.

We estimated the density of the organisms (ind/cm2) in 
each of the groups present, obtained the accumulated spe-
cific richness via a presence-absence index, calculated the 
specific diversity by the Shannon index (H´), and deter-
mined the percentage of the predominant trophic groups 
in each stage of the flooding, as well as at each sampling 

Fig. 2   Schema illustrating the 
location of sampling points in 
each topography and land use. 
The difference in height totaling 
1.4 m among the topographies 
is indicated to the right of the 
schema, whereas the distances 
between the sampling points, 
with respect to upper, are 22 m 
(M) and 40 m (L) and are 
denoted in each topography. The 
distances between the topog-
raphies, with respect to the hill 
and the extraction points of the 
soil samples, are specified for 
each land use: agricultural use 
(black pentagons) and mixed 
use (grey circles)

Table 1   Sampling stages: phase I (5 days), phase II (from day 12 to 96)

Sampling
Time T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12

Flood days 1 2 3 4 5 12 19 26 40 54 75 96
Upper agriculture

Upper mixed

Middle agriculture

Middle mixed

Lower agriculture

Lower mixed

Control

Phase I Phase II
daily weekly every 14 days every 20 days

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

The time of flooding in each topography is indicated. Upper: 26 days— light gray, middle: 54 days—medium gray, lower: 96 days—dark gray. 
The vials indicate the number of replicates per time
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time. We identified the organisms according to the follow-
ing authors: Bick 1972 (ciliates), Foissner et al. 1999 (cili-
ates), Siemensma 2017 (amoebas), Koste and Shiel 1987 
(rotifers), Segers 1995 (rotifers), Reid 1985 (copepods), 
Smirnov 1996 (cladocerans), Heyns 1971 (nematodes), 
Brinkhurst and Marchese 1992 (oligochaetes), and Claps 
and Rossi 1984 (tardigrades). Different sources were used 
to study the trophic groups: Baltañaz and Joanes (2015), 
Bick (1972), Coûteaux and Pussard (1983), Chardez (1967), 
Ferrando (2015), Gilbert et al. (2000, 2003), Ibáñez (2011), 
Karanovic (2012), Maly and Maly (1974), Obertegger et al. 
(2011), Oksana et al. (2006; Appendix 1), Pave and Mar-
chese (2005), Ruppert and Barnes (1995), Torres (1996), 
Williamson and Reid (2001), and Williams (2006).

Statistical analysis

To analyze the interaction of the environmental variables, 
the nutrients, and chlorophyll a, with respect to topographic 
positions and land uses in each stage of the experiment, a 
factorial analysis of variance (ANOVA) was performed. To 
analyze the biological samples among treatments, the data 
were normalized and transformed by the square root, and a 
Bray–Curtis similarity matrix was constructed. An adjusted 
non-metric multidimensional (MDS) analysis represent-
ing samples as points in a two-dimensional space was per-
formed. The relative distances that separate the points are 
in the same rank order as the relative dissimilarities of the 
samples (calculated based on the Bray–Curtis coefficients). 
The interpretation of the MDS is simple: the points that are 
closest represent samples that are more similar in species 
composition, and the points that are more distant represent 
samples of different associations. To carry out these analy-
ses, the Primer V.5 program (Clarke and Gorley 2001) was 
used.

Results

Physical and chemical analysis of the water

The pH was acidic to slightly alkaline and did not undergo 
significant changes throughout the flooding, thus maintain-
ing average values between 6.6 and 7. The statistical analy-
sis, however, revealed significant differences between the 
topographies studied (ANOVA, p = 0.013). The tempera-
ture varied according to the ramp-mode programming of the 
brood chambers, with a maximum value of 20.8 °C in the 
first stage of the flooding and a minimum value of 13.8 °C in 
the final stage. The conductivity was maximum in the initial 
stage at average values of 600 µS/cm, and then decreased in 
the advanced stages of the flooding down to an average value 
of 410 µS/cm. This variable displayed significant differences 
within the corresponding values for topography and land use 
(ANOVA, p = 0.000012), with the minimum values in the L 
agriculture samples (L-a). The turbidity increased progres-
sively with the stages of flooding and evidenced significant 
differences with respect to the topography and land uses 
(ANOVA, p = 0.00011–0.044, respectively). The minimum 
values occurred in the M mixed land-use samples (M-m) at 
2.69 NTUs, with the maxima of 60–95 NTUs measured in 
the intermediate and final stages in L-a. The dynamics of 
the dissolved oxygen during the time of flooding involved a 
decrease from the pre-flooding condition, from 76.0% satu-
ration at the beginning of the flooding down to 54.4%. In 
the intermediate stage, the oxygen in the water increased 
back to 76.3%, but later decreased again to 57.9% as a result 
of biologic activities (i.e., photosynthesis and respiration). 
This variable also exhibited significant differences between 
topographies (ANOVA, p = 0.000003), with a lower percent 
saturation in the U topography (45.7%) than in the M or the 
L, which values, on the average, were greater than 65%. The 

Fig. 3   Schema illustrating 
the sequence of protocols 
performed in the laboratory 
sampling. This diagramatic 
representation summarizes steps 
1–4 outlined in the Materials 
and Methods. PZ Protozoa, 
MZ Metazoa, C Chemistry, Cf 
Filtered Chemistry, Cf. The red 
X indicates that the experimen-
tal units were not returned to the 
incubators, but were discarded
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oxidation–reduction potential evidenced a pattern similar to 
that of oxygen in the initial stage and then increased during 
the later stages (Fig. 4).

Nutrients and chlorophyll a

The phosphorus fractions [soluble reactive phosphorus 
(SRP) and total phosphorus (TP)] evidenced a similar 
dynamic over time during the flooding. The SRP increased 
in concentration in the water during the initial stage as a 
result of a release of the fraction by the soil, exhibiting 
significant differences among the topography and uses 
(ANOVA, p = 0.054). The upper topography had the high-
est average concentrations, mainly with agricultural use 
(548 µg/l), while the middle and lower topographies mani-
fested concentrations lower than those of the upper topogra-
phy, but higher in the U-a unit than in the U-m. As the days 
of flooding progressed, the SRP concentration decreased in 
conjunction with the increase in algal biomass, as estimated 
by the concentration of chlorophyll a. The TP followed a 
pattern similar to that of the SRP. The nitrogen fractions 
(nitrates + nitrites, and ammonium) evidenced significant 
differences within the topographies (ANOVA, p = 0.0001) 

and the land uses (ANOVA, p = 0.046). The initial stage 
contained the highest concentrations of both fractions, with 
ammonium being higher in topography U-a, and nitrates 
plus nitrites higher in L-m. As the stages of the flooding pro-
gressed, both fractions decreased. Chlorophyll a—increased 
gradually with the flooding stages to become maximum at 
the end—manifested significant differences with respect to 
the various topographies (ANOVA, p = 0.0055), having a 
minimum value in M-m at 9.70 mg/m3 in the initial stage, 
and reaching a maximum in the final stage in L-a at 84.8 mg/
m3 (Fig. 5).

Microconsumers: specific richness, diversity, 
density, and trophic groups

We recorded 195 taxa distributed among Ciliophora (43), 
Amebozoa (22), Cercozoa (6) and naked amoebas (2), 
Heliozoa (1), Rotifera (68), Nematoda (11), Annelida Oli-
gochaeta (3), Copepoda (6), Cladocera (17), and Ostracoda 
(4). The final 12 taxa were detected in other groups such as 
Tardigrada, Gastrotricha, Hexapoda, Chelicerata, Onych-
ophora, Collembola, and Mollusca, with one or two species 
each. The average specific richness was slightly higher in 

Fig. 4   Variation in the physical 
and chemical parameters in the 
combination of topographies 
and land uses during the flood-
ing stages. In the figure, the pH 
(a), the temperature in ºC (b), 
the conductivity in µS/cm (c), 
the turbidity in NTUs (d), the 
dissolved oxygen concentration 
(DO) as the percent of satura-
tion (e), and the oxidation–
reduction potential (ORP) in 
mV (f) is plotted on the ordinate 
at each of the post flooding 
stages—initial (0–26 days), 
intermediate (26–54 days), 
or final (54–96 days)—indi-
cated on the abscissa. The 
ordinate scales were adjusted 
to the range of values for each 
parameter in order to more 
clearly represent the differ-
ences between the stages. As 
indicated in the square to the 
lower right of the figure, in 
each box plot, the small black 
squares represent the means, the 
larger gray rectangles represent 
the means ± the standard errors 
(SEs), the brackets represent the 
means ± 2SEs, and the circles 
represent the outliers
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the agricultural use than in the mixed use and increased with 
the time of flooding in the three elevation topographies, with 
maximum values in the intermediate stage. The upper topog-
raphy possessed a lower richness than either the middle or 
the lower topographies, with a predominance of protists 
(ciliates and amoebas), and contained a maximum richness 
of 13 taxa at time T6 in topography U-m, and 11 taxa at 
times T6 and T8 in U-a. In the M and L topographies, the 
rotifers were more abundant, mainly being observed in M-a, 
with a maximum of 15 taxa in the intermediate stage of the 
flooding (T6 and T7). In these topographies, certain species 
of adult copepods appeared in the early stages of the flood-
ing, but, as the flooding time progressed, the crustaceans 
increased in richness with adult copepods, cladocerans, and 
ostracods registering averages of 7 or 8 taxa, and attaining a 
maximum of 10 in M-a (Fig. 6).

Microconsumer density

In topography U, the microconsumer density was higher 
than in M or L, with increases in the advanced stages of the 
flood. The contributions to the density in both land uses were 
mainly by ciliates such as Cyclidium sp. and Frontonia sp. 
In topography U-a, the amoebas increased in density over 

time, mainly owing to contributions from Nebela sp., while 
the rotifers became evident in the intermediate stage, with 
contributions mainly from the genus Lecane. In topography 
U-m, the contributing taxa were mainly certain amoebas, 
such as Euglypha tuberculata, Trinema enchelys, and Difflu-
gia acuminata, along with rotifers characterized by Lecane 
clara. In both land uses the gastrotrichs, chelicerates, onych-
ophorans, tardigrades, and nematodes were recorded in low 
densities at certain times during the flooding (Fig. 7, upper 
panels a).

In the M and L topographies (Fig. 7, b and c), the den-
sity of the ciliates decreased with respect to the topography 
of the upper topography, while the amoebas became more 
prevalent. In the M-a topography, the ciliates contributed 
with Euplotes sp. and a species of the Oxytrichidae fam-
ily. The amoebas contributed mainly through increases in 
Netzelia gramen, Centropyxis aculeata, and Difflugia pyri-
formis. Rotifers were present throughout the experiment, 
though in low densities, through contributions by Tricho-
cerca cylindrica. Copepods were recorded from the begin-
ning, mainly as a result of nauplii larvae and adults of 
Metacyclops mendocinus. Cladocerans appeared from the 
intermediate to the final stage, featuring Coronatella pop-
pei, while the ostracods were represented by contributions 

Fig. 5   Variation of nutrients during the different stages of flooding 
in the combination of topographies and land uses during the flood-
ing stages. In the figure the concentrations of soluble reactive phos-
phorus (SRP) in µg/L (a), total phosphorus (TP) in µg/L (b), chlo-
rophyll a (Cl a) in mg/m3 (c), nitrates plus nitrites (N + N) in µg/L 
(d), and ammonium (NH4) in µg/L (e) are plotted on the ordinate at 
each of the post flooding stages—initial (0–26  days), intermediate 

(26–54  days), or final (54–96  days)—indicated on the abscissa. In 
each stage, the values of both the uses and the sampling days were 
averaged. As indicated in the square to the lower right of the figure, in 
each box plot, the small black squares represent the means, the larger 
gray rectangles represent the means ± the SEs, the brackets represent 
the means ± 2SEs, and the circles represent the outliers
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from the genus Cypridopsis. Other groups were recorded 
at certain times in low densities, such as nematodes, anne-
lids, tardigrades, springtails, gastrotrichs, gastropods, and 
chelicerates (Fig. 7 b). In the M-m topography, the ciliates 
that contributed the most to the density were Vorticella sp. 
and Cyclidium sp. Amoebas were present in all the stages 
of the experiment, with contributions from Cyclopyxis sp. 
and Difflugia bidens. Furthermore, rotifers were recorded 
at low densities with contributions from Philodina sp. and 
Lecane lunaris. Copepods, featuring juveniles and adults 
of Metacyclops mendocinus, and cladocerans became evi-
dent in the intermediate and final stages through an input 
from a species of the Chydoridae family. Adult ostracods 
were present at the end of the flooding, represented by 
Cypridopsis sp. and Chlamydotheca incisa. Other groups 
such as nematodes, gastrotrichs, molluscs, and tardigrades 
were recorded at low densities (Fig. 7 b).

In the L-a topography, after an initial drop, the ciliates 
increased by the final stage, with contributions from Colpoda 
inflata and a species of Oxytrichidae (Fig. 7 c). The amoebas 
increased in density over time, mainly through input by Eug-
lypha acanthophora. The rotifers contributed with Lecane 
elsa, while the copepods were recorded throughout the 
experiment—at the beginning with juveniles and toward the 
end with adults of Notodiaptomus incompositus. Cladocer-
ans and ostracods increased in abundance in the final stage, 
through the presence of Coronatella poppei, Daphnia spinu-
lata, and Chlamydotheca incisa. Nematodes were recorded 
at low densities, featuring Dorylaimus sp. along with a 
species from the Tylenchidae family, whereas other groups 
remained at minimum densities at certain times—such as 
oligochaetes, gastrotrichs, hexapods, springtails, and mol-
luscs (Fig. 7 c). In the L-m topography, the ciliates were pre-
sent with Halteria sp. and Euplotes sp., while the amoebas 

Fig. 6   Average specific richness 
of each group of organisms at 
different times of flooding. In 
the figure, the groups in the 
left column of panels represent 
agricultural land use, and the 
right column mixed (agriculture 
and livestock) land use. The 
upper, middle, and lower rows 
of panels denote the respective 
upper (U), middle (M), and 
lower (L) topographical eleva-
tions. In each panel, the species 
richness is plotted on the ordi-
nate for each of the times after 
flooding in days indicated on 
the abscissa. Key to the bar tex-
tures: middle gray—Ciliophora, 
black-white descending diago-
nal hatching—Amoebozoa, 
white—Rotifera, gray—Crusta-
cea, black-and-white horizontal 
hatching—nematodes, black—
other miscellaneous taxa, i.e., 
those with a scarce specific 
richness that appeared in certain 
samplings such as annelids, 
gastrotrichs, hexapods, tardi-
grades, chelicerates, molluscs, 
and onychophorans. T denotes 
the time after flooding in days, 
as summarized in the box to the 
lower right of the figure
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Euglypha tuberculata, Cyclopyxis sp., and Pseudodifflugia 
fascicularis were also recorded. The rotifers exhibited low 
densities, with contributions from the genus Trichocerca. 
The copepods were detected throughout the experiment, at 
the beginning with nauplii larvae and adults of Metacyclops 
mendocinus and Microcyclops anceps. In the final stage, 
adults of Notodiaptomus incompositus became present. In 
that stage, the cladocerans reached a maximum density, fea-
turing Corontella poppei, while the ostracods—represented 
by Cypridopsis sp., Chlamydotheca incisa, Hetorocypris sp., 
and juveniles—became more evident in the intermediate and 
final stages. Nematodes and other groups such as annelids, 
gastrotrichs, and chelicerates were recorded in low densities 
at certain times during the flooding (Fig. 7 c).

Statistical results for the biological analysis 
of samples (MDS)

The analysis showed a well marked separation between the 
high topography (upper) with respect to the lowest (mid-
dle and lower). The initial and intermediate stages were 
grouped by the presence of groups such as protists (ciliates 

and amoebas), rotifers, nematodes, annelids, and gastrotri-
chos, mainly, and certain species of copepods, with strate-
gies of dormant structures in adults, such as Metacyclops 
mendocinus and Acanthocyclops robustus. In the low areas, 
the presence of certain groups such as crustaceans (copep-
ods, cladocerans, and ostracods) could be responsible for the 
spatial differentiation and in the time of flooding, due to the 
fact that these specimens, in the adult stage, became evident 
in the intermediate and final stages (Fig. 8).

Specific diversity and trophic groups 
in the topographies at each stage of the flooding

The specific diversity and complexity of the trophic groups 
increased as a function of the topographies and the flood-
ing time. The lowest diversity values were observed in the 
U topographies, with values between 0.321 and 1.487, and 
with no differences among the land uses. The highest diver-
sity was in the M-m topography during the intermediate 
stage of the flooding at a value of 2.14. In the L topog-
raphy, the minimum diversities occurred during the initial 
stage, with an average value of 1.21, whereas the maximum 

Fig. 7   Average density of the 
groups of organisms in the 
flooding stages. In the figure, 
the groups in the left column 
of panels represent agricultural 
land use, and the right column 
represents mixed (agriculture 
and livestock) land use. The 
upper, middle, and lower rows 
of panels denote the respec-
tive upper, middle, and lower 
topographical elevations. In 
each panel, the microconsumer 
density in individuals per cm2 is 
plotted on the ordinate for each 
of the stages—initial (26 days), 
intermediate (54 days), and 
final (96 days)—after flood-
ing indicated on the abscissa. 
Key to the bar textures: middle 
gray—Ciliophora, black-
and-white descending hatch-
ing—Amoebozoa, light- and 
dark-gray vertical hatching—
Rotifera, white—other groups, 
light gray—nematodes and 
annelids, black—Crustacea. 
The other groups include taxa 
with minimal contributions to 
density (e.g., chelicerates, hexa-
pods, gastrotrichs, tardigrades, 
springtails, onychophorans, 
molluscs)
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appeared in the intermediate stage of the flooding for the 
mixed land use (2.09) and in the final stage for the agricul-
tural land use (1.96).

The trophic groups differed within the various topogra-
phies and during the flooding stages (Fig. 8). In the upper 
topography, small bacterivores and omnivores, such as 
ciliates and amoebas, predominated and were recorded 
throughout the experiment with an abundance of Euplotes 
sp., Cyclidium sp., Euglypha tuberculata, and two species 
of the genus Trinema. Small herbivores such as bdelloid 
rotifers and Lecane sp. were also recorded. In certain sam-
pling events, other groups of omnivores were recorded with 
lower densities, such as gastrotrichs, nematodes, and tardi-
grades, as well as ciliates, rotifers, chelicerates, and preda-
tory nematodes. In the middle and lower topographies, the 
density of bacterivores was low throughout the experiment, 
whereas small omnivores increased, namely amoebas of the 
genera Cyclopyxis, Euglypha, and Trinema, along with the 
ciliates Halteria sp., Euplotes sp., Frontonia sp., and Vor-
ticella sp. Other small herbivores, such as bdelloid rotifers, 
Lecane sp., Lepadella patella, and Euchlanis sp., were also 
recorded. Larger herbivores (e.g., nauplii larvae and adult 
copepods) such as the calanoid Notodiaptomus incomposi-
tus, along with cladocerans as exemplified by Daphnia spi-
nulata, Daphnia obtusa, Ceriodaphnia dubia, Alona yara, 
and Coronatella poppei, plus a species of detritivorous 
Chydoridae, were detected within the intermediate and final 
stages of the flooding. Small predators such as rotifers of the 
genera Cephalodella and Trichocerca were also present in 

different samplings, as well as larger predators represented 
by the copepods Metacyclops mendocinus and Acanthocy-
clops robustus, plus nematodes of the Mononchydae fam-
ily. Other groups of omnivores, namely nematodes (Dory-
laimus sp.), gastrotrichs (Chaetonotus sp.), and copepods 
(Paracyclops fimbriatus), annelids (Naididae and Aelosoma 
sp.), tardigrades, and molluscs, were present in low densi-
ties in certain samplings. Towards the end of the flooding, 
the detritivorous pathway increased with adult ostracods of 
the genera Cypridopsis, Heterocypris, and the species Chla-
mydotheca incisa (Fig. 9).

Discussion

The first effect of a flooding is the displacement of air by 
the water, since the dissolved oxygen of the water decreases 
in the first stage from the initial levels present in the water. 
This occurrence was much more marked in the U topog-
raphy. This diminution could be due to a rapid consump-
tion of oxygen by aerobic organisms, chemical oxidation, 
and/or diffusion between the water and the soil (Tusneem 
and Patrick 1971; Ponnamperuma 1972, 1985; De Datta 
1981; Roger 1996). In the intermediate period, and at the 
beginning of the final stage of the flooding, the percent-
age saturation of dissolved oxygen increased in agreement 
with an elevation in the concentration of chlorophyll a and 
the corresponding photosynthetic activity of the algae. In 
contrast, toward the end of the experiment, the dissolved 

Fig. 8   MDS statistical analysis. 
Spatial and temporal distribu-
tion of treatments. The arrow 
indicates the advance of the 
succession in time and the 
numbers in each geometric 
figure represent the flood times. 
The green oval highlights the 
differentiation and grouping of 
the topographic position of the 
hill and the ovals with dotted 
lines highlight the different 
stages of the flood. References, 
time (days): T1–T5 1–5 days, 
T6 12 days, T7 19 days, T8 
26 days, T9 40 days, T10 
54 days, T11 75 days, T12 
96 days
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oxygen manifested a decrease attributable to an increase in 
the respiration of larger organisms such as microcrustaceans. 
The values of oxidation–reduction potential recorded during 
the experiment, in all the experimental units, were lower 
than 326 mV. According to different authors (Ponnampe-
ruma 1972; Reddy and DeLaune 2008), the range of the 
oxidation–reduction potential of a flooded soil that remains 
submerged for several weeks is between 0 and 200 mV, and 
can reach negative values depending on the characteristics 
of the soil and the time of the flooding. The pH of the water 
that floods soil depends on the pHs of the source water and 
soil, the activity of the algae, the nature and amount of oxi-
dized compounds, the portion and kind of organic matter, 
and the temperature (Ponnamperuma 1972; Morales et al. 
2001). In the first days of flooding, the pH increased slightly 
and then decreased somewhat, probably related to oxida-
tion–reduction reactions of the reduced environments rather 
than related to algal activity, which was scarce at this initial 
stage since acidity dominates the system under reduced con-
ditions (Quaíni (2011)). In the intermediate and final stages, 
the increases in pH were attributed to the elevation in photo-
synthetic activity. Changes in conductivity are related to the 
reactions that produce the ions and those that inactivate or 
replace them (Ponnamperuma 1972). The increases in tur-
bidity, for its part, were attributable to increases in bacterial 
activity and to the chemical characteristics of the floodwater, 
which depend mainly on the source of the water flooding as 
well, but also depend on the properties of the soil (Watanabe 
and Roger 1985) (Fig. 10).

An increase in chlorophyll a was observed in all the sys-
tems studied, mainly in the intermediate and final stages of 
the flooding, and occurred simultaneously with elevations in 

the concentrations of phosphorus and nitrogen. In previous 
studies of flooded soils, Quaíni (2011) observed that, in sites 
with a longer flooding time than 5 days, the environment was 
more stable than in those flooded for only 5 days. This stabil-
ity at longer times enabled the community to reach a higher 
level of complexity, with an increased algal development 
that was closely related to the SRP and nitrate concentrations 
in the water. In addition, in all the sites of the present study, 
an increase in the SRP was observed in the initial stage of 
the flooding. An increase in the concentration of available 
phosphorus in the water is characteristic of such flooded 
environments, where the water displaces the air from the soil 
pores and anoxia is generated. Consequently, other elements 
take the place of oxygen as electron acceptors, such as Fe 
and Mn. These electrons, in the oxidized state, form com-
pounds with phosphorus that are then reduced and released 
when flooding occurs, and the redox potential decreases (De 
Datta 1981; Hossner and Baker 1988; Sharpley et al. 1995; 
Pant and Reddy 2003; Chacón et al. 2005). In the U topog-
raphy, the concentrations of SRP and TP exceeded the con-
centration values of the M and L topographies of both land 
uses, although the latter two topographies displayed higher 
values in the agricultural use. The fertilization in these sites, 
and the composition of the soil particles, were conditions 
that could influence the concentrations of SRP and TP in 
each land-use site, as well as the sandy texture exerting an 
influence on the phosphorus concentrations— sand is inert 
and does not readily adsorb the complexes associated with 
phosphorus, thus those complexes were released more easily. 
The ability of a soil to provide phosphorus to crops depends 
on the rate and amount of desorption (Silva Rossi 2011). The 
incorporation of SRP from the soil into the water favors an 

Fig. 9   Predominant trophic 
groups in the different stages of 
the flooding for each topogra-
phy. In the table, the interme-
diate and final stages of the 
flooding are summarized as a 
continuum
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increase in the algal biomass, along with the successions 
related to the grazing and herbivory systems. In the first 
days of flooding, a slight increase in the concentration of 
chlorophyll a was observed, as well as higher values of TP 
in almost all the treatments. In this instance, the relation-
ship among SRP and TP indicated that a great part of the 
phosphorus in the system was in a labile form, available to 
algae, and another part was incorporated into organisms as 
intrabiotic phosphorus.

The biologic interactions in the water column, such 
as photosynthesis by the producers, generate oxygen 
in the environment that enhances the mineralization of 
the accumulated organic matter and likewise releases 

phosphorus-containing components. Microorganisms play 
an essential role in phosphorus retention in these flooded 
environments, resulting in a high primary productivity; 
once phosphorus enters the system of the detritus-micro-
algal community, the probability that the phosphorus will 
be retained and recycled in the water is high (Reddy and 
DeLaune 2008).

The ammonium concentration was different between the 
topographies U, M, and L and during the stages of flood-
ing. The variation in the amount of this ion in the soil 
may be due to different processes. The use of ammonium 
compounds (e.g., ammonium phosphate) in fertilization, 
followed by the eventual decomposition of the resulting 

Fig. 10   Schema illustrating the 
contribution of nutrients and 
organisms that produce and con-
sume in the soil during short- 
and long-term flooding, and the 
potential influential elements 
involved in the emergence of 
organisms
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ammonium-containing organic matter in the soil, releases 
the ion, thus increasing its concentration in flood water (De 
Datta 1981; Reddy & DeLaune 2008). Likewise, ammoni-
fication reactions increase upon the conversion of organic 
nitrogen into ammonium (Conzonno 2009). Thereafter, the 
ammonium can be assimilated by algae for the synthesis of 
nitrogenous organic matter, or can be converted to nitrite by 
bacterial oxidation (Conzonno 2009). In the first stage of the 
flooding in both land uses of topographies U and M, and in 
the U-a, the average concentrations of nitrate were higher 
than in the initial condition of the water, but were higher 
still in the lower topographies. The increases in nitrates in 
the first stage of the flooding could be due to nitrification. 
In the intermediate and final stages, the concentrations of 
nitrates decreased as a result of consumption by algae and a 
denitrification in the anaerobic soils that transformed nitrates 
into atmospheric nitrogen (Simon 2002).

Effects of flooding on the succession of consuming 
organisms

We observed a certain relationship among the number of 
taxa, the topographic position, and the time of flooding. The 
values we recorded of the abundance and specific diversity 
of taxa did not indicate major differences between the land 
uses, whereas the richness of species was slightly higher 
in the U-a topography than in the U-m. In all the sites, we 
observed an increase in specific richness during the interme-
diate stage of the flooding, in which the value then decreased 
slightly towards the end of the extended flood. These data 
agree with studies of taxa succession in flooded soils, like-
wise carried out in the same area (Quaíni 2011; Solari et al. 
2018). In soils with longer flooding times, such as those of 
M and L, an increase in the number of species and specific 
diversity occurred. The protists—mainly ciliates and amoe-
bae—were the dominant group in the U topography, with 
the former manifesting high densities that increased with 
the flooding time. These organisms have wide ranges of tol-
erance to environmental variables and are highly sensitive 
to moisture levels, while certain species have the ability to 
produce resistant states under drought conditions (Foissner 
1987).

Rotifers vastly outnumbered the rest of the groups in the 
topographies M and L. Many rotifer species are adapted to 
living in diverse types of habitats (Fontaneto et al. 2011). 
Ciliates and rotifers are ubiquitous because of the ability 
of many of them to produce forms of resistance that enable 
them to withstand and survive periods of developmentally 
unfavorable environmental conditions, such as the complete 
absence of water (Cohen and Shurin 2003; Foissner 1987; 
Brock et al. 2003). Crustaceans,e.g., adult copepods with 
different feeding habits, filter-feeding cladocerans, and detri-
tivorous ostracods, were present in topographies M and L, 

mainly in the intermediate and final stages of the flooding. 
During the first days of the flooding, however, we recorded 
certain species of adult cyclopoid copepods. Consistent with 
this observation, Dobrzykowski and Wyngaard (1993) and 
Naess and Nilssen (1991) had described that diapause could 
occur from the copepodite stage II to the adult, as well as 
in fertilized females. Copepods can develop from egg to 
adult in a few days or weeks depending on the species and 
environmental circumstances, mainly temperature and the 
food source (Wyngaard and Chinnappa 1982). Metacyclops 
mendocinus is a species that was recorded in the first stage 
of the flooding. Studies have documented that both oviger-
ous males and females of M. mendocinus emerged from a 
temporary environment 48 h after a flooding (Echaniz and 
Vignatti 2010). The most effective strategy in temporary 
aquatic environments consists of producing resistant eggs 
that can remain in a dormant state for months or even years 
(Baltanás and Joanes 2015). In these experiments, what 
was notable was that the emergence and development of 
crustaceans coincided with an increase in chlorophyll a, and 
furthermore, that temporal variations in algal quality and 
quantity are essential for the formation of community struc-
ture and species interactions (Kirk 2002).

Relevance of the inoculum bank living in the soil

The presence of resistance structures in the soil contributes 
to the resilience of the ecosystem in a flood after a drought, 
since these structures enable species to develop quickly once 
the dormant period ends (Brock et al. 2003). The conditions 
necessary for interrupting diapause and inducing hatching 
depend mostly on the species and can often vary among 
populations of the same species (Wyngaard 1988). In shal-
low and short-lived temporary environments, changes in 
temperature, osmotic pressure, and oxygen concentration 
during the flooding cycle are the indicators most relevant 
to growth and reproduction (Brendonck 1996). We can 
infer that, in a comparison the three sites studied, the initial 
soil inoculum bank before the flooding was different in U 
from the corresponding bank in the other sites. This differ-
ence was evident because after exposure to similar times of 
flooding (up to day 26 of the experiment), the emergence 
and final nature of the communities was quite dissimilar, 
with a simpler community developing in topography L 
that involved a less complex food web, characterized by 
the absence of microcrustaceans. One explanation may be 
the agriculture intensive carried out in the U zone since, 
according to Brendonck and Meester (2003), the degree of 
sediment disturbance has a serious impact on the vertical 
structure of the soil’s egg bank. Another possibility may 
be the low frequency of flooding in these higher areas, thus 
preventing the reversion of the dormancy to the active state 
in the soil through either senescence or loss of viability. In 
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diametric contrast, zone L remained moist longer, even when 
not flooded, owing to its proximity to the water table and 
the morphology of the basin. The edaphic community that 
remained with such soil moisture most likely gave rise to the 
aquatic community during the flood, since in the Lower the 
community was maintained over time (Quaíni 2011).

Conclusions

The residence time of flood water exerts a key influence on 
the emergence and development of consuming organisms. 
In the sites exposed to a few days of flooding, as in U, the 
species richness and specific diversity were low, whereas 
in the more prolonged flooding of L, the two indices were 
considerably higher. In the systems with a short flooding, 
mainly opportunistic organisms characterized by simple 
and short life cycles were recorded, with wide ranges of 
tolerance to environmental changes and which more easily 
colonized the most unstable environments. In the prolonged 
flooding, although many of the taxa already registered were 
still present, other organisms with long life cycles appeared 
at intermediate stages of development, thus demonstrating 
the relevance of those more stable scenarios.

The bank of propagules present in each site was different: 
topographically contrasting sites such as U and L evidenced 
a different succession of organisms after the same time of 
exposure to water. This difference indicates a relevance of 
both the soil flooding time and the nature and degree of 
viability of the the inocula previously present. Adaptations 
and strategies to combat desiccation are very diverse among 
organisms, enabling those with a long life cycle that would 
otherwise be present in the most advanced stages of the 
succession—such as certain adult cyclopoid copepods—to 
be instead recorded in the first days of the flooding. These 
species have the ability to remain dormant as adults and as 
ovigerous females, and then to reactivate in a short time once 
water again becomes available.

In conclusion, the characteristic trophic groups at the 
beginning of the succession were mainly omnivorous, being 
both bacterivores and small herbivores. As time progressed, 
organisms with higher biomass such as copepods and cla-
docerans developed, with feeding habits such as predation 
and herbivory. Toward the end of the succession, detritivore 
feeding increased. Many of the taxa recorded in the experi-
ment were common to the organisms previously identified 
in the Salado River, thus demonstrating the relevance of 
connectivity during flooding and the active and passive dis-
persal agencies responsible for the movements of organisms 
between an aquatic environment and their habitats within 
the flood plain. The potential to exchange materials, nutri-
ents, and organisms promotes the renewal, continuity, and 
prosperity of biologic communities over time in the aquatic 

environments of the basin, as well as in the main channel of 
the Salado River.

In a regional flooding with interconnectivity to associated 
water bodies, the soils in short-term episodes can provide 
nutrients, mainly in an inorganic form (e.g., phosphorus and 
nitrates),which may have implications for the trophic level 
of water bodies. In soils with prolonged flooding, however, 
these flooded terrestrial environments will contribute a com-
plex and diverse variety of organisms to the water bodies, 
which can then generate changes in the assemblages of the 
organisms present in those water bodies (Fig. 9). The incor-
poration of those organisms can be used as a food source 
for other aquatic invertebrates and for fish, as well as other 
aquatic fauna, since most fish feed on plankton at some stage 
in their ontogeny (Lazzaro 1987).
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