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Abstract
The variability of 11 physicochemical and biological variables in the water column was analyzed in lentic and lotic
environments during two intraannual water level periods over 10 non-consecutive years within a hydraulically
interconnected alluvial zone of a tropical fluvial system. The evaluation included the limnological characterization, a
principal component analysis (PCA) based on eight key variables, and the examination of inherent and recurrent
variability of data through violin plots. The limnological characterization and PCA, both based on variable-level analysis,
partially explained the variation among four conditions: lotic high water level, lentic high water level, lotic low water level,
and lentic low water level. Whereas, the analysis of inherent data variability pointed out three conditions associated with
kinetic energy and water column processes. First, the fluvial explained primarily by sediment transport and nutrient
enrichment. Second, lateral homogenization of electric conductivity, water transparency and dissolved oxygen
saturation. Third, lentic in low water level, when lakes worked as bioreactors exhibiting high biology productivity and
oxygen supersaturation. In conclusion, the inherent data variability of the key variables supports the hypothesis that the
physicochemical variability is driven by recurrent and interactive conditions. These findings show that the analysis of
data variability provides a useful tool for understanding water column dynamics and identifying the principal conditions
regulating the ecological functioning of tropical riverine wetlands.

1. Introduction
The interactions among biochemical processes and biota across geomorphic elements in the longitudinal and lateral
dimensions of fluvial systems are markedly determined by surface hydraulic interconnectivity (Ward 1989; Amoros and
Bornete 2002; Liu and Wang 2018). This connectivity regulates spatial and temporal variability in physicochemical water
conditions and primary production within riverine wetlands (Ward 1989; Shen and Liu 2021; Zheng et al. 2025). In alluvial
longitudinal zones, the hydrologic interconnectivity brings about the multidirectional exchange of materials and
organisms among the geomorphic elements in the riverine wetlands. These driving forces, together with geomorphic
contention factors, lead to multiscale spatiotemporal variability in the transport, production, storage, recycling and
release of inorganic and organic matter through the trophic webs linking rivers, channels, and lakes (Tockner et al. 2000;
Junk 2002; Covino 2017; Savenko and Savenko 2022; Chaparro et al. 2023; Jeethu and Kaladevi 2025; Zhang 2025).

Under the HLW period, the main river, together with its distributaries and tributaries, increases the transport of inorganic
and organic materials, whether suspended or dissolved (Wohl et al. 2021). Moreover, the rise of the water level in the
rivers strengthen the horizontal interchange of these inorganic and organic materials, as part of the production and
transport processes among rivers, channels and lakes (Ward 1989; Junk 2002; Thomaz et al. 2007; Mayora et al. 2020;
McInerney et al. 2020; Park et al. 2022). In HLW, the lateral surface connection between lotic and lentic elements
promoted the homogenization of water parameters and aquatic biota, mainly when the hydraulic interconnectivity by
geomorphic contention factors almost disappear for the overflowing of lakes and floodplains (Thomaz et al. 2007; Bek
et al. 2025). Then, the similar conditions of ions, water transparency and primary production among rivers, and lakes are
linked to the water volume, deposition of organic and inorganic matter, and the degradation of the organic fraction by
depleting the dissolved oxygen (Diaz and Breitburg 2009; Obolewski et al. 2018; Carhart et al. 2021; Walalite et al. 2023).

In contrast, lakes act as bioreactors during LWL periods, enhancing nutrient transformation and recycling (Wantzen et al.
2008; Marton et al. 2015; Evenson et al. 2018). During this period, lakes are characterized by sediment resuspension,
reduced light penetration, and elevated concentrations of nitrogens and phosphorus. These nutrients are rapidly
assimilated, supporting enhanced primary production and often leading to high dissolved oxygen saturation in tropical
wetlands (Carlson and Havens 2005; Cruz-Ramírez et al. 2019a; Wu et al. 2019; Castillo 2020; Shen and Liu 2021;
Salcedo et al. 2022). Despite the reduced water volume, the lateral hydrological connectivity with rivers persists through
permanent channels (Shen and Liu 2021), while salt concentrations increases due to evapoconcentration under warmer
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and shalower conditions (de Wilde et al. 2015). Concurrently, the attenuation of kinetic energy in the rivers diminishes
the suspended solid transport favouring sedimentation and light penetration (Thomaz et al. 2007; Arisanty and Saputra
2017; Lopera-Congote et al. 2020).

As noted above, spatial physicochemical and biological variability under contrasting water-level periods have been
extensively documented through the identification of key variables using both univariate or multivariate numerical
approaches. Overall, HWL periods are dominated by the transport of suspended and dissolved materials, whereas LWL
periods are characterized primarly by storage, production and assimilation processes, particularly those associated with
primary production. Furthermore, the lateral homogenization of physicochemical conditions and biota is most frequently
reported during HWL periods. However, the diferent interpretations of the relationships between physicochemical
variability and the complex hydrogeomorphic dynamics, primarily driven by variability across multiple spatiotemporal
scales (for example, Thomaz et al. 2007; Castillo 2020; Lopera-Congote et al. 2020; Mayora et al. 2020; Wohl et al. 2021;
Bek et al. 2025), highlight the need for approaches that more effectively explain fluctuations in the magnitude of key
variables in terms of forcing and contention functions. Within this context, the analysis of the inherent variability of
environmental variables through a hydrogeomorphic framework supports the hypothesis that the physicochemical
variability arises from recurrent and interacting conditionsthat are associated with, but not exclusively determined by,
water levels periods or or geomorphic features.

2. Methods

2.1 Study area
The PCBR is a complex net of riverine wetlands located on elevations ranging from − 1.0 a 7.0 meters above sea level
(masl), with an area of 302 706.62 ha (17°57′53′′–18°39′03′′N, 92º06′39′′–92º47′58′′W) in coastal floodplain of the
southern Gulf of Mexico (Romero et al. 2000). The PCBR is located in the alluvial zone of the Grijalva and Usumacinta
fluvial systems, which discharge into the Southern Gulf of Mexico. Within the PCBR are approximately 110 lakes
interconnected through one tributary, three distributaries and numerous natural and artificial channels (Fig. 1). Notably,
one of the artificial channels, approximately 37 km long with a 3.3 m of average depth, stands out in the Usumacinta
fluvial system. This channel was built between 1979 and 1981 to connect Pemex city and the Pom-Atasta fluvial lagoon
system of Terminos lagoon (Brzovic 1990; INEGI 2021). The combined annual average flow of both fluvial systems (358
269 m3 s− 1) is the second highest after the Mississippi-Atchafalaya fluvial system (Osburn et al. 2019). However, The
Grijalva fluvial system is dammed, while the Usumacinta system remains undammed. Their intra-annual flow variation
accounts for the wide fluctuation in water depth, ranging from 0.4–0.6 to 1.5-6 m in lakes between the LWL and HWL
periods (Sánchez et al. 2015). The LWL corresponds to the dry season, occurring from April to May, while the HWL is
caused by tropical and polar rains, peaking between September and January (Cruz-Ramírez et al. 2019a). These rainfalls
increases flow and depth during HWL promoting hydraulic surface lateral connection, which in turn results in an increase
in flooding areas equivalent to 2 934 km2 and the hydraulic reconnection of temporal lakes in the PCBR (Sánchez et al.
2007; Salcedo et al. 2012). In contrast, the reduction in flow during the LWL leads to both the temporary hydraulic
isolation of several lakes and the inflow of tidal currents up to 22.5 km upstream from the mouth which increases the
estuarine area (Salcedo et al. 2012; Esqueda-Lara et al. 2021).

In the PCRB, the arboreal communities are dominated by Terminalia buceras (L.) C. Wright, Haematoxylum
campechianum L., Pachira aquatica Aubl., Rhizophora mangle L., y Tabebuia rosea (Bertol.) DC., Aditiionally, among the
herbaceous communities, the submersed rooted macrophytes are represented by Vallisneria americana Michx. and
Cabomba palaeformis Fassett, while the floating leaf macrophytes, Nymphaea ampla (Salisb.) DC is the most frequent
species. The free floating macrophytes dominants are Pontederia crassipes Mart. y Pistia stratiotes L. (Novelo 2006;
López-Jiménez et al. 2020). At last, the emergent rooted macrophytes are mainly represented by Dalbergia brownei
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(Jacq.) Urb., Gynerium sagittatum (Aubl.) P. Beauv., Thalia geniculata L., and Typha domingensis Pers. These macrophytes
covered approximately el 34% of the total area of the PCRB, which decreased 5% at the beginning of this century (de la
Rosa-Velázquez et al. 2017). Despite the loss of macrophyte cover area, the lateral and longitudinal surface hydraulic
connectivity in the PCRB has remained largely unaltered. The currently maintenance of the lateral connectivity during the
HWL in PCBR is attributed to the absence of large-scale agricultural, forestal, oil, hydraulic or urbanization megaprojects
(Sánchez et al. 2015; Cruz-Ramírez et al. 2019a; Castillo et al. 2023) since its designation as protected area in 1992. The
lack of such developments has been linked to the conservation of the intra-annual lateral flooding during flood pulses in
fluvial systems (Junk et al. 1989; Junk 1998; Tockner et al. 2000; Poff et al. 2007).

2.2 Sampling
The 27 sampling sites were distributed throughout the alluvial zone in the Grijalva and Usumacinta river systems within
the PCBR. Of these, eight were lotic (Lo) and 19 lentics (Le) (Supplementary Table S1). The lotic sites were located in
main rivers, distributaries, tributaries, and one artificial channel, whereas the lentic sites were situated in lakes with
permanent surface hydraulic connectivity. Two of the eight lotic sites were located along a river bank and within the
artificial channel, with depths ranging from 2 to 4.2 m and from 1.3 to 5.5 m, respectively. The remaining six lotic sites
had depths ranging from 1.3 to 16 m. In contrast, 19 lentic sites had depths from 0.1 to 6 m. Each site was sampled 10
nonconsecutive years between 2000 and 2017 to represent the intraannual water-level variability across an interannual
period encompassing both major flood and drought conditions. The intraannual variability was assessed during two
level extremes (HWL and LWL). The availability of concurrent physicochemical and biological data in the water column
in both lotic and lentic environments supported the selection of five bi-annual periods (2000–2001, 2004–2005, 2007–
2008, 2010–2011, 2016–2017). This sampling design yielded a total of 540 samples (27 sites x 10 replies x 2 water
level periods), allowing the analysis of the fluctuations of the physicochemical parameters and phytoplankton biomass
within a hydrogeomorphological framework (Figs. 1 and 2).

Eleven physicochemical variables and one biological variable were measured at each sampling site. Among these, depth
(Z) in meters, transparency (SD) in meters, electrical conductivity (EC) in µS cm− 1 and the dissolved oxygen saturation
percentage (DOS) were measured in situ using a Hondex echosounder, Secchi disk and a multiparametric YSI,
respectively (Fig. 2). Meanwhile, samples for total suspended solids (TSS), ammonium (NH4

+), nitrates (NO3
−), total

phosphorus (TP), orthophosphate (PO4
3−), biochemical oxygen demand (BOD5) and chlorophyll a (Chl-a) in µg L− 1 were

collected from the photic zone using a van Dorn bottle. The photic zone was determined with a Secchi disk. All samples
were preserved at 4°C and analysed in the laboratory according to APHA (1998) (Fig. 2). In total 5 940 data were
generated from 27 sampling sites under two intra-annual water level conditions, with 10 replies and 11 variables
measured (Fig. 2).

2.3 Data analysis
Three complementary approaches were used to interpret the spatiotemporal variation of physico-chemical variables
within a hydrogeomorphic framework. First, 11 physicochemical and biological variables were analyzed individually to
characterize the limnological conditions of the study area (see section 2.3.1). Second, key variables were identified and
their spatiotemporal trends were examined using a principal component analysis (PCA) biplot (see section 2.3.1). Third,
the inherent variability of the dataset was evaluated using the same eight key variables selected in the previous
approach. In the first step, data for each selected variable were organized to identify the bumps associated with them
(see section 2.3.2). In the second step, spatial and temporal trends in data dispersion were analysed for each key
variable to assess variability across space and time (see section 2.3.3). Unlike the first two approaches, which focused
on trends of variation in individual-variables level, the third approach examined the intrinsic variability of the data
themselves.
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2.3.1 Identification and spatio- temporal analysis of key variables
Eleven physicochemical variables and algal biomass were interpreted from a limnological perspective. This limnological
characterization was based on measures of their central tendency and dispersion values. Subsequently, these variables
were independently compared through geomorphic elements (Lo and Le) and intra-annual variation (HWL and LWL)
using the non-parametric Wilcoxon test (p < 0.05). This approach was selected due to non-normal distribution of the
data (Shapiro-Wilk, p < 0.05) and the absence of homoscedasticity (Bartlett, p < 0.05) as outlined by Iman (1974) and Zar
(2010). The variables showing highly significant differences (Wilcoxon test, p < 0.0001) were selected for inclusion in a
PCA to reduced data dimensionality (Gewers et al. 2021), identified key variables, and interpret the multivariate
dispersion of samples across space (Lo and Le) and time (HWL and LWL) by using a biplot analysis (Fig. 2). The PCA
was performed on the correlation matrix of standardized data (z-value) for the selected variables (Legendre and
Legendre 2003). The selected or key variables were defined as those with absolute loadings greater than |0.4| on the
principal components (PCs) with eigenvalues greater than 1, following the Kaiser-Guttman criterion, and showing
significant variation (Bartlett´s test, p < 0.05). To identify the spatio-temporal trends, the key variables that significantly
contributed to the selected PCs (Legendre and Legendre 2003, Weilhoefer et al. 2008) were interpreted by evaluating
their total or partial dispersion relative to the direction of the variable vectors in the PCA biplot (Fig. 2), according to
Jolliffe and Cadima (2016).

In order to identify the spatio-temporal trends of the key variables de acuerdo con Jolliffe and Cadima (2016) These
variables, which significantly contributed to the selected PCs (Legendre and Legendre, 2003, Weilhoefer et al. 2008),
were interpreted through the evaluation of their total or partial dispersion closest to the direction of the arrows of the key
variables in the PCA biplot (Fig. 2).

2.3.2 Spatial and temporal arrangement of data by key variable
The spatial and temporal variability of the data of each key variable was analyzed through four steps: 1) generating
density histograms for each key variable, 2) applying smoothing the density histograms, 3) calculating the bump area
within each violin plot, and 4) quantifying the bump data ranges corresponding to each violin plots (Fig. 2).

First, the data distribution for each key variable was visualized using a density histogram, where the optimal number of
bins or interval classes was determined by the Sturges´ Rule. Then, the binwidths (wi) were calculated by dividing the
range of the data by the number of bins for each key variable. Second, the violin plots by key variable were generated by
smoothing the total area of the density histogram using the nonparametric Kernel Density Estimation (KDE), as
proposed by Scott (2015). This normalization of the total area under the curve equals it to one (Cleveland 1979; Müller
and Petersen 2016). Third, the bump area or area of maximum data point density visualized within the violin plot was
calculated by summing the partial areas of the binwidths put on the mentioned area of maximum data point. Each
binwidth was calculated by multiplying the height of the histogram bar by its corresponding width (Tukey 1977; Hintze
and Nelson 1998). In this sense, the bump area is a relative value of the unity given by the KDE normalization of the area
under the curve mentioned in the second step. Then, the key variables with bump areas greater than 0.5 were
considered representative of the probability density estimation. Fourth, the bump or bumps graphically represented
within each violin plot were measured by estimating the data range (Fig. 2). The number of data points within the bump
was related to the total number of data points for each geomorphic element by key variable (Le = 190 or Lo = 80).

The Wilcoxon test, PCA, density histograms, smoothing curves, violin plots and estimations of the range of data in the
bumps were obtained with the JMP® program version 17 (SAS Institute, Inc., Cary, NC, USA). The bump area was
calculated through Microsoft Excel (2018).

2.3.3 Spatial and temporal trends of the key variables data
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The spatial and temporal tendencies of the physicochemical and algal biomass were interpreted based on variations in
data distribution within the bumps. This interpretation was derived from comparisons across all the spatial and
temporal combinations (HWL-Lo, LWL-Lo, HWL-Lo, LWL-Le) using the bump data ranges for each of the eight key
variables (Fig. 2). The area of data density and the number of data points within each bump were used as indicators of
representativeness. Finally, the distribution of the key variables integrated their spatio-temporal trends identified through
the arrangement of data points within the bumps, along with the limnological and biplot PCA biplot interpretations.

3. Results

3.1 Limnological characterization
The central tendency and dispersion values of the eleven physicochemical and biological variables measured in the
water column during this study are summarized in the Supplementary Table S2. Most sampling sites were classified as
limnetic (< 800 µS cm− 1), while the 20% were oligohaline. The relationship between the depth (0.1–16 m) and high TSS

concentrations (> 25 mg L− 1) measured below the Secchi depth (≅ 1 meter) was interpreted as indicative of reduced
light availability. This condition likely limited primary production and indicates increased transport of terrigenous. The
average of DOS records (69 ± 36%) was linked to undersaturated conditions and degradation of organic matter in the
water column. This interpretation is supported by the average BOD5 value of 3 ± 2 mg L⁻¹. The average Chl-a
concentration of 16.4 µg L⁻¹ indicated eutrophic conditions, supported by high algal biomass production in the 79% of
the samples. The trophic relationship between nutrients and production of algal biomass suggested nutrient recycling or
surplus. In this context, most of NH4⁺ (98%) and NO3⁻ (92%) concentrations were below 1 mg L⁻¹, which was interpreted
as assimilation or recycling. In contrast, the enrichment conditions were observed for PO4³⁻ (0.013 mg L⁻¹) and TP
(0.024 mg L⁻¹) with high concentrations detected in more than 85% of the samples.

3.2. Spatial and temporal variations of the key variables
Eight of out eleven variables were identified as key because they had loadings greater than |0.4| on the first three PCs, all
of which had eigenvalues greater than 1, showed significant variation (χ2, p < 0.0001), and together explained 54.8% of
the cumulative variance (Table 1). In PC1, SD (-0.603) was negatively associated with TSS (0.474) and DOS (0.463),
while both variables were positively correlated (Fig. 3). The PC2 was characterized by a positive association between Z
(0.477) and TSS (0.413), and a negative relation with EC (-0.406) (Fig. 3). The PC3 showed a positive association
between NO3

− (0.620) and Chl-a (0.555) and a negative association with PO4
3− (-0.489) (Fig. 3).
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Table 1
Loadings, eigenvalues, and variance in Principal

Components Analysis of the spatial and temporal variation
of physicochemical and biological variables in Pantanos de

Centla Biosphere Reserve in the Grijalva and Usumacinta
fluvial systems. Loadings greater than |0.4| and eigenvalues

greater than 1 in each PC are in bold. SD = Secchi disk
depth, TSS = total suspended solids, DOS = dissolved

oxygen saturation, Z = depth, EC = electrical conductivity,
NO3

− = nitrate, Chl-a = chlorophyll-a, PO4
3− =

orthophosphate. n = 4 320
Variables PC1 PC2 PC3

Z 0.163 0.477 0.132

SD -0.603 0.014 -0.092

TSS 0.474 0.413 -0.072

EC 0.260 -0.406 0.139

DOS 0.463 -0.398 -0.134

NO3
− -0.047 0.368 0.620

PO4
3− 0.228 0.343 -0.489

Chl-a 0.222 -0.161 0.555

Eigenvalue 1.776 1.501 1.11

Variance explained (%) 22.2 18.8 13.9

Variance accumulated (%) 22.2 41 54.8

Four tendencies were associated with whole spatial and temporal combinations (HWL-Lo, HWL-Le, LWL-Lo, LWL-Le) of
the key variables. First, the HWL-Lo conditions were explained by SD, TSS, Z, NO3

− and PO4
3−. In PC1, SD showed a

negative loading, while TSS was positive. In PC2, Z was positively associated due to the increment of the downriver
water level. In PC3, the NO3

− was positive, while PO4
3− negative (Fig. 3). The HWL-Lo results indicated that fluvial

transport of terrigenous material reached concentrations up to 218 mg L− 1. This was linked to increased downriver
water volume under HWL periods, which reduced the light penetration (< 0.4 m). The enhanced fluvial transport likely
contributed to explain the increment of NO3

− and PO4
3− greater than 0.406 and 0.059 mg L⁻¹, respectively. Second, the

HWL-Le conditions were defined by SD, DOS, NO3
−, Chl-a and PO4

3−. In PC1, SD was negatively associated, whereas DOS

was positive. In the PC3, both NO3
− and Chl-a showed partial associations with the HWL-Le samples along the positive

axis of these variables, while PO4
3− was negative (Fig. 3). This trend indicates a water clarification and a reduction of

DOS (≤ 35%), together with potential increases in NO3
− and PO4

3− concentrations, possibly due to the dilution of the
phytoplankton biomass. Third, the LWL-Lo conditions were primarily defined by an inverse relationship between Z and
EC in the PC2 (Fig. 3). Herein, the reduction in downriver water volume (lowest Z values) across the fluvial system was
mainly linked to a possible increment of ion concentrations within the tidal influence zone. Finally, DOS, Z, EC, and Chl-a
determined the LWL-Le conditions based on a positive association of DOS and Chl-a in the PC1 and PC3, respectively.
Besides in PC2, Z was positive, while EC was negative associated (Fig. 3). These conditions reflect an increase in DOS
under lower water levels and a possible rise in dissolved ions and algal biomass.
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3.3. Spatial and temporal trends of the key variables data
Under HWL and LWL periods, the lotic Z data exhibited a bimodal distribution reflecting the contrasting arrangement of
their data points linked to the river´s maximum depths and two shallow sites (an artificial channel and a riverbank). In
contrast as expected, the lentic Z data displayed a unimodal distribution at both temporal conditions (Fig. 4). The Z
bump ranges in HWL and LWL river sites were noticeably deeper (Table 2) than those observed in the bumps
corresponding to the two shallow sites (artificial channel and riverbank), with minimal overlap between the respective Z
bumps (Fig. 4). Instead, the Z bump range of the two shallow lotic sites overlapped with the other two combinations
recorded under LWL conditions. Notably, the maximum data points in both the bump and violin plot under LWL-Le were
shallower to the other three spatio-temporal conditions (Table 2).

3.3.1 Fluvial conditions
The maximum TSS values were measured in HWL-Lo conditions, where the data points exceeding 122 mg L− 1 were
registered exclusively in this spatio-temporal condition, though these data represented less than 16% of this violin plot
(Fig. 4). Moreover, in the upper range in the HWL-Lo TSS bump (39 to 58 mg L− 1), counting 28% of bump data, resulted
higher from the other three spatio-temporal conditions. Instead, the TSS values below 39 mg L⁻¹ showed a substantial
overlap among the four spatio-temporal bumps conditions (Fig. 4; Table 2).

Overall, the violin plot shapes for PO4
3− and NO3

− were similar across all four spatio-temporal conditions (Fig. 4), with a

remarkable overlap of data points below 0.049 mg L⁻¹ and 0.593 mg L⁻¹, respectively (Table 2). Additionally, the PO4
3−

bump accounted for 76% of the total violin plot area, while the NO3
− bump area comprised 85% (Table 2). The PO4

3−

concentrations ranging from 0.048 to 0.096 mg L⁻¹ represented almost half (43%) of the total HWL-Lo bump area and
they did not overlap with data bumps from other three spatio-temporal conditions (Fig. 4). The remaining 24% of PO4

3−

data points were located above the upper limit of the HWL-Lo bump (> 0.096 mg L− 1) (Table 2), coinciding with the
highest TSS values indicative of fluvial transport. Similarly, 16% of NO3

− data points, ranging from 0.593 to 0.764 mg L⁻¹

lay exclusively within this river bump (Fig. 4; Table 2).

3.3.2 Lateral homogenization conditions
Although SD depth data points within the bumps largely overlapped below 0.9 m across the four spatio-temporal
conditions, the shapes of the violin plots differed substantially between HWL and LWL periods (Fig. 4). Specifically, the
four bumps showed notably overlap within the 0.1–0.5 m depth range representing 62% of the data points within the
four bumps highlighted the prevalence of reduced light availability in all spatio-temporal conditions, affecting both lotic
and lakes ecosystems. The data points above 0.9 m, recorded only during HWL showed clarification conditions, but
accounted for only 37% of the total data points (Table 2).

In contrast to SD trends, both the violin plot shapes and bump distributions of the DOS data points were lower under
HWL periods compared to LWL conditions (Fig. 4). The overlap between the HWL bumps ranged from 3 to 78% of DOS,
while in LWL conditions was from 70 to 99% (Table 2). Under HWL periods, the bumps accounted for 85% and 90% of
the total DOS data in lotic and lake ecosystems, respectively, and were characterized by undersaturated DOS conditions.
These bumps were predominantly composed of hypoxic values (≤ 49% DOS), which represented at least 55% of their
data points (Table 2). Conversely, during LWL conditions, all of the data points in both bumps surpassed 70% of DOS,
indicating undersaturated conditions without any record of hypoxic values (Table 2). Notably, only under LWL-Le
conditions, the 12% of the upper violin plot data points exceeded 100% of DOS, indicating hypersaturation of dissolved
oxygen.
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Similar to DOS, both the violin plot shapes and bump distributions of the EC data points were lower under HWL periods
than LWL conditions (Fig. 4). In HWL periods, the upper bump data points remained below 399 µS cm− 1, with maximum
values reaching 1 317 µS cm− 1 (Table 2), suggesting ion dilution under these conditions associated with the river level

increment (Fig. 4). In contrast, during LWL, 18% of the bump data points exceeded 399 µS cm− 1, reaching up to 793 in
lentic and 999 µS cm− 1 in lotic ecosystems. These elevated values may be linked to the reduced influence of tidal
currents during periods of diminished river flow (Table 2). However, the oligohaline conditions (> 793 µS cm− 1) only
represented less than 32% of the data points, which were placed outside the bumps. Furthermore, the limnetic
conditions prevailed across all four hydrogeomorphic conditions (Table 2).

3.3.3 Lentic low water level conditions
A total of 83% of the Chl-a bump data points overlapped across the four spatial-temporal conditions, with the upper data
points remaining below 19.3 µg L− 1. The few data points exceeding 19.3 µg L− 1 within the bumps occurred specifically
under LWL-Le conditions, where 27% of the bump data points ranged from 19.3 to 24.6 µg L− 1 (Table 2). This eutrophic
condition in LWL-Le coincided with hypersaturation of dissolved oxygen and the shallowest Z data points recorded in
lakes, as previously described (Fig. 4). Additionally, occasional data points above the bumps indicated hypereutrophic
conditions (> 25 µg L− 1) across the four violin plots (Fig. 4).

4. Discussion
Forcing functions, especially water kinetic energy, are key environmental regulators of fluvial systems (Ward 1989;
Wantzen et al. 2008; Tian et al. 2024; Feng et al. 2025; Zhang 2025). Within the PCBR, located within the alluvial zone of
the Usumacinta and Grijalva fluvial systems, the interpretation of the spatiotemporal variability of Z data points
variability reorganized the distribution trends of the key variables into three energy conditions. The first represented to
high-energy fluvial conditions during the HWL period. The second corresponded lateral homogenization conditions
(LHC) linked to the temporal variation under LWL in rivers and HWL in lakes. The third comprised low energy conditions
confined to lakes during LWL periods in lakes (LWL-LeC). Elevated water levels were stongly associated with the highest
TSS values and nutrient enrichment, indicating intensified hydrological connectivity and material transport under fluvial
dominated HWL periods. These findings partially agrees with Junk (2002), Dodds and Whiles (2004), Junk et al. (2015),
Keogh et al. (2019), Evans et al. (2021) and Primost et al. (2022). Conversely, lateral homogenization was detected
under both water level periods (LWL and HWL), as was reflected in the convergence of the data points distribution for
the light penetration (attenuation), DOS and EC values in both lakes and rivers. This homogenization may be attributable
to permanent surface hydraulic interconnectivity, a process previously reported during HWL periods by Thomaz et al.
(2007), and during LWL periods by Bek et al. (2025). Finally, the eutrophic and DOS supersaturation conditions were
measured exclusively in the lakes during LWL periods. These observations are consistent with those published by Junk
et al. (1989, 2015); Covino (2017); Stevens et al. (2025). Such eutrophic and DOS supersaturation conditions have been
associated with declining water levels and prolonged water residence times, which enhance nutrient retention, primary
productivity, and biogeochemical processing within lentic environments (Covino 2017; Chaparro et al. 2023).
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Table 2
The spatial (Lo and Le) and temporal (LWL and HWL) variability of the data of the key

variables in Pantanos de Centla Biosphere Reserve in the Grijalva and Usumacinta fluvial
systems. Lotic (Lo), lentic (Le), Low water level (LWL), High water level (HWL). Z = depth,
TSS = total suspended solids, SD = Secchi disk depth, DOS = dissolved oxygen saturation,

NO3
− = nitrate, PO4

3− = orthophosphate, EC = electrical conductivity, and Chl-a = chlorophyll-
a. Number of bump data points (Bn), number of data points by geomorphic element (Gn),
bump area (Ba), bump range (range B), range of the key variable (T range), rivers (r), and

artificial channel and riverbank (ac-b), and * = bimodal distribution
Variable Space-Time Bn Gn Ba range B T range

Z (m) HWL-Lo (r)* 33 39 0.41 11.5–16.0 1.7–16.0

  HWL-Lo (ac-b)* 31 41 0.39 1.7–5.5 1.7–16.0

  HWL-Le 132 190 0.69 1.0-2.9 0.4-6.0

  LWL- Lo (r)* 36 37 0.45 7.0–12.0 1.3–15.0

  LWL-Lo (ac-b)* 31 43 0.39 1.3–4.3 1.3–15.0

  LWL-Le 176 190 0.93 0.1–1.9 0.1–2.7

TSS (mg L− 1) HWL-Lo 53 80 0.66 1–58 1-218

  HWL-Le 150 190 0.79 0–19 0–71

  LWL-Lo 63 80 0.79 2–28 2-122

  LWL-Le 164 190 0.86 1–39 1–77

SD (m) HWL-Lo 64 80 0.80 0.1–0.7 0.1–3.1

  HWL-Le 103 190 0.54 0.2–0.9 0.2–3.5

  LWL-Lo 72 80 0.90 0.4–0.9 0.1–1.3

  LWL-Le 172 190 0.95 0.2–0.8 0.1-1.0

DOS (%) HWL-Lo 68 80 0.85 1–77 1-108

  HWL-Le 170 190 0.90 3–78 3-122

  LWL-Lo 61 80 0.76 73–99 17–148

  LWL-Le 135 190 0.71 70–109 35–179

NO3
− (mg L− 1) HWL-Lo 68 80 0.85 0.004–0.764 0.004–2.759

  HWL-Le 141 190 0.74 0.004–0.593 0.004–2.706

  LWL-Lo 64 80 0.80 0.003–0.580 0.003–2.520

  LWL-Le 159 190 0.84 0.007–0.583 0.007–3.652

PO4
3− (mg L− 1) HWL-Lo 61 80 0.76 0.001–0.096 0.001–0.439

  HWL-Le 137 190 0.72 0.001–0.048 0.001–0.442

  LWL-Lo 59 80 0.74 0.001–0.048 0.001–0.274

  LWL-Le 145 190 0.76 0.001–0.049 0.001–0.373
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Variable Space-Time Bn Gn Ba range B T range

EC (µS cm− 1) HWL-Lo 54 80 0.68 209–397 209–857

  HWL-Le 133 190 0.70 212–399 198–1317

  LWL-Lo 55 80 0.69 257–999 257–4150

  LWL-Le 138 190 0.73 216–793 216–3798

Chl-a (µg L− 1) HWL-Lo 58 80 0.73 10.7–18.3 5.3–53.4

  HWL-Le 143 190 0.75 10.7–19.3 4.0-80.1

  LWL-Lo 55 80 0.69 10.2–18.3 5.0–32.0

  LWL-Le 135 190 0.71 10.7–24.6 5.3–42.7

a) Fluvial condition

During HWL periods, water levels exceeding 11.5 m in the Usumacinta river (as represented in the upper bump) were
associated with intense fluvial transport of sediments and nutrient enrichment driven by strong hydraulic lateral
hydrological connectivity and high kinetic energy. This dynamic promoted the exchange and biogeochemical processing
of inorganic and organic materials between channels and lakes is consistent with numerous results previously
published (for example, Ward 1989; Dunne and Aalto 2013; Keogh et al. 2019; Wohl et al. 2021; Arfania et al. 2025). In
particular, the transport of TSS, nitrates and orthophosphates reached highest its highest levels before September when
the water level frequently gets over the bankfull stage. In the Usumacinta fluvial system bankfull conditions happens
when the main river reaches 15 masl (Medrano-Pérez et al. 2022).

In the PCBR, TSS values above 80 mg L− 1 may be related to the deforestation rates of 42–45%, previously reported
upstream in the Usumacinta and Grijalva fluvial systems by Sandoval-Rivera et al. (2022). Additionally, 45% of the TSS
bump data fell within the 30 to 60 mg L− 1 range, which corresponds to moderate sediment transport reported for rivers
in Asia, the United States, and South America (Adjovu et al. 2023). These TSS values have been linked to hydric erosion,
increased fluvial transport of nutrients, and modified their attenuation within the wetland (Dodds and Whiles 2004;
Primost et al. 2022). Regarding the frequently reported link between aquatic nutrient enrichment and agricultural land
use upstream or in surroundings areas (Wetzel 2001; Primost et al. 2022; Savenko and Savenko 2022), the nutrient
enrichment detected during the fluvial conditions in the PCBR and other fluvial systems (Mathers et al. 2024) may also
reflected to that almost half of the reported land use changes upstream has been converted to agricultural activities
(Sandoval-Rivera et al. 2022). For example, the increases in PO4

3− and NO₃⁻ concentrations transported fluvially into the

PCBR are partially consistent with values reported for the Comoé river (0.04 a 0.1 mg L− 1) and Arikaree River (0.5 a 0.9

mg L− 1) by Soro et al. (2020) and Kermorvant et al. (2023), respectively. Similarly, residual discharges combined with
agricultural fertilization has been cited as drivers of NO₃⁻ enrichment in the lower Yellow River (Zhang 2025).

Unlike the fluvial conditions registered in the PCBR, the nutrient assimilation was enhanced under both LHC and LWL-
LeC conditions. Overall, the NO₃⁻ (< 0.5 mg L− 1) and PO₄³⁻ (< 0.068 mg L− 1) values measured during both conditions
were consistent with assimilation conditions reported for other wetlands (Rendón et al. 2016; Lane et al. 2018; Cruz-
Ramírez et al. 2019a; Vero et al. 2019; Preiner et al. 2020; Day et al. 2021; Walalite et al. 2023). In the PCBR, these
reduced NO₃⁻ and PO₄³⁻ concentrations likely refelect lower flow kinetic energy during the LHC under LWL conditions,
coupled with sustained nutrient uptake by aquatic macrophytes and phytoplankton. This interpretation is supported by
the perennial presence of aquatic macrophytes combined with the increase in Chl-a concentrations during LWL
conditions (Novelo 2006; Sánchez et al. 2012; de la Rosa-Velázquez et al. 2017; Sánchez et al. 2024) likely contributed
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to the observed nutrient reduction, as has also been reported for other riverine wetlands (Wetzel 2001; Roach et al. 2014;
Cruz-Ramírez et al. 2019a; Primost et al. 2022).

Under fluvial conditions, the presence of man-made channels within the longitudinal alluvial zone may locally restrains
the lateral connectivity, particularly near in the bottom, by diverting flow, reducing water velocity, and enhancing the
sediment deposition and nutrients concentrations (Mel et al. 2020; Serra-Llobet et al. 2022; Argillier et al. 2025; Qiao et
al. 2025). For example in the Narváez channel, the average PO₄³⁻ concentrations and DOS differed from those measured
under fluvial conditions, since the PO₄³⁻ concentrations were 56% higher, whereas DOS values were 20% lower than
those recorded during fluvial conditions. The coexixtence of hypoxic conditions, accumulation of PO₄³⁻ and associated
cyanobacterial blooms in the artificial channels has been hypothetized as a contributing factor to the mass mortality of
manatees recorded in the PCBR (O’Shea et al. 2018; PROFEPA 2018). Furthermore, the hypoxic conditions measured in
the Narváez channel are consistent with the DOS values reported for artificial channeles along the West coast of
Southwestern Australia (Cronin-O’Reilly et al. 2025), suggesting that reduced water circulation and prolonged residence
times may promote similar ecological responses across geographically distinct systems.

b) Lateral homogenization condition (LHC)

In contrast to the fluvial conditions, the spatial homogenization of EC, SD and DOS values across the two geomorphic
elements resulted independent of water level fluctuations (HWL or LWL) in the PCBR. Overall, the LHC have been
reported more frequently during HLW periods than under LWL periods in other fluvial systems (Thomaz et al. 2007; de
Wilde et al. 2015; Castillo 2020; Shen and Liu 2021), as flood pulses enhance lateral hydrological connectivity by
overflowing lakes and floodplains during the HWL periods (Thomaz et al. 2007; Mayr et al. 2020; Wohl et al. 2021;
Brinkerhoff et al. 2026). By contrast, under LWL periods, LHC has been linked to lakes with permanent surface
connectivity with rivers through connecting channels (Arfania et al. 2025).

Under HWL conditions, the EC values were similar in lakes (212 to 399 µS cm⁻¹) and rivers (209 to 397 µS cm⁻¹). The
substantial increase in depth, reaching up to 16 m in the Usumacinta river, promoted the lateral homogenization through
both dilution of the river water and overbank flooding. This homogenization is consistent with the results reported from
the Vasse–Wonnerup estuary (Australia), where reductions in salinity were associated with increases in water level and
intense rainfall events (Cronin-O’Reilly et al. 2025). Conversely, EC increased to 999 µS cm⁻¹ when the water level
dropped to 7 m in the Usumacinta river due to seasonal rise in evaporation and stronger tidal influence during the LWL in
the PCBR. The lateral homogenization of SD and DOS is a consequence to enhanced transport and redistribution of
suspended solids across the floodplain (lateral dimension) during HWL conditions (Gugliotta et al. 2020; Adjovu et al.
2023). These homogenization tends of are linked to the river overflow and the widespread dispersal of sediments driven
by flood pulses (Thomaz et al. 2007; Adjovu et al. 2023). In the PCBR, these processes coincided with low light
penetration (SD < 0.9 m) and DOS undersaturated (< 78%) conditions. Furthermore, the LHC registers of SD under HWL
periods have been measured in interconnected lotic and lentic ecosystems in the Mississippi Delta and one Amazonic
wetland (Thomaz et al. 2007; Day et al. 2021), as well as in the Kopački Rit floodplain in Croatia (Bek et al. 2025),
respectively.

During LWL periods, the LHC promoted the redistribution of suspended and dissolved materials, thereby reducing spatial
gradients throughout the floodplain (de Wilde et al. 2015; Shen and Liu 2021). The restriction of light penetration likely
contributed to the generally DOS undersaturated condition (< 99%) measured across the PCBR, which was previously
reported by Salcedo et al. (2012) and Castillo (2020). Furthermore, DOS undersaturated values during LWL periods may
have been reinforced by elevate water temperature (de Wilde et al. 2015; Jeppesen et al. 2015; Zhang 2025) and
dropped water depth (Lopera-Congote et al. 2020). These conditions were consistent with those recorded during the
LWL period in the study area.
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c) Lentic low water level conditions (LWL-LeC)

Forcing and constraining functions (Wantzen et al. 2008; Guseva et al. 2021; Zhang and Chen 2023), generated by the
altitudinal gradients across the lateral dimensión of fluvial systems, have proven useful for understanding both
fluctuations in water and materials input, and their residence times within lakes (Li et al. 2019; Mayora et al. 2020;
Gracia et al. 2023; Zhang 2025). In the PCBR, the altitudinal differences between the main river channel (1.23 masl) and
the adjacent floodplain (–1 masl) reported by SEMARNAT (2000) and Medrano-Pérez et al. (2022), may help explain the
occurrence of LWL-LeC. In particular, these conditions were characterized by a predominance trend of high eutrophic (> 
19.3 µg L− 1) and hypereutrophic Chl-a concentrations, since the hypereutrophic data points represented 27% of in the
violin plot of LWL-Le (Fig. 4). The Chl-a hypereutrophic conditions were linked to the DOS supersaturation (109%) on the
shallowest Z values (< 0.9 m) in lakes with extended water residence times. This pattern in consistent with observations
from lakes in the Donau-Auen National Park, Vienna, Austria, and from lakes hydrologically connected to the Danube
river (Covino 2017; Chaparro et al. 2023).

Overall, HWL-Le conditions function as sinks for both of organic and inorganic matter, reducing DOS and promoting the
development of eutrophic conditions in lakes (Tockner et al. 2000; Shuhaimi-Othman et al. 2007; Cruz-Ramírez et al.
2019a; Carhart et al. 2021). These eutrophic conditions in lakes may be temporary or persist for extended periods,
depending on hydrological connectivity and water residence time. In lakes permanently connected or subject to
temporal LHC periods, the high phytoplankton biomass is recycled within the trophic web and exported as Chl-a or
faunal biomass to interconnected ecosystems when the water levels increase (Carlson 2007; Thomaz et al. 2007; Cruz-
Ramírez et al. 2019a; Sánchez et al. 2019; Liu et al. 2024; Jeethu and Kaladevi 2025). In contrast, hypereutrophic
conditions may persist throughout the year or across multiple years in lakes with severely restricted hydraulic
connectivity o in permanently isolated (Cruz-Ramírez et al. 2019b; Zou et al. 2020; Salcedo et al. 2022). Moreover, these
persistent hypereutrophic conditions can be further intensified in isolated lakes by external inputs of organic matter
derived from urban and agricultural activities (Cruz-Ramírez et al. 2019b; Zou et al. 2020; Salcedo et al. 2022).

5. Conclusions
The physicochemical and biological variability in the water column was examined using three complementary
approaches: i) a limnological characterization based on central tendency and dispersion values for 11 variables, ii) an
assessment of total and partial dispersion through a PCA biplot derived from eight key variables across two water level
periods and two geomorphic elements (rivers and lakes), and iii) an evaluation of the inherent variability of the inherent
variability of these eight key variables within the same spatio-temporal framework. The first two approaches focused on
variability at the level of individualcvariables. Both only provided a partial explanation of physicochemical and biological
variability in the water column. In particular, the second approach identified four conditions (HWL-Lo, HWL-Le, LWL-Lo,
LWL-Le) corresponding to the spatial and temporal combinations defined by the sampling design. However, neither
approach provided enough support for the proposed hypothesis. Instead, the third approach focused on the intrinsic
variability of the data rather than on individual variables level, enabling a direct evaluation of the proposed hypothesis.
This analysis revealed that recurrent and interacting patterns of variability in key variables were organized into three
hydrogeomorphic conditions: fluvial, lateral homogenization and lentic low water level. Within this framework, the
analysis of data variability proved to be an useful tool for understanding water column dynamics and identifying the
principal hydrogeomorphic conditions regulating the ecological functioning of tropical riverine wetlands.
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Figure 1

Sampling sites (n = 27) for the spatial and temporal analysis of the physicochemical and biological variables in
Pantanos de Centla Biosphere Reserve (PCBR) in the Grijalva and Usumacinta fluvial systems. Red line = PCBR
geographic borders, yellow circles = lentic sampling sites, green circles = lotic sampling sites
https://goto.arcgisonline.com/maps/NatGeo_World_Map The base map is projected based on the WGS84 datum
(Supplementary Table S1)
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Figure 2

Sampling and data analysis of physicochemical and biological variables in Pantanos de Centla Biosphere Reserve in the
Grijalva and Usumacinta fluvial systems
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Figure 3

Spatial and temporal variation of eight key physicochemical and biological variables measured in lotic (Lo) and lentic
(Le) ecosystems during low water level (LWL) and high water level (HWL) periods in Pantanos de Centla Biosphere
Reserve in the Grijalva and Usumacinta fluvial systems. HWL-Lo = green dots, HWL-Le = red dots, LWL-Lo = purple dots,
and LWL-Le = blue dots
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Figure 4

Description based on the data point distribution and interpretation of the spatial and temporal variation of
physicochemical and biological variables in Pantanos de Centla Biosphere Reserve in Grijalva and Usumacinta fluvial
systems. Green bins = data bump range, gray bins = data outside the bump, black dots = data points. Lotic (Lo) and
lentic (Le) ecosystems during Low Water Level (LWL) and High Water Level (HWL) periods. Z = depth, TSS = total
suspended solids, SD = Secchi disk depth, DOS = dissolved oxygen saturation, NO3

- = nitrate, PO4
3− = orthophosphate,

EC = electrical conductivity, Chl-a = chlorophyll-a.
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