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Abstract

:

The climate variability associated with the ENSO phenomenon has a significant impact on wetlands, affecting the total precipitation input and hydrological flows of these ecosystems. The objective of this paper is to study the trophic status variation of an urban tropical wetland under ENSO conditions, through dynamic modeling. The results suggest an increase in precipitation, by 3.32 times, during the La Niña phase compared to the El Niño phase. Wetland input total phosphorus (TP) concentrations are 1.85 times lower during La Niña. This is probably due to a dilution effect exerted by the increase in surface runoff volumes from the basin. The findings suggest a reduction in wetland hydraulic retention time (HRT) during La Niña (1.33 times) compared to El Niño. This trend causes the TP concentration inside the wetland to decrease, possibly due to an increase in the water volume stored (dilution), and by the exit of this nutrient due to a shorter hydraulic renewal (HRT/La Niña < HRT/El Niño). The occurrence of a high input of TP concentration to the wetland does not necessarily indicate a high trophic status index (TSI). This is because the trophic status of the wetland is possibly more associated with HRT rather than input TP concentration. The trophic status of the wetland during the La Niña tends to be eutrophic. Lastly, under ENSO scenarios, the use of Aizaki’s method is suggested, because it considers HRT as a decisive factor for the calculation of wetland trophic status.
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1. Introduction


Urban wetlands are biologically productive systems, characterized by a high diversity [1]. By co-existing with human populations, they provide a variety of ecosystem services such as flood mitigation, aquifer supply, regulation of biogeochemical cycles, maintenance of resident and migratory species of flora and fauna, carbon sequestration, and perform recreational and educational and scientific research functions [2,3]. However, various sectors of the economy in developing countries continue to consider urban wetlands unproductive and replaceable by other land uses that generate greater economic benefits. For example, they have been dried by dumping waste, for use as urban development areas [4,5]. The nutrient and sediment transport to aquatic ecosystems increases with the urbanization of watersheds, which is associated with increased impermeable surface coverage [6]. This has caused accelerated rates of deterioration and disappearance of these valuable ecosystems in megacities [7,8].



There are different methods for assessing and classifying trophic status in lentic systems [2]. However, studies on these ecosystems report that the trophic status varies depending on the parameters and classification methods used, and the sampling site location within the ecosystem [9,10]. The trophic status index (TSI) provides information on the nutrient flow regime responsible for the proliferation of primary producers, that reflects the ecological functioning of an aquatic ecosystem [11]. While measuring the eutrophication magnitude, it also suggests the status of biological integrity and human interference [12]. The trophic status classification system was initially developed for temperate environments (e.g., [13,14]). Carlson developed a two-dimensional graphical approach to assess the trophic status of a lake, based on previous calculations of TSI [15]. Freshwater bodies were classified into four potential trophic status (oligotrophic, mesotrophic, eutrophic, and hypereutrophic) according to chlorophyll-a (Chl-a), total phosphorus (TP), and Secchi disk depth [16]. Subsequently, Aizaki et al. [17] evaluated the relationships between TSI values and parameters related to the trophic status of the lake, by examining the possibility of applying Carlson’s index to the lakes of Japan. Vollenweider et al. [18] proposed a new trophic index (TRIX) to categorize the trophic status of inland waters, by focusing on Chl-a, mineral and total nitrogen and phosphorus, and oxygen saturation. Lastly, the most accepted limits for assessing trophic status are those suggested by the Organization for Economic Cooperation and Development—OECD [10].



The relationships between urban ecosystems, people, economy, and government often make them highly complex dynamic systems [19]. Thus, a holistic vision (environmental, social, economic, political, and cultural) must be taken, to collect the information required in the field and to develop dynamic models through specialized programs that simulate the conditions of the ecosystems under study. According to Jiménez et al. [20], to manage the quality and expand the water regulation capacity of a wetland, in order to reduce its eutrophication, it is necessary to use computer-modeling tools that allow one to know and have a certain control over this aquatic ecosystem. For example, Güneralp and Barlas [19] developed a dynamic model of a shallow freshwater lake in Turkey, to study its ecological and economic sustainability. Spieles and Mitsch [21] developed a model of macroinvertebrate trophic structure, detrital cycling, and dissolved oxygen dynamics in shallow freshwater wetlands with variable allochthone subsidies, in Ohio (USA). Ahlgren et al. [22] reported that dynamical theoretical models are better suited for predicting perturbation response rates than empirical steady-state models. This, under the context of the trophic status in lakes and the external load of total phosphorus (TP). Lastly, Beltrán and Rangel [23] also formulated a dynamic ecological simulation model applied to an urban wetland, which included the following four sub-models: hydrological, TP, sedimentation, and phytoplanktonic primary production.



The cycle known as El Niño and La Niña–Southern Oscillation (ENSO), is the cause of the greatest signal of climate variability in the tropical strip of the Pacific Ocean, recurring on an interannual scale. El Niño and its opposite phase (La Niña), are the oceanic components of ENSO, and correspond, in general terms, to the appearance from time to time of relatively warmer (El Niño) or colder (La Niña) surface waters than normal in the central and eastern tropical Pacific [24,25]. The climate variability associated with the ENSO phenomenon has a significant impact on wetlands, affecting the total precipitation and hydrological flows of these ecosystems. Indeed, this generates year-on-year variations in freshwater discharges to wetlands [26]. The trophic status of wetlands may be influenced by this climate oscillation (ENSO), which is associated with periods of increase and decrease in freshwater discharges from drainage basins and surrounding sectors [27]. Brugnoli et al. [28] reported significant differences in the flow of a large estuary in the south of South America (Río de la Plata), between the phases of the ENSO phenomenon. When increasing the flow rate (El Niño phase), negative correlations with Secchi depth and positive correlations with total nutrients were observed. García-Rodríguez et al. [29] reported that warm-phase ENSO (La Niña) events increased the trophic status of sediments in a large estuary in southern South America, which generated episodes of eutrophication. In the literature, there is evidence of the scarcity of studies that analyze the influence of the ENSO phenomenon on urban wetlands in tropical areas (north of South America), and this, in part, also motivated the development of this research.



The objective of this paper is to study the trophic status variation of the Torca wetland (Bogota, Colombia) under ENSO phenomenon conditions, through dynamic modeling. The behavior of the input TP load and variation in TSI of this tropical wetland are analyzed. A dynamic simulation model is also developed, which is validated by a multivariate sensitivity analysis. The study covers the period 2001–2011, in which periods of occurrence of the El Niño and La Niña phases (ENSO) are observed. This paper is relevant in the context of urban wetland management for the following aspects: (i) the analysis of trophic status through dynamic modeling can provide a useful tool for its management and restoration. (ii) Delineating the interrelationship between the trophic status of the tropical wetland and El Niño and La Niña phases of the ENSO phenomenon.




2. Materials and Methods


2.1. Study Site


The Torca wetland is located in the middle of the localities of Suba and Usaquén, belonging to the megacity of Bogotá, Colombia (4°47′05″ N–74°02′23″ W), to the north of South America. The study ecosystem is located on the side of the North Highway with 220th Street (Figure 1). The wetland is shallow (<1.5 m) and high mountain (2553 masl). The wetland has an area of 0.90 ha and is supplied by the Aguas Calientes, Patiño, and San Juan streams. These three streams constitute the main inputs of water and pollution (point sources) to the wetland. The Torca wetland also enables ecological connectivity with the Guaymaral wetland. In addition, because it is located in the Sábana geological formation (layers of sand on the surface), it has a great hydrogeological value, as it is part of primary porosity aquifers and it has become a habitat for aerial fauna in danger of extinction [30]. The urban wetland under study currently faces problems associated with its fragmentation, which has reduced the water body size and its water depth. A significant percentage of wetland area was filled with solid waste, and dried for urban expansion processes and agricultural activities [31]. The sediment and nutrient transport from the watershed and exposed surfaces near the wetland also generated clogging and eutrophication processes. This further decreased its water storage capacity. The wetland also receives a significant volume of urban wastewater [31]. All of the above characteristics are why this urban wetland was selected for our study.




2.2. Dynamic Modeling


The trend in the classification of trophic status was based on the limiting factor, and in most cases, the limiting factor was phosphorus [32]. Phosphorus-rich particles tended to settle at the bottom of the wetland and became a nutrient reserve, which was accessed by aquatic macrophytes. These discharged phosphorus from the sediments to the upper water column, where it was used by phytoplankton, accelerating hypoxia conditions [33]. In addition, the phenomenon of sediment resuspension in the wetland probably removed the phosphorus that was deposited at the bottom, returning it to the water column. This complex interaction between variables that intervened in the eutrophication phenomenon, made it impossible to establish strict limitations between trophic categories and factors that explained them [34]. Thus, in this study, it was assumed that phosphorus was the limiting factor of eutrophication, rather than nitrogen. The Forrester diagram designed for the development of the dynamic wetland trophic status model is shown in Figure 2.



The dynamic modeling was carried out with the free software Vensim® [35], which was used as a visual instrument to facilitate the abstraction, registration, simulation, and analysis of the model of the ecosystem under study. This free software has frequently been used for dynamic simulation in wetlands (e.g., [19,36,37]). The validation of the model was carried out by means of a multivariate sensitivity analysis, using the Monte Carlo method [38]. For the purposes of dynamic model development, a random distribution of variables was considered, and the correlation between variables was determined by linear regression analysis [39]. Thus, two input variables (independent) and two output variables (dependent) were selected from the dynamic model for sensitivity analysis. The values of each of the input variables were randomly changed (statistical distribution) during 200 simulations. Subsequently, it was verified by a percentile analysis that the values of the output variables were concentrated around the mean and within the calculated confidence intervals (CI = 95%). All of these analyses were performed using Vensim®. Table 1 shows the variables and information considered for the development of the dynamic model.




2.3. Dynamic Model Systematization


The algorithms used for the development of the trophic status dynamic model of the study wetland, followed the guidelines proposed by Beltrán and Rangel [23], and Hakanson and Boulion [46]. In other words, it was assumed that the eutrophication models proposed by Vollenweider and the OECD had, as a fundamental basis, the mass balance theory, to explain the TP flows in lakes and wetlands. Thus, the charge pattern of input TP was determined using Equation (1) [23], TP was calculated with Equation (2) [46], and HRT was determined by Equation (3) [46]. The theoretical retention time of a chemical or suspended particle (TRC) was calculated with Equation (4) [46], load model for Vollenweider wetlands was determined using Equation (5) [23], OECD empirical model was calculated with Equation (6) [18], and TSI of Aizaki et al. [17] was determined using Equation (7) [23]. The equations used for the systematization of the dynamic model are shown below.


  TPi =  Cin ∗ Q   



(1)




where TPi = TP ingress load pattern (mg/year), Cin = substance concentration in the tributary (mg/m3), and Q = tributary discharge (m3/year).


   V ∗    dC   dt   =  Q ∗   (  Cin − C  )  −  Rsed ∗ V ∗ C   



(2)




where V = wetland volume (m3), dC/dt = change in concentration of a substance in the water body (TP) per unit of time (mg/m3/year), Q = tributary discharge (m3/year), Cin = substance concentration in the tributary (mg/m3), C = substance concentration in the water body (mg/m3), and Rsed = sedimentation rate of a substance (L/year).


  HRT =  V Q   



(3)




where HRT = hydraulic retention time (year), V = wetland volume (m3), and Q = tributary discharge (m3/year).


  TRC =    V ∗ C       Q ∗ C    in      



(4)




where TRC = theoretical retention time of a chemical or suspended particle (year), V = wetland volume (m3), C = substance concentration in the water body (mg/m3), Q = tributary discharge (m3/year), and Cin = substance concentration in the tributary (mg/m3).


  C =   Cin   1 +   TRC      



(5)




where C = substance concentration in the water body (mg/m3), Cin = substance concentration in the tributary (mg/m3), and TRC = theoretical retention time of a chemical or suspended particle (year).


  C =  Cin ∗  1.55 ∗    (   1   (  1 +   TRC    )     )    0.82    



(6)




where C = substance concentration in the water body (mg/m3), Cin = substance concentration in the tributary (mg/m3), and TRC = theoretical retention time of a chemical or suspended particle (year).


  TSI = 10 ∗  (  2.46 +   6.68 +  (  1.15  ∗ Ln   (  TP  )   )    Ln  (  2.5  )     )   



(7)




where TSI = trophic status index (mg/m3), TP = TP concentration (mg/L), and Ln = natural logarithm. The above equation results from a modification made by Aizaki et al. [17] to the equation proposed by Carlson [13]. Figure 2 shows the Forrester diagram designed for the development of the wetland trophic status dynamic model.




2.4. Dynamic Model Assumptions


The assumptions of the dynamic model developed were the following: (i) The modeling considered the TP concentration from the basin (three point discharges of water), which was corrected by hydraulic renewal [23]. (ii) The model did not consider the TP resuspension phenomenon, nor the effects generated by wind currents, that could influence the nutrient transport and mixing processes. (iii) The possible diffuse contributions by discharge and surface runoff, after the entry of the wetland, were not considered in the input TP concentration (Cin). Lastly, (iv) the model did not include internal TP loads generated by nitrogen fixation by microorganisms, macrophyte decomposition, and those derived from excretions of zooplankton and macroinvertebrates (Figure 2).




2.5. ENSO Scenarios


The dynamic modelling was performed under two ENSO scenarios. The first, under conditions of the El Niño phase in 2001, and the second under conditions of the La Niña phase in 2011. The El Niño Oceanic Index (ONI) in 2001 was between +0.70 and −0.30, which corresponded to the occurrence of a weak El Niño event. This is according to NOAA reports for the north of South America (https://www.cpc.ncep.noaa.gov/ (accessed on 22 March 2022)) [47]. During this period, there were variations in the regime and magnitude of precipitation. The ONI in 2011 was between −1.70 and −0.40, which corresponded to a strong La Niña event. Indeed, during this period there were significant variations in the regime and magnitude of precipitation. In the case of the megacity of Bogotá (Colombia), increases in the precipitation magnitude were observed between 110% and 300%, in relation to the reported historical average [44]. Indeed, precipitation was the main input variable in the dynamic model to simulate the ENSO phenomenon (Figure 2).





3. Results and Discussion


3.1. Dynamic Model Developed


Figure 2 shows the Forrester diagram designed for the development of the wetland trophic status dynamic model under ENSO conditions. The results showed that during the ENSO scenarios considered (El Niño-2001 and La Niña-2011), significant variations in the magnitude of precipitation were observed. The weak El Niño phase (2001) showed a reduction in annual precipitation of 34.7% (573 mm) compared to the historically reported annual average (878 mm) [44]. The results of the dynamic modelling suggested for this period an HRT of 1.47 months in the study wetland. In other words, the wetland renewed its water volume every 44 days. This, for an inflow into the wetland of 760,096 m3/year, which came entirely from the basin. In contrast, the strong La Niña phase (2011) showed an increase in annual precipitation of 53.9% (1904 mm) in relation to the historically reported annual average [44]. Under this scenario, the simulated HRT in the wetland was 1.10 months. During this period, the wetland renewed its volume of water every 33 days. This, for an inflow into the wetland of 2,524,506 m3/year, which came entirely from the basin. The simulation results suggested that HRT in the wetland was increased by 1.33 times during the weak El Niño phase (decreased precipitation) compared to the strong La Niña phase (increased precipitation). Indeed, the precipitation and inflow into the wetland also varied according to the ENSO phases considered. On average, precipitation and inflow were 3.32 times higher during the La Niña phase.



A multivariate sensitivity analysis was performed for the dynamic model developed, using the Monte Carlo method [38]. The independent variables used for the sensitivity analysis were the following: (i) basin area and (ii) wetland area. The values of these variables were changed automatically during 200 simulations (Vensim® software). The results of the sensitivity analysis were analyzed for the following output variables: (i) input TP concentration and (ii) HRT. Sensitivity analysis by percentiles, showed that the results for the output variables were concentrated around the mean (50%), within the confidence intervals (CI = 95%) that were generated when the input variables were randomly modified around the statistical distribution. Therefore, the findings suggested that the sensitivity of the model was optimal, the simulation was accurate in the period evaluated (El Niño and La Niña phases), and the functionality of the model was adequate. Lastly, the results of the model sensitivity analysis showed that variations in input TP concentration significantly affected the trophic status (TSI) behavior of the wetland (p-value < 0.050). This also supported the selection of phosphorus as the limiting factor of eutrophication for the development of the model.




3.2. Simulated Input TP Load


The results of the dynamic simulation showed that input TP concentration (Cin) in the tropical wetland was increased during the El Niño phase compared to the La Niña phase. This behavior was probably associated with the observed precipitation and inflow regimes. During the El Niño phase (2001), the monthly precipitation and TP concentrations simulated were from 20.4–80.6 mm and 1.34–4.58 mg/m3, respectively. In contrast, during the La Niña phase (2011) monthly precipitation and TP concentrations were from 33.9–473.5 mm and 0.52–2.54 mg/m3, respectively (Figure 3). The results suggested that, during the increased precipitation phase (La Niña), and consequently increased surface runoff flow, there was a dilution of the TP that entered the tropical wetland under study. On average, input TP concentrations in the wetland decreased by 1.85 times during the La Niña phase compared to the El Niño phase. Ávila et al. [48] also reported the dilution effect on pollutant concentrations discharged into wetlands during periods of increased precipitation. This dilution effect on the input TP concentrations during the La Niña phase (increased precipitation) was probably related to the type of pollution source on the wetland. In the study wetland, the main pollution sources were associated with point runoff discharges from three streams: Aguas Calientes, Patiño, and San Juan. These streams also received discharges of domestic and agricultural wastewater before their arrival into the wetland (anthropogenic pollution). Li et al. [49] reported that, during strong storms a decrease in input TP concentration (dilution effect) was observed in a wetland subject to point discharges of anthropic pollution. Lastly, Mai et al. [50] reported that shallow wetlands were more susceptible to changes in their water quality during precipitation events, compared to deeper wetlands.



The simulation findings showed comparatively that, during the El Niño phase the Cin was possibly related to precipitation and consequently to the input flow into the wetland from the basin. Indeed, during the months in which the higher precipitation was observed (e.g., February, May, August, and September; between 53.9 and 75.9 mm), the input TP concentration also tended to increase (between 2.01 and 4.58 mg/m3). This trend may have been associated with nutrient washing, exerted by surface runoff during precipitation events. Kadlec [51] reported the influence of washing exerted by surface runoff on the pollutant load discharged into water systems. For the La Niña phase, the behavior of Cin was comparatively opposite. In other words, during the months in which high precipitation was observed (e.g., March, April, May, and October; 175–474 mm), input TP concentrations to the wetland tended to decrease (between 0.75 and 1.44 mg/m3). This again suggested that the input TP concentration to the tropical wetland tended to decrease due to dilution generated by high runoff flows (point runoff discharges). In the months of dry weather during the La Niña phase (e.g., June, July, August, and September; 33.9–134.3 mm), input TP concentrations to the wetland tended to increase (1.73–2.54 mg/m3). This behavior was similar to that observed during the El Niño phase (decrease in precipitation frequency and magnitude). Therefore, this trend suggested that the variation pattern in Cin was influenced by factors related to climate dynamics, where precipitation was possibly the main conditioning variable. Certainly, the basin’s morphometric characteristics possibly also influenced the behavior of Cin. According to Childers et al. [52], input nutrient concentrations were mainly influenced by precipitation cycles and surface flow behavior in watercourses in wetland basins. Lastly, some studies have also reported that land use in a basin is a significant variable to consider in the analysis of nutrient input in urban wetlands [53].



The dynamic simulation results showed that, during periods where high precipitation was observed (La Niña), HRT tended to decrease (1.33 times), consequently decreasing the TP concentrations within the tropical wetland under study (1.85 times). Schenone et al. [54] indicated that the above behavior could be associated with a nutrient dilution effect, due to the increase in flow and water level within the wetland. This runoff volume was subsequently discharged from the wetland, becoming an outflow, which possibly allowed the improvement of its trophic status. Fraile [55] reported that, during the months of higher precipitation, the TP concentrations within a wetland tended to decrease, which was attributed to the self-purification of the aquatic system, promoted by the hydraulic renewal that evacuated the TP from it. Indeed, this trend favored the trophic recovery of wetlands. In relation to HRT, there are studies [23] that have reported that this is equivalent to the retention time of a non-reactive substance (TRC), when the second was less than the first (TRC > HRT). Thus, the nutrient was transported from the basin and divided into a series of compartments, with oscillating phosphorus concentrations, which stabilized as they moved away from the pollution source.



The results of the dynamic simulation also suggested that the wetland possibly functioned as a passage channel for water, and in turn for TP, due to the simulated positive relationship between HRT and Cin. Namely, when a larger water volume entered the receiving wetland, the TP concentration tended to decrease, due to a reduction in HRT. The results hinted that the wetland under study did not accumulate phosphorus directly, because the HRT was possibly less than or equal to the retention time of a non-reactive substance (TRC). However, dilution, evacuation, or low TP concentrations were possibly not an indication that the trophic status of the wetland improved significantly.




3.3. TSI Analysis


The results of the TSI dynamic modeling for the ENSO phases of El Niño and La Niña are shown in Figure 4, and Table 2 and Table 3. This is according to the methods developed by the Organization for Economic Cooperation and Development—OECD [56], Vollenweider [18], and Aizaki et al. [17], and in relation to HRT. The method proposed by Aizaki et al. [17] was used to validate the results obtained from the TSI, which corresponded to a modification of Carlson’s proposal [13]. The chromatic scale used to distinguish the different trophic status was assigned according to Lamparelli [57]. Overall, the results of the dynamic modeling showed a similar temporal trend for the three methods of TSI estimation considered (i.e., OECD, Vollenweider, and Aizaki; correlation coefficients > 0.438), during the ENSO phases of El Niño and La Niña under study. A weak to strong negative relationship between TSI and HRT was also observed during the two ENSO phases (El Niño, r-Pearson between −0.233 and −0.873, p-values < 0.050; La Niña, r-Pearson between = −0.384 and −0.699, p-values < 0.050). Aizaki’s method showed the best correlation coefficients. Thus, linear regression models were developed between these two variables for the wetland under study during the El Niño (y = 0.476 × X + 69.7; y = TSI in mg/m3 and X = THR in days; R2 = 0.762) and La Niña (y = −0.930 × X + 109.8; y = TSI in mg/m3 and X = HRT in days; R2 = 0.488) phases.



The simulation findings showed negative correlations between HRT and precipitation (El Niño, r = −0.882, p-value < 0.050; La Niña, r = −0.592, p-value < 0.050; see Figure 3), and between HRT and TSI (El Niño, r = −0.873, p-value < 0.050; La Niña, r = −0.699, p-value < 0.050; see Figure 4). In other words, a positive relationship between precipitation and TSI was observed (El Niño, r = 0.964, p-value < 0.050; La Niña, r = 0.972, p-value < 0.050). These correlations suggested that the lower the precipitation (El Niño phase), the higher the HRT and the lower the TSI, in the study wetland. Indeed, when the rainfall was lower, the residence time of the water in the wetland increased, which possibly allowed a greater self-purification effect, that favored the trophic recovery of this aquatic ecosystem. Gargallo [58], García et al. [59], and Kadlec and Wallace [51] indicated that by increasing flow, vegetation cover, and HRT, it was possible to increase the TP mass removed in wetlands. Alasino et al. [60] also reported that water bodies with high hydrodynamic renewal (i.e., reduced residence times) tended to impede the development or restoration of biogeochemical cycles, which adversely affected the wetland. Zhang and Mitsch [61] reported that wetlands with an HRT greater than 15 days showed a purifying action and restoration of biogeochemical cycles. For example, the findings showed that this condition in the HRT was not met in September (13 days) and November (11 days), during the La Niña phase. This possibly caused the two highest peaks that are observed in the simulated TSI (Figure 4d–f).



In relation to the El Niño phase, the results showed that TSI-OECD classified the wetland under a mesotrophic status, with TP values between 10.7 and 30.7 mg/m3 (Table 2). Except during February, when a eutrophic status was observed (39.2 mg/m3). Vollenweider’s TSI showed that the wetland was under hypereutrophic conditions, with TP values ranging from 81.5–149.4 mg/m3. This trophic status predominated for six non-consecutive months. For the remaining time, the wetland was under eutrophic status. Aizaki’s TSI showed the wetland to be in predominantly mesotrophic conditions, with TP values between 31.9 and 56.5 mg/m3. In September and November, the wetland showed eutrophic conditions (63.4 and 61.7 mg/m3, respectively). In relation to the La Niña phase, the results of the dynamic simulation showed that TSI-OECD classified the wetland under a mesotrophic status from February to November (10.9–31.6 mg/m3). However, oligotrophic status was observed in January and December (6.70–9.50 mg/m3). Vollenweider’s TSI indicated that the wetland was under eutrophic conditions (33.5–75.1 mg/m3), a status that prevailed for much of the year (Table 3), except for in September and December, where the status was hypereutrophic and mesotrophic, respectively. The results of Aizaki’s TSI showed that the wetland was under eutrophic conditions during the La Niña phase (68.1–89.5 mg/m3). Based on the above findings, regarding the different methods for determining TSI, it is suggested in this study that the best method for describing the modeled behavior and status of the tropical wetland is that proposed by Aizaki. This is because Aizaki’s TSI considered the HRT as a decisive factor during the trophic phase of the water body. As mentioned, during the dynamic modeling, a significant negative relationship between the HRT and Aizaki’s TSI was evidenced in the study wetland (El Niño, r = −0.873, p-value < 0.050; La Niña, r = −0.699, p-value < 0.050).



When comparing the results obtained in the ENSO phases (El Niño-2001 and La Niña -2011), the results suggested that the occurrence of high input TP concentrations in the wetland did not necessarily indicate high TSIs. This is because the trophic status of the wetland was possibly more associated with HRT rather than input TP concentration. In this study, higher input TP concentrations were observed during the El Niño phase (2001, Figure 3a) compared to the La Niña phase (2011, Figure 3b), but two of the trophic status indexes analyzed (Aizaki and OECD) hinted that the wetland tended to be under a mesotrophic status (Table 2). The results suggested that this trend in the trophic status of the wetland might be associated with higher HRTs, which were generated by the low precipitation observed during the El Niño phase (−34.7%). During this year (2001) it was classified by other studies as drought, and typical of the El Niño phase (IDEAM, 2004). Conversely, during the La Niña phase (2011), input TP concentrations were lower (1.85 times), but TSI showed a eutrophic status (Aizaki and Vollenweider). This could be associated with a shorter residence time of TP in the wetland, due to the high precipitation levels observed on average (53.9%), which prevented an adequate development of biogeochemical cycles and generated a lower capacity for assimilation of the nutrient by the aquatic ecosystem. Eraso and Trindade [62] suggested that if an aquatic ecosystem did not show stress levels, TSI would have a low value, which implied that the water body had few nutrients, sediments, or pollutants. However, the TSI of the wetland under study showed eutrophic values for the last year of analysis (La Niña-2011), which indicated that it was under conditions of tension and possibly subjected to stress by an abnormal amount of nutrients [1].





4. Conclusions


The results of this study on the dynamic modeling of the trophic status in a tropical wetland under ENSO conditions, allow us to visualize the following conclusions. This is based on a comparison between the La Niña and El Niño phases.



The results suggest an increase in precipitation, by 3.32 times, during the La Niña phase compared to the El Niño phase. This increase in precipitation suggests that input TP concentrations to the wetland tend to decrease, due to a dilution effect exerted by the increase in surface runoff volumes from the basin (point runoff discharges). Wetland input TP concentrations are 1.85 times lower during the La Niña phase. Thus, the results also suggest that the input TP concentration to the tropical wetland is conditioned by the temporal pattern imposed by the ENSO climate variability phenomenon. Indeed, precipitation is the main climate variable that explains the previous trends in the tropical wetland under study. In addition, the findings suggest a reduction in wetland HRT during the La Niña phase (1.33 times) compared to the El Niño phase. The reduction in HRT is probably associated with increased precipitation during the La Niña phase (3.32 times). This trend causes the TP concentration inside the wetland to decrease, possibly due to an increase in the water volume stored in the wetland (dilution) and by the exit of this nutrient due to a shorter hydraulic renewal (HRT-La Niña < HRT-El Niño).



Overall, the results suggest a similar temporal trend in wetland trophic status under ENSO scenarios from the three methods used to calculate TSI in this study (OECD, Vollenweider, and Aizaki). However, under ENSO scenarios, the use of Aizaki’s method is suggested, because it considers HRT as a decisive factor for the calculation of wetland trophic status. In addition, the findings indicate a significant negative correlation between HRT and TSI. As precipitation was the main descriptor variable of the ENSO climate variability phenomenon, the results suggest a significant positive relationship between this variable and TSI. The results also suggest that the occurrence of high input TP concentrations in the wetland did not necessarily indicate a high TSI. This is because the trophic status of the wetland is possibly more associated with HRT rather than input TP concentration. Thus, the trophic status of the wetland during the La Niña and El Niño phases tended to be eutrophic and mesotrophic, respectively. Lastly, this study is relevant because it allows the visualization of the usefulness of the use of dynamic simulation tools for the differentiated management and restoration of tropical wetlands according to existing ENSO scenarios. In fact, these computer simulation tools allow delineation of the interrelationship between the TSI and the La Niña and El Niño phases of ENSO, for better monitoring and restoration of these aquatic ecosystems.
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Figure 1. Location of the tropical wetland under study, in the megacity of Bogotá, Colombia (Google Earth Pro, 2011). 
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Figure 2. Forrester diagram for the trophic status dynamic model under ENSO scenarios in the tropical wetland. CAT = wetland basin, Cin = input TP concentration, TSI = trophic status index, TP = total phosphorus, TRC = theoretical retention time of a chemical, HRT = hydraulic retention time, and HRT-1 = TRC*HRT. 
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Figure 3. Monthly modeling of precipitation, input TP concentration (Cin), and HRT, in the study wetland under the ENSO phases of El Niño (a,b) and La Niña (c,d). 
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Figure 4. Dynamic modelling of TSI-OECD, TSI-Vollenweider, TSI-Aizaki, and HRT, in the study wetland, for the ENSO phases of El Niño (a–c) and La Niña (d–f). 
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Table 1. Variables, indexes, and information considered for the development of the dynamic model of trophic status under ENSO conditions, in the tropical wetland of study.
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	Variables/Indexes
	Values/Units
	Source





	Wetland area
	302,700 m2
	[40]



	Basin area
	5,037,400 m2
	[40,41]



	TP load in sediment
	mg m−2 month−1
	Dynamic modeling



	Input TP concentration—Cin
	2001 (El Niño): 2.75 mg m−3

2011 (La Niña): 1.46 mg m−3
	[42]



	Internal TP concentration
	mg m−3
	Dynamic modeling



	TP concentration
	mg m−3
	Dynamic modeling



	OECD phytoplankton
	-
	Dynamic modeling



	Vollenweider phytoplankton
	-
	Dynamic modeling



	Basin inlet flow—CAT
	m3 month−1
	[43]



	TP flow to passive sediment
	mg m−2 month−1
	Dynamic modeling



	Wetland TP concentration
	mg m−3
	Dynamic modeling



	TSI/Vollenweider
	mg m−3
	Dynamic modeling



	TSI/OCDE
	mg m−3
	Dynamic modeling



	TSI/Aizaki/Carlson
	-
	Dynamic modeling



	Precipitation
	mm month−1
	[43]



	Average annual precipitation
	878 mm year−1
	[44]



	Average monthly effective precipitation—AEP
	mm month−1
	[43]



	Wetland depth
	1.37 m
	[45]



	TP in sediment
	mg m−2 month−1
	Dynamic modeling



	R-sedimentation
	mg m−2 month−1
	Dynamic modeling



	Bottom temperature re-suspension rate
	-
	Dynamic modeling



	Super bottom temperature re-suspension rate
	-
	Dynamic modeling



	Sedimentation rate
	0.25 mg m−2 month−1
	[23]



	Bottom temperature
	15 °C
	[23]



	Surface temperature
	16 °C
	[23]



	Hydraulic retention time–HRT
	Days year−1
	Dynamic modeling



	Theoretical retention time of a chemical or suspended particle—TRC
	Days year−1
	Dynamic modeling



	Volume—V
	m3 month−1
	Dynamic modeling
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Table 2. Categorization of the trophic status of the tropical wetland under the El Niño phase (Aisaki, OECD, and Vollenweider).
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	Month
	P

(mm)
	HRT

(days/year)
	Average Monthly TP (mg/m3)
	Aizaki’s TSI

(mg/m3)
	Cat.
	TSI-OECD

(mg/m3)
	Cat.
	Vollenweider’s TSI

(mg/m3)
	Cat.





	Jan.
	20.4
	65
	2.14
	31.9
	Meso
	12.3
	Meso
	49.1
	Eu



	Feb.
	53.9
	25
	4.58
	56.5
	Meso
	39.2
	Eu
	149.4
	Hyp



	Mar.
	30.7
	62
	4.36
	42.4
	Meso
	29.6
	Meso
	116.7
	Hyp



	Apr.
	45.1
	34
	1.34
	44.9
	Meso
	10.7
	Meso
	41.2
	Eu



	May.
	58.2
	31
	2.01
	53.5
	Meso
	17.8
	Meso
	67.3
	Eu



	Jun.
	44.1
	46
	2.38
	47.5
	Meso
	18.8
	Meso
	72.6
	Eu



	Jul.
	26.4
	65
	1.99
	36.0
	Meso
	12.7
	Meso
	50.4
	Eu



	Aug.
	57.0
	26
	3.51
	56.5
	Meso
	30.7
	Meso
	116.8
	Hyp



	Sep.
	75.9
	27
	2.76
	63.4
	Eu
	27.2
	Meso
	100.8
	Hyp



	Oct.
	47.0
	50
	2.61
	49.6
	Meso
	21.1
	Meso
	81.5
	Hyp



	Nov.
	80.6
	23
	1.69
	61.7
	Eu
	17.0
	Meso
	62.8
	Eu



	Dec.
	34.0
	69
	3.59
	43.7
	Meso
	25.4
	Meso
	99.8
	Hyp



	Avg.
	47.8
	44
	2.7
	49.0
	Meso
	21.9
	Meso
	84.0
	Hyp







Note. Cat. = categorization, Avg. = average, Ultra = ultra oligotrophic, Oligo = oligotrophic, Meso = mesotrophic. Eu = eutrophic, and Hyp = hypereutrophic.
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Table 3. Categorization of the trophic status of the tropical wetland under the La Niña phase (Aisaki, OECD, and Vollenweider).
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	Month
	P (mm)
	HRT (days/year)
	Average Monthly TP (mg/m3)
	Aizaki’s TSI

(mg/m3)
	Cat.
	TSI-OECD

(mg/m3)
	Cat.
	Vollenweider’s TSI

(mg/m3)
	Cat.





	Jan.
	118.5
	24
	0.80
	68.1
	Eu
	9.50
	Oligo
	33.5
	Eu



	Feb.
	161.5
	21
	1.65
	87.1
	Eu
	22.1
	Meso
	75.1
	Eu



	Mar.
	185.4
	23
	1.13
	89.1
	Eu
	16.1
	Meso
	53.5
	Eu



	Apr.
	184.0
	26
	1.21
	89.5
	Eu
	17.1
	Meso
	56.9
	Eu



	May.
	175.0
	27
	1.44
	89.2
	Eu
	20.0
	Meso
	66.9
	Eu



	Jun.
	59.8
	68
	1.73
	53.3
	Meso
	15.5
	Meso
	58.5
	Eu



	Jul.
	33.9
	60
	2.37
	41.7
	Meso
	16.8
	Meso
	65.8
	Eu



	Aug.
	40.8
	39
	2.17
	45.2
	Meso
	16.5
	Meso
	64.2
	Eu



	Sep.
	134.3
	13
	2.54
	83.6
	Eu
	31.6
	Meso
	109.9
	Hyp



	Oct.
	193.9
	19
	0.75
	86.4
	Eu
	10.9
	Meso
	35.9
	Eu



	Nov.
	473.5
	11
	1.26
	144.3
	Hyp
	26.3
	Meso
	74.3
	Eu



	Dec.
	143.5
	66
	0.52
	70.7
	Eu
	6.70
	Oligo
	23.0
	Meso



	Avg.
	158.7
	33
	1.46
	79.0
	Eu
	17.4
	Meso
	59.8
	Eu







Note. Cat. = categorization, Avg. = average, Ultra = ultra oligotrophic, Oligo = oligotrophic, Meso = mesotrophic. Eu = eutrophic, and Hyp = hypereutrophic.
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