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Abstract

:

Mangroves are considered one of the most productive ecosystems worldwide, providing multiple environmental goods and services; however, in recent years, there have been modifications and deterioration in the structure and function of these ecosystems, caused by various natural events and anthropic activities, such as the construction of roads, wastewater discharge, unsustainable livestock, and agricultural practices, as well as the impact of chemicals, such as heavy metals, oil spills, and the use of herbicides. In this research, phytotoxic effects on seedlings of Rhizophora mangle were evaluated at an exposure of five dilutions w/v (5%, 10%, 25%, 50%, and 100%) of the commercial presentation of 2,4-dichlorophenoxyacetic acid (2,4-D). Propagules grown in a greenhouse under local tidal regimes were used, so the growth of stem diameter, height, biomass production in root, leaves, and stems, as well as the concentration of chlorophyll a of the exposed seedlings were measured. The comparison of these parameters in seedlings with only seawater presented significant differences (p ≤ 0.05) and inhibitory effects on growth (diameter), the stem concentration of chlorophyll a, and the production of biomass of leaves, stems, and roots. The inhibitory effect of exposure to 2,4-D on chlorophyll production and root biomass is highlighted, with an average decrease of 45% relative to the control. The sensitivity of the Rhizophora mangle seedlings to the applied concentrations of herbicide evidence the inhibitory effects on the morphological variables of biomass production and chlorophyll a production in mangrove leaves.
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1. Introduction


Mangroves provide a wide variety of services, so they are considered one of the most productive ecosystems worldwide [1,2,3]. Mangroves act as important breeding grounds for a variety of species and protect shorelines from hurricane winds, waves, and floods. Mangroves also help prevent erosion by stabilizing sediments trough their root systems. They maintain water quality and clarity, filtering pollutants and trapping sediments originating from land [4]. Mangrove soils are highly effective carbon sinks, storing large quantities of carbon and stopping it from entering the atmosphere [5]. Mangroves cover approximately 13,776,000 ha worldwide [6]. Over the past 50 years, approximately one-third of the world’s mangrove forests have been destroyed due to constant threat by anthropogenic activities, such aquaculture, industry and coastal development, road construction, wastewater discharges, as well as unsustainable livestock and agricultural practices [7,8]. The impact of chemicals of anthropic origin, such as heavy metals, oil spills, and herbicides, on tropical and subtropical habitats can reduce the survival of seedlings and modify the hydrological, geochemical, and physicochemical conditions of interstitial waters; these effects have been shown in mangrove forests [9,10,11]. In this regard, refs. [12,13] describe the physicochemical parameters associated with changes to oxide-reduction conditions, temperature, salinity, and the pH of interstitial water. On the other hand, the productivity of mangrove ecosystems has been diminished or eliminated due to the deterioration and degradation caused by anthropic activities [14], such as the contributions of effluents with high concentrations of nutrients, pesticides, herbicides, and heavy metals, among others. Representing this type of effluent, a latent risk to the environmental services provided by mangrove ecosystems exists, through generating the effects of toxicity and an inhibition in growth, destabilizing different plant communities, including effects on species and even risks to human health [15,16], which shows that this type of discharge affects the functions of plants, such as the capture of energy for biomass growth, photosynthesis, gas exchange, CO2 uptake, and the release of O2 and, therefore, the processes of nutrient recycling. The first studies performed on the effect of 2,4-D on mangroves were conducted by the authors of [17], where the first signs observed were withered leaves and subsequent defoliation of mangrove seedlings. In the natural environment, the concentration of herbicides that are discharged into mangrove forests is determined by several factors, such as the dose applied to an agricultural area and the dilution in soil through the effects of rain and tide [18]. It has also been described that mangrove species (Avicennia marina (Forssk) Vierh, Aegiceras corniculatum L.) that excrete salts from their stems and leaves are more tolerant to exposure to metals and herbicides, while species such as Rhizophora stylosa Griff and Ceriops australis (C.T. White) Ballmet, T.J.Sm. & J.A.Stoddart, which are considered as mangrove plants that exclude sea salts from their tissues, are less tolerant to the pollutants mentioned [10,19,20].



Despite this, there is little research evaluating the impact of pesticides on the morphology and physiology of mangrove species, as well as on the effects they may have on the primary productivity of these types of ecosystems. Therefore, the present study aims to determine the phytotoxic effects of exposure to the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) on the growth of stem diameter, height, biomass production in root, leaves, and stems, as well as the chlorophyll a concentrations in seedlings of Rhizophora mangle L., under greenhouse conditions with local tidal regimes.



Description of the Rhizophora mangle Hypocotyl Collection Area


The collection of Rhizophora mangle hypocotyls was carried out in the Los Petenes Biosphere Reserve (RBLP), located in the Gulf of Mexico [21] (Figure 1), with an area of 282,857 ha [22].



The area has a warm and sub-humid climate, with a monthly average temperature of 26 °C and an average annual rainfall of 819 mm [23]. The area has karst-type soils and hills, dominated by Solonchack, and, to a lesser extent, Gleysols and Histosols [24], which comprise a karst-tectonic land system, with a main morphological expression of plains, a geomorphological landscape of coastal marshes with large petenes and coastal marshes with blanquizales, as well as a degree of recent karst evolution [24]. The reserve is characterized by its intense dynamics with the sea, through underground drainage and tidal influence, by the settling of soil of organic origin with constant outcrops of the water table [25].



At the national and international levels, the RBLP is of great relevance as it is part of an ecoregion that involves the Ría Celestún Biosphere Reserve and the El Palmar due to their status of being protected natural areas in the state of Yucatán, and it is located in the Priority Regions of Mexico, under all categories of Priority Terrestrial Regions No. 145, Priority Marine Regions No. 60, Priority Hydrological Regions No. 102, and Areas of Importance for the Conservation of Birds-AICAS (AICA SE-28), and was declared in 2004 as RAMSAR site No. 1354 [22]. In addition to having unique ecosystems, such as sea grasses, petenes, and mangroves, it is considered to be the largest and most well-preserved in the entire country, mainly due to the latter ecosystem covering 70.3% of the total surface of the reserve [26].



Four mangrove species are recorded in the RBLP, namely, Avicennia germinans L., Laguncularia racemosa (L.) C.F. Gaertn., Conocarpus erectus L., and Rhizophora mangle (Figure 1), the latter species dominating [27]. R. mangle develops in habitats with constant fresh water supply, along with influence and frequency of the tide, preferably in coastal environments with low wave energy [28]. It is dominant along the coastline, forming monospecific forests, while inland, it is common to find it associated with other species [29]. R. mangle has low tolerance to high concentrations and variations in salinity, as it does not have desalination glands nor does it accumulate salts in the vacuoles, and it only performs ultrafiltration processes to regulate the salt in the environment [29], with optimal developments between 8 and 26 g/kg [30]. It is viviparous, produces propagules that germinate in the mother tree, and it has a wide dispersion due to the tide, birds, and crustaceans. The time of propagule formation is between 4 and 7 months [31]. It is characterized as reproducing all year, but with maximums during the rainy season [32].



Despite this, the northern area of the RBLP exhibits environmental deterioration due to human settlements in the urban area of the city of Campeche, due to the contributions of urban and agricultural wastewater [27,33]. Likewise, more than 6000 ha of dead mangroves were recorded in the central part of the reserve, adjacent to the island of Jaina, which was caused by the construction and expansion of communication routes, fires, and illegal logging, as well as an increase in the agricultural and livestock frontier [27].





2. Materials and Methods


2.1. Construction and Environmental Stabilization of the System


Twelve Rotoplas® tanks (Grupo Rotoplas S.A.B. de C.V., Mexico city. Mexico) made of linear low-density polyethylene material) with a 450 L capacity were built inside a 51.7 m2 greenhouse that was 2 m high. Hydraulic systems were individually fitted to each tank to facilitate the simulation of the local tidal regime: high tide from gravity and low tide through pumping (Figure 2). Shut-off valves and 3/4” horsepower pumps connected to PVC tubes were installed to control the speed and direction of the circulating water.



The temperature was fixed at 26 ± 3 °C, with two 12,000 BTU (English power units) air conditioner systems and ventilators. Light incidence was ~50%, reduced with a shadow mesh fixed at a certain height, which allowed air circulation and avoided the build-up of high temperatures inside the facilities. Filters in each tank were built from top to bottom with 0.16 m3 of mangrove peat, 0.13 m3 of sand, and 0.13 m3 of gravel. The mangrove peat was composed of 55% lime, 42% sand, and 3% clay, which correspond to the soil texture category of silt loam with sand grains and a low content of clay. Other conditions, such as topography (ground leveling), frequency of flooding, as well as interstitial water salinity (20 ± 2 g/kg) and redox potential (−195.9 ± 84 mV, oxygenic environment) were set to simulate the plant collection site, following the historical records in [34]. Salinity adjustments were performed following the criteria in [35]. During a 50-day period, water parameters were monitored, and afforestation was performed, ensuring that the conditions were similar to the natural environment (Figure 3).




2.2. Stages of Reforestation and Conditioning


Bioassay and sample analyses were performed at the EPOMEX Institute of the Autonomous University of Campeche, Mexico (Figure 1). The collection of Rhizophora mangle hypocotyls was carried out in September 2018, and collection and analyses of the samples were carried out in April 2019 during the development of the experiment (Phase 3, Figure 3).



R. mangle hypocotyls were collected from a monospecific forest located in the Los Petenes Biosphere Reserve (19°57′26.108″ N–90°26′59.40″ W, Figure 1) in Campeche State, the Gulf of Mexico. Hypocotyls that showed suitable conditions were selected; any with signs of plague, drying, or damage were rejected. Hypocotyls were planted with a density of 65 per tank. The root system development and first sprout leaf were observed over a 120-day period (Figure 3). During this stage, physicochemical data were collected and tested using one-way analysis of variance (one-way ANOVA) considering the data of individual tanks in comparison to each other. No significant differences were found (p > 0.05, Table 1). Internodal growth was recorded from all tanks, and no plant mortality was detected at this stage. We assumed that homogeneous conditions were already set, which would prompt nutrient absorption by the plant seedlings, and they were ready for exposure to the 2,4-D (2,4-dichlorophenoxyacetic acid).




2.3. Application of 2,4-Dichlorophenoxyacetic (2,4-D)


To determine the degree of phytotoxicity on Rhizophora mangle seedlings, we used a commercial presentation of 2,4-D called “Full-Mina” (Dow AgroSciences de Colombia S.A., Bogota. Colombia) and we considered the common practice of farmers for scattering pesticide, diluting an aliquot of 450 mL of pesticide bottle content (480 g/L concentration of active principle) with 20 L water in a container to fumigate; we assume this concentration as a 100% dilution (10.8 g/L) to complete all the dilutions for this experiment. The active principle of 2,4-D used in this experiment (2,4-D dimethyl amine salt (DMA), case number: 2008-39-1) has an estimated half-life in an anaerobic aquatic laboratory between 41 and 333 days. 2,4-D has a solubility of 730,000 mg/L at neutral pH and an octanol/water partition coefficient (log Kow) of 0.177, also at neutral pH [36].



Five treatments and a control (negative) were performed in duplicate for a total of 12 experimental units (UE). Then, 5 different dilutions of 2,4-D were carried out with seawater at weight/volume concentrations of 5%, 10%, 25%, 50%, and 100%, (0.54, 1.08, 2.7, 5.4, and 10.8 g/L, respectively).



During the application stage of 2,4-D to generate the different concentrations of exposure for the plants contained in each experimental unit, the monitoring of the physicochemical parameters was carried out every 4 days.




2.4. Effects on Chlorophyll Growth and Production


2.4.1. Effects on Growth in the Seedlings of Rhizophora mangle


The growth response of seedlings was recorded at 12 and 16 days after exposure to 2,4-D. Ten seedlings were randomly selected from each tank and measured with the help of a Vernier (digital accuracy of 0.02 mm) that measured internodal distance, stem diameter, and total height [37]. At the end of the experiment, three plants were extracted from each tank to measure the total biomass production. The stem, leaves, and roots of these plants were dehydrated at 60 °C in a convection furnace for three days [38].




2.4.2. Chlorophyll Concentration


The determination of the concentration of chlorophyll a was carried out by collecting fresh leaves from three mangrove seedlings in each EU. First, 2 g of fresh leaf was weighed and deposited into 15 mL test tubes, then crushed, and 10 mL of acetone at 90% (v/v) was added, stirred, and left to rest in the dark at 4 °C for 24 h, then taken to room temperature and centrifuged at 2700 rpm for 5 min. Subsequently, the supernatant of each sample the absorbances was measured using a spectrophotometer 6500 (JENWAY Stafford. United Kingdom) at wavelengths of 665 nm, 645 nm, and 630 nm. Ninety-percent acetone was used as a target. The concentration of chlorophyll was determined based on the equation provided in [39]. The results for the chlorophyll a concentration in mg/L were adjusted per gram of tissue by fresh weight.


Chlorophyll a (mg/L) = 11.6 × (Abs. 665) − 1.31 × (Abs. 645) − 0.14 × (Abs. 630)








where Abs. is the absorbance of the respective wavelengths.





2.5. Statistical Analysis


Physicochemical parameters of interstitial water (salinity, redox potential, temperature) and the morphological variables (height and diameter) were analyzed using a one-way ANOVA that was applied to validate the homogeneous conditions of the biological variables and the physicochemical parameters before the application of 2,4-D (conditioning phase of the experiment). To assess the toxicity effect of 2,4-D, morphological variables and chlorophyll a concentrations in Rhizophora mangle seedlings were compared between treatments and exposure time, using two-way ANOVA. At the end of the experiment, the production of biomass from the mangrove seedlings (root, leaves, and stem) was also compared by applying one-way ANOVA. After this analysis, a post hoc test was applied using Fisher’s least significant difference (LSD) method, with a significance level of α = 0.05. Before the comparison analyses, the normality of the variables was validated using the method from [40], with a level of significance of α = 0.05; not complying with the assumption of normal distribution, the data were transformed using the Box–Cox method so that the variables would present the assumptions of a normal distribution [41]. Finally, simple linear regression analysis was performed, establishing 2,4-D as an independent variable the concentration and chlorophyll a as a dependent variable. The total biomass of the seedlings was also a dependent variable. All statistical analyses were performed using STATISTICA V.12 (©Copyright StatSoft, Inc., Palo Alto, CA, USA, 1984–2014) and SPSS 15.0 software (Copyright © 2006 of SPSS Inc., Chicago, IL, USA) for Windows [41].





3. Results


3.1. Physicochemical Parameters before and during the Application of the Herbicide


During the conditioning and afforestation phase of the seedlings (Figure 2, 120 days), there was no significant variation in the physicochemical parameters of the interstitial water (Table 1, p > 0.05). The interstitial water remained slightly alkaline (7.4 ± 0.2) and lexical (142 ± 16 mV); the temperatures were in the range of 23 ± 2 °C. The survival of seedlings during this phase was 100%.



The physicochemical conditions of the interstitial water in the control units and those treated with the agrochemical 2,4-D showed a neutral pH with a slight tendency to alkalinity (7.2 ± 0.1 to 7.6 ± 0.3) and temperatures in the range of 29.0 ± 0.5 to 30 ± 1 °C. The redox potential of the interstitial water was heterogeneous and anoxic (156 ± 25 to −147 ± 142 mV), with significant differences between treatments (Table 2, p < 0.05).




3.2. Responses to Growth


Overall, exposure to different concentrations of 2,4-D caused a decrease in average growth in the heights of Rhizophora mangle seedlings, in the 12- and 16-day periods where they were significantly lower (20.2 ± 0.8 and 20.6 ± 1.2 cm, respectively) compared to the control group (21.7 ± 0.6 and 23.3 ± 1. 3 cm, respectively) (Figure 4A). Likewise, a diametrical increase in the treated plants at 12 and 16 days was significantly lower (4.3 ± 0.5 and 5.4 ± 0.4 cm, respectively) compared to the control group (5.7 ± 0.4 and 5.9 ± 0.4 cm, respectively) (Figure 4B).



The effect of growth on height was noticeable from exposures of 25% to 100% of 2,4-D acid concerning control (Figure 4A), and diametrical stem growth was measured for exposure of 10% to 100% of 2,4-D concerning control (Figure 4B).



When performing a two-way ANOVA, significant differences were observed in growth in terms of height and diameter (Table 3) between treatments and exposure times with 2,4-D acid.




3.3. Behavior of the Concentration of Chlorophyll a


In general, the average concentration of photosynthetic pigment (chlorophyll a) of plants treated with 2,4-D acid, for the exposure times of 12 and 16 days, was significantly lower (60 ± 18.5 and 28 ± 10.1 μg/g, respectively) compared to the control group (120 ± 10.1 and 121 ± 10.7 μg/g, respectively) (Figure 5).



The effect on chlorophyll a concentration was observed from exposures of 2,4-D acid of 5% to 100% concerning the control in 12- and 16-day periods (Figure 5).



When performing a two-way ANOVA, significant differences were observed between treatments and exposure times with 2,4-D acid in the concentration of chlorophyll a in Rhizophora mangrove seedlings (Table 3).



Simple linear regression analysis established an inverse relationship between 2,4-D concentrations and chlorophyll concentrations (Y = 58.72 − 0.3883 X, R2 = 0.96, p ≤ 0.003).




3.4. Biomass Production


Seedlings exposed with 2,4-D acid treatments showed a decrease in biomass production by 26% in leaves and stems, 45% in root, and 35% in total biomass production relative to the control (6B, 6A, and 6C, respectively).



An effect on biomass production of Rhizophora mangrove seedlings was observed from exposures of 5% to 100% of 2,4-D acid relative to control (Figure 6A–C). Likewise, the effect was very evident in the production of root biomass (Figure 6A).



Simple linear regression analysis established an inverse relationship between concentrations of 2,4-D and the production of total biomass of R. mangrove seedlings (Y = 4.17 − 0.0107 X, R2 = 0.93, p ≤ 0.008).



Performing a one-way ANOVA analysis detected significant differences in the biomass production of treatments and control group seedlings (Table 4, Figure 6).





4. Discussion


The controlled conditions carried out for this bioassay, as well as the emulation of the local tidal regime, favored obtaining better results. We considered that exposure concentrations of 2,4-D are constant through time experiments, and we could attribute adverse effects observed on propagules to pesticides; other variables of experiment associated with such effects on propagules were not found. According to the literature, 2,4-D is highly soluble in water and some forms of 2,4-D under certain conditions can persist for ten to hundreds of days before disintegrating; furthermore, it has been described that the ester forms of 2,4-D penetrate foliage, while the salt form of 2,4-D can be absorbed by the roots of plants. The ester forms are converted into acid within the plant and then accumulate in cells due to passive diffusion in the concentration gradient [42].



The physicochemical parameters of the interstitial water (pH, salinity, and temperature) during the experimental development did not show significant differences (p > 0.05) between the different treatments concerning the control, although not so for the redox potential, where significant differences were observed (p < 0.05). The various values of the redox potential of the experiment presented an oxic-type trend. Likewise, the values of variation in the redox potential between treatments can be due to the discharge from the 2,4-D solution at different concentrations during the process of recirculation and emulation of the tides, as well as the physicochemical reaction of mangrove sediment in ponds. In this regard, [43,44] mention that the conditions of oxide reduction are related to hydrology (time of residence of water, frequency of flooding due to the effect of tides, and contributions of urban and/or industrial wastewater), as well as the contributions of organic matter in mangrove forests where changes in the redox potential are established. Moreover, the authors of [34], experimenting on the removal of nutrients from urban wastewater under controlled conditions similar to this study, mention that the exposed conditions of controlled simulation favored the results of the bioassay due to the tidal emulation of the local regime and the ideal survival conditions of the Rhizophora mangle species.



In general terms, the growth in diameter and stem of the seedlings of Rhizophora mangle showed a decrease in the control because of the bioavailability 2,4-D in the interstitial water at different concentrations which is absorbed by the roots. In this regard, the authors of [45] mention that one of the effects of herbicides in mangroves is a direct interference with the division and differentiation of cell development. The author of [46] also determined that contamination with 2,4-D in Rhizophora stylosa communities significantly inhibited seedling development due to cell degeneration and they described that persistence of herbicide residues in soil could inhibit the establishment and colonization of new mangrove seedlings.



The effects on the decrease in chlorophyll production in the leaves of seedlings treated with 2,4-D for the two exposure times are related to changes in physiological processes, such as photosynthesis and stress, due to the absorption of the herbicide, affecting the pigmentation system of seedlings, inhibition of photosynthetic efficiency, and stages of seedling development [47,48,49]. Similar findings have been reported by other authors [50,51], who describe the phytotoxic effect of 2,4-D on tobacco seedling leaves and the decrease in chlorophyll a concentration as being due to cell degeneration and degradation of the chlorophyll molecule. Refs. [47,52] describe in a general way that mangroves are prone to natural or anthropogenic disturbances (stressed mangroves) where they experience decreases in foliar chlorophyll concentration and leaf litter production. On the other hand, an inverse relationship was determined (R2 = 0.96, p ≤ 0.003) between the concentrations of 2,4-D and the concentration of chlorophyll a in the leaves of seedlings of Rhizophora mangle, and similar results have been reported in [10] where a high negative correlation (R2 = 0.99, p ≤ 0.005) between the concentration of the herbicide (diuron) in the sediment and concentration of chlorophyll a in the leaves of Avicennia marina trees was determined, demonstrating the negative effect of herbicides on mangrove health in the Mackay region, located in Northeastern Australia.



With regard to biomass production, we believe that the decrease in biomass production in the roots, leaves, and stems of R. mangrove seedlings for treatments exposed to 2,4-D is due to the absorption and assimilation of bioavailable 2,4-D herbicide in the interstitial water of the treated ponds. Likewise, there was a greater inhibitory effect in the production of root biomass in seedlings, as the concentration of 2,4-D increased, with a decrease of 45% in root biomass relative to the control, specifically the greatest inhibitory effect was observed for the concentration at 100%. In this regard, the authors of [53] mentioned that absorption through roots is the main route for the transfer of herbicides, where the influx of salts into mangroves is also regulated; that is, the morphology, anatomy, and biomass production of the roots is also associated with the absorption effect of herbicides, as presented in this study. Likewise, ref. [54] notes that the cumulative effect during the exposure of herbicides to the roots and leaves of seedlings of Avicennia corniculatum is due to physiological stress making it more sensitive. On the other hand, an inverse relationship was determined between the concentration of 2,4-D and the production of total biomass in the seedlings of Rhizophora mangle (R2 = 0.93, p ≤ 0.008), which may be due to the decrease in photosynthetic efficiency and the lower production of chlorophyll a; therefore, affecting the production of the total biomass observed in this study. Reference [55] mentions that the photosynthetic rate in mangroves depends on the concentration of photosynthetic pigments, such as chlorophyll. Likewise, ref. [55] determined a positive correlation between the rate of carbon capture and the concentrations of chlorophyll a, chlorophyll b, and total chlorophyll in mangrove trees. The results of this bioassay were associated with the simulated conditions of hydrology; however, under natural conditions (environment), the factors that can influence the dispersion of 2,4-D are tidal frequency, type of soil in mangrove forests, and the dilution rate of 2,4-D. Moreover, this research demonstrated the adverse effects of 2,4-D on R. mangle seedlings. The reason why is considered fundamental and the priority of regulation of this herbicide for rational use, or even its prohibition, results in a recommending of it being replaced by bioherbicides. The latter are friendlier to the environment and the health of humans. Likewise, the acceptance and application of small, medium, and large-scale bioherbicides could define an effective strategy for the conservation and recovery of the health of ecosystems and the ecosystem services they provide.




5. Conclusions


This study describes the phytotoxic effect of 2,4-D on Rhizophora mangle seedlings, where phytotoxicity was related to adverse effects on the growth, diameter, stem, chlorophyll concentrations, and biomass production of leaves, stems, and roots. Likewise, all the concentrations of 2,4-D used in this experiment generated inhibitory effects in the production of chlorophyll and root biomass of the seedlings that were exposed. The toxic and physicochemical conditions presented during the development of the bioassay were generally those established in the normal tidal regimes, which favored the obtaining of better results for this study in contrast to experiments in which the tides were not emulated. Based on the results obtained in this study, we could describe that pollution from wastewater discharge containing heavy metals or herbicides and poor agricultural practices are worrying situations, since 2,4-D can affect the degree of health and permanence of mangroves, because at concentrations of 5% under experimental conditions, they can alter the morphophysiological functions of mangroves and affect the environmental services they provide. We consider that other studies can be carried out on the phytotoxic effects of other herbicides in common use, employing other species and numbers of individuals for areas impacted by afforestation, as well as the concentration of the herbicide to be applied.
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Figure 1. Geographic location of the Rhizophora mangle hypocotyl collection forest in the Los Petenes Biosphere Reserve (RBLP), Campeche, Mexico, and development sites of the experiment (EPOMEX Institute). 
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Figure 2. Diagram of the treatment system for exposure to 2,4-D with subsurface recirculation. 
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Figure 3. Experiment timeline events. 
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Figure 4. Average growth in (A) height; (B) stem diameter of Rhizophora mangle seedlings between treatments and exposure times. The error bars represent the standard deviation. Treatments that do not share a letter are significantly different (p ≤ 0.05). 
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Figure 5. The average concentration of chlorophyll a from Rhizophora mangle seedlings between treatments and exposure times. The error bars represent the standard deviation. Treatments that do not share a letter are significantly different (p ≤ 0.05). 
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Figure 6. Average biomass production in (A) root and (B) leaves and stems, and (C) total biomass of Rhizophora mangle seedlings between treatments. The error bars represent the standard deviation. Treatments that do not share a letter are significantly different (p < 0.05). 
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Table 1. Analysis of variance (ANOVA) of a pathway of the physicochemical parameters of the interstitial water in the ponds during the conditioning and afforestation phase of the seedlings of Rhizophora mangle (p < 0.05).
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	Parameters
	gl (Factor, Error)
	Statistic F
	p Value





	Temperature (°C)
	(11, 84)
	0.09
	0.990



	Potential redox (mV)
	(11, 84)
	0.12
	0.990



	Salinity (g/kg)
	(11, 84)
	0.68
	0.757



	pH
	(11, 84)
	1.06
	0.404
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Table 2. ANOVA of a pathway of the physicochemical parameters of interstitial water in ponds during treatment with 2,4-D acid in seedlings of Rhizophora mangle (p < 0.05).
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	Parameters
	gl (Factor, Error)
	Statistic F
	p Value





	Temperature (°C)
	(5, 18)
	0.22
	0.940



	Potential redox (mV)
	(5, 18)
	4.99
	0.005



	Salinity (g/kg)
	(5, 18)
	0.77
	0.580



	pH
	(5, 18)
	1.78
	0.170
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Table 3. Two-way ANOVA concerning growth in height, diameter, and concentration of chlorophyll in Rhizophora mangrove seedlings between treatments (control, 5%, 10%, 25%, 50%, and 100%) and exposure times (12 and 16 days) with a significance level of p < 0.05.
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Parameter

	
Factor

	
Gl

	
F

	
p






	
Height (cm)

	
Treatment

	
5

	
26.24

	
<0.001




	
Time

	
1

	
20.36

	
<0.001




	
Treatment xTime

	
5

	
2.46

	
<0.030




	
Error

	
90

	

	




	
Stem Diameter (mm)

	
Treatment

	
5

	
17.07

	
<0.001




	
Time

	
1

	
74.12

	
<0.001




	
Treatment xTime

	
5

	
2.36

	
<0.046




	
Error

	
90

	

	




	
Chlorophyll a (µg/g)

	
Treatment

	
5

	
471.65

	
<0.001




	
Time

	
1

	
431.84

	
<0.001




	
Treatment xTime

	
5

	
27.48

	
<0.001




	
Error

	
47
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Table 4. ANOVA of a pathway of the parameters of biomass of root, leaves, and stems, and total biomass of the seedlings of Rhizophora mangle in the ponds with treatments at the end of the experiment, with a significance level of p < 0.05.
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	Parameters
	gl (Factor, Error)
	Statistic F
	p Value





	Root Biomass (g)
	(5, 30)
	5.34
	<0.001



	Leaf and Stem Biomass (g)
	(5, 30)
	3.03
	<0.025



	Total Biomass (g/plant)
	(5, 30)
	6.17
	<0.001
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