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Mangroves are a highly threatened ecosystem due to climate change and human activity, which increases coastal vulnerability. Knowledge about the ecological dynamics of mangroves on a centennial timescale can reveal the different responses in vegetation, which is useful for implementing basic actions for mangrove restoration, conservation and management. A mangrove ecosystem in the Cuyutlán Lagoon area along the Pacific coast of west-central Mexico is significantly altered as a result of industrialization, salt extraction, and road construction. The long-term dynamics of the mangrove ecosystem has also been controlled by Holocene climatic variability. This study reconstructs the environmental history of mangrove vegetation around the Cuyutlán Lagoon during the last ~1300 years in response to periods of human activity and climate change. The reconstruction was performed using paleoecological techniques in sediment cores that include the use of fossil pollen as a proxy for vegetation and magnetic susceptibility and geochemical data (determined by loss-on-ignition and X-ray fluorescence) as a proxy for past environmental changes. The chronology was determined using 14C dating and the age-depth model was constructed by linear interpolation. Redundancy analysis and non-metric multidimensional scaling (NMDS) were used to discern patterns of distribution of the different proxies. Results revealed that the mangrove pollen assemblage of the Cuyutlán Lagoon was dominated by the arboreal taxa Rhizophora mangle, Euphorbiaceae, Moraceae, and Pinaceae, herbaceous taxa like Poaceae, Chenopodiaceae/Amaranthaceae, and aquatics such as Typhaceae and Cyperaceae. NMDS showed a clear separation between two events of human activity—the Spanish Occupation of Colima (~AD 1523-1524) and the opening of the Manzanillo port (~AD 1824-1825). Climate change events such as the Medieval Climate Anomaly (MCA) (~AD 800-1200) and the Little Ice Age (LIA) (~AD 1350-1850) were also successfully identified. The main responses were mangrove expansion (driven by R. mangle) during the LIA and the Manzanillo Port Opening, while the MCA was a highly perturbed period marked by multiple hurricane events and low or no pollen deposition in the sediment. During the Spanish Occupation, the aquatic taxa Typhaceae expanded together with an increase in Ca, Sr and carbonate contents.
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INTRODUCTION

Mangrove forest, as an ecosystem that develops in the transition zone between marine and terrestrial ecosystems, is constantly subject to tidal variations. Due to this harsh environment with constant changes in temperature, water and salt, mangrove vegetation is robust and very adaptable. As a consequence this forest community presents high persistence and response to disturbance (Alongi, 2008).

Despite its importance and specialization, studies around the world report a decrease in the area occupied by mangrove (MEA, 2005; Friess and Webb, 2014). Therefore, understanding the environmental history of mangrove is of utmost importance for the planning and implementation of effective management and conservation strategies. To better understand ecosystem history in the context of environmental change, it is of extreme importance to comprehend the human-climate disturbance interactions over varying scales of time and space. For mangroves in particular, human disturbances can include overexploitation of forest resources by local communities, conversion into large-scale development such as agriculture, forestry, salt extraction, urbanization and infrastructure construction, and diversion of freshwater for irrigation (UNEP, 1994). On the other hand, climate change components that affect mangroves include changes in sea-level, hurricanes, storminess, precipitation, temperature, atmospheric CO2 concentration, ocean circulation patterns and health of functionally connected nearby ecosystems (McLeod and Salm, 2006; Gilman et al., 2008).

Mexico has the fourth highest proportion of mangrove cover (Friess and Webb, 2014) and the fifth with the largest total above-ground biomass (Hutchison et al., 2014). In the coastal lagoons of Pacific west-central Mexico, mangroves comprise the dominant vegetation (López-Portillo and Ezcurra, 2002). The Holocene has been an era of increasing environmental changes in Mexico with human impact prevailing for at least 5000 years (Denevan, 1992). Worldwide the current distribution of mangroves is a legacy of the Holocene and their resilience has endured prolonged fluctuations in relative sea-level (Alongi, 2008).

A mangrove ecosystem in the Cuyutlán Lagoon along the Pacific coast of west-central Mexico is significantly altered as a result of industrialization, salt extraction, and infrastructure development (Torres and Quintanilla-Montoya, 2014). Human impacts have drastically changed the morphology and bathymetry of the lagoon. The long-term dynamics of the mangrove ecosystem here is also controlled by Holocene climatic variability in the Pacific center of Mexico (Valle Martínez, 2015), which is influenced by atmospheric and oceanic circulations, the El Niño–Southern Oscillation (ENSO) phenomena, the latitudinal shift of the Intertropical Convergence Zone (ITCZ) and solar variability (Sosa-Nájera et al., 2010; Carrillo-Bastos et al., 2013; Bianchette et al., in press).

This study reconstructs the environmental history of mangrove vegetation around the Cuyutlán Lagoon during the last ~1300 years. This important period includes pre-Hispanic as well as Colonial and post-Hispanic time intervals of human intervention. The sediment record can also shed light on the climatic anomalies of the Medieval Climatic Anomaly (MCA) and the Little Ice Age (LIA) (Mayewski et al., 2004; Wanner et al., 2008) which are expected to have caused diverse responses in the regional vegetation (Islebe and Sánchez, 2002; Figueroa-Rangel et al., 2012). Key question addressed in this study: Is it possible to identify timing and responses of the mangrove ecosystem of the Mexican Pacific coast to periods of human activity and climate change during the last ~1300 years?

STUDY AREA

The Cuyutlán Lagoon is located between 18°51′–19°07′ N and 103°53′–104°07′ W on the Pacific coast in the state of Colima, México (Figure 1). It is a large lagoon with 7200 ha of water surrounded by mangrove vegetation in different states of conservation. It is 37 km long with variable dimensions in width (0.5–6 km). It consists of four water bodies or “Vasos” divided by natural and artificial barriers that allow interchange of water and sediments (Torres and Quintanilla-Montoya, 2014): Vaso I- La Laguna Chica, Vaso II-Mediano, Vaso III-Grande and Vaso IV-Estero Palo Verde.
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FIGURE 1. Location of the study area. (A) Cuyutlan Lagoon in the Colima state, Pacific coast of Mexico with “Vaso” I, II, II, and IV; (B) The coring site at “Vaso” IV-Estero Palo Verde; (C) Partial view of Cuyutlan Lagoon and the nearby mangrove forest.



Soils are predominantly regosol from the Quaternary. The climate according to Köppen and modified by García (1987) is warm subtropical with a mean yearly temperature between 22 and 28°C and average rainfall between 600 and 1100 mm (INEGI, 2009).

The mangroves of Cuyutlán Lagoon are represented by three species: Rhizophora mangle, Laguncularia racemosa, and Avicennia germinans, in association with Batis marítima, Distichlis spicata, and Atriplex spp. Deciduous forest and farmland (coconut, corn and sugar cane) are present near the lagoon. Natural vegetation around the Cuyutlán Lagoon has been strongly modified by humans during the last 50 years (Mellink and Riojas-López, 2007; Ruíz-Montero, 2009; Téllez García, 2010).

MATERIALS AND METHODS

Field and Laboratory Techniques

A 97 cm core (S1M1) consisting of gray-brown sandy-organic sediment was retrieved from Vaso IV-Estero Palo Verde, in the Cuyutlán Lagoon, using a modified Russian corer. The core was retrieved in open water at 1.30 m depth, 30 m from the shoreline. It was described in the field and wrapped in cling-film and aluminum foil. Samples were analyzed at 1 cm intervals throughout the sequence for magnetic susceptibility, loss on ignition and elemental concentration. Magnetic susceptibility (MS) was measured using a Bartington MS2 device in order to determine the presence of iron-bearing minerals within each of the three sedimentary sequences (Thompson and Oldfield, 1986). Bulk density and organic and carbonate contents were determined through loss-on-ignition analysis according to Dean (1974). Elemental concentrations (ppm) of 17 chemical elements were measured using an X-ray fluorescence (XRF) Olympus Innov-X Delta Standard Analyzer RoHS/WEEE DS 6500CC at the Global Change and Coastal Paleoecology Laboratory at Louisiana State University. Organic matter (OM), carbonate content (CC), as well as chemical elemental composition, were used as a proxy for extreme natural events such as hurricanes and tsunamis (Liu and Fearn, 2000a,b) but also to detect possible impact of human activities.

We also estimated changes in delivery rates of organic matter (Meyers and Teranes, 2001) by the Mass Accumulation Rate (MAR). MAR was calculated by the product of bulk density and the linear sedimentation rate (LSR) data taken from the age-depth model of each sedimentary sequence.

Subsamples of 0.9 cm3 were used for pollen extraction through the standard acetolysis method (Bennett and Willis, 2001). Sample resolution varies along the sequence; every 1 cm for the first 14 cm, every 2 cm from 15 to 56 cm and every 5 cm from 57 to 97 cm. Mexican history can be divided into two epochs, the Pre-Hispanic era before the Spanish conquest (before 1519 AD) and the Post-Hispanic era (after 1521 AD), after the Spanish conquest. The highest resolution corresponded to the last ~ 500 years as the impact of human activities was assumed to be extensive after the Spanish conquest in Mexico.

Pollen counts were converted to percentages and then were plotted in a pollen percentage diagram using PSIMPOLL 4.27 (Bennett, 2009). Pollen percentages were based on a pollen sum excluding fern and fungal spores and pollen and spores from aquatic taxa (Cyperaceae, Nymphaceae, and Typhaceae). A known quantity of exotic Lycopodium spores was added to each sample in order to estimate pollen (pollen grains/cm3) and microscopic charcoal concentrations (charcoal cm2/cm3). Pollen and spores were identified using comprehensive pollen and spore reference collection of the Sian Ka'an Biosphere Reserve, a large area of mangroves in Southeast Mexico (Villanueva-Gutiérrez et al., 1991). Microscopic charcoal concentration (CHAR) was quantified in each level analyzed for pollen using the point count method (Clark, 1988). This was treated as a proxy for fire incidence within the pollen source area (Whitlock and Larsen, 2001).

Data Analysis

The chronology for the sequence was established from accelerator mass spectrometry (AMS) 14C dates (Beta-Analytic Laboratory, Miami, Florida, USA) of organic material taken from the sedimentary sequence. An age-depth model using linear interpolation was developed using the “Classical age-depth modeling” (CLAM) software (version 2.2) in R (Blaauw, 2010). 95% confidence intervals were calculated by analysing the distribution of 1000 randomly generated age models (Blaauw, 2010). All radiocarbon ages were calibrated using the INTcal13 calibration curve (Reimer et al., 2013).

Zonation was undertaken by optimal splitting and significant zones were resolved using a broken-stick model (Bennett, 1996, 2009). Rarefaction analysis was applied to provide an estimate of the palynological richness in each sample (Birks and Line, 1992). The analyses were developed in PSIMPOLL 4.27 (Bennett, 2009).

We used Redundancy Analysis (RDA) to assess the contribution of the chemical elements, OM, CC, MS, and MAR in explaining patterns of fossil pollen taxa composition along time. RDA is a form of constrained ordination that examines how much of the variation in one set of variables explains the variation in another set of variables. RDA is particularly appropriate when the gradient length is short and species distributions are assumed to be linear (or generally monotonic; ter Braak, 1986). We computed Non-metric Multidimensional Scaling (NMDS) ordinations; one using a matrix with the chemical elements and another with OM, CC, MS, and MAR to reveal changes in the values of these variables over the past ~ 1300 years. All ordinations were computed in CANOCO v.5 (ter Braak and Smilauer, 2012).

RESULTS

Chronology

Radiocarbon dating of the core taken from the Cuyutlán Lagoon indicates that sediment accumulation began about 649–717 cal yr AD (Figure 2). The age-depth relationship was modeled using linear interpolation indicating that approximately 1 cm of sediment accumulated in the basin every 15 years. Confidence intervals were reported using two-sigma range (Table 1).
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FIGURE 2. Age-depth model based on radiocarbon dates using linear interpolation. The age of organic core samples is measured as calibrated years AD (cal yr AD).




Table 1. Radiocarbon calibrated dates calculated from CLAM v. 2.2 in R computer program (Blaauw, 2010) and the data set INTCAL13 (Reimer et al., 2013) used to develop the chronology for S1M1 core at Cuyutlan Lagoon, west-central, Mexico.
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The present sequence retrieved from the Cuyutlán Lagoon in the west-central region of the Pacific Ocean in the Colima state of Mexico covers two important periods of climate change: the Medieval Climate Anomaly (~AD 830-1100) (PAGES-2k-Consortium, 2013) and the Little Ice Age (~AD 1350-1850) (Grove, 2001). Other events or periods of significant environmental impacts include the tsunami-generating earthquake of 1932 (Okal and Borrero, 2011), as well as two key periods of human activity in the region: the Spanish Occupation of Colima (~AD 1523-1524) (Sauer, 1948) and the opening of the Manzanillo port (~AD 1824-1825) (Calderón Aragón, 2001; Patiño-Barragán et al., 2009).

Mangrove Forest Dynamics and Its Environment

The mangrove forest pollen assemblage of the Cuyutlán Lagoon showed variant stages of taxa composition from ~1300 years to present. The optimal splitting method divided the core in six fossil pollen zones. Aquatic (Typhaceae and Cyperaceae), herbaceous (Poaceae, Chenopodiaceae/Amaranthaceae) and arboreal taxa (Rhizophora mangle, Euphorbiaceae, Moraceae, and Pinaceae) dominate the pollen sum (Figure 3).
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FIGURE 3. Pollen percentage diagram, pollen concentration, palynological richness and microscopic charcoal concentration for mangrove forest of the Cuyutlan Lagoon in the Pacific coast of Mexico. Divisions are delineated by zones according to the optimal splitting option available in PSIMPOLL 4.27(Bennett, 2009). Dates on the Y-axis are calibrated yr AD.



Zone Z-1 (97–90 cm)

This zone was dominated by Cyperaceae with relatively high Poaceae and Chenopodiaceae/Amaranthaceae (Cheno/Ama). Among arboreal taxa, Euphorbiaceae, Moraceae, Avicennia germinans, and Rhizophora mangle occurred at high percentages. Palynological richness was relatively low for this zone and CHAR displayed a small peak at the base of the sequence (Figure 3).

High OM and MAR characterized this zone but these curves declined sharply in the upper part, while MS showed opposite trends. The abundance of some chemical elements such as Fe, Mn, Cr, Ti, and Sr was high at the bottom, decreased in the middle, and rose again at the top (Figure 4).
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FIGURE 4. Chemical elements resulted from XRF analysis, Magnetic susceptibility (MS), Organic Matter Content (OM), Carbonate Content (CC), and Mass Accumulation Rate (MAR) for the core S1M1 retrieved from the Cuyutlan Lagoon in the Pacific coast of Mexico. Divisions are delineated by zones according to the optimal splitting option available in PSIMPOLL 4.27(Bennett, 2009). Dates on the Y-axis are calibrated yr AD.



Zone Z-2 (90–70 cm)

Zone Z-2 was mainly composed of inorganic sediments that were marked by extremely high MS values and minimal OM. MS steadily declined upward, accompanied by increasing, albeit fluctuating, OM. Geochemically this zone was characterized by high concentrations of all terrigenous elements (Ti, Cr, Mn, Fe) as well as Sr, a marine indicator (Woodruff et al., 2015) while Ca contents decreased slightly. Palynologically this zone was marked by the presence of a non-polleniferous layer layer in the middle (Figure 3). Cyperaceae was the dominant (>80%) component at the bottom of the zone but became much less frequent (~30%) at the top. R. mangle and other arboreal taxa were also present at the bottom as well as some herbs such as Cheno/Ama and Poaceae. Chronologically zone Z-2 spans ~ cal. AD 712-1168, which encompasses most of the MCA ages (Figures 3, 4).

Zone Z-3 (70–38 cm)

Cheno/Ama pollen reached maximum frequencies in this zone. R. mangle, Euphorbiaceae and Moraceae dominated the arboreal pollen sum but other tree families (Fabaceae, Aracaceae, and Rubiaceae) also appeared during this period. Avicennia germinans and Laguncularia racemosa were also present. Pinaceae increased at the top of the zone together with most of the herbs. Aquatic taxa (Cyperaceae, Nymphaceae, and Typhaceae) were also present. Palynological richness fluctuated in this zone with two of the highest values in the whole sequence. CHAR was also represented with two peaks (Figure 3).

This part of the sequence is characterized by increasing OM, declining MS values, and a moderately constant MAR. The upper half of the zone saw a distinct increase in CC. An opposite array evolved with the chemical elements which values declined in the upper half of the zone (Figure 4).

Zone Z-4 (38–12 cm)

A remarkable increase in the arboreal pollen of R. mangle, Moraceae and Pinaceae occurred in this zone. This was concurrent with the highest peak in Typhaceae and Nymphaceae, concomitant with a decline in Poaceae and Cheno/Ama but high values for Asteraceae. Elevated values were evident for pollen concentration and palynological richness (Figure 3). CC extended its peak from the previous zone reaching a maximum in the lower part of the zone. Ca and Sr also followed this trend (Figure 4).

Zone Z-5 (12–4 cm)

This zone is characterized by the sharp increase in R. mangle, together with a decrease in aquatics (Typhaceae, Nymphaceae, and Cyperaceae. Palynological richness dropped during this period (Figure 3).

The values for OM and CC were constant in this zone. The chemical elements Cr and Mn increased in the upper part of the zone while Ca and Sr showed a remarkable decrease (Figure 4).

Zone Z-6 (4–0 cm)

The optimal splitting method separated these few samples from the rest. Even though there were only four samples, the environmental changes they represented seem to be essential for the understanding of the recent dynamics of the lagoon. Avicennia germinans and Laguncularia racemosa increased in this zone, together with Cyperaceae and Nymphaceae. Palynological richness was low and no CHAR was found (Figure 3).

This period seems to be critical for the environment of the mangrove forest as the highest values in MAR and CC occurred in this zone, coupled with dramatic peaks in Ca and Sr and a considerable decrease in MS, Ti, Cr, Mn, and Fe (Figure 4).

The Interaction of Different Proxies

Results of the NMDS for chemical elements revealed a stress (a measure of the optimality of an ordination solution) of 0.034. Cumulative explained variation was 59.8% for axis 1 and 89.2% for axis 2. The ordination results revealed a clear separation of different groups of samples according to chemical elemental composition. In particular, samples representing the period of the Spanish Occupation of Colima (~AD 1523-1524) and those representing the opening of the Manzanillo port (~AD 1824-1825), including possibly the tsunami of 1932, are distinguishable from each other and from the rest of the core samples on axis 1. Axis 2 also separates the two climate change periods, with the MCA (~AD 800-1200) samples having positive values and the Little Ice Age (~AD 1350-1850) samples mostly having negative values. On the other hand, samples from the two climate change periods are distinguishable from those of the two human activity periods along axis 2 (Figure 5A). Nevertheless, the box and whiskers plots for the chemical elements suggest that only Ti presents extreme values linked to both human and climate change disturbances, with the lowest values related to ages close to the Manzanillo port opening and the high values related to the MCA. Ca showed high values for the Manzanillo port opening. Cr and Fe displayed outliers for the MCA (Figure 5B).
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FIGURE 5. (A) Non-metric multidimensional scaling ordination of chemical element composition by ages. The different symbols represent ordination scores. They represent ages in calibrated years AD. Ages in black open circles correspond with the Little Ice Age; in black circles to ages previous to the MCA; in open black rhomboids to the Medieval Climate Anomaly; in filled black rhomboids to the Spanish Occupation and in asterisks to the Manzanillo port opening and the tsunami of 1932. (B) Box and whiskers plots showing extreme values for the chemical elements.



NMDS for OM, CC, MS, and MAR revealed a stress of 0.0312. Cumulative explained variation was 87.6% for axis 1 and 96.7% for axis 2. The ordination results revealed a clear separation of different groups of samples along axis 1, from the oldest samples at the left of the diagram to the youngest ones at the right. Besides, it also ordered the samples according to periods of human activity and climate change, similar to the chemical elements ordination (Figure 6A).


[image: image]

FIGURE 6. (A) Non-metric multidimensional scaling ordination of Organic matter, Carbonate content, Magnetic susceptibility and Mass Accumulation Rate by ages. The different symbols represent ordination scores. They represent ages in calibrated years AD. Ages in black open circles correspond with the Little Ice Age; in black circles to ages previous to the MCA; in open black rhomboids to the Medieval Climate Anomaly; in filled black rhomboids to the Spanish Occupation and in asterisks to the Manzanillo port opening and the tsunami of 1932. (B) Box and whiskers plots showing extreme values for Organic matter, Carbonate Content, Magnetic susceptibility and Mass Accumulation Rate.



OM showed no extreme values. CC was the only proxy revealing samples of the Spanish Occupation of Colima as extreme high values. MS extreme high values mostly related to the MCA. MAR and CC displayed high values associated with ages closed to the Manzanillo Port Opening and/or the tsunami of 1932 (Figure 6B).

RDA results developed to assess the contribution of the chemical elements, OM, CC, MS and MAR to explain temporal changes of fossil pollen assemblages showed a strong significant relationship (p = 0.05) for Ca (t = 2.84), Co (t = −2.20), Sr (t = −3.00), OM (t = 2.24), and CC (t = −2.63) in axis 1 (λ1 = 0.1109). For axis 2 (λ2 = 0.0822), they were Ca (t = −2.19), Mn (t = 3.17), Ti (t = −2.10), CC (t = 3.48), and MAR (t = −4.66). Cheno/Ama, Typhaceae and Cyperaceae were the taxa closer to the CC vector while R. mangle and L. racemosa were closer to the OM vector. Ca and CC vectors were also associated with the samples of the Spanish Occupation of Colima, and MAR with the Manzanillo Port Opening and/or the tsunami of 1932 (Figure 7).
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FIGURE 7. Redundancy analysis triplot showing the relationship between pollen taxa composition with chemical element composition, Organic matter (OM), Carbonate Content (CC), Magnetic susceptibility (MS), and Mass Accumulation Rate (MAR). The different symbols represent ordination scores. They represent ages in calibrated years AD. Ages in black open circles correspond with the Little Ice Age; in black circles to ages previous to the MCA; in open black diamonds to the Medieval Climate Anomaly; in filled black diamonds to the Spanish Occupation and in black stars to the Manzanillo port opening and the tsunami of 1932.



DISCUSSION

Mangrove Vegetation Changes Over the Last ~1300 Years

The environmental history reconstruction of the Cuyutlán Lagoon during the last ~1300 years showed a dynamic mangrove community with changes in dominance among the different taxa.

Fossil pollen representing mangrove trees corresponded to three of the four species reported for Mexico (CONABIO, 2009)—R. mangle, L. racemosa and A. germinans in descending order of percentages. This pattern of dominance agreed with studies on the present-day vegetation undertaken in Vaso IV-Estero Palo Verde (Téllez García, 2010) showing R. mangle to be the most abundant mangrove species with over 1367 trees/ha followed by L. racemosa with 980 trees/ha. The populations of all three mangrove species increased greatly from ~AD 1815 to the present, a period concurrent with the Manzanillo Port Opening and the tsunami of 1932. It is possible that rapid deposition of sediments provided sources of elevation (Krauss et al., 2014), creating good conditions for mangrove colonization.

Pollen frequencies of tropical upland forest taxa such as Moraceae and Euphorbiaceae displayed an opposite trend to those of the mangrove species. They were prominent from ~AD 1305 to 1793, when the pollen of mangroves were low. Their contraction occurred precisely during the expansion of R. mangle, L. racemosa and A. germinans (~AD 1815). Moraceae pollen in the study region was probably mainly derived from Brosimum alicastrum and Ficus spp., and Euphorbiaceae includes Hura polyandra and Croton sp. (Padilla-Velarde et al., 2006; Valle Martínez, 2015). Palynological studies from other coastal regions, such as the Yucatan Peninsula (Islebe and Sánchez, 2002; Torrescano-Valle and Islebe, 2015) and Chiapas (Joo-Chang et al., 2015) in Mexico, Nicaragua (McCloskey and Liu, 2012) in Central America and Florida in USA (Yao et al., 2015), found these same pollen taxa as part of the forest dynamics in mangrove ecosystems, although the abundance of these tropical pollen taxa varied according to the location as a function of local environmental factors.

Herbaceous taxa abundances in the pollen assemblages of the Pacific west-central Mexico were not significantly different from those reported from other mangrove-dominated coastal areas. Poaceae and Cheno/Ama expanded prior to the Spanish Occupation of Colima in AD 1523.

The aquatic components Cyperaceae and Nymphaceae expanded strikingly at the start of the MCA following by a decrease at the end of this period. A second significant increase occurred after the Spanish Occupation of Colima when Typhaceae also rose to its highest peak. These taxa are commonly found in coastal (Torrescano-Valle and Islebe, 2006; Joo-Chang et al., 2015) and mountain (Sosa-Nájera, 2013) lacustrine sediments; they are associated with brackish water and/or eutrophication. In particular, the species of Typha in the Cuyutlán Lagoon is Typha domingensis, a widespread and dominant plant in many aquatic systems. It also grows in industrial wastewater lakes, as the plant is resistant to pollution (Abdel-Ghani et al., 2009b) and is considered as a native “invasive” plant in swampy habitats (Horn and Kennedy (2006).

The Timing of Mangrove Responses to Climatic Change

Different episodes of climate change, human activity and extreme events were detected in the sequence retrieved in the Cuyutlán Lagoon as a local example from the Pacific west-central Mexico. Similarly, changes in climate and ecological dynamics have been reported from other mangrove-dominated coastal regions in Mexico (Gutiérrez-Ayala et al., 2012; Bocanegra Ramírez, 2014) and worldwide (Gilman et al., 2008; Monacci et al., 2011). These studies have shown that the abundance of mangroves has changed along with climate over time in response to climatic variations such as the LIA, MCA, and long-term variability in ENSO. In this research we used a multi-proxy approach together with multivariate numerical techniques to separate the samples corresponding to periods dominated by human activity from those marked by natural processes of climate change and extreme events.

Medieval Climate Anomaly

In the Cuyutlan Lagoon area the MCA was represented by zone Z-2, which spanned the interval ~ AD 712-1168. Zone Z-2 was an anomalous layer that was sedimentologically, geochemically, and palynologically complex. The inorganic nature of the sediment, the extremely high MS, and the enrichment in both Sr and a litany of terrigenous elements all suggest that this zone represents an event deposit, or multiple event deposits, of either storm or tsunami origin (McCloskey et al., 2015). The fact that pollen was present at the bottom of this inorganic layer, where OM was lowest and MS was highest, but absent in the top suggests that multiple events might have been represented (Liu et al., 2011). The occurrence of multiple peaks and troughs in the OM and elemental curves lends support to the interpretation of multiple events separated by intervals of temporary recovery. The enrichment of both marine (Sr) and terrigenous (Ti, Fe) elements was also consistent with the scenario of marine incursion events (e.g., storm surge or tsunami run-up) accompanied by slope erosion due to heavy precipitation or tsunami return flow.

The MCA has been globally characterized by warm conditions regarding temperature (Mann et al., 2009), nonetheless there are divergent evidences in terms of precipitation. For some regions it was a dry period (Chen et al., 2015), for others it was characterized by humid conditions (Sosa-Nájera, 2013), though in general it is an incompletely understood episode of Late Holocene climatic change (Graham et al., 2011).

In any case, the overall character of zone Z-2 suggests that the MCA in the Cuyutlan Lagoon region was an environmentally highly perturbed period marked by the occurrence of multiple extreme events, which were more likely to be hurricanes than tsunamis based on their frequency of occurrence (several events over an interval of several centuries). The pollen data suggest that the abundance of R. mangle and tropical forest trees (Fabaceae, Euphorbiaceae, Moraceae) was high during the early phase of this period, but declined at the end. These palynological changes were consistent with the ecological impacts of hurricanes in tropical coastal areas (Kovacs et al., 2001; Alongi, 2008; Urquhart, 2009; Yao et al., 2015).

Little Ice Age

Most of the samples in our sequence covered the LIA (~AD 1350-1850) involving the upper half of zone Z-3 (~A.D 1381-1537), zone Z-4 (~AD 1537-1739), and zone Z-5 (~AD 1739-1837). The central character of the LIA resided in cold temperatures and reduced precipitation (Hodell et al., 2005). During the early part of the LIA (~AD 1381-1537) mangrove species were infrequent, coupled with high percentages of Cheno/Ama, Cyperaceae and Poaceae. A possible explanation of the mangrove response in zone Z-3 could be a slow recovery phase after the extreme events of the MCA. The upper half of zone Z3 saw a distinct increase in the CC of the sediment, culminating in a broad peak in CC at the top of this zone. This may suggest greater marine influence resulting from more active tidal exchanges between the estuarine site and the sea (Yao et al., 2015). Cheno/Ama reached maximum frequencies possibly indicating an expansion of halophytic plant communities due to increased salinity of the water and soils in wetlands near the site. The two high peaks in CHAR could reflect either a dry environment at the site that promoted fire occurrence as vegetation experienced water stress triggering burning (Román-Cuesta et al., 2003), or with the use of fire in agriculture as most of the prehispanic civilizations in Mexico had already transformed land into fallows or open grasslands through clearing and burning (slash-and-burn) (Denevan, 1992; Lentz, 2000; Williams, 2003). Coincidentally after the fire event, palynological richness increased showing the highest values for the sequence. A conceivable reason is colonization of pioneer species, after the fire event, increasing plant biodiversity at certain tipping points (Liu et al., 2008).

The abundances of the terrigenous chemical elements were uniformly low during this interval representing the LIA. Ca and Sr were also low in the upper half of the zone, although they exhibited pronounced peaks near the boundary between zone Z3 and zone Z4. The curves for these two marine-indicator elements seemed to covary with each other, and their peaks also seemed to correspond partly with a broader peak in CC. CC values were relatively high, especially in the lower part of this interval. The geochemical data are consistent with the scenario of a drier and more tranquil environment during the LIA with lowered storm activity and reduced soil erosion from the drainage basin (Rodríguez-Ramírez et al., 2015).

The Timing of Mangrove Responses to Human Activity

Different studies have attempted to explain the responses of Mexican mangrove forests to climate change, but those related to human activity are mainly located in the Yucatan Peninsula (Islebe and Sánchez, 2002; Torrescano-Valle and Islebe, 2006, 2012, 2015). This situation arose because the Maya civilization, developed in this Peninsula, had an important social, economic and cultural contribution to Mexican history. By contrast, western Mexico has received less attention compared to Mesoamerica despite the fact that from ancient times complex regional political systems had already been in place. In fact, various principal crops harvested in Mesoamerica were also domesticated in western Mexico and, in terms of religion, there are similarities in divinities between the two regions (Pollard, 1997; Beekman, 2010). On the other hand, the Pacific west central Mexico is a region susceptible to extreme events such as tsunamis (Bianchette et al., in press). A collection of palaeoenvironmental studies (Figueroa-Rangel et al., 2008, 2010, 2012, 2016; Metcalfe et al., 2010; Sosa-Nájera et al., 2010; Sosa-Nájera, 2013; Rodríguez-Ramírez et al., 2015; Valle Martínez, 2015; del Castillo-Batista et al., 2016) had reported the occurrence of crucial global events of climate change, such as the LIA and the MCA, in west central Mexico. This particular myriad of climate and human events occurring together makes it difficult to discern the exact impact and timing of human activity on vegetation. The main obstacle, however, continues to be the notion that humans disrupt the natural ecological conditions and processes that scientists try to understand (McDonnell and MacGregor-Fors, 2016). Therefore, we unceasingly look for the negative effects of human activities on vegetation when often humans have vastly contributed to its conservation.

But decisively with the current age-depth model and dating resolution, it is difficult to infer these important events in human history. However, it is of significance to mention the following events as inferred from this study:

Spanish Occupation of Colima

The middle part of the LIA (~AD 1537-1739; zone Z-4) overlapped with ages ~AD 1524-1561 of the Spanish Occupation of Colima, was clearly separated as a group in the NMDS ordinations. This situation is a clear example of a period where human activity and natural processes combined to exert a mixture of effects on the vegetation that are difficult to disentangle. Unfortunately with the current age-depth model and dating resolution, it is difficult to infer this important event in human history.

The original testimony of the occupation of Colima, as presented in the Fourth Letter of Cortés (October 15, 1524), described part of this region as belonging to the Tarascan king and during the conquest many people from Colima were killed by the Tarascans while the Spanish lost not a single person (Sauer, 1948). The Cuyutlán Lagoon was mentioned in Sauer's essay as a “boundary of encomiendas” in which the main tributes were fish and salt places; an encomienda was a means of giving to a Spaniard a restricted set of property rights over Indian labor (Yeager, 1995). Thus, we would expect a higher pressure over vegetation for this time due to increased human activity. However, in “Suma de Visitas de Pueblos” Lebron reported a decline in population from 1551 to 1554; a widespread episode in Mexico (Borah and Cook, 1962).

On the other hand, the phenomenon of El Niño Southern Oscillation (ENSO) was active during 1530-1560 (Sosa-Nájera, 2013), probably bringing more humidity and precipitation to the Pacific. This could have caused an increase in R. mangle to our site, as it has been reported in the Yucatán Peninsula (Islebe and Sánchez, 2002).

Finally, CC, Ca, and Sr reached maximum values around AD 1545-1552. It is possible that these peaks in carbonates and marine indicators registered a hurricane or tsunami event, which led to an intrusion of marine waters and materials and further increased the salinity at the site. This marine intrusion event probably also caused new areas of mudflats and sand fans to form, creating new habitats for wetland plants to colonize, as indicated by the remarkable increase in the pollen abundance of R. mangle and Typhaceae. This can be interpreted as a recovery / resilience response or improved environmental conditions resulting from this particular event that promoted the development R. mangle (Dodd and Afzal Rafii, 2002; Alongi, 2008). On the other hand, increase in Typhaceae has been associated with low water level in lacustrine ecosystems, eutrophication and polluted, brackish water (Sosa-Nájera, 2013; Torres-Rodríguez, 2015). Typhaceae is also considered to be tolerant of high salinity, high temperature and disturbance. Its highest abundance was also coincident with a decrease in Fe and MS, possibly suggesting reduced soil erosion. Nevertheless, it has also been shown that Typha domingensis can remove aluminum, iron, zinc, and lead ions from soil and store these chemicals in their leaves, thus resulting in their depletion in the sediment (Abdel-Ghani et al., 2009a).

The Manzanillo Port Opening and the Tsunami Earthquake of 1932

Also included in the LIA period, the following part of the sequence (~AD 1739-1837; zone Z-5) corresponded with episodes related to human activities in the Cuyutlán Lagoon; the most important were the artificial connections with the sea or the river, to improve productivity, sanitary conditions and for transport (Mellink and Riojas-López, 2007). AD 1824 marks the official opening of the Manzanillo Port (Patiño-Barragán et al., 2009). In 1889 a railroad was crossing the lagoon perpendicular to the sand barrier, and by 1932 the first artificial opening to the sea was constructed (Chavez Comparan, 1986).

Concerning the LIA, around AD 1708-1739, R. mangle showed a distinct decrease in abundance. This could be a regional reflection of a drought and low precipitation recorded in several parts of Mexico, including the Yucatan Peninsula and Central Mexico (Acuña-Soto et al., 2002; Mendoza et al., 2005).

Regarding natural events the great earthquake of 1932 was one of the largest to strike Mexico since the dawn of instrumental seismology (Okal and Borrero, 2011). Historical records showed the damage of the entire town of Cuyutlán by the arrival of the tsunami triggered by this earthquake (Corona and Ramírez-Herrera, 2012). The dramatic peak in CC at the top of the core (zone Z-6) probably reflects the marine intrusion event caused by the 1932 tsunami. A prominent peak was also presented in the marine indicators Ca and Sr, accompanied by abrupt drops in MS and the terrigenous elements Fe, Mn, Ti and Cr. It is possible that the tsunami led to an intrusion of marine waters and materials and further increased the salinity at the site. This marine intrusion event possibly also caused new areas of mudflats and sand fans to form, creating new habitats for wetland plants to colonize, resulting in the increase of Cheno/Ama, Cyperaceae, and R. mangle at the top. After AD 1762, mangrove populations may also have increased as a response to a wetter period that brought more freshwater and moisture to the coast and to the inland area, including the increased frequency of hurricanes (Islebe and Sánchez, 2002; MEA, 2005).

CONCLUSION

The present research is a local-scale case where the interplay of human activity, climate change, and disturbance events composes the environmental history of mangrove vegetation during the late Holocene in the Pacific coast of west-central Mexico. Different episodes of vegetation change, allied with alterations in the geochemistry of the Cuyutlán Lagoon, reflect the complex interactions of climate change, human activity and the occurrence of extreme events. We found an assorted signature of anthropogenic and natural processes depending on the paleoecological proxies used. The individual effects of various processes are difficult to be deciphered from the paleoecological record, although the use of numerical techniques has helped to distinguish their resultant paleoenvironmental signatures during periods of time when different natural or anthropogenic processes predominated.

The main challenge, however, was the lack of a finer time resolution over the last 500 years when human activity in this region (indigenous agriculture and Spanish Occupation) was extensive, particularly during the last century when major infrastructural construction (Manzanillo Port Opening and railroad constructions) in the lagoon was expected to have significantly affected the mangrove ecosystem. Future studies should entail higher-resolution pollen analysis coupled with the use of both 210Pb and 14C dating to separate the effect of climate change, extreme events (tsunamis and hurricanes), and human activity during the historical period to establish the modern analogs needed for more accurately deciphering the paleoenvironmental conditions of the Little Ice Age and the Medieval Climate Anomaly.
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