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ABSTRACT

Mangrove forests are vulnerable to long term changes of temperature and precipitation. In this study, we want to know
if the precipitation regime significantly varies among years and seasons during a five-yr period (2006-2010) at the North
of Laguna de Términos, Campeche, Mexico. In addition, we want to know how the salinity and the redox potential of the
ground water of a monospecific mangrove forest of Rhizophora mangle are modified according to this variation. Finally,
we describe the total litterfall, and the flowers and hypocotiles production of the studied mangrove and analyze these
responses as a function of the environment variables. A repeated measures ANOVA showed that precipitation significantly
varied among years and seasons (F=15.83, p<0.003; F=29.8, p<0.0001). The salinity and the redox potential were also
significant effects of the same temporal variation (F=1003.25, p<0.0001; F=213.32, p<0.0001), as well as the total
litterfall and the hypocotile production (F=39.35, p<0.001; F=8.74, p<0.025). Precipitation was directly proportional to
the hypocotile production (r=0.43, p<0.005) and inversely proportional to the salinity ground water (r= - 0.36, p<0.02).
The precipitation and the salinity play significant roles on the variation of the litterfall and the hypocotile production of the
studied mangrove (R?= 0.85; p<0.05 and R?= 0.70; p<0.05). Our study suggests a resilient ability of R. mangle, which
allows it to tolerate seasonal and annual changes of the precipitation.

Key words: Litterfall, mangroves, redox potential, salinity, standardized precipitation index.

RESUMEN

Las comunidades de mangle son vulnerables a los cambios de precipitacion y temperatura por periodos largos. El pre-
sente estudio tuvo como objetivo el conocer si el régimen de la precipitacion vari¢ significativamente entre afios y
temporadas durante cinco afios (2006-2010) en la region norte de la laguna de Términos Campeche, México, y ademas
saber si las concentraciones de salinidad y los valores del potencial redox del agua intersticial de un bosque monoes-
pecifico de Rhizophora mangle, variaron significativamente entre afios y temporadas, paralelamente a los cambios de
la precipitacion. Asi mismo, se describe la variacion anual y estacional de la produccion total de hojarasca, y de flores e
hipocdtilos, del bosque de R. mangle durante el mismo periodo de estudio, se analizaron todas las respuestas en funcion
de las variables ambientales. El andlisis de varianza de medidas repetidas efectuado, valido la variacion de la precipi-
tacion (F=15.83, p<0.003; F=29.8,p<0.0001), salinidad, potencial redox del agua intersticial (F=1003.25, p<0.0001;
F=213.32, p<0.0001) y de la produccion de hojarasca e hipocétilos (~=39.35, p<0.001; F=8.74, p<0.025) del bosque
de manglar entre afios y temporadas del 2006 al 2010. Se encontrd que la precipitacion fue directamente proporcional
a la produccion de hipocatilos (=0.43, p<0.005) e inversa con la salinidad del agua intersticial (= - 0.36, p<0.02). La
precipitacion y la salinidad son factores determinantes de la produccion de hojarasca e hipocotilos (R?= 0.85; p<0.05
yR?= 0.70; p<0.05). Los resultados de este estudio sugieren una habilidad resiliente de R. mangle, a cual le permite
tolerar la variacion anual y estacional de la precipitacion.

Palabras claves: Hojarasca, indice de precipitacion estandarizada, manglares, potencial redox, salinidad.
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INTRODUCTION

Climate variation, on a seasonal and a yearly basis, affect the temporal
and spatial patterns of precipitation and temperature at local and glo-
bal scales in many coastal regions of the world (Cook et al., 1992). This
variation is mainly caused by El Nifio/The South Oscillation (ENSO), and
by the Pacific Decade Oscillation (DPO), climatic phenomena that cause
disruption of the normal ranges of intensity, frequency, and duration of
storms and hurricanes, droughts, hails, and frosts. Overall consequen-
ces of these phenomena are effects on biodiversity, on the ecosystem
services, and also, on the general wellness of the human society (Ro-
driguez-Herrera & Bozada-Robles, 2010). Mangrove communities are
particularly vulnerable to changes in the precipitation regimes, because
the hydroperiod, and the physicochemical conditions of the sediment
and the ground water,are directly modified by the climatic variables
(Drexler & Ewel, 2001; Flores-Verdugo et al., 2007). A minimum change
in the dynamics of the precipitation could cause a response of the en-
tire biota in terms of composition and species richness of mangroves,
as well as in their productivity (Mitsh & Gosselink, 1993). According to
Field (1995), changes in the precipitation may cause differences in the
distribution and the surface of mangrove ecosystems, affecting parti-
cularly diverse regeneration processes of these ecosystems. Salinity
gradients of the ground water, derived from changes of the precipita-
tion (as well as from the inundation regime and the microtopography
among other hydroperiod factors), may act as regulating determinants
of physiologic processes in mangrove communities, such as tree pho-
tosynthesis and growth (Lichtenthaler, 1996).

Mexican mangroves also depend in a great extent on geomorphology
and tectonics (Carranza-Edwards et al., 1975), and regional climatic va-
riables (Flores-Verdugo et al., 1992). The Gulf of Mexico, for example, has
a wide continental platformand a high precipitation regime. These con-
ditions have favored the development of large areas of coastal wetlands
(Toledo-Ocampo, 2005) along the Atlantic coast. Particularly, Tabasco and
Campeche, Mexican states located at the South of the Gulf of Mexico,
include the ecological coastal unit most important of Mesoamerica, ha-
ving the largest cover of mangrove forests in Mexico (CONABIO, 2009).
Particularly, Campeche has the 25% of the total area of mangroves in
Mexico. It includes Laguna de Términos, the largest system of wetlands
in Campeche (107, 262 hectare in 2010: Agraz-Hernandez et al., 2012).

Here, we studied the patterns of annual and seasonal variation of
the precipitation at the North of Laguna de Términos, Campeche, Mexico,
during a five-yr period. We also describe the variation of the ground wa-
ter chemistry (salinity and redox potential) of a monospecific mangrove
forest of a fringe type (with a trend to be a riverine forest) of Rhizophora
mangle Linneo during the same period, as well as the productivity, ba-
sed on litterfall, and the reproductive phenology (flowers and hypocotile
production) of the mangrove. We expect that the variability of the ground
water chemistry, and the biological responses of this mangrove forest
will reflect the variation of the precipitation regime during 2006-2010.
We ask the following questions: (1) How does the precipitation vary, on
a yearly and seasonal basis, during the period of study?, (2) Are there
significant differences among years and seasons in the variation of the
salinity and the redox potential of the ground water?, (3) What are the
responses to this variation in terms of the productivity (total litterfall) and
the reproductive phenology (flower and hypocotile production) of the stu-
died mangrove?, and (4) Which environmental factors may be possible
determinants of the variation of these responses?
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MATERIAL AND METHODS

Study area. Laguna de Términos locates at the South of the Gulf of
Mexico and at the southwestern part of the Yucatan Peninsula, between
the meridians 91° 10 and 92° 52'W, and the parallels 18°23'y 18° 52'N,
in a transitional zone between calcareous terrain from the Yucatan Pe-
ninsula and the alluvial terrains of the Gulf of Mexico (Alvarez-Arellano
& Gaitan-Moran, 1994). Isla del Carmen is a barrier island that has an
area of 112.5 km2. It locates at the North of the Laguna de Términos
(Thom, 1969). There are two permanent communication channels to
the sea, the inlets- Puerto Real and Del Carmen, at the extreme points
of the lagoon. The surrounding zone of the lagoon is part of the Area
Natural Protegida Laguna de Términos (natural area under a conserva-
tion regime of federal adscription), which is one of the most productive
coastal areas in Mexico. At the southern and western parts of Campe-
che and the borderline with Tabasco state, the climate is described as
hot and humid with abundant precipitation in the summer, Amm; the
rest of the area has a hot and subhumid climate, Aw(w) (Garcia, 1981).
The minima and maxima evaporation rates are 1,055.9 and 2,274.5mm
yr', respectively, and the ranges of precipitation and temperature are
366.6-1915 mm yr'and 20-49.5°C, respectively. Sediments of Isla del
Carmen show a dominance of transitional sands (80.2-67.4%), with
a content of 14.4 to 49.1% of calcium carbonate and a content of 16
to 67% of organic matter. The borders of the lagoon are covered by
mangrove forests, especially dense at the southwest, eastern and sou-
th-southeastern parts of Isla del Carmen. Rhizophora mangle and Avi-
cennia germinans (Linneo) Linneo are the dominant mangrove species
(Coronado-Molina et al., 2012). The monospecific forest of R. mangle
of this study is located at the midwest of the leeward face of Isla del
Carmen, in Campeche, Mexico (Fig. 1).

Drought Analysis. We characterized the distribution of the rainfall for
the period of study, on a yearly and seasonal basis, through the Stan-
dardized Precipitation Index (McKee et al., 1993). This parameter allows
to evaluate the deficit or excess of precipitation of a site for a specific
period of time (from 1 month to 4 years), having as a reference a long
term data set of the region (Bordi & Sutera, 2007; Rossi et al., 2007).
Most SPI values commonly fall in the range -2 to +2, which correspond
to distinct drought categories. A SPI that is near to 0 means that the
conditions are regular; if the SPI is below 0, it indicates that the accu-
mulated precipitation for the study period is lower than the mean of the
reference period; when the SPI is -0.8, then a moderate drought pe-
riod initiates; values less than -2.0 indicate that there is an exceptional
drought period (Nagarajan, 2009) (Table 1).

In order to calculate the SPI index different data sets were used
for our period of study. The first data set corresponds to the annual
precipitation of the nearest meteorological station to the study site (Isla
Aguada, No. 4015) for the long term period 1959-2010.This data set
was used to detect a pattern of drought periods from 1959 to 2010, and
to obtain a mean annual precipitation value of reference. The second
set of data corresponds to the same station for our period of study
(2006-2010); it includes the annual and the seasonal precipitation of
all years and seasons of that period. We used these data to calculate
the mean annual precipitation for this period, which is compared to the
mean annual precipitation for the long term reference period. Seasonal
variation of precipitation was also evaluated among the years, during
2006-2010, in order to detect seasonal differences among years.
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Figure 1. The study site Laguna de Términos, Campeche, Mexico. A monospecific mangrove forest of Rhizophora mangle of a fringe type with a

riverine trend, and surrounding weather stations.

Table 1.Categories of drought intensity, based on the Standardized Precipitation Index (SPI), following Nagarajan (2009).

Categories description

Standardized Precipitation Index (SPI)

Extremely wet

Very wet
Moderately wet
Near Normal
Moderately drought
Severely drought
Extreme drought

2.0 and more
1.5101.99
1101.49
-0.99t0 0.99
-1t0-1.49
-1.51t0-1.99
-2 and less

Seasonal periods, based on temperature and precipitation data. A
cluster multivariate analysis was applied to a data set of monthly preci-
pitation and temperature, obtained from the nearest weather station to
the study site, Isla Aguada (No. 4015), for a five-yr (2006-2010).

In addition, the seasonal pattern of variation of the Isla Aguada was
compared to data from 41 other meteorological stations distributed all
over Campeche. All data were provided by the Servicio Nacional Meteo-
roldgico (National Service of Meteorology) and the Comision Nacional
del Agua (Federal Agency of Water Administration (CONAGUA, 2013).

Yearly and seasonal variation of the precipitation. We used a pre-
cipitation data set of Isla Aguada station (4015), for the period 2006-
2010, adding the data from November and December of 2005, and from
January of 2011, to complete the seasonal periods. We considered this
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data set for the repeated measures ANOVA (see below) to know if the
precipitation significantly changes on a seasonal and yearly basis.

Ground water chemistry. From 2006 to 2010, with a monthly basis,
we measured the salinity and the redox potential of the ground water of
the studied mangrove. The redox potential measures the activity of the
electrons of the chemicals found in the ground water, and it is specifica-
Ily related with the oxygen dissolved in water (Hermosilla et al., 2005).
Along a 30 m-transect from the coast line of the lagoon to the interior
of the vegetation (up to the borderline of the mangrove), we installed
three 0.1 m-diameter and 1.5 m length PVC tube collectors at a depth
of 50 cm from the sediment surface. These tubes were drilled, with 1
cm diameter holes, at 30 cm depth (at this depth the largest amount of
root biomass of trees is usually located). Water samples were collected
after the tubes were drained and water was stabilized. Salinity was
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measured with a refractometer A&O, considering output ranges from
0 to 100 PSU (Practical Salinity Unit) (Agraz-Hernandez et al., 2011).
Redox potential was measured with a data logger set at multiparame-
tric mode (HACH-HQ11d). The electrodes used at the field was HACH
LANGE-MTC101. The HQd meter used a probe (ORP-Redox), which was
gel unfilled. The solution ORP-Redox considered intervals of +1200 mV.

Physiognomic type of the forest. In January 2006, we estimated
the structure of the mangrove forest through the basal area, density
and tree height, using the point quarter method described by Cintron
& Schaeffer-Novelli (1983) for mangroves (trees >2.5 cm diameter).
The general procedure consists of tracing a transversal transect, which
is divided in 20 points (centered quarter points), from the coast line of
the lagoon towards the forest. Each point is the center of Cartesian grid
system; in each quadrant the distance to the nearest mangrove tree
is measured, as well as the diameter and the height of the tree. From
these data, the basal area of the trees and the density for each species
is calculated. The modified procedure for mangroves consists of a diffe-
rential measure of the tree diameter according to the species: this me-
asurement is at a fixed tree height of 1.30 cm in the case of Avicennia
germinans, Laguncularia racemosa (Linneo) Gaerth f. and Conocarpus
erectus Linneo. If the species is Rhizophora mangle the tree diameter is
measured 30 cm above the binding of the oldest aerial roots.

The physiognomic type of the forest was determined through the
density, basal area and height of the forest following Flores-Verdugo et
al. (1992).

Productivity based on litterfall production. We evaluated the pro-
ductivity of the mangrove forest in terms of the litterfall production of
Rhizophora mangle during a five-yr period (2006-2010), as the total
dry weight of litterfall per square meter per year and per season. We
randomly installed 14 net litter traps (area of 0.25 m? each) with 0.1
mm of mesh size in a total area of 0.5 hectare. Traps were hold at their
four corners below the tree canopy and above the highest tide level. The
collected material was dried in a convection oven at 65°C for approxi-
mately three days until constant weight (Agraz-Hernandez et al., 2011;
Kamruzzaman et al., 2013). Once the material was dried, we separated
and weighed the material in branches, leaves, flowers, hypocotiles and
stipules. We grouped the data in monthly sets of seasonal and yearly
groups to do the statistical analyses. The productivity of the mangrove
was estimated as the total litterfall dry weight per square meter per
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day, and the reproductive phenology was evaluated by the flower and
hypocotile production per square meter per day (Agraz-Hernandez et
al., 2011; Kamruzzaman et al., 2013).

Statistical data analyses. We applied a repeated measures analysis
of variance to test the effect of years and seasons on the variation of
the precipitation during 2006-2010, the ground water chemical para-
meters (salinity and redox potential), and the biological data (litterfall
and hypocotile production). We did a multiple mean comparison, when
needed, with the Fisher’s protected LSD test. For this analysis we trans-
formed data to the root-square as recommended by Guisande et al.
(2005) to accomplish normality, and used a 0.05 significance level. We
applied the Pearson correlation coefficient to correlate the precipitation
with the physicochemical and productivity parameters. Finally, a mul-
tiple regression model was applied to evaluate the dependence of the
productivity (litterfall production) and the hypocotile production on pre-
cipitation, salinity and the redox potential. We previously proved the ho-
mogeneity of variances with the test of sphericity of Mauchly, and there
were non-significant differences between data groups (p>0.05, Table 2
and 3). All statistical analyses were done using STATISTICA (v. 6) and
SPSS statistical programs, and procedures criteria followed Zar (2010).

RESULTS

Temporal distribution of the precipitation. We could differentiate
three seasons for the study site (Fig. 3): a dry season from February to
April, a rainy season from May to October, and a period of intermediate
precipitation from November to January, called Nortes season (humidity
conditions during this period of time are due to strong cold winds, co-
ming from the Northeast). These results were confirmed with a larger
data set from 41 weather stations distributed all over Campeche.

Drought analysis of the study site. The distribution of the precipita-
tion was not homogeneous during the reference period from 1959 to
2010. During this time, the strongest drought occurred from 1960 to
1965 (SPI = -2.81), but other relatively severe droughts occurred from
1968 to 1972, from 2001 to 2007, and from 2009 to 2010. In contrast,
the precipitation surpassed the reference average in 1975, 1980, 1992
and 1997 (SPI values of 2.05, 1.89, 2.13, and 1.72, respectively) (Fig. 2).

Compared to the period 1959-2010, there was a dryness trend du-
ring the period of study (2006-2010), as negative SPI values show, with

Table 2. Effect of the yearly variation during the period 2006-2010 on the precipitation, the ground water chemistry, and the litterfall production of
a monospecific mangrove forest of Rhizophora mangle in Laguna de Términos, Campeche, Mexico (repeated measures ANOVA, significance level

a.=0.05). d.f.=degrees of freedom. See text for further details.

Variables Mauchly af. Fisher p-Value
()] (Intersection, error) F
Precipitation 0.216 (1,10 15.828 0.003
Salinity 0.347 (1,10 1003.252 0.0001
Redox potential 0.770 (1,10) 213.317 0.0001
Total litterfall 0.176 (1,10 39.354 0.001
Leaf litterfall 0.132 (1,10 75.166 0.0001
Flower litterfall 0.123 (1,10) 12.164 0.013
Hypocotile litterfall 0.323 (1,10 8.735 0.025
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Table 3. Effect of the seasonal variation during the period 2006-2010 on the precipitation, the ground water chemistry, and the litterfall production
of a monospecific mangrove forest of Rhizophora mangle in Laguna de Términos, Campeche, Mexico (repeated measures ANOVA, significance level
a=0.05). d.f.=degrees of freedom. See text for further details.

Variables Mauchly af. Fisher p-Value
(W) (Intersection, error) F
Precipitation 0.457 (1,8 29.803 0.0001
Salinity 0.594 (1,8 888.201 0.0001
Redox potential 0.955 (1,8 164.646 0.0001
Total litterfall 0.973 1,8 58.825 0.0001
Leaf litterfall 0.886 (1,8 108.519 0.0001
Flower litterfall 0.424 (1,8) 67.225 0.0001
Hypaocotile litterfall 0.434 (1,8) 22.866 0.0001

Station 4015
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Figure 2. Standardized Precipitation Index (SPI) for the period 1959-2010. SPI was calculated on the base of annual precipitation data for Isla Agua-
da weather station (4015), the nearest to the study site.
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Figure 3.Multivariate cluster analysis of monthly precipitation and temperature for the period 1959-2005. Data come from Isla Aguada weather
station (4015), the nearest to the study site. The blue line corresponds to the Nortes season, the red line refers to the dry season, and the green

line indicates the rainy season.

the exception of the year 2008, which was a relatively wet year (SPI =
0.93) (Fig. 2). During this period, seasonal precipitation differed among
years. In 2009, the SPI was negative in all seasons, particularly, in the
rainy season (-0.83), which means that this season was relatively less
humid than the previous long term period of reference. In contrast, SPI
was positive for this season (1.27) in 2008, which resulted in a wetter
year compared to 2006, 2007, 2009 and 2010 (Figs. 2-4). During the
Nortes season, unexpectedly, the SPI was negative in all years (from
-1.0,in 2006, to -1.27, in 2008), which indicates a relatively dry Nortes
season for the study period. With respect to the dry season, precipita-
tion was less than the expected in 2006, whereas it increased in 2007
and 2008 (SPI= 1.67 and 1.21, respectively), indicating the presence
of a relatively humid dry season during these two years. The SPI was
negative in 2009 and 2010 (-0.39 and -0.77, respectively), indicating
even more dryness than expected for this season for these two years.

Yearly and seasonal variation of the precipitation from 2006 to
2010. Precipitation significantly varied across years and seasons du-
ring the period of study (F=15.83, p<0.003; F=29.8, p<0.0001; Tables
2 and 3). The year 2008 showed a precipitation 1.5 higher than the
years 2006, 2007, 2009 and 2010 (1,550 mm yr', compared to 965,
1,150, 1,000 and 1,107 mm yr", respectively). Considering only the ra-
iny season, 2008 showed an extremely high precipitation (1,415 mm),
this value surpassed the precipitation of the rest of the years during the
period of study (952 mm), and the year 2009 showed the lowest pre-
cipitation during this season (770 mm). In contrast, 2008 showed the
least amount of precipitation in the Nortes season (49 mm), whereas
in 2009, the precipitation of the Nortes season was the highest (195
mm). The dry season for the period of study had a mean value of 64
mm, but it had a high degree of variation among the years (s= 63 mm)
(Fig. 4; Table 4).

Ground water chemistry. Salinity and the redox potential of the
ground water significantly varied among years (/=1003.25, p<0.0001;
F=213.32, p<0.0001; Table 2) and among seasons (F=888.2,
p<0.0001; F=164.65, p<0.0001; Table 3) during the period of study.

Reduced conditions and the highest salinity were recorded in 2007
and 2009 (40.0 = 7.0 PSU, -300 = 119 mV; and 42 + 5.0 PSU, -279.0
+ 115 mV; respectively), for this reason, these two years were catego-
rized as mesohaline-euhaline.

In 2007, there was a direct correlation between the precipitation
and the redox potential of the interstitial water (=0.914, p<0.05), and
an inverse correlation between salinity and the redox potential (r=-
0.692, p<0.05) in 2009. Salinity increased in both rainy and dry sea-
sons in 2009 (41.4+7.8 and 42.8+3.9 PSU, respectively), and there
were anoxic conditions all the year (from -254.9 to -371.0 mV for all
the seasons). In this year, salinity was high during both the rainy season
(43.1+1.6 PSU) and the Nortes season (41.8+8.6 PSU), and the redox
potential was low in the rainy season (-326.5+72.2 mV), and the Nortes
season (342.5+29.8 mV). Indeed, these two parameters were inversely
correlated (r=-0.696, p<0.02) (Fig. 5). In contrast, salinity conditions
in 2008 were different, showing oligohaline-mesohaline characteris-
tics (28.0+8.0 PSU; -163+136 mV), because salinity decreased and
the oxygenic conditions increased, compared to 2007. In 2008, there
was a high correlation between the redox potential and the precipi-
tation (r=0.692, p<0.009). Salinity of the ground water was low for
both the rainy and the Nortes seasons (25.9+6.2 and 26.2+13.3 PSU,
respectively). In 2006, salinity conditions were considered mesohaline
(30+6.0 PSU, Fig. 5).In 2010, precipitation increased during the rainy
and Nortes seasons (contrasting with 2009) favoring mesohaline and
oxygenic-hypoxic conditions. During the dry season, conditions were
mesohaline and hypoxic (40+1 PSU and -325+8 mV).
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Figure 4. Standardized Precipitation Index (SPI), in the Laguna de Términos, Campeche, Mexico, on three different seasons during 5 consecutive yers
2006-2010. The location of the study site is indicated with dashed box.
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Table 4. Annual and seasonal precipitation for the period of study (2006-2010. Isla Aguada weather station 4015).

Years Annual precipitation Nortes season Dry season Rainy season
(mmyr?) (mm)
2006 944.5 86.5 7.0 851.0
2007 1150.1 125.6 144.0 880.5
2008 1550.7 16.0 119.7 1415.0
2009 1000.2 195.0 35.0 770.2
2010 997.3 135.0 15.0 847.3
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Figure 5. Productivity based on the total litterfall production of Rhizophora mangle, and ground water chemical parameters (salinity and redox
potential), during 2006-2010. See Fig. 1 for location of the study site. d.w. = dry weight.

During the overall period, the water body was characterized as mesoha-
line (35.1+ 8.4 PSU), oxygenic with a trend to be hypoxic (-247.2+117.4
mV) (Fig. 5). There was a direct correlation among the precipitation and
the redox potential of the ground water (r=0.44, p<0.003), and an in-
verse correlation between salinity and the redox potential (r = - 0.5,
p<0.001), for the whole period.

Physiognomic type of the forest. We characterized the mangrove fo-
rest of this study as a monospecific fringe type with a riverine trend (Flo-
res Verdugo et al., 1992) composed of Rhizophora mangle, with a density
of 1,400 trees ha', 24 m? ha' of basal area, and 6.6 m of mean height.

Forest productivity based on total litterfall production. Total litter-
fall production of Rhizophora mangle was significantly different across
years and seasons (F=39.35, p<0.001; F=58.83, p<0.0001; Tables
2 and 3). The interaction among the two factors was non-significant
(F=1.2, p >0.29). Forest productivity varied from 1160.0 to 1838.3 g

m2 yr' during the period 2006-2010, showing a maximum peak in
2007 and a minimum value in 2009 (Fig. 5).

The litterfall distribution within a year showed a similar pattern
across the years, showing the highest peaks in the rainy season (706.6
to 1,260.0 g m?) and the least values in the dry season (180.5 to 362.2
g m), but 2009 differed from the rest of the years, because it showed
lower values of productivity in all months and lower differences among
months (Annual litterfall: 1,159.0 g m2 yr”; rainy season: 706.6g m;
Nortes season: 212.0g m™; dry season: 362.8 g m) (Fig. 5); this diffe-
rent pattern of seasonal variation probably contributed with the signifi-
cance of the season (Table 3).

During the period of study, the leaf fraction of the litterfall was the
largest among all fractions (53%, 953.0 g m yr'). Similarly than the
total litterfall, leaf litterfall varied significantly across years and seasons
(F=75.17, p<0.0001; F=108.52, p<0.0001; Tables 2 and 3, Fig. 5). The

Hidrobioldgica



Phenological variation of Rhizophora mangle

biggest peaks of leaf production occurred in 2007 and 2010 (1,147.4
and 974.0 g m2 yr', respectively). The leaf production was always high
in the rainy season and low in the dry season (Figs. 4-5). The largest
values of leaf production occurred in the rainy season in 2007 (521.6 g
m-2, 46.5%), 2008 (467.1 g m2,60.1%) and 2010 (639.3 g m, 57%).

Reproductive phenology and hypocotile production. We could de-
tect differences in flower production among years (F=12.16, p<0.013;
Table 2); the largest production of flowers was in 2008 (200.6 g m2yr™)
and, in 2010 (466.5 g m?2 yr'), and the lowest production occurred in
2006 (141.9 g m2yr") (Fig. 5). Differences in flower production among
seasons were significant (F=67.23, p<0.001; Table 3). Although flower
production occurred in all the months from 2006 to 2010, the largest
peak of production was in the rainy season and the beginning of the
Nortes season (November and December) in those years (90.1 and
301.2 g m2in the rainy season of 2009 and 2010, respectively; 79.2
and 101.5 g m?2in the Nortes season of 2007 and 2008, respectively).
The lowest flower production occurred in the dry season of 2009 (8.9 ¢
m-2), which was 62.2% less than the flower production in 2008 (Fig. 5).

There were significant differences in the hypocotile production
across years and seasons (F=8.74, p<0.025; F=22.87, p<0.001; Ta-
bles 2 and 3). Flowers were produced in all months of the year, howe-
ver, they were more abundant in the rainy season in all years. The hi-
ghest production of hypocotiles occurred in 2006 (78.1 g m2 yr') and
2008 (64.2 g m2 yr'), and the lowest production was in 2009 (19.1 g
m2 yr') (Fig. 5). During the Nortes season, this production drastically
decreased from 2007 to 2008, being almost absent in 2009. In the dry
season of 2009, contrary to the expected, hypocotiles were produced;
actually, we obtained a relative high correlation between the hypocotile
production and the seasonal precipitation of the dry period for this year
(r=0.60, p<0.05). The precipitation, the salinity and the redox potential
values were significantly correlated with the production of hypocotiles
(r=0.37, p<0.017; r=-0.36, p<0.02, and r=0.43, p<0.005; respecti-
vely). Rhizophora mangle showed the largest production of hypocotiles
during the rainy season and the beginning of Nortes in 2006 and 2008
(63.01and 56.11 g m?), contributing with the 68.6% of the total litterfa-
Il. In fact, we found a high direct correlation between the potential redox
values and the hypocotile production (r=0.64, p<0.025) and an inver-
se correlation with salinity (r= -0.6, p<0.036). The lowest production
of hypocotiles was recorded in the rainy season of 2009 (17.6 g m),
decreasing in 68% with respect to the previous year (2008). The hypo-
cotile production showed a high direct correlation with the precipitation
(r=0.60, p< 0.0061), and also with the redox potential values (r=0.53,
p<0.05). Hypocotile production drastically reduced in the rainy season
of 2007 (46.7 g m?). Its production was the 16% of the total reported in
2008, and the peaks of the production were in July and September (Fig.
5); the lowest production of hypocotiles occurred in the rainy season in
2009 (0.4 g m?), even though precipitation during the Nortes season of
this year surpassed the precipitation during the same season in 2008.

Prediction models for the litterfall and the hypocotile production.
The multiple regression model obtained for the litterfall production is
described as follows (R?=0.85; p<0.05):

Y itterall production) = 7.5982+ 0.00944121x - 0.1241183z

where x (annual precipitation in mm), and z (salinity of the ground water
in PSU) are significant factors that determine the variation of the res-
ponse variable y (litterfall production in g m day™).
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The multiple regression model obtained for the hypocotile produc-
tion is described as follows (R?=0.70; p<0.05):

Y ypocotye producton= 4-63994 + 0.00617553x — 01014672

where x (annual precipitation in mm) and z (salinity of the groundwater
in PSU) are significant factors of the variation of the response variable y
(hypocotyle production in g m?2 day™).

DISCUSSION

Precipitation regime during the period of study (2006-2010). Du-
ring 2006-2010, except for 2008, the study site was relatively drier
compared to the long term reference period 1959-2010. According to
Mendez & Magaria (2010) Mexico is extremely vulnerable to droughts
because of its geographic location. Since water availability in the North
of Mexico is scarce, the impacts of droughts in this region are consi-
dered more severe than in the South, in consequence, they have been
more deeply analyzed from the socioeconomic perspective (Magafia &
Conde, 2003). However, dry and wet episodes are also part of the natu-
ral climatic variability in both central and southern Mexico.

Considering the seasonal regime of the precipitation, the rainy sea-
sons of the years 2006 and 2007 were less abundant compared to
the reference long term period (1959-2010), and precipitation notably
increased by 2008, whereas it decreased again in 2009, and stabilized
in 2010 (Fig. 4). The El Nifio-South Oscillation (ENSO) phenomenon may
play a determinant role in causing variation among seasons between
two-seven yr-periods (Mendez & Magafa, 2010). Also, Drexler & Ewel
(2001) have demonstrated that short-term climatic disturbances such
as ENSO, can influence important coastal process. Over repeated drou-
ght cycles, such disturbances have the potential to affect the structure
and function of mangrove forests and upstream ecosystems. According
to the National Oceanic and Atmospheric Administration (NOAA, 2013)
the year 2008 showed the cold phase of ENSO, i.e. El Nifio, and La Nifia,
the warm phase of this phenomenon, occurred in 2009.

The year 2009 was particularly dry in all seasons (Fig. 5; Table 4);
Vega & Miranda (2009) refer to 2009 as the year with the most seve-
re droughts in Mexico for the last 50 years. Actually, these droughts
had negative effects on agriculture, damaging, among others, the corn
crops in a 55%, and the bean crops in a 22%.

The rainy season of the year 2008 had a rainfall 46% higher than
the mean precipitation for this season during the period 2006-2010.
The year 2009 showed an opposite pattern, during this year, seasonal
mean precipitation corresponding to the Nortes, the dry and the rainy
seasons were below the mean precipitation for the entire period 2006-
2010 (25%, 17% and 21%, respectively). Zhang et al. (2013) indicate
there is growing evidence that precipitation regimes have become more
extreme at global, regional and local scales. Such altered intra-annual
precipitation patterns, and warmer temperatures, may affect the pro-
ductivity and the water balance of the ecosystem, which results in
changes of the structure and function of terrestrial ecosystems.

Ground water chemistry variation during the period of study (2006-
2010). There was a significant yearly and seasonal variation of the che-
mical parameters of the ground water during the period of study, ac-
cordingly to the precipitation regime for the same period (Tables 2 and
3). The ground water globally showed a mesohaline and oxygenic (with
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a trend to be hypoxic) environment, but, particularly the years 2007
and 2009 showed the high estrange of variation, salinity increased (in
a magnitude of 10 PSU from 2006 to 2007) and the redox potential
decreased, making the chemical environment more saline and hypoxic
(extreme anoxic conditions of the ground water was recorded in the
dry and rainy seasons of 2007). As a result of a higher precipitation in
2008, however, conditions of the ground water environment turned to
be oxygenic, favoring the availability of dissolved oxygen. Correlations
between the precipitation and the environment variables of the ground
water confirm this trend. Whenever the precipitation was higher, it was
associated with an increase in the redox potential of the ground water
(r=0.914; p<0.05); a lower salinity in the ground water was associated
with an increase in its redox potential (r= -0.692; p<0.009). According
with these results, Saravanakumar et al. (2008) found a high inverse
correlation of the oxygen concentration of the ground water on salinity
and temperature in mangroves of the Indian coast. The Intergovern-
mental Panel on Climate Change (Houghton et al., 2001) has reported
that a reduction in the precipitation causes a decrease in the contribu-
tion of fresh water, which makes the soil more saline. Supporting this
idea, Gilman et al. (2008) refer that an increase in salinity conditions
can cause a severe reduction in the mangroves surface because of the
conversion of upper tidal zones to hypersaline flats.

When salinity conditions of the ground water become extremely
high, there are detrimental effects on mangrove individual trees, such
as the inhibition of photosynthetic enzymes, and consequently a reduc-
tion in the CO, assimilation rate. Also, the transpiration and filtration
processes may be affected as a result of an excess of salts inside the
mangrove plants. Rhizophora mangle is especially vulnerable when
salinity of the ground water surpasses the 30 PSU because this species
does not have any desalination glands, nor it accumulates salts in the
vacuoles (Saenger, 2002), for this species, the elimination of salts de-
mands a high energy investment. With the exception of the year 2008,
salinity conditions of the ground water was lightly higher 30 PSU, which
means the R. mangle was able to tolerate these conditions, but proba-
bly with higher costs in terms of growth and reproductive output.

Dominance of Rhizophora mangle in Laguna de Términos. The
study site receives fresh water rich in nutrients and a constant contri-
bution and transport of sediment, coming from the southeastern rivers
Mamantel and Balchancah (at 34 and 31km from Isla Aguada, the nea-
rest weather station to the study site, respectively); this geographical
situation, together with the runoffs in the rainy season, and the con-
tribution of tides, have created ideal conditions for the establishment
of a monospecific mangrove forest of R. mangle. This species usually
tolerates moderate to high saline conditions in the ground water. Day
et al. (1987) have reported monospecific mangrove forests of R. man-
gle dominating the whole area surrounding Laguna de Términos. The
mesohaline and oxygenic conditions of the ground water have created
an optimal environment for the development and growth of R. mangle.
Parallel, Agraz-Hernandez et al. (2011) reported a good development
of mangrove forests, dominated by R. mangle, along the border of the
lagoon system La Mancha, in Veracruz, with a relatively low salinity in
the ground water (2.5 to 23 PSU).

Compared to other mangrove species, R. mangle is very sensitive
to changes in the hydroperiod, nutrient availability, dissolved oxygen in
the ground water, and salinity. Psuty ef al. (2009) mention for example
that Avicennia germinans only develops in areas with scarce overflows
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and nutrient availability, whereas Laguncularia racemosa, is frequently
found in overflowed terrains with high nutrients. In this sense, R. man-
gle may be considered as an indicator of the inter-annual and seasonal
variation of the precipitation, because this species can tolerate a wider
range of environment conditions of the ground water. At the present, A.
mangle covers a large area in Laguna de Términos, however, Mitsch &
Gosselink (1993) predict that R. mangle could be replaced by L. race-
mosa and A. germinans if hypoxic conditions of the ground water and
a high salinity become frequent conditions, and longer residences of
surface waters occur.

The variability in the precipitation regime may also be affecting
survival of mangrove seedlings in Laguna de Términos (Lugo, 1986;
Krauss et al., 2008). These authors agree with the idea of possible fu-
ture changes in species composition and zonation of mangrove forests
in the region.

Productivity of the monospecific mangrove of Rhizophora mangle.
Litterfall production of the studied mangrove forest, during the period
2006-2010, ranged from 1,160.0 to 1,838.3 g m? yr', showing a maxi-
mum peak in 2007 and the lowest production in 2009 (Fig 4). Day et al.
(1987), who studied a mixed mangrove forest of R. mangle, L. racemosa
and A. germinans in a nearby region of Laguna de Términos, obtained a
litterfall production of 1,252.0 g m2 yr', value that falls in the range of
the results of this study. Laguna de Términos has regular contributions
of nutrients, from abundant fresh water from the local rivers, condition
that must play an important role in determining the high productivity va-
lues obtained for the monospecific mangrove forest we studied. Never-
theless the productivity of this forest was relatively high, it significantly
varied across years and seasons (Table 2, 3). Precipitation and salinity
resulted significant factors driving the litterfall production of the studied
mangrove forest of R. mangle. Precipitation contributed with the 57%
of the variation of the litterfall production (Figs. 3-4; Table 4). According
to Xiao & Moody (2004) tree water balance is a primary determinant of
the spatial heterogeneity in terms of litterfall production.

In our study, the biggest peak of litterfall occurred in 2007, probably
because the dry season extended to May in this year. Supporting this
idea, Snedaker (1995), refers that, occasionally, a high defoliation of
this species may occur when the dry season is extreme and long. As
a consequence of a relatively drier environment, in 2007, the ground
water environment turned to be hyperhaline and hypoxic (Fig. 4). Lich-
tenthaler (1996) and Saenger (2002) have reported that R. mangle is
able to survive under extreme salinity conditions and hypoxia, because
this species administrates well its energy budget to maintain vital phy-
siological processes at a basal level, when the conditions are adverse.

Litterfall production was similar in 2006 and 2008, and it rapidly
recovered from 2009 to 2010. These results demonstrate a resilient res-
ponse of R. mangleto the variability in the precipitation regime. Neverthe-
less the extreme conditions that occurred in 2007, the litterfall production
recovered in the subsequent year, 2008, since atmospheric conditions
and the ground water environment became more favorable (Figs. 4-5).

There were differences in the litterfall production among seasons
during the period 2006-2010, however, the production peak was always
during the rainy season and the lowest production occurred was in the
dry season (Fig. 5). Some authors have found similar results in other
mangrove forests, detecting the highest peaks of production for the
genera Avicennia, Bruguiera, Sonneratia and Rhizophora, in the rainy
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season (Wium-Andersen & Christensen, 1978; Duke, 1988). Some im-
portant seasonal differences occurred among years, in 2009, for exam-
ple, litterfall production was relatively low (there was a litterfall loss of
a 37%), reflecting the reduction of the precipitation during this year and
the increase in the salinity of the ground water increments because the
dry season was longer (Fig. 5; Table 4).

In 2010, in contrast, the rainy season prolonged, returning the lit-
terfall production to the productivity values registered in 2008. During
this season, there was a higher contribution of fresh water and nu-
trients, a lower salinity, and oxygenic conditions in the ground water
(Fig. 5). Similarly, Chen et al. (2010), studying a mangrove forest of
Sonneratia caseolaris (Linneo) Engl. in China, found a direct correlation
between the litterfall production and the precipitation, during a ten-yr
period of study.

Reproductive phenology of the monospecific mangrove forest of
Rhizophora mangle. Flower production of R. mangle significantly varied
across years and seasons during the period 2006-2010 (Tables 2-3). The
most abundant production of flowers was in the rainy and the Nortes
seasons. Similar results were obtained by Aké-Castillo et al. (2006) in the
lagoon system Laguna de Sontecomapan, in Veracruz, Mexico, and by
Barreiro-Giiemes (1999), in the estuarine system Pom-Atasta, in Laguna
de Términos. In 2006 and 2007, the peak of flower production was in the
rainy season, whereas in 2008, it occurred in the Nortes season. During
these periods a low concentration of salts dominated in the ground wa-
ter. Xiao & Moody (2004) indicates that the seasonality of precipitation is
an important determinant of the soil-water budgets, which have a direct
influence in the productivity of different vegetation types.

We recorded the biggest peaks of hypocotile production in the ra-
iny season. In this season, salinity is low and the nutrients are more
available as well as the dissolved oxygen in the ground water (Fig. 5).
Agraz-Hernandez et al. (2011) indicates that R. mangle maintains the
flowering and propagule production all the year, however, the highest
litterfall and hypocotile production always occur in the rainy season
because the oxygen and nutrients availability in the ground water is
higher in this season, whereas salinity decreases (also, Navarrete & Oli-
va-Rivera, 2002; Barreiro-Giiemes, 1999; and Aké-Castillo et al., 2006).
Some authors have reported that R. mangle commonly produces flowers
and propagules all the year (Aké-Castillo et al., 2006; Agraz-Hernandez
et al,, 2011). In this study this behavior was present only in 2006 and
2008, when the precipitation was more abundant. In 2007 and 2009, the
precipitation decreased, creating hypersalinity and hypoxic conditions,
therefore, the production of hypocotiles was the lowest (the correlation
between the redox potential and the production of hypocotiles in 2009
was inverse (Figs. 4-5). Similarly, Chen et al. (2010) obtained a direct
correlation between the precipitation and the production of propagules
across ten annual cycles in forests of Sonneratia caseolaris.

The hypocotile production was significantly dependent on the pre-
cipitation and salinity. Agraz-Hernandez et al. (2011) have indicated that
although R. mangle reproduce all the year, its most heavy hypocotile
production occurs during the rainy season. A number of authors coin-
cide with these results, who point out that this species permanently
reproduce during the year, but presents a marked seasonality in the
rainy season where salinity is relatively low and nutrient availability is
relatively high (Lopez-Portillo & Ezcurra, 1985; Barreiro-Giiemes, 1999;
Aké-Castillo et al., 2006).
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Possible scenarios of change. The patterns of yearly and seasonal
variation of the productivity and reproductive phenology observed in
the monospecific mangrove forest of R. mangle during the period 2006-
2010, are reflecting the variability of the precipitation regime, which
modifies the patterns of variation of the chemical conditions of the
ground water. According to the results of our study, we establish three
possible scenarios of change for the studied mangrove: 1) when an
increase in the precipitation occurs (such as in 2008 and 2010), it may
favor the entrance and drainage of fresh water to the forest, increa-
sing the nutrients, the oxic conditions, reducing salinity and making the
conditions of the ground water to be acidic; all these conditions may
cause a net increase of the litterfall production; 2) If the precipitation
decreases (as it occurred in 2009), salt concentration increases, and
reducing conditions and nutrient contribution are lower, which may dri-
ve to a reduction of the litterfall production; and 3) when dry conditions
extends and salinity increases (up to 40 PSU or more) (as it occurred
in 2007 and 2009), this may affect the nutrient contribution and the
oxygen concentration in the ground water, environment conditions that
may drive to a massive defoliation event and a reduction or absence of
propagules production.

In agreement with these ideas, Chen et al. (2010), describing the
pattern of variation of litterfall production in a forest of a basin type with
a dominance of S. caseolaris, during 10 annual cycles (1996-2005), at-
tribute the observed abnormalities to the precipitation regime. Gleason
et al. (2003) relates the hydroperiod dynamics with the oxidation status
of the ground water, and report an important increase in phosphates
and nitrates availability, conditions that promote the production of new
photosynthetic tissue, which probably reflects a high leaf litterfall pro-
duction. Field (1995) and Ellison (2000) indicate that changes in the
precipitation regime can originate a climate variation that will affect the
growth, and survival of propagules in the mangrove forests. The IPCC
(2001) refers that predictive models for mangrove forests of Central
America and Australia, indicate that the precipitation may decrease in
certain areas as a result of changes in the precipitation regime, which
is probably a consequence of the global climate change.

Conclusions and perspectives. During 2006-2010 there was a ge-
neral trend of dryness, although 2008 was a particularly wet year. By
2010, the mangrove forest could recover from an extreme dry year,
2009, increasing its values of litterfall and hypocotile production. Preci-
pitation significantly varied across years and seasons, as well as salini-
ty and the redox potential of the ground water, and also the productivity
and the reproductive phenology of the studied mangrove. Precipitation
and salinity were determinants of the total litterfall and hypocotile pro-
duction of the forest. According to our results, R. mangle is a highly
resilient species as it could cope with a high variability in the precipita-
tion and ground environment regimes. More precise studies about the
effect of long term variations of climatic variables on both environment
ground water and biological responses of this and other mangrove spe-
cies are needed in order to better understand the actual responses of
mangrove forests to the climate variability.
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