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The wide range of ecological goods and services provided by tropical coastal lagoons
and wetlands are under considerable pressure due to the synergistic effects of local
anthropogenic impact and global climate change. Salinity is an essential ecological
driver which depends on the balance between marine and estuarine inputs, and the
ongoing decline in fisheries recruitment in the Gulf of Mexico has been linked to
environmental degradation of coastal ecosystems, among which long-term changes in
salinity is a potential key factor. As part of a joint study of the wide and shallow coastal
lagoon of Terminos in south eastern Mexico, we established that salinity variability was
directly related to river discharge variability. Minimum discharge from the Usumacinta
River and its tributary the Palizada River during the wet season of 2009 maintained led
to very unusually high salinity in the lagoon. Data collected over the past 60 years
revealed a sustained long-term increase in river flow rates in the Usumacinta
watershed, even though precipitation rates during the same period were constant. This
indicates that the increase in river flow rates may be attributable to anthropogenic
alteration of the watershed rather than to a long-term impact of climate change. The
2009 positive salinity anomaly was further related to an EI Nifio Modoki episode.
Through the study of potential short- to long-term interactions between salinity, river
discharges, precipitation and El Nino-La Nina oscillations, we reached conclusions that
should be of great value to environmental management and sustainable development.
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Abstract

The wide range of ecological goods and services provided by tropical coastal lagoons and
wetlands are under considerable pressure due to the synergistic effects of local anthropogenic
impact and global climate change. Salinity is an essential ecological driver which depends on
the balance between marine and estuarine inputs, and the ongoing decline in fisheries
recruitment in the Gulf of Mexico has been linked to environmental degradation of coastal
ecosystems, among which long-term changes in salinity is a potential key factor. As part of a
joint study of the wide and shallow coastal lagoon of Terminos in south eastern Mexico, we
established that salinity variability was directly related to river discharge variability.
Minimum discharge from the Usumacinta River and its tributary the Palizada River during the
wet season of 2009 maintained led to very unusually high salinity in the lagoon. Data
collected over the past 60 years revealed a sustained long-term increase in river flow rates in
the Usumacinta watershed, even though precipitation rates during the same period were
constant. This indicates that the increase in river flow rates may be attributable to
anthropogenic alteration of the watershed rather than to a long-term impact of climate change.
The 2009 positive salinity anomaly was further related to an ElI Nifio Modoki episode.
Through the study of potential short- to long-term interactions between salinity, river
discharges, precipitation and ElI Nino-La Nina oscillations, we reached conclusions that

should be of great value to environmental management and sustainable development.
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1 Introduction

Tropical coastal lagoons and wetlands are highly productive ecosystems providing numerous
ecological goods and services essential to sustainable development (Moberg and Rénnbéck
2003). In coastal systems, changes in freshwater regime and water quality directly impact
community composition, ecosystem functioning and living resources (Sale et al. 2014;
Putland et al. 2014). As is the case for most tropical coastal lagoons, Terminos Lagoon has
been the subject of few studies, yet it was singled out as a pilot site in the framework of the
Gulf of Mexico Large Marine Ecosystem Program (GoM-LME) from the Global Environment
Facility (GEF), and as the focus of the Joint Environmental Study of Terminos Lagoon
(JEST) program, aimed at reinforcing our understanding of environmental processes in
shallow tropical lagoons. Salinity gradients, substrates ranging from silt and clay to
calcareous sands, and specific habitats such as seagrass beds and mangroves all strongly
contribute to the presence of highly complex communities in terms of diversity, distribution,
abundance and trophic status (Yafiez-Arancibia et al. 1983; Grenz et al. 2015). As a
consequence, Terminos Lagoon is considered to be an essential area for breeding and juvenile
development of the commercial species encountered on the continental shelf of Campeche
Sound. Catches in that area account for one-third of the Mexican fish market captured in the
Gulf of Mexico and the Caribbean Sea, but have experienced a significant collapse since the
early 1980s (Robadue et al. 2005; Fichez 2013). Shrimp for example, are one of the most
valuable living resources in the Gulf and rely strongly on coastal lagoons to complete their
reproductive cycle, yet this fishery has experienced drastic decline largely due to continually
decreasing recruitment (Arreguin-Sanchez 2008). Based on the subsequent need for
biodiversity conservation and economic resource protection, Terminos Lagoon and the
surrounding wetlands stretching over a total area of 705,016 hectares currently form the

largest RAMSAR site in Mexico (Mitsch and Hernandez 2013).
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In such a critical ecosystem, recent concern has arisen that an increase in salinity related to
climate change might be building up, detrimentally impacting juvenile developmental stages
of exploited species (Ramos Miranda et al. 2005a; 2005b; Sosa Lopez et al. 2005; Villéger et
al. 2010). Those authors observed a loss in functional diversity and a biotic homogenization in
the fish community of Terminos Lagoon which they linked to a salinity increase between the
years 1980-1981 and 1998-1999, and interpreted as a regular shift from hypohaline to

euhaline/hyperhaline status due to climate change (Ramos Miranda et al. 2005a).

Concurrent with this scenario, recent catastrophic flooding events have occurred in the
Tabasco and Chiapas Mexican states, resulting in economic - and more dramatically - human
losses (Aparicio et al. 2009). Such events are commonly and hastily attributed to climate
change, especially by political leaders for whom invoking the planetary dimension of global
change is often a way to disclaim any direct responsibility. The truth is that most climate
change studies predict periods of lower precipitation for the Gulf Coast region and Central
America (Biasutti et al. 2012). Barcena et al. (2010) did not anticipate significant precipitation
change during the first half of the 21% century, but expected precipitation to decline by 7% in
Guatemala, by 10% in Belize under the IPCC emission scenario B2 and by around 30% in
Belize and Guatemala of scenario A2 during the second half of the 21% century. Significant
reductions in precipitation (by as much as 5-10%) and runoff (by as much as 10-30%) in
northern Central America have been predicted for the 2050-2099 period using the IPCC A1B
emission scenario (Hidalgo et al. 2013). But decreasing precipitation is also expected to be
accompanied by an increase in hydrological variability, reinforcing extreme events of
flooding and drought. Even though population exposure to water stress will increase
substantially with climate change, climate prediction uncertainties at the regional to local
scale are still considered as large (Met Office 2011), rendering the establishment of efficient
long-term management policies difficult. Beyond its inherent scientific interest, the present
study follows a logical, linear course from salinity variability to river inputs and precipitation

rates, and thus provides valuable scientific information that may be of significant help in



©CO~NOOOTA~AWNPE

isolating key issues at stake in immediate decision-making in terms of sustainable

environmental management.

2 Material and methods

2.1 Study site

Terminos Lagoon, located inland on the southern coast of the Gulf of Mexico in the
Mexican state of Campeche (Fig. 1a), stands between two very distinct geologic provinces
with specific hydrological regimes. To the east stretches the Yucatan Peninsula, characterized
by low rainfall and a porous calcareous basement resulting in the absence of proper river
catchment, with rainfall penetrating directly through the carbonate basement, thus supplying
the groundwater cap which discharges as diffusive non-point sources all along the Gulf of
Mexico and Caribbean Sea coasts. To the west and south lie the lowlands of Tabasco and the
highlands of Chiapas and Guatemala, the latter of which receives heavy tropical rainfall. Four
rivers, of which two combine to form a single estuary, reach Terminos Lagoon (Robadue et
al. 2004) delivering an average yearly volume of 11.96 10° m® yr' of freshwater,
corresponding to roughly 2.6 times the lagoon volume. In comparison, the subtraction of
average yearly evaporation (1,512 mm yr*) from average yearly precipitation (1,805 mm yr™)
(David and Kjerfve 1998; Espinal et al. 2007) yielded a yearly net rainfall contribution of
293 mm yr, whereas groundwater contribution accounted for 4 10° m® yr* (David 1999).
Total annual net freshwater input to Terminos Lagoon was thus estimated at 12.57 10° m® yr™,
of which river discharge, precipitation net input, and groundwater seepage accounted for
95.44 %, 4.53 % and 0.03 %, respectively, with river discharge therefore being by far the
most significant source of freshwater inputs to Terminos Lagoon.

The Chumpan River reaches Terminos Lagoon through Balchacah Lagoon delivering an
average annual freshwater discharge of 0.6 10° m® yr'*. The Candelaria River, with an average
annual flow rate of 2.1 10° m® yr*, converges with the small Mamantel River system which

drains only 0.16 10° m* yr, to form the Candelaria-Panlau system that connects to the south-
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eastern part of Terminos Lagoon through the Pargos estuary. Finally, the Palizada River, with
an average annual discharge of 9.1 10° m® yr?, reaches Terminos Lagoon through the El
Vapor, El Este and Del Viento lagoons and the San Francisco and Chica openings, and
accounts for more than two-thirds of the river input to Terminos Lagoon. Beyond its own
small river catchment, the Palizada is a tributary of the Usumacinta River, which in turn
relates to the intertwined Grijalva-Usumacinta basins that stretch over a total area of 112,550
km? (Hudson et al. 2005). Receiving an average annual rainfall of 1,709 mmyr?, the
Usumacinta River discharges an average annual freshwater volume of 69 10° m® yr to the
Gulf of Mexico. Slightly less than one-tenth of this flow is delivered through the Palizada
River into Terminos Lagoon, with the remaining nine-tenths merging with the Grijalva River
catchment to reach the open sea directly through the Grijalva-Usumacinta Estuary.

Including its tributary lagoons, Terminos Lagoon (Fig. 1b) stretches over a surface of
1,936 km? with an average depth of only 2.4 m, corresponding to a total water volume of
4.65 km® (Contreras Ruiz Esparza et al. 2014). The lagoon is connected to the sea by two
inlets: ‘Carmen Inlet” on the western side (4 km long) and ‘Puerto Real Inlet’ on the eastern
side (3.3 km long). The two inlets are separated by Carmen Island, a carbonated sandbar 30
km long and 2.5 km wide. The shallow system is disrupted only by 2 deep channels
respectively located on the eastern part of each inlet and through which strong currents
alternate as a function of the tidal cycle of inflow and outflow.

Climate varies between the tropical wet and dry category in the lowlands and the tropical
rainforest category in the highlands. There are three distinct seasonal periods throughout the
year: the relatively dry period from February to May and the rainy period from June to

September are separated by a period of northern gales called “Nortes”.

2.2 Data collection and analysis
Salinity data with a precision of 0.001 were obtained from vertical profiles conducted with a
SeaBird © SBE 19 CTD over a network of 34 stations (Fig. 1b) and a total of 12 sampling

trips covering the 2-year period from October 2008 to November 2010, with a more intensive
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sampling effort during 2010 (7 sampling trips). Data acquisition frequency was 0.25 sec and
only downward profiles at a velocity of circa 0.5 m sec™ were retained for data analysis. The

SeaBird © SBE 19 CTD was calibrated by the manufacturer on a yearly basis.

Daily river flow rates were obtained from the Mexican Comision Nacional de Agua
(CONAGUA) hydrological surveys database, available from the  website
(http://www.conagua.gob.mx/CONAGUAO07/Contenido/Documentos/Portada%20BANDAS.

htm). Long-term records of daily river flow rates were available for the 1995-2011 period for
the Mamantel River, for the 1992-2011 period for the Palizada River, for the 1953-2011
period for the Candelaria River, and for the 1948-2011 period for the Usumacinta River
(Bocca del Cerro hydrological station, upstream Terminos Lagoon). Given the quality of each
data series and the dominance of Palizada River inputs to Terminos Lagoon, our study
focused on the data series from the Palizada and Bocca del Cerro stations. Daily rainfall at
Bocca del Cerro station corresponding to river flow rate time series were obtained from the
Servicio Meteoroldgico Nacional database, also managed by CONAGUA and accessible
through the Centro de Investigacion Cientifica y de Educacién Superior de Ensenada
(CICESE) website “Base de datos climatologica nacional — Sistema CLICOM” (http://clicom-

mex.cicese.mx/ accessed 5-6 September 2014).

Average salinity between 0 and 75 cm depth was spatially interpolated using UNIRAS A/S
software to generate 2D distribution maps. However, the lagoon size imposed sampling over
several days (4 to 6), potentially rendering such asynchronous sampling strategy sensitive to
short term variability. Salinity variations in the lagoon are essentially driven by variations in i)
tidal exchanges with the Gulf of Mexico, ii) internal lagoon hydrodynamics (tide accounting
for 65 % of current variability (David and Kjerfve 1998), iii) precipitation versus evaporation
budgets, and iv) river inputs. With limited exchange taking place through two shallow and
narrow inlets and with average tidal amplitude of only 0.3 m, tidally driven salinity variations

between two sampling points can be considered as negligible at the scale of a tidal cycle or
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even at the scale of a few days (Contreras Ruiz Esparza et al. 2014). River discharge,
precipitation, wind regime and daily temperature cycles were constant over each sampling
period as well as during the previous five days, so the results can be considered as being
representative of a stable situation. Finally, it must be acknowledged that, all driving factors
combined, water residence time in this 1,936 km? system ranges from one to five months
(Robadue et al. 2004), which significantly limits daily variability in salinity at the sampling

grid scale.

Linear regression was used to assess relationships between data as well as trends in time
series. In addition, the seasonal Mann-Kendall test (Hirsch and Slack 1984) was used as it
constitutes a well-fitted nonparametric method to statistically assess monotonic trends in
hydrological long-term time series that are generally asymmetrically distributed (Machiwal

and Jha 2008).

3 Results

3.1 Salinity

Due to its nature as a semi-enclosed lagoon subject to significant freshwater inputs, salinity in
Terminos Lagoon was strongly variable at the spatial as well as the temporal scale, as shown
by the temporal survey of salinity distribution from October 2008 to November 2010 (Fig. 2).
Changes in salinity distribution during 2010 gave an overview of the general variability
pattern of the system over a full yearly cycle. As a consequence of the dry season, salinity
values averaged over the whole lagoon increased from (mean + SD) 29.3 + 4.3 in January to
33.0 + 3.0 in May. At this time, salinity maximum values in the range of 33 to 37 over the
whole lagoon approached open sea salinity values, which were in the range of 36 to 38
(Thacker 2007). This increase in salinity coincided with the progressive disappearance of
brackish plumes from the Candelaria and Palizada Rivers in the eastern and western inshore

parts of the lagoon. During the following rainy period, salinity values averaged over the
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whole lagoon decreased progressively to 16.41 + 4.87 (mean + SD) reaching one-digit values
in the most inshore areas, while at the same time, values over 20 were measured close to
Puerto Real Inlet and leeward of Carmen Island only. The observed progressive decrease in
salinity corresponded to the progressive extension of Candelaria and Palizada brackish plumes

within the lagoon.

Comparison of salinity distribution for corresponding periods of 2008, 2009 and 2010
revealed that a strong positive anomaly occurred during the wet season of 2009. Salinity
distributions in March 2009 and March 2010 were strongly similar, with average values
(mean + SD) of 32.41 + 3.35 and 31.29 + 3.36, respectively. In 2009, salinity remained high
in September and October, at 34.45 + 1.96 and 32.64 + 4.34, respectively, and decreased only
slightly in December to 28.12 + 3.62. In comparison, lagoon-wide average salinity in October
2008, September 2010 and November 2010 was significantly lower at 13.70 + 5.65,
17.00 +5.40 and 16.41 + 4.87, respectively. Whereas salinity distributions in October 2008
and in September and November 2010 can be considered as representative of the peak of the
wet season with minimum values of salinity in most parts of the lagoon, the situation
observed in 2009 during the same period stands out as a strong positive anomaly to the usual

seasonal cycle.

Evidence for such a salinity anomaly during the wet season of 2009 was further sustained by
comparison with data from previous works (Yafiez Arancibia et al. 1983; Ramos Miranda et
al. 2005a). Even though the networks of 18 (Yafiez Arancibia et al. 1983) and 24 stations
(Ramos Miranda et al. 2005a) sampled during those previous studies was not as dense as the
one used during the JEST program, the distribution of sampling points from the three studies
can be considered as being representative of the spatial variability in the lagoon. The general
convergence of values between yearly cycles from 2010 (present work) and 1980 (Yariez-
Arancibia et al. 1983) (Fig. 3) confirmed the existence of a significant decrease in salinity in

Terminos Lagoon during the September to November period, and therefore highlighted the
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presence of unusually high salinity during the same period in 2009. Additionally, Ramos
Miranda et al. (2005a) reported average + SD salinity values for periods of four months in the
range of 20.0 + 9.8 during the October 1997 to January 1998 period, 27.7 + 6.3 during the
February to May 1998 period, and 31.0 + 5.9 during the June to September 1998 period. This
led them to underline the convergence with the seasonality in hydroclimatic patterns recorded

by Yafez-Arancibia et al. (1983).

3.2 River flow rate anomaly

Given the previously established predominance of river discharge over other sources of fresh
water input to the lagoon, it was necessary to analyze historical records of river flow rates in
order to assess the potential relationship with salinity. In September 2009, monthly discharge
in the Palizada River reached a maximum of 224 m® s™, by far the lowest value for the post
wet season yearly maximum derived for the 1992-2011 period (average 458 m* s™). The
salinity anomaly observed during 2009 in Terminos Lagoon can thus be related to a historical
minimum discharge from Palizada River. Analysis of the relationship between Palizada River
inputs and Terminos Lagoon salinity during the 2008-2010 sampling period (Fig. 4)
established a reasonably tight linear relationship (R?*=0.7) which confirms the major impact of
river discharge on Terminos Lagoon salinity. This further raised the issue of a possible long-
term relationship between climate change, river flow rates, and salinity in Terminos Lagoon,

with potential consequences in terms of environmental status alteration.

Regarding long-term trends in river flow rates, it is commonly assumed that acceptable
climatic variability assessments require data records in excess of 30 years with few or no
multi-year gaps (Hanson et al. 2004). The CONAGUA Palizada database covered only a 19
year period, insufficient to support climatic trend analysis. However, the Palizada River is
merely a short tributary in the extensive Usumacinta River watershed, for which much longer
recordings of river flow rates were available. The linear regression between monthly river

flow rates from the Palizada and Usumacinta Rivers (from the upstream hydrological station

10-
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of Boca del Cerro ) yielded a 1 to 11 ratio (R?=0.77), a ratio in close agreement with previous
studies (Robadue et al. 2004). Using data from Boca del Cerro station to investigate long-term
trends in river discharge in the watershed upstream of Terminos Lagoon was further justified
because synchronous long-term series of river flow rates and rainfall are available dating back

to 1948.

The 1948 to 2011 survey of Usumacinta River monthly flow rates at Boca del Cerro station
(Fig. 5a) followed a typical yearly pattern identical to that from Palizada River, showing
minimum and maximum discharges during the April-June and September-November period,
respectively, and recording the 2009 wet season discharge as the lowest of the whole time
series. The linear regression supported visual analysis in favor of a temporal increase in river
discharge even though the strong yearly variability described above yielded a low R?. The
seasonal Mann Kendall nonparametric test yielded a score of 4,242 and a p-value of 1.3 1072,
confirming the occurrence of a statistically significant positive trend. From the linear
regression equation it was possible to calculate average monthly flow rate as increasing from

1,699 m®stin 1948 t0 2,157 m®stin 2011.

Long-term records of precipitation over the same 1948-2011 period at Boca del Cerro station
(Fig. 5b) yielded an average monthly precipitation rate of 192 mm with a wide range of
variation, from no rainfall at all to a maximum of 661 mm in September 1966. Rainfall
variability was thus stronger than variability of monthly average river discharge, and so
logically contributed to an even lower R?. In spite of this, the linear regression yielded a slope
equivalent to zero, attesting to the absence of long-term change in precipitation rates. This
pattern of stability was confirmed statistically by the Man-Kendall test, which did not reject
the “no trend” null hypothesis. The stable trend in precipitation rates over the 64-year period
thus strongly contrasted with the observed increase in river discharge over the same period of

time at the Bocca del Cerro station on the Usumacinta River.

11-
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3.3 ENSO relationship

The potential relationship between climate change and the combined occurrence of local
anomalies in salinity and river discharge had to be assessed. The Oceanic Nifio Index (ONI:
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml) rose
to the 0.5 threshold value in the June-August period of 2009 and up to a maximum of 1.6 in
the November-January and December-February 2009-2010 periods, before decreasing below
the 0.5 threshold value during the April-June period of 2010 and rapidly entering a 10- month
La Nifia event beginning in the June-August period. Even though 2009 appeared as the most
drastic year in terms of low river discharge, it was far from the most severe El Nifio event of
the past 60 years, so the long-term relationship between the El Nifio index and Usumacinta
River discharge needed further analysis to assess the general pertinence of a potential cause

and effect relationship.

In order to test this hypothesis, we crossed the NOAA Oceanic Nifio Index against monthly
averaged river flow rates at Boca del Cerro station using various time shifts. The best
correlation was obtained with a two-month lag between the ONI central month and monthly
averaged river flow rates (Figure 6), but that relationship still was very weak. Even strong El
Nifio or La Nifia events could not systemically be related to decreases or increases in river

discharge, respectively.

4 Discussion

Salinity variation in time and space was high in Terminos Lagoon, ranging from one digit
values (estuarine) to 36 (marine), with spatial gradients shifting strongly as a function of the
balance between marine and freshwater inputs. A low salinity plume generally spread north of
Palizada Estuary toward Carmen Inlet along the western part of the lagoon. Considering their
respective freshwater discharges, the Candelaria-Panlau system and the Chumpan River
clearly had a much lower impact on salinity distribution in the lagoon. Salinities of up to 33-

36, thus fairly close to salinities of the Gulf of Mexico marine waters (Thacker 2007), were

12-
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always measured close to the Puerto Real Inlet and leeward of Carmen Island, confirming that
marine waters enter through Puerto Real Inlet during flooding and are transported westward
along the coast of Carmen Island (Graham et al. 1981; Kjerfve 1988; David and Kjerfve 1998;
Contreras Ruiz Esparza et al. 2014). Inter-annual comparison based on data from 2009 and
2010 and from previous studies (Yafiez Arancibia et al. 1983; Ramos Miranda et al. 1985a)
revealed the presence of a strong positive salinity anomaly during the wet season of 20009.
This was an exceptional situation for which environmental drivers had to be identified,

logically starting with river inputs.

After establishing the tight relationship between river flow rates in the Usumacinta River and
its tributary, the Palizada River, the long term analysis of Usumacinta River discharge
revealed a long-term increase instead of the climate change-related decrease in river flow rate
anticipated from previous studies (Ramos Miranda et al. 2005a; Sosa Lopez et al. 2005). A
key issue, both in terms of scientific inquiry and of environmental management, was to
understand the reasons for such a long-term change and, in particular, to assess whether it is
related to changes in climatic conditions and/or to poor practices in local watershed
management. No significant historical change in precipitation rates was observed at Boca del
Cerro hydrological station, a trend consistent with climate modeling approaches which
generally predict undetectable changes at the beginning of the 21* century, followed by a
decrease in precipitation (Barcena et al. 2010, Sdenz-Romero et al. 2010, Met Office 2011,
Biasutti et al. 2012, Hidalgo et al. 2013). Despite that long term rainfall stability, Usumacinta
River discharge regularly increased during the past 60 years therefore excluding climate
change as a driver of the long-term historical increase in Usumacinta River discharge and,
instead, lending support to the hypothesis of a local impact. Deforestation to expand
agricultural and ranching lands has been consistently linked to increased rainwater runoff
resulting in higher river discharges. This relationship is locally supported by previous work on
satellite image analysis. Soto-Galera et al. (2010) evidenced changes from original land cover

in more than half of the Terminos Lagoon area during the period from 1974 to 2001, and
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revealed that 31% of the area occupied by mature vegetation in 1974 had been degraded by
2001: tropical forest and mangroves presented the most extensive coverage losses, while
urban areas and grassland for livestock farming increased considerably. Net mangrove surface
loss was 17,426 ha in Campeche between 1970 and 2005, corresponding to an 8 % loss from
the initial mangrove surface area (Valderrama et al. 2014). At a larger scale, during the 1976
to 2009 period, the watersheds surrounding Terminos Lagoon were the most affected by
deforestation of all the watersheds of Mexico: the Grijalva-Usumacinta, Mamantel and
Candelaria basins lost 20-30 %, 30-50 % and <10 % of their primary vegetation, respectively.
Furthermore, all three basins lost 30-50 % of their secondary vegetation (Cotler Avalos,
2010). Additionally, a comparable increase in river discharge unrelated to precipitation and
linked to deforestation and expansion of the agricultural and ranching land was reported from
the Candelaria watershed (Benitez et al. 2005). In such a context, and considering the tight
relationship between the Usumacinta River and the Palizada River, the ongoing long-term

trend in Terminos Lagoon is more likely to be one of salinity decrease rather than increase.

We also observed the coincidental occurrence of (i) a low yearly maximum river discharge,
(i) a positive salinity anomaly in Terminos Lagoon and (iii) a moderately severe El Nifio
event during the period from July 2009 to April 2010 which was immediately followed by a
La Nifia event from July 2010 to April 2011. However, only a weak correlation could be
evidenced between Usumacinta River flow rates and the ENSO ONI index during the past 60
years. Studies relating ENSO with rainfall in Mexico similarly identified a noticeable but very
weak correlation (Pavia et al. 2006; Bravo Cabrera et al. 2010), with precipitation decreasing

>~ 2

southward and increasing northward under “El Nifio” conditions and inversely under “La
Nina” conditions. The same studies also predicted significant decreases in wet season
precipitation rates, leading to severe drought events such as the one observed in 2009. This
relationship is of strong significance to coastal brackish ecosystems, as it has been

demonstrated that river runoff amplifies changes in rainfall (Austin et al. 2010). However,

ENSO accounted for only 3.7 to 8.9% of rainfall variance, due to the complexity of weather

14-
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phenomena affecting precipitation, with correlations being mostly non-significant in the

Usumacinta watershed area (Bravo Cabrera et al. 2010).

To close our comparison with the two available sets of historical salinity data in Terminos
Lagoon, it must be stressed that 1980 (data from Yariez-Arancibia et al. 1983) corresponded
to a so-called normal climatic year, whereas the October 1997 to September 1998 period (data
from Ramos Miranda et al. 2005a) corresponded to a shift from El Nifio (maximum ONI
value of 2.4 in November 1997) to La Nifia (minimum ONI value of -1.2 in September 1998)
conditions. Despite weak evidence of a relationship between ENSO and river discharge, the
increase in average salinity observed by Ramos Miranda et al. (2005a) in Terminos Lagoon
and that they interpreted as a long-term shift due to climate change may, instead, could be
related to the occurrence of an El Nifio event during the October 1997 to September 1998

period.

Additionally, it must be stressed that the 2009 ENSO event was classified as an ENSO
Modoki. The effect of this rather new climatic factor cannot be fully assessed as yet, and will
require clarification in future analyses of temporal data series (Ashok et al. 2007). A
conventional El Nifio event is characterized by strong anomalous warming in the eastern
equatorial Pacific, whereas an El Nifio Modoki is associated with strong anomalous warming
in the central tropical Pacific and cooling in the eastern and western tropical Pacific. EI Nifio
Modoki events seem to have different impacts than conventional El Nifio events, and the
suspected relationships with strong drought events in the south-eastern part of Mexico will

require much more data gathering before proper assessments can be made.

5 Conclusion
The present study establishes that salinity in Terminos Lagoon depends on river inputs and
that the occurrence of an exceptional river discharge minimum during the wet season of 2009

corresponded to a positive salinity anomaly. Over the long term, and despite future
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predictions of decreasing river discharge in the region, we observed a sustained increase in
river flow rates in the Usumacinta River watershed during the past 60 years of available data,
indicating that salinity in Terminos Lagoon decreased rather than increased during this 60-
year period. Precipitation rates during the same period were constant, proving that the
recorded past increase in river discharge resulted from unsustainable land use rather than
climate change impact. Finally, no clear general relationship could be established between
river flow rates and ENSO indexes such as the ONI, and this despite not only the coincidence
between the 2009 ENSO event, but also the observed decrease in river flow rate and the
positive salinity anomaly in Terminos Lagoon. These results should be of significant value to
decision-makers who are often quick to point the finger at global climate change when, in
fact, local environmental management is most likely involved. In the context of ongoing land
use changes it is pertinent to keep sight of the fact that certain features of the natural
environment help mitigate the negative consequences that arise from floods, both in terms of

the economy and, more importantly, of population safety (Brody et al. 2012).

Additionally, environmental management has to be planned on a long-term scale and the
context of predicted future changes urgently calls for gathering long-term information on key
environmental variables, starting with basic drivers such as temperature and salinity. If a shift
in rainfall is likely to occur as predicted by converging climate models, salinity in Terminos
Lagoon will be directly impacted. For this reason, assessing future trends and their potential
impacts on biodiversity and living resources within - as well as beyond - the limits of this
critical ecosystem is essential. A major environmental protection site such as Terminos
Lagoon should, at the least, have its own observation network surveying key environmental
variables such as salinity on a long-term basis. Such a monitoring objective should even be
extended to the Gulf of Mexico scale - if not to the national and regional scales - since
environmental protection in the Mesoamerican region is not confined within the boundaries of
national frontiers. The current lack of long-term information is detrimental both to the

understanding of ecosystem equilibrium as well as to sustainable development in the context
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of the ongoing global change and its potential critical impact on the Gulf of Mexico and

Caribbean region.
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Figure captions

Fig. 1 (a) Main and detailed watersheds contributing to freshwater inputs to the Terminos
Lagoon and (b) bathymetry of Terminos Lagoon with location of sampling stations.

Fig. 2 Distribution of salinity (0 to 75 cm surface layer average) in Terminos Lagoon from
October 2008 to November 2010.

Fig. 3 Monthly evolution of salinity averaged over the whole Terminos Lagoon during 1980
(Yanez-Arancibia et al., 1983) and 2009-2010 (present study)

Fig. 4 Relationship between average salinity in Terminos Lagoon and corresponding monthly
averaged Palizada River discharge from October 2008 to November 2010 with insertion
of linear regression line, equation and determination coefficient (R2).

Fig. 5 (a) Monthly averaged Usumacinta River discharge and (b) monthly cumulative
precipitation rates at Boca del Cerro station during the 1948-2011 period with insertion
of linear regression line, equation and determination coefficient (R?).

Fig. 6 Relationship between NOAA Oceanic Nifio Index (ONI) and monthly averaged river
flow rates at Bocca del Cerro station using a positive time shift of 2 months with

insertion of linear regression line, equation and determination coefficient (R).
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