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ABSTRACT. This paper analyzes inter-annual (1993-2008) and intra-annual (2006-2008) flooding patterns in 
the unregulated San Pedro River, based on digital analysis of two Landsat satellite imagery series and ancillary 

rainfall and discharge data, to describe variations in the natural pulse. The long-term pattern, over a period of 
16 years, showed considerable fluctuations, with a maximum flood extent (FE) of approximately 200 km2, while 

the observed average was 57.8 km2 over the entire period, around 24 km2 the dry season and more than 90 km2 
in the rainy season. The seasonal variation, analy zed using 29 quasi-monthly images recorded from 2006 to 

2008, displayed FE peaks in the rainy season (July to October) with variations in time and extent that were not 
directly related to rainfall but instead were related to river discharge, Q, (FE = y0 + a(1-0.9983Q); R2 = 0.91). 

We used the above exponential model with monthly average river discharge data (1944-2008) and the proposed 
regulated volume of discharge from governmental plans to construct a dam on the San Pedro River. We found 

that the natural ecosystem will be altered by increasing the inundation in the dry season and reducing it in the 
rainy season. This change will have consequences in coastal wetlands and aquatic biota adapted to historical 

conditions, with consequences for the production of aquatic organisms and for ecosystem services. 

Keywords: hydrologic pulse, flooding, coastal wetlands, modeling, northwestern Mexico. 

 

Análisis de la dinámica de pulsos de inundación de la cuenca baja del Río San Pedro 

(México noroccidental) mediante teledetección 
 

RESUMEN. De acuerdo al análisis digital de dos series temporales de imágenes del satélite Landsat y datos de 

precipitación y flujo, se analizaron los patrones de inundación inter-anual (1993-2008) e intra-anual (2006-2008) 
del Río San Pedro, para describir variaciones en su pulso natural. En largo plazo (16 años), se detectaron amplias 

fluctuaciones con una superficie máxima de inundación (FE) cercana a 200 km2 y una extensión media anual de 
57,8 km2, con promedios aproximados de 24 y 90 km2 para las temporadas seca y lluviosa, respectivamente. La 

variación intra-anual, evaluada a partir de 29 imágenes, registradas con periodicidad cuasi-mensual en el periodo 
2006-2008, mostró máximos de FE en la temporada lluviosa (julio a octubre), con diferencias en tiempo y 

espacio, no relacionadas directamente con la precipitación, sino asociadas con el escurrimiento (Q) del río, (FE 
= y0 + a(1-0,9983Q); R2 = 0,91). Este modelo exponencial se aplicó a una serie temporal con datos promedio 

mensuales de escurrimiento (1944-2008) y con los volúmenes de descarga regulada propuestos para el plan de 

construcción de una presa en el Río San Pedro. Se concluye que los ecosistemas naturales serán alterados con 
un aumento de la superficie inundada durante la época de sequía y una reducción en la época de lluvia. Este 

cambio tendrá consecuencias sobre los humedales costeros y la biota acuática adaptada a condiciones 
desarrolladas históricamente, con consecuencias para la producción de organismos acuáticos y para los servicios 

ecosistémicos. 

Palabras clave: pulso hidrológico, inundación, humedales costeros, modelación, México noroccidental. 
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INTRODUCTION 

The variability of seasonal and inter-annual extent, 

timing and magnitude of inundation of floodplains, 

frequently described as flood pulse (Junk et al., 1989), 

is currently recognized as an important driver for more 

resilient floodplains, maintenance of biodiversity, 

biomass production and decomposition (Middleton, 

2002) beyond the simple exchange of organic matter 

and solids between the main channel and the floodplain 

(Benke et al., 2000). Therefore, constancy of flood 

pulses is related to biota well adapted to changes in 

water levels, allowing it to efficiently use habitat and 

resources throughout time (Junk et al., 1989; Junk & 

Wantzen, 2004). Additionally, changes in flood patterns 

are seen as responsible for alterations in the functional 

dynamics of wetlands, and thus on their maintenance, 

carbon exchange, productivity and ecosystem services 

delivery. Those changes frequently happen in relation 

to regional development, hydraulic infrastructure 

development (dams, reservoirs, channels, and ponds) 

occurring for agriculture, aquaculture, energy produc-
tion and urban purposes. 

The flood pulse and all its effects cannot be fully 

understood without quantification of its most essential 

component: its inundation dynamics. Inundation 

dynamics can be defined as the temporal and spatial 

pattern of floodplain inundation, which usually occurs 

and vary at inter-annual scale. Inundation dynamics are 

dependent on both discharge dynamics and the 

delineation of floodplain areas, both of which have 

been described in detail for many river systems (e.g., 
Benke et al., 2000). 

Consequently, understanding of the variability of 

annual floods has become an essential input for wetland 

maintenance and rehabilitation, requiring information 

on seasonal and inter-annual flooding patterns (Infante-

Mata et al., 2012; Rebelo et al., 2012). Because 

flooding fluctuations may affect the biota in different 

ways, it is important to evaluate its dynamics for further 

analysis regarding their effects on the ecosystems. 

However, observations to evaluate flooding variability 

are limited in space and time. Therefore remote sensing 

(RS) applications become a useful tool for assessing 

inundated floodplains in barely accessible ecosystems, 

by providing consistent and systematic observations 

from the Earth's surface. However, RS has technical 

limitations when delineating those transitional environ-

ments, particularly for low- to medium-resolution 

imagery (Townshend & Justice, 1990) and when 

wetland vegetation mosaics have a patchy distribution, 
or have small, isolated or diffuse patterns (Knight et al., 
2009). 

To overcome the technical limitations of RS, 

synthetic aperture radar (SAR) is currently used 

(Matgen et al., 2006; Martinez & Le Toan, 2007; 

Rebelo et al., 2012). However, the cost and availability 

of SAR data cannot compete yet with optical 

multispectral imagery, which additionally integrates the 

largest time series for landscape change analysis 

(Frazier & Page, 2009; Qi et al., 2009; Chormanski et 
al., 2011; Pricope, 2012). Considering this, we used a 

combination of historical imagery from Landsat TM 

and ETM+ sensors (1993-2008) to assess and document 

seasonal patterns and inter-annual variability of 

flooding extent in the lower basin of the San Pedro 

River, which is one of the main streams that supplies 

Marismas Nacionales, the largest wetland complex on 

the Mexican Pacific coast. This complex system is 

nourished by other rivers besides the San Pedro River, 

some of them free of dams or other obstacles to flow. 

The San Pedro River is one of the most important 

because of its length and volume (Blanco & Correa, 

2011; De la Lanza-Espino et al., 2012), but considering 

the plans to construct a hydroelectric dam in the short 

term, its functions and ecosystem services delivery are 

in risk. 

We analyzed variations in annual patterns, based on 

the largest Landsat TM imagery time series available 

up to 2008, when a large flood was recorded in the 

study area. We also analyzed a monthly time series for 

recent years (2006-2008). This series provide historical 

information on inter- and intra-annual flood pulse 

variations, helpful for wetlands conservation purposes, 

flood control and risk prevention, and offers a baseline 
for future studies or management plans. 

Although flood dynamics and duration cannot be 

followed continuously in time with Landsat imagery, 

with a snapshot every 16 days, data provided by this 

satellite program has the largest imagery record, 

starting from 1973. However, we used images with 

similar technical characteristics, particularly spatial (30 

m pixel) and spectral resolution. This makes the images 

comparable, reducing uncertainty on the assessed 

coverages due to image pre-processing and manipu-

lation to fit the scenes to the same pixel sizes and 

geographic position, being possible to detect small 

water ecosystems (>0.01 km2), which is important for 

documenting changes occurring in relatively short 

periods, which is required to estimate flood pulses with 
the precision desirable for the purposes of this study. 

With those considerations, but having in mind that 

more information is better for an effective environ-

mental management, this study proposes a low cost 
approach to analyze the inter and intra-annual flooding 

patterns of the unregulated San Pedro River floodplain 
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and analogous systems, required to prevent or mitigate 
negative impacts from natural events or human actions. 

MATERIALS AND METHODS 

The study area is part of Marismas Nacionales (MN), a 

large and complex ecosystem located in northwest 

Mexico, between Sinaloa and Nayarit states. It integrates 

different types of coastal wetlands, highlighting lagoons, 

saltmarsh, and mangroves. The mangrove forests are 

among the largest and most developed in the eastern 

Pacific, covering approximately 750 km2. MN is 

designated Wetland of International Importance 

(Ramsar site number 732) and Biosphere Reserve 
within the system of Natural Protected Areas of Mexico. 

From north to south, the rivers Baluarte, Cañas, 

Acaponeta, Rosamorada, Bejuco, San Pedro and 

Santiago contribute to the MN system, with the San 

Pedro River as one of the most important because of its 

discharge and dam free status. It flows to the ocean, 

through lacustrine deltas in coastal marshes and lagoons, 

contributing with suspended solids and sediment to 

improve habitat and ecological productivity (Ortiz & 

Pérez, 1999; Blanco & Correa et al., 2011). The lower 

basin was chosen as the study area for this analysis, 

with an extent about 580 km2, defined by the drainage 

basin limits to the north and south, while western and 

eastern boundaries match the coastline and the 

elevation of 10 m above sea level (m.a.s.l.), respec-
tively (Fig. 1). 

Agriculture (mostly extensive) covers approxi-

mately 50% of the study area, while mangrove 

(approximately 15%) together with other wetlands 

(lagoons, saltmarsh) amount to 25% of the area 

(Hernández-Guzmán et al., 2008). The San Pedro River 

discharges 2740 million cubic meters per year on 

average (measured at the San Pedro gauging station), 

with an estimated laminar flow of approximately 106 

mm and runoff coefficient of 7.9%, which are 

consistent with forested or agriculture covers (INEGI, 
1999; Hernández-Guzmán et al., 2008). 

The mean annual temperature ranges from 14 to 

26°C, while rainfall varies from 700 to 2000 mm per 

year. The highest rainfall rates occur in the rainy season, 

from June to October, and down to the minimum in the 

dry season (November-May). The flooding pulse is 

seasonally marked close to the river mouth, and it is 

influenced by the tidal regime that displays curves with 

mixed semi-diurnal, low amplitude tides (maximum 

peak 1.1 m). The mean tide reaches around 0.7 m, and 
maximum spring tides occur on June and December 

while minimum neap tides are present during March 

and September (Stillman & Barnwell, 2004; Valdez, 

2004). In this area, diverse estuaries, ponds and lagoons 

integrate to form a complex system, with Laguna 

Grande de Mexcaltitan, Estero Grande, Las Gallinas, 

Macho, El Tanque and El Mezcal as the most notable 
water bodies (INEGI, 1999). 

To assess the inter- and intra-annual flood extent and 

flooding pulse dynamics in the lower San Pedro River 

watershed, satellite imagery from the Landsat TM and 

ETM+ sensors, recorded every 16 days over the study 

area, was used. Images boundaries are defined by the 

path-row 30-45 or 31-45 of the world reference system 

WRS2. The scenes, covering above 30,000 km2 each, 

were selected for both, dry and rainy seasons, 

depending on their quality, that could be affected by 

weather conditions. The imagery was downloaded from 

the Earth Resources Observation and Science Center 

(EROS) of the U.S. Geological Survey (USGS), 

through the Global Visualization viewer (http://glovis. 

usgs.gov). 

The largest, continuous, image time series was used 

for the inter-annual FE analysis, while only the last 

three years of the study period (2006 to 2008) were 

included for the intra-annual analysis, limited by the 

available hydrologic data and considering a high runoff 
peak detected in 2008.  

All the scenes fit the same spatial resolution (30 m 

pixel), geographic boundaries and projection (UTM 

13N; NAD83) and were subsequently classified using 

the K-means unsupervised classification technique, 

which splits an n-dimensional imagery into K exclusive 

clusters, assigning each pixel to the cluster whose 

centroid is nearest (Richards & Jia, 1999). With 

exception of the Landsat thermal band 6, all the spectral 
bands were used in the classification process.  

This produced at least 30 spectral classes per scene, 

which were aggregated into flood extent (FE) and a 

second class (Land) including all those different from 

water, producing binary water/land maps (1 = water; 0 

= land). Because spectral signatures for water are rarely 

confused with other land cover types, decreasing 

reflectance from the visible blue to the near infrared in 

the Landsat bands, and regarding that Berlanga-Robles 

& Ruiz-Luna (2006, 2011) and Berlanga-Robles et al. 
(2008) suggest that accuracy of the classification is 

overestimated when aquatic surface was included in the 

assessment, the accuracy for flood extent was not 

assessed. When clouds were present (<7% in the worst 

case), their interference with water detection was 

overcome by analyzing the closest dated scenes. The 

results were then added to the final map by date.  

Finally, the estimated FE (km2) series was analyzed 

to detect possible relationships with rainfall R (mm) 
and monthly river discharge Q (106 m3). Data were recor-

http://glovis/
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Figure 1. Geographic location of the study area in Nayarit State, Mexico, displaying main urban localities and water bodies. 

 

 

ded daily in the study area (San Pedro 11012 

hydrometric station and meteorological stations 

Mexcaltitan 18022 and San Pedro 18032, separated by 

a distance of 35 km), and are provided in monthly 

report format by the National Water Council 

(CONAGUA by its Spanish acronym). Previous studies 

on flood extent suggest that data can be fitted to linear 

or non-linear models to explain flooding, based on the 

discharge patterns and river characteristics (Smith et al., 
1995; Benke et al., 2000; Frazier et al., 2003). Here, we 

used both linear and non-linear regression models to 

explain possible patterns in the flooding process in the 

lower San Pedro River watershed. This method is 

informative for management purposes and developing 

strategies to reduce flooding risks. All the statistical 

analyses were performed using Microsoft Excel 2010 
and SigmaPlot 12.0 (Systat Software Inc.). 

RESULTS 

The Landsat imagery available for the inter-annual 

analysis include 28 images, selected for the dry (14 

scenes) and the rainy seasons (14 scenes), excluding 

2003 and 2004 due to the lack of images (Table 1). 

Regarding the intra-annual assessment, due the weather 

conditions, only 29 quasi-monthly images were 

selected for 2006 (10), 2007 (8) and 2008 (11).  

Inter-annual flooding patterns 

Estimations on flood extent (FE) for dry and rainy 

seasons did not show a defined flooding pattern and 

displayed maximum and minimum values during 

different months along the time series (Table 1). Just 

considering values estimated for the rainy season by 
year, the largest FE was detected for the image recorded 
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Table 1. Inter-annual variation of flood extent in the San Pedro River floodplains (1993-2008), dry and rainy seasons, from 

satellite data analysis. Dates are for Landsat imagery recording. Light and dark grey are for the minimum and maximum 
extent along the time series, respectively. 

 

Year 
Dry season  Rainy season Max/Min 

ratio Area (km2) Date  Area (km2) Date 

1993 27.5 Mar-13  196.1 Sep-14 7.1 

1994 30.5 Apr-17  126.9 Oct-19 4.2 

1995 30.6 Apr-20  66.2 Jul-09 2.2 

1996 20.3 Apr-22  55.7 Oct-15 2.7 

1997 24.0 Mar-08  58.9 Sept-16 2.5 

1998 26.2 May-13  60.2 Jul-10 2.3 

1999 21.2 Mar-30  111.2 Jul-12 5.2 

2000 22.8 Apr-17  67.6 Aug-23 3.0 

2001 22.4 Mar-19  70.1 Jul-17 3.1 

2002 21.0 Jan-09  65.8 Aug-21 3.1 

2003 - -  - - - 
2004 - -  - - - 

2005 21.5 May-01  88.3 Jul-29 4.1 

2006 18.4 Apr-02  120.0 Sep-18 6.5 

2007 22.8 Apr-14  79.9 Aug-11 3.5 

2008 21.0 Mar-22  120.7 Aug-22 5.7 

Mean 23.6   92.0  3.8 

 

 

in September 1993 (196 km2), but for the same month 

in 1996, the flood extent displayed the lowest value 
(55.7 km2). 

Values above the rainy season average (around 92 

km2) were detected at least once for every month in the 

rainy season, including July when the rainy season 

starts. July was also the best-represented month in the 

image series (five dates), with FE ranging from 60.2 to 

111.2 km2. Concerning the dry season, the FE average 

extent was around 23.6 km2, basically representing the 

perennial lagoon surface and its connection with the sea. 

In this case, April 2006 represented the lowest flood 

area (18.4 km2), while the maximum was observed in 

April 1995 at 30.6 km2 with a coefficient of variation 

(CV) lower than 16%, compared with a CV > 40% for 

the rainy season. 

The ratio between the rainy season flood extents 

(FEr) against the dry season values (FEd), varied from 

2.2 in July 1995 up to 7.1 in September 1993. This 

suggests that FEr are roughly three to four times greater 

than FEd, except 1993 when this ratio increased to its 
maximum value (Fig. 2).  

Near to the average flood extent for dry and rainy 

seasons is also illustrated in Figure 2, displaying 

satellite scenes recorded in year 2008 (Fig. 2a) and 
1996 (Fig. 2b), respectively. High inundation records, 

as those observed in 1993, 1999, 2006 and 2008, 

occupy around a fifth up to a third of the study area, 

particularly to the north where Tuxpan, San Vicente and 

other small settlements are sited, with population 

around 30,000 inhabitants. This process totally 

connects the river with coastal wetlands, except for 

some small tributaries and isolated areas, with locals 

taking advantage episodically on soil water retention 
for agriculture purposes. 

Intra-annual flooding variation 

Based on rainfall data (R) analysis, the total annual 

rainfall was almost the same for 2006 and 2007, with 

approximately 890 mm per year, doubling this figure to 

1867 mm in 2008, even though the number of months 

with rainfall records was the same every year (5). This 

is due to variation in the rainfall peak and monthly 

rainfall distribution, including a record in January 2007, 

which was not observed in the other years included in 
the analysis (Fig. 3). 

The relationship between rainfall (R) and river 

discharge (Q), when all the monthly values were used, 

displayed a positive correlation (r = 0.75; P < 0.01). But 

when daily data (2006-2008) were assessed, positive 

correlation coefficient values were lower in both cases, 

by meteorological station (r = 0.24 and 0.26; P < 0.01) 

or using cumulative values (r = 0.30; P < 0.01). The 

weakness of this relationship was evident when total 
Q2007 was 18% and 72% lower compared with Q2006 and 

Q2008, even when cumulative rainfall for 2006 and 2007 

was practically the same. Changes in temporal rainfall 
distribution could affect the runoff rates in such a way, 
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Figure 2. Inter-annual variation of aquatic surfaces in the study area. a) Dry season, 2008; b) regular rainy season, 1996; c) 

rainy season with extreme rainfall, 2008. Solid black lines inside the images represent the study area. 

 

 

but are not solely responsible for the differences in 
flood extent. 

A graphical representation of the flood spreading is 

shown in Figure 4, showing the intra-annual variability 

associated with the aforementioned R and Q variations. 

The flooding spatial pattern along the year, as detected 

by the imagery analysis, starts with the lowest levels at 

the dry season with around 25 km2 in average, as 

previously estimated, when rainfall records were equal 

to 0 mm. The flood grows around Laguna Grande de 

Mexcaltitan system (to the northwest), expanding limits 

to the east up to altitudes around 10 m.a.s.l., south to 

the San Pedro River course, retreating to former 

distribution at the end of the year, when the dry season 
begins. 

Floodwater distribution is mostly the same year by 
year, with variations attributable to differences in 

altitude, soil quality, R and Q values, besides the 

opportune satellite image recording to detect them, but 

the observed variations in extent during the dry season 

could be related to differences in the Q values, which 

do not depend on the rainfall recorded in the study area. 

In general, FE displayed its maximum values in August 

and September every year, increasing by up to four to 

five times the average extent observed in the dry season, 
similar to results obtained in the inter-annual analysis.  

Although hydrological parameters are monthly 

represented (cumulative values) and water surface 

estimation is only representing a moment in the flood 

dynamics, there was a stronger positive correlation 

between R and FE (r = 0.83; P < 0.01). However, the 

maximum R values in the study area were not always 

synchronized with the largest inundated areas, making 

clear that overflow does not depend directly on the local 

rainfall rates nor the Q volume, as the highest record for 

this parameter was in September 2008 (2637.7x106 m3), 

while the maximum FE was recorded the previous 
month in the same year. 
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Figure 3. Flood extents estimated from Landsat image analyses; total rainfall and San Pedro River monthly discharge time 
series (2006-2008) in the study area. Figures above flood extent symbols represent day of the respective month. 

 

 

Figure 4. Temporal flood pattern in the San Pedro River lower basins as assessed by Landsat satellite imagery (2006-2008). 
Flooding in the study area is represented in white. 

 

Despite those inconsistencies in temporal data, there 

is a clear pattern between the inundated area and Q 

values that involves limits to the flood extent. 
Considering that FE always maintains a minimum 

surface, approximately 25 km2 corresponding to the 

perennial lagoons and estuaries, the relationship was fit 

to a particular case of an exponential model. This model 

is given by the three parameter single exponential rise 

to maximum type (Y = y0+a(1-bX)), with FE as the 

dependent variable. This model better explains and fits 
with the observed distribution pattern, and discards a 

linear model because a flattening in the curve occurs as 

discharge (Q) increases. 
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The dataset used consists of 29 pairs of Q (106 m3) 

and FE (km2) data, corresponding to the available 

imagery period included in this phase of the study. The 

observed data and the best fit model (r2 = 0.91; P < 0.01) 

are shown in Figure 5. The final model is FE = y0 + a(1-

0.9983Q). The parameter y0 is the offset from zero, 

corresponding to the dry season FE mean extent 

estimated over 21.3 km2, a is the amplitude of the curve, 

equivalent to the maximum flood (99.5 km2) and b is 

the dimensionless rate constant. Based on estimates of 

both y0 and a, approximately 120 km2 is expected as the 

maximum flood for the study area, which is consistent 

with the highest observed FE values in the dataset 

(September 2006 and August 2008). 

DISCUSSION 

Coastal wetlands are among the most threatened 

environments, deteriorated at worldwide level due in 

part to increasing population size (Mitsch & Gosselink, 

2000; Kayastha et al., 2012). Consequently, modifi-

cations of local hydrology and landscape are anticipated, 

including infrastructure to distribute hydrologic resources 

and to control potential inundation events (dams, 

reservoirs, channels), modifying flood patterns 

responsible for functional dynamics, maintenance, 

productivity and services that these ecosystems 
naturally provide to societies (Camacho et al., 2014)  

However, when knowledge of the dynamics of 

historical floods is limited, negative impacts may 

worsen with inadequately planned infrastructure. 

Besides changes in sediments and organic solids 

interchange and carbon intake rates alteration, biodi-

versity could reduce if flooding becomes permanent or 

if it is reduced, as inundated and dry phases are both 

required, even for species with mechanisms to survive 

periods of inundation (McKevlin et al., 1998). Moreover, 

regular inundations are expected for the benefit of the 

local agriculture, being critical if intervals between 

large floods are lower than 10-20 years, depending on 

the crop (Nicholls & Wilson, 2001), but reducing 
productivity of soils if floods are eliminated. 

Regarding the above scenarios, and recognizing that 

wetland maintenance depends on the availability of 

water, this study was carried out to gain knowledge of 

the flood pulse of the San Pedro River, but also 

contributes to conservation efforts of the Marismas 

Nacionales wetlands system, one of the largest and 
most complex coastal ecosystems in Mexico.  

The San Pedro River is one of the main water and 
sediment sources for this system, which is currently 

threatened because of governmental plans to construct 

in the short term a hydroelectric dam (Las Cruces). The 

dam, which has been proposed to provide water 

throughout the year, has not proved its importance to 

regional development, and their impact on wetland 

ecosystem requirements has not been considered. As a 

first application of the exponential model developed in 

this study, we used the historic monthly average 

discharge (1944-2011) and the mean regulated discharge 

proposed for operating the Las Cruces hydroelectric 

dam (Contreras & Marceleño, 2013), with resulting 

estimates suggesting that most of the time (seven 

months each year) the study area will be flooded by 

approximately 7.0 km2 more than average. During the 

rainy season, the mean flooding extent will be reduced 

by as much as 9.8 km2, thereby reducing the flooded 
area by an average of 4.06 km2. 

In addition, results from the analysis of Landsat 

imagery, supported by ancillary data, reveal that even 

when flooding peaks are evident every few years, it is 

not possible to confirm a regular flooding pulse based 

on the available data series, which is less than 20 years, 

and although this approximation to the inter- and intra-

annual flood dynamics could be useful for wetlands 

management purposes, there is not enough information 

to predict intense flooding as observed in 1993, having 

negative impacts on ecosystems and the local economy. 

As above mentioned, extensive agriculture is the 

main economic activity in the region and it is 

particularly developed in the floodplain, exposed to 

periodic intra- and inter-annual floods, which depen-

ding on the flood magnitude and duration is positive or 

potentially negative for agricultural yields. Floods have 

been present historically and locals are aware of them, 

but negative impacts could potentially increase due to 

climate change effects (sea level rise and increase in the 

quantity and intensity of tropical storms), coupled with 

a growth of agriculture boundaries, particularly because 

floods do not follow a predictable pattern. 

The flood pulsing phenomenon occurs recurrently 

in this river system and can be associated with runoff 

and upland rainfall patterns. It is not constrained by any 

man-made structure, thus allowing the exchange of 

materials and organisms among a mosaic of habitats. 

This plays a key role in determining the level of 

biological productivity and diversity in Marismas 

Nacionales (De la Lanza-Espino et al., 2012). Flood 

pulsing is evident in the rainy season, particularly when 

tidal amplitude and freshwater input due to rainfall and 

groundwater recharge increases. However, due to the 

temporal resolution of Landsat imagery, differences in 

tide levels cannot be detected, creating a source of error. 

Due to lack of monitoring, additional data are needed 
to confirm the role of each hydrological parameter in 
the flood pulse patterns.  
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Figure 5. Flood extent vs total discharge in the study area (San Pedro River low basin) fitted to an exponential model. 

 

 

Although several authors have demonstrated the 

value of multi-temporal images to evaluate wetland 

extent and condition in the Marismas Nacionales 

complex (Kovacs et al., 2001; Berlanga-Robles & 

Ruiz-Luna, 2002, 2008; Hernández-Guzmán et al., 
2008; Kovacs et al., 2008), little information exists on 

the relationship of the coastal ecosystems and flood 

pulses. The intra-annual flood pulse in the San Pedro 

River lower basin is characterized by a unimodal 

pattern with peaks in summer, similar to those reported 

for river deltas of the Okavango (Andersson et al., 2006; 

Wolski et al., 2006; Wolski & Murray-Hudson, 2006), 

the Mekong (Sakamoto et al., 2007; Västilä et al., 2010) 

and the Amazon (Alsdorf et al., 2007; Martinez & Le 

Toan, 2007), where rainfall and runoff are the main 

drivers of flood extent. This pattern can vary based on 

the timing and extent of the rainy season, and 

occasionally by the influence of hurricanes and tropical 

storms. Additionally, the annual sea level cycle in many 

locations in the Mexican Pacific has its highest values 

in the summer (Zavala-Hidalgo et al., 2010), increasing 
the flooding risk in that period. 

Present findings suggest that every few years the 

water surface in the floodplain can reach its maximum 

area, approximately 120 km2 or even more, part of 

which (approximately 25 km2) is composed of 

perennial aquatic systems (lagoons, estuaries). Due to 

the limitations of the time series, it is not possible to 

detect any periodicity or to prove that extreme flooding 
is increasing in frequency. Based on geomorphology 

and runoff analyses in the same study region, Romo & 

Ortiz-Pérez (2001) propose that 2, 3-5, 50 and 100 year 

flood events will increase in severity, but with an 

accompanying decrease in the probability of occu-

rrence. 

According to present results, the largest flood was 

observed in 1993, as estimated via the analysis of a 

Landsat scene (September 13, 1993) (Fig. 2). This flood 

almost doubled the maximum estimated by our model, 

and its extent seemed to correspond with hurricane 

Lidia (September 8-14, 1993), which produced 

cumulative rainfall (3-day) from >30 to 245 mm, 

recorded in the stations located close to the study area 

(http://redesclim.org.mx/huracanes.php?h=Lidia1993). 

Previously, rainfall records >30 mm (3 day) were 

produced in the same area by hurricane Calvin (July 08, 

1993), limiting infiltration ability in the area. A similar 

situation, with large floods, was described by Hudson 

& Colditz (2003) in the Panuco River (Gulf of Mexico), 

as a consequence of hurricane Gert (September 14-21, 

1993), which also affected the study area; arriving there 

as tropical depression, after it crossed Mexico east to 
west. 

Although the presence of tropical storms and 

hurricanes explain other flood episodes, there is not a 

direct relationship. Hurricanes Rosa (1994) and Kena 

(2002) also had negative effects on the Nayarit coastal 

ecosystems, particularly on mangroves (Kovacs et al., 

2001; Tovilla & Orihuela, 2004), but they had little 

influence on flooding and did not have rain volumes as 

high as those produced by hurricane Lidia. However, 

they did cause serious damage because of abrasive 230 
km h-1 winds. In other cases, even when Landsat images 

were not available to match with meteorological events, 

it was possible to study the imagery analyzed with 

previous or subsequent records and again, hurricanes 
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and tropical storms are not necessarily a condition for 

flooding in the study area. Rainfall in the upper basin, 

and the consequent runoff produced, could be the main 

driver that explains situations such as the one observed 
in 2008. 

Remote sensing is a practical way to obtain spatial 

information concerning the behavior of large dynamic 

systems such as the San Pedro River and our analysis 

of Landsat imagery provided an economical method for 

monitoring flood events in large fluvial systems over a 

relatively large time series, even when it is not possible 

to follow the temporal flood dynamics in detail. Present 

results are useful to answer questions concerning flood 

spreading, dynamics related with the maintenance of 
coastal wetlands and even flood risk prevention.  

Although the spatial and radiometric resolution of 

the satellite images is sufficient to reliably evaluate 

flood extent, the temporal resolution is not adequate to 

provide data on flood dynamics. Monitoring of these 

flood pulses is a challenge because of their ephemeral 

nature, but this information is necessary not only for 

flood management planning purposes but also to 

predict the effects of further hydrological engineering 

works, such as the planned construction of Las Cruces 

hydroelectric dam. Developers must understand that if 

regional development depends on large infrastructure 

implementation, it is imperative to identify the biota 

adaptations to the local flood pulses and the possible 

impacts of modifying them due to dam construction, to 

minimize negative impacts by an appropriate mana-
gement. 
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