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Abstract 

At Ensenada de La Paz, a coastal lagoon on the western side of the Gulf of California, nutrient and salinity data before and after rain events 
were evaluated using a mass balance model to estimate the exchange of conservative and non-conservative variables with the adjacent sea. 
Surface salinity, nitrogen (N-NO3, N-NO2), and phosphoms (PO4) were used in the model to obtain the hydraulic balance, water residence 
time, and nitrogen and phosphorus fluxes. Results showed that residual volume was mainly influenced by evaporation. Rainfall and runoff 
increased the mixed volume and reduced water residence time. Pre-rainfall hydraulic balance conditions were reestablished about 10 days 
after a rainstorm. Rainwater inputs also modified the quality of the coastal lagoon: the pre-rainfall scenario showed that more nitrogen is 
consumed than produced, and there is a phosphorus sufficiency. A rain disturbance induces a nitrogen and phosphorus increase. Eleven days 
after a rainstorm, nitrogen and phosphorus levels did not return to the pre-rainfall scenario. Rain disturbances in arid zone coastal lagoons 
modify their water quality and exchange with the adjacent ocean; some management strategies are suggested. 
O 2005 Elsevier Ltd. Al1 rights reserved. 
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1. Introduction 

The functioning of coastal lagoons in arid climates is 
driven by water exchange with the adjacent sea and intense 
evaporation. The lack of continuous freshwater input (nvers, 
rainfall) results in high salinity, which increases during the 
summer (Contreras, 1993). This general scenario can be 
momentarily interrupted by sudden inputs of freshwater from 
tropical (summer) rainstoms (Salinas-Zavala et al., 1990). 
Annual rainfall from tropical storms in the arid climate of the 
southern Baja California Peninsula and adjacent Gulf of 
California averages about 200 mm, falling in sudden and 
short rainstorms usually for a few hours to as much as a few 
days, mainly concentrated in the summer (80-90% of annual 
rainfall) (García and Mosiño, 1968). 

Ensenada de La Paz is the partially enclosed lagoon at the 
southern end of the Bahía de La Paz. This arid climate 
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coastal lagoon is bordered by the city of La Paz. Since 1980, 
La Paz (163,000 inhabitants) has had a high population 
growth rate of about 4% per year (INEGI, 2001). The 
environmental pressure on the Ensenada de La Paz increases 
dunng summer rainfall due to the introduction of unknown 
nitrogen and phosphorus concentrations washed in from the 
streets and inadequate wastewater treatment and drainage 
sy stems. 

This study exarnined the functioning of an and coastal 
lagoon in terms of its hydraulic balance, water residence 
time, and nitrogen and phosphorus fluxes and evaluated its 
response to a pulsed event (tropical rainstorm) to provide 
valuable information that can be used in environmental 
management strategies. 

2. Methods and materials 

2.1. Study area 

Ensenada de La Paz is a coastal lagoon (24"101N, 
110°20/W) with a hot arid climate (García, 1964) with 
annual rainfall ranging from 100 to 200 mm, and an annual 
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Fig. l .  Location of Ensenada de La Paz, showing lagoonal mud areas, rnain runoff drainage ways, and sarnpling stations. 

evaporation rate of 2000-2200 mm (UNAM, 1990). Ocean 
water exchange takes place through a moderately large 
channel (10 m deep, 2 km wide) at the eastem end of a sand 
bar dividing the bay from the lagoon. Ensenada de La Paz 
has a surface area of 45 km2 and a maximum depth of 6 m 
(Cervantes-Duarte et al., 1991). Salinity varies from 35 to 
37 psu (Lechuga-Devéze et al., 1990). The city of La Paz, 
covering the southeast comer of the bay system, extends 
south and west of the lagoon on an ancient coastal plain 
crossed by a few large and many small arroyos that flush 
storm water from the hills and streets of the city into the 
Ensenada de La Paz. Other drainage ways cross agricultura1 
land and enter the lagoon (Fig. 1). 

al1 water inputs to the system as rainfall (Vp) and losses as 
evaporation (Ve). Underground fluxes (Vg) were not 
evaluated and brief sewage fluxes (Vt) were considered 
negligible. 

In this model, the water balance is expressed by residual 
(Vr) and mixed (Vx) fluxes, and water residence time (R); 
these are estimated by 

Vr = -(Vp) - (-Ve) - (Vg) - (Vt) 

Vx = (Vg X Sg + Vt X St - Vr X Sr)/(S,,, - Ssyst) 

2.2. Methods where Sg and St are the salinity of each water source and Sr 

The data used in this study were taken from databases of 
the Centro Interdisciplinario de Ciencias Marinas (CICI- 
MAR-IPN) in La Paz, México derived from seasonal 
samplings in the Ensenada de La Paz. Surveys were 
performed on 8-9 and 29-30 July, 7-8 August, and 2-3 
September 1998 at 17 sampling stations (Fig. 1). Surface 
salinity, nitrogen (N-N03+N-NO2) and phosphorus 
(P-PO4) were analyzed according to Parsons et al. (1984) 
(Cervantes-Duarte et al., 2001). Rainfall and evaporation 
data were obtained from official meteorological stations 
(Comisión Nacional del Agua). Pre-rainfall and post- 
rainfall scenarios were evaluated using an applied mass 
balance model to estimate the exchange of conservative and 
non-conservative variables with the adjacent ocean (Gordon 
et al., 1996; Smith et al., 1997; Buddenmeier et al., 2002). 
Conservative variables were residual flux (Vr), mixed flux 
(Vx), and water residence time (R). Non-conservative 
variables were total nitrogen and phosphorus budgets 
(ADIN, ADIP). The mass balance model takes into account 

is the salinity average between ocean (S,,,) and system 
(S,,,,); V,,,, is the volume of the coastal lagoon. 

The water fluxes (residual and mixed) also exchange 
different amounts of dissolved inorganic nutrients. The 
amount of dissolved inorganic nutrient Y (DIY) exchanged 
by the residual flux is 

Vr X DIYr 

where DIYr = (DIY,,, + DIYsYs,)/2 and the mixed flux is 
Vx(DIYext -DIYsysi). 

Finally, the total budget of nutrient Y is: 

ADIYt = -Vp X DIYp - Vg X DIYg - Vt X DIYt - Vr 

X DIYr - Vx(DIYext - DIY,,,,). 

The Kruskal-Wallis range test was used to assess the 
significance of differences between 'before' and 'after' the 
pulse disturbance. 
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3. Results 

Sampling was interrupted during rain events and 
reinitiated a few days after rain and water runoff stopped. 
For the pre-rainfall and rain-disturbed scenanos, the mass- 
balance model was applied. Underground and continental 
runoff fluxes were not evaluated. Evaporation was always 
present. On 7-8 August and 2-3 September 1998, 
there were two significant rainstorms over Ensenada de La 
Paz of 115 and 119 mm, respectively, introducing 5.1 and 
5.2 X lo6 m3 of rain to this coastal lagoon. 

There is no indication that rainfall had a significant effect 
on residual volume (Vr); the slight differences observed 
would certainly be the result of evaporation (Table 1). 
Mixed volume (Vx) between the bay and the lagoon showed 
a significant increase after the rain events (P< 0.04), and a 
trend toward the pre-rainfall condition was observed after 
11 days (Table 1). This increase in mixed volume had an 
effect on residence time. The typical pre-rainfall scenario 
for Ensenada de La Paz is a residence time of about 43 days. 
Six days after the first rain the residence time decreased to 
10 days, and 11 days after the second rain the residence time 
increased to 32 days, which approached the pre-rainfall 
residence time (Table 1). 

Changes in non-conservative fluxes (N and P) were 
less evident. In the pre-rainfall scenario, Ensenada de La 
Paz behaves as a nitrogen sink with an average loss of 
-38 kg N d-' (Table 2). After the rainstorms, Ensenada 
de La Paz became a nitrogen source (positive values; 
P<0.04) without any trend toward the pre-rainfall 
scenario. Ensenada de La Paz typically behaves as a 
phosphorus source (about 33 kgPdP1) .  The rain 
enhanced this condition at 6 and 11 days after the 
rains to 69 and 320 kg P d-', respectively (P<0.04). 

4. Discussion 

Rainfall over bays and lagoons in and zones can occur as 
pulsed events capable of causing disturbances. According to 

Table 1 
Residual (Vr), and mixed (Vm) water volume and residence time before 
(pre-rainfall) and after (rain-disturbed) summer rainstorms 

Condition Residual volume Mixed volume Residente 
(m3 d- ') (m3 dC1) time (days) 

Pre-rainfall 
8-9 July 1998 354,240 6,655,956 3 5 
29-30 July 1998 220,320 4,599,320 5 1 
Ruin 
2-3 September 
1998 (1 19 mm) 
6 days after rain 235,980 25,282,572 1 0 
Ruin 
7-8 August 1998 
(1 15 mm) 
11 days afier rain 239,040 7,520,455 32 

meteorological data for arid zones, summer rain accounts 
for 80% of the annual average (Higgins et al., 1998). 
However, this scenario is highly variable and could be 
influenced by large-scale changes, such as El Niño and La 
Niña events, where annual rainfall can increase up to 40% or 
be absent (Salinas-Zavala et al., 1992; Salinas-Zavala, 2000; 
Yu and Wallace, 2000). Aside from these large-scale 
effects, the gulf coast of Baja California Sur has annual 
rainfall around 200 mm, most of it occurring dunng a few 
days of heavy rainfall associated with tropical storms and 
hurricanes between July and October (García and Mosiño, 
1968). 

Since there are no continuous freshwater sources, the 
water balance in this coastal water body, like severa1 other 
coastal systems, is mainly achieved with the sea, compen- 
sating losses from evaporation by residual volume (i.e. the 
water needed to compensate for the difference in levels 
between lagoon and adjacent sea) and by the strength of 
water exchange from tides and winds (mixed volume) 
(Gordon et al., 1996). Data used in this study indicate that 
residual volume was not influenced by rain, but by 
evaporation. Increased humidity and decreased ambient 
temperature during rainstorms have a short influence on 
residual volume. Once the rain stops, ambient temperature 
increases and conditions return to normal low humidity and 
high evaporation. Evaporation returned to normal in less 
than 24 h after the end of a rainstorm. 

Sudden and abundant rainfall introduces atmospheric 
and continental freshwater to the arid coastal lagoons, and 
these fresh water inputs increase mixed volume and reduce 
water residence time. At this time more water is introduced 
by continental runoff from the watershed than by direct 
rainfall into the bay. Urban runoff lasts a few hours since 
there is practically no infiltration, and most of the water 
flushes directly to the lagoon. Rural runoff, once the soils 
become saturated to a shallow depth, can last two or three 
days after a rainstorm (Felger, 1993). Percolating water 
within the drainage basin, especially under very permeable 
dry channels (arroyos) is an underground flux, which was 
not measured in this work. Groundwater infiltration to the 
lagoon probably lasts a longer time. This underground flux 
could explain why this lagoon reached its typical pre- 
rainfall water residence time after about 10 days, and not 
immediately after the rainstorm stopped. 

Nutrient inputs through episodic rain can be important 
when associated with human activities, especially in densely 
populated regions (Zhang, 1994). The arid climate in Baja 
California Sur is a constraint on intensive human settle- 
ments; however, even though it has the lowest population 
ratio in Mexico (5.7 inhabitants/km2), it has a high 
population growth index (4%, annual). Tourism and 
fisheries are the actual and potential economic activities 
and the main nutrient sources to the coastal zone. N and P 
inputs from industry are negligible, and the influence of 
atmospheric nutnent transport is unknown (Owens et al., 
1991). Rivers and tributanes can certainly introduce N and P 
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Table 2 
Nitrogen and phosphorus balance before and after summer rainstorms 

Condition Nitrogen balance Phosphorus balance 

N by residual N by mixed Total N budget P by residual P by mixed Total P budget 

flux (kdd) flux (kgld) kgld mmol m2 d-' flux (kgld) flux (kgld) 
k d d  mmol m2 d 1  

Pre-rainfall 
8-9 July 1998 6.8 58.0 - 64.8 -0.103 4.5 -25.6 21.1 0.015 
29-30 July 1998 1.6 9.2 - 10.9 -0.017 6.9 -52.5 45.7 0.033 
Rain 
2-3 September 
1998 (1 19 mm) 
6 days after rain 2.5 - 62.9 60.4 0.096 5.5 -47.3 69.3 0.050 
Rain 
7-8 August 1998 
(1 15 mm) 
11 days after rain 1.4 -106.1 104.6 0.166 3.9 - 324.3 320.4 0.230 

Negative numbers are sinks or nutrient outputs from the bay or lagoon by physical or biological processes. Positive numbers are nutrient inputs into the bay or 
lagoon by physical processes 

to the coastal zone (Zhang, 1994; Nixon et al., 1995) 
inducing eutrophication of coastal lagoons (Boynton et al., 
1995; De La Lanza and Flores-Verdugo, 1998). The 
importance of N and P inputs to the Ensenada de La Paz 
after rainstorms derives from the direct influence of the 
main urban settlement of about 163,000 inhabitants where 
no coastal management is carried out. The pre-rainfall 
scenario of Ensenada de La Paz shows a nitrogen negative 
rate: more N is consumed that produced inside the bay (N- 
limited). Nitrogen is a limiting factor to primary production, 
and the main N inputs to this coastal lagoon come from the 
adjacent ocean (Cervantes-Duarte and Guerrero, 1988; 
Cervantes-Duarte et al., 1991). Ensenada de La Paz has 
enhanced primary production when high tides introduce 
water and nitrates from the adjacent sea (Barreiro-Guémez 
et al., 1993). The effect of rainfall, which introduces new 
continental N, modifies this scenario. Ensenada de La Paz 
becomes a nitrogen source, exporting N to the adjacent sea 
by increased mixed volume. Changes in flux rates could be 
related to the intensity or variability of biological activity 
(primary producen) and exported amounts (through mixed 
volume) over a longer time interval in a way that made it 
impossible to observe a trend toward the pre-rainfall 
condition. 

Size, depth, and sediment distribution could influence 
phosphorus fluxes. Sediment adsorbs phosphorus (Krom 
and Berner, 1980). Sedimentation of inorganic and organic 
particles would be the main mechanism to reduce the total P 
concentration in the water column. This coastal lagoon has 
large bottom areas covered by biogenic sediments, and we 
assume that the shallow mud plains (see Fig. 1) are 
subjected to continuous P desorption. Under a pre-rainfall 
scenario, this bay is a P source. Sudden freshwater streams 
unsettle the shallow mud plains (turbidity increase) and 
increase P desorption rates to the water column. It takes a 
long time for this process to return to pre-rainfall conditions. 

It seems that the nitrogen-limited lagoon is temporarily 
N-enriched by rain. Finally, the water from the intermittent 
streams could explain P increase by desorption from the 
sediments in shallower parts of the lagoon, taking a longer 
time to reach a new equilibrium. 

Summer rainfall disturbances in coastal lagoons in arid 
zones temporarily modify the volume of water and nutrient 
exchange with the adjacent ocean because of inputs of 
runoff of different quality related to human activities in the 
watershed. Use of this lagoon should be temporarily 
prohibited after heavy rainfall, and initial management 
strategies should include short-term controls directed at 
recreational (tourism) use. At this time, control of resource 
extraction (shrimp culture, shellfish harvest) cannot be 
suggested, since an evaluation of the indirect effects of 
sudden increases of nitrogen and phosphorus (and E. coli 
increases) are needed. 

5. Conclusions 

Ensenada de La Paz is influenced by arid climate and 
high evaporation rates resulting in water loss. Water inputs 
are supplied by the adjacent sea. Summer rainfall introduces 
sudden but brief sessions of copious freshwater. The rain 
and runoff reduce the water residence time of the lagoon. 
Under 'typical' arid conditions, the lagoon behaves as a 
nitrogen sink and slight phosphorus source; after rain 
disturbance, the lagoon becomes a nitrogen source and 
increases its release of phosphorus. After 10 days of 
disturbance, the lagoon showed a slight trend toward 
'typical' conditions regarding chemical functioning. These 
results can be useful for contributing to a coastal manage- 
ment plan where temporary control of extractive and tourist 
activities could be evaluated. 
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