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Abstract 

Bahía Concepción is a coastal bay, in the Gulf of California, México, free of significan1 h u n ~ a n  
impacts. Summer rainfall infliiences the physical and chemical characteristics of this bay. Salinity and 
nutrient data collected before and after a tropical rainstorm were evaluated with a mass-balance 
nlodel to show that, after rainfall, water residente time is reduced, and that moderate nitrogen gain 
and phosphorus excess occurs. Hydraulic balance is not re-established 12 days after the rain, when 
nitrogen flux approximates pre-rainfall conditions, while phosphorus flux did not show a retiirn to 
pre-rainfall conditions. Coastal management strategies for semi-enclosed deep water bodies in arid 
zones should include transient regulations to cope with natural disturbing pulses. 
((i 2005 Elsevier Ltd. Al1 rights reserved. 
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1 .  Introduction 

Effective management of coastal systems in arid environments demands a deep 
knowledge of natural processes and influencing factors. Physical, biological, and chemical 
variables, acting together in a dynamic process, build ecosystems that respond to externa1 
forces that modify normal functioning. Research on sudden disturbances of these 
ecosystems is needed to develop effective coastal management strategies. 
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Different scenarios occur that are related to the main characteristics of the surrounding 
environment. For example, coastal lagoons in subtropical arid climates are generally 
influenced by high evaporation rates and low or no input of continental freshwater 
(Sánchez-Santillán and De La Lanza, 1996). Arid coastal systems have higher salinity, 
nutrient inputs come from the ocean (Contreras, 1993), and hydraulic balance is achieved 
with ocean water. Along the arid eastern coast of the Baja California Peninsula, this 
scenario is seasonally interrupted by sudden rainfall and freshwater runoff from tropical 
storms (Salinas-Zavala et al., 1990). Along this coast, there are severa1 lagoons and bays 
influenced by the severe arid climate (Contreras, 1993). Annual rainfall from tropical 
storms averages 200mm (García and Mosiño, 1968), falling in short, sudden periods, 
lasting from a few hours to 2 or 3 days. Summer rainfall contributes 80-90% of the annual 
rainfall. 

With summer disturbances, arid climate coastal lagoons and bays temporarily modify 
their water exchange pattern with the adjacent ocean and their water chemistry, which is 
largely the result of massive runoff of fresh water and sediments. Management and control 
strategies for recreational and extractive uses may be useful until the system recovers its 
common functioning level. 

We characterize conditions in these coastal systems before, during, and shortly after a 
summer rainstorm, showing the dramatic, but temporary changes that occur. Our 
objective is to show that a tropical rainstorm is sufficient to modify hydraulic balance, 
water residence time, and nitrogen and phosphorus fluxes in a relatively deep bay that has 
some features resembling a lagoon with a restricted outlet to the open sea. 

2. Materials and methods 

2.1. Area description 

Bahía Concepción (26"45'N, 11 lo50'W, Fig. 1) is located on the east coast of the Baja 
California Peninsula in a hot subtropical climate. Summer temperatures range from 36 to 
40 "C, and annual rainfall from 150 to 250mm (García, 1964). At least 80% of annual 
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Fig. 1. Location o[ Bahía Concepción. Mud botton~ sediriients and sampling sitcs are indicated. 
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rainfall is associated with tropical rainstorms during the summer, mainly July through 
October. The climate is extremely dry with an estimated annual potential evaporation rate 
of 2352 mm (Baqueiro et al., 1983). The bay covers about 282 km2 (Lechuga-Devéze et al., 
2001) and has a maximum depth of 30-34m. Salinity ranges from 35 to 37 psu (Gilmartin 
and Revelante, 1978). The area is used by a few individuals and small tourist facilities and 
by local fishermen. There is no industrial or important urban activity and most 
environmental influences are from natural processes (Lechuga-Devize et al., 2000). 

2.2. Procedures 

Data were collected for 30 days before and 12 days after a rainstorm. Weekly 
hydrographic surveys in August-September 2001 were used as the database for NO3, 
NO2, NH4, and PO4. Water samples were obtained at  five sampling stations (Fig. 1) 
at 0.5 and 10m depths, which were above the thermocline. Sampling was interrupted 
during the rainstorm and started after rainstorm. Chemical analyses for NO3, NOz, 
lUH4, and PO4, were done according to Parsons et al. (1984). The Kruskal-Wallis 
range test was used to assess the significance of differences between the normal and 
disturbed condiiions. During the study period, the water column was stratified (Fig. 2). 
Therefore, al1 measurements and fluxes in this work refer to the top 10m, which is above 
the thermocline. 

Rainwater inputs, evaporation outputs, and cheinical variables (salinity, nitrates, 
nitrites, ammonium, and orthophosphates) were used to run a mass balance model 
(Gordon et al., 1996). The exchange rates of conservative (salt) and non-conservative 
(nutrients) variables with the adjacent Gulf of California, including residual flux, mixed 
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Fig. 2. Vertical profile of tcnipcrature, for two sampling stations, beforc (August) and after (Scptcnibcr) rain 
cvcnts. Standard dcviation (n = 3 )  is shown. 
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flux, and water residence time were estimated with the following formula: 

A V/At = V, + V, + V, + Vo + Ve + V,, 

where the arithmetical sum of water inputs by intermittent streams (V,), precipitation (V,), 
underground fluxes (V,), other fluxes (V,), and outputs as evaporation fluxes (Ve). V, is the 
unknown residual volume. For this calculation, streams (V,) are absent and underground 
(Vg) and runoff (V,) data were not available, therefore not considered in this study. 
Therefore, if 

A V/At = 0, then, V, = - (v,) - (- Ve), 

where mixed volume (V,) is estimated by the salt balance: Vx = (- V, x Sr)/(Scx,-Ssy,t), 
where S, is the average between the ocean (Sext) and bay (S,,,,) salinities. Knowing the 
system volume (V,,,,), the water residence time is calculated as R = Vsy,,/(Vx+ V,). 

Residual and mixed water fluxes also exchange different amounts of dissolved inorganic 
nutrients. The amount of dissolved inorganic nitrogen (DIN) or phosphate (DIP) 
exchanged by residual flux is V, x DIY, and mixed flux is Vx x (DIYext-DIY,,,,), where 
DIY is either nitrogen or phosphate. 

Finally, the total budget of nutrient 'Y' is ADIYt = - V, x DIY,- Vx x (DIYcxt- 
DIYsYst), where, DIY, = (DIYcxt + D1YsYst)/2. 

3. Results 

On 12-13 September 2001, a 35-mm rainstorm occurred, with an estimated rain- 
water input of 9.9 x 1 0 % ~  for the surface of Bahía Concepción. In Bahía Concepción, 
NO2, NH4, and PO4 increase after the rainstorm, but NO3, NO2, and PO4 decline in 
the Gulf waters outside the bay. Concentrations of nutrients before and after the rainstorm 
are shown in Table 1; averages by date are shown in Table 2 and especially that NH4 
increased after the rainstorm and decreased 12 days later. Orthophosphates shows an 
increase for the first 12 days after the rainstorm. These values were used to run the mass- 
balance models for each date. Results showed no effect on residual volume (V,) after the 
storm (Table 3). The mixed volume (V,) significantly increased after the storm 
(Kruskal-Wallis test, p<0.04), and over the next 12 days, values higher than average 
compared to the conditions before the storm (Table 3). Greater mixed volume modified 
water residence time. Under normal conditions, residence time is about 34 days. One day 
after the storm, residence time was reduced to 20 days, followed by the same variability 
seen for mixed volume and remaining with residence times lower than pre-storm conditions 
(Table 3). 

Non-conservative fluxes (N and P) showed significant changes. Under pre-rainfall 
conditions of summer, Bahía Concepción had an average loss of - 1259 kg N d '  (Table 4). 
One to six days after the rain, these negative values remained, but a t  reduced rates of - 124 
and -315 kg N d p '  (Kruskal-Wallis test; p<0.01). After 12 days, the flux increased to 
-970 k g N  d-', close to pre-storm conditions. 

Bahía Concepción is normally losing phosphorus at  the rate of about -952 kg Pd- ' .  An 
increased input of phosphorus in fresh water was observed until days 6-12, from 349 to 
1220kgpd-' .  The bay became rich in phosphorus and did not return to pre-storm 
conditions during the study period (Kruskal-Wallis test; p < 0.04). 
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Table 2 
Averages of N and P (pM) by dates before and aftcr the raiii eveiit 

Iriside Bahía Concepción Outside Bahía Concepción 

N 0 3  NO2 NH4 PO4 NO3 NO2 NH4 Po4 

Before rain 
August 15 0.68 0.0 1 0.00 0.30 
August 22 0.70 0.00 0.00 0.85 1.15 0.14 0.45 0.86 
August 29 0.56 0.06 0.00 0.25 

After rain 
Septenibcr 14 0.41 0.06 0.76 0.43 
Septeniber 19 0.74 O. 13 0.19 0.79 0.38 0.1 1 0.79 0.65 
Scptember 25 0.69 0.02 0.00 0.99 

- - - - - - 

Thcse average values were used to construct the niass-balance models (35 nini rainstorm occurred on Septembcr 
12-13). 

Table 3 
Rcsidual (V,.), and mixed (V,) watcr volume, and rcsidence tiiiie bcforc and after the 2001 sunimer rainstorm 
(Septcmbcr 12-1 3) 

Condition Residual volunie (m3 d-') Mixed volunie (m'd-') Residcncc time (days) 

Belorc rain 
August 15 
August 22 
August 29 

After rain 
Scptember 14 1649 136 
Scptcmber 19 1649 136 
Septenibcr 25 1649 136 

4. Discussion 

This study measures the impact of tropical storms over a coastal bay or lagoon in a 
subtropical arid climate. This disturbing pulse from summer rains accounts for 80% or 
more of the annual volume (Douglas et al., 1993; Higgins et al., 1998). This pattern of flux 
may, in some years, be greatly influenced by large-scale changes during El Niño and La 
Niña events, when annual rainfall may increase 40% over decadal averages or be absent 
(Salinas-Zavala et al., 1992; Salinas-Zavala, 2000; Yu and Wallace, 2000). Apart from 
these major disruptions, coastal Baja California on the Gulf side has annual rainfall 
around 200mm, mostly occurring during a few days in July through October (Salinas- 
Zavala, 2000). 

Since few arid zone coastal systems have continuous freshwater, water balance is mainly 
achieved by residual flux, that is, seawater needed to replace seawater lost to evaporation 
and mixed flux, that is, seawater exchanged by tides and winds (Gordon et al., 1996). Our 



Table 4 
Nitrogen and phosphorus balance before and after the 2001 summer rain event 

Condition Nitrogen balance Phosphorus balance 

Residual flux Mixed flux Total N budget Residual flux Mixed flux Total P budget 
(kg d-'1 (kgd-9 (kgd-l) (kgd-l) 

& S - ' 1  (mmol m'd-') (kgd-') (mmol m2 d-l) 

Before rain 
August 15 29.6 1086.8 -1 116.4 -0.283 31.4 1276.4 - 1307.9 -0.150 
August 22 29.7 1386.1 -1415.8 -0.358 46.1 40.2 -86.3 -0.010 
August 19 28.8 1 182.9 - 1244.6 -0.307 29.9 1 433.2 -1463.1 -0.168 

After rain 
September 14 29.0 94.7 -123.6 -0.03 1 27.7 960.4 -988.1 -0.1 13 
September 19 27.0 288.4 -31 5.4 -0.080 36.7 -368.0 349.3 0.040 
September 25 22.9 947.0 -970.0 -0.246 41.9 - 1242.0 1220.1 O. 137 

Negative numbers are losses of nutrients from the bay by physical or biological processes. Positive numbers are nutrient gains into the bay brought by physical 
processes. 
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data revealed that the residual volume was not influenced by rainfall, but by evaporation. 
Humidity increased and ambient temperature decreased during the rainstorm, having a 
short-term influence on residual volume. After the rainstorm, ambient temperature 
increased, low humidity prevailed, and high evaporation rates occurred. Evaporation 
returned to typical levels less than 24 h after the rainstorm. 

Sudden and heavy rainfalls introduce atmospheric and continental freshwater that 
increases mixed volumes and reduces water residence time (Owens et al., 1991). Although 
surface runoff is a significant input, there are difficulties measuring its fluxes precisely, 
since there are numerous small waterways with steep slopes along 40km of the bay's 
coastline. Percolating water from the drainage basin, especially collecting in very 
permeable dry channels (arroyos) also brings an underground flux, which we were unable 
to measure. Both short-term fluxes need to be estimated and included in water fluxes 
calculations. 

Nutrient inputs driven by rainstorms can be important if associated with human 
activities, especially in densely populated regions (Zhang, 1994). Rivers and tributaries 
introduce N and P 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 arid climate in Baja California limits intensive and large human settlements. 
The average for this region is 5.7inhabitants kmp2. Tourism and fisheries are the main 
economic activities. The isolation of Bahía Concepción, very small urban settlements, and 
no industry assure a coastal system dominated by natural processes. 

The normal condition in Bahia Concepción, with a negative nitrogen flux, means that 
more N is consumed than produced inside the bay. Nitrogen must be supplied from the 
sea, seen as a mixed volume pattern (positive values), which has been suggested by others 
(López-Cortés et al., 2003). The effect of rainfall, introducing continental nitrogen, 
modifies this scenario: The nitrogen consumption rate increases, reaching the normal N- 
limited values 12 days after the rainstorm. Changes of flux rates should be related to the 
intensity of the disturbance and the size of the bay or lagoon. 

Size, depth, and sediment distribution may influence phosphorus fluxes. Sediments 
adsorb P (Krom and Berner, 1980); therefore, organic and inorganic sediment would be 
the primary mechanism reducing phosphorus concentrations in the water column and 
favoring phosphorus-enriched sediments. This bay has a large bottom area covered with 
biogenic sediments. Therefore, under normal conditions, Bahía Concepción accumulates 
phosphorus (Lechuga-Devéze, 1997). If P that is trapped in biogenic sediments remains 
undisturbed in the deep central basin, which is deeper than 30 m (Fig. l), then phosphorus 
is imported from the adjacent sea and temporary freshwater streams filled with runoff. 
Over-enrichment of P induces a P-gain, probably through oxidative reactions of newly 
introduced organic matter and then becoming available for primary production by 
phytoplankton in the surface and near-surface layers. Hence, normal phosphorus levels 
should return much more slowly than for nitrogen. 

5. Conclusions 

The bay water decreased its residence time immediately after the rainstorm with water 
entering the adjacent Gulf of California. After 12 days, the water residence time was lower, 
suggesting additional water inputs not measured in this study. This water was most likely 
from residual land surface runoff and possibly underground water. The surface layer of 
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this bay consumes more N and P than available during the summer, but N and P 
enrichment occurred after the rainstorm. N-limited normal conditions were re-established 
after 12 days; however, the time required to reach typical P-limited condiiions was not 
observed during the sampling period, and bay remained with a phosphorus gain. Coastal 
management strategies should include seasonal regulations for using coastal marine 
systems when rainstorm pulses modify physical and chemical characteristics. 
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