
Abstract The influence of river inflows

(2.5–5 g l–1) on phytoplankton and zooplankton

was assessed with samples collected at 17 sites

around the 50 km perimeter of the southern

basin of the Salton Sea (41–45 g l–1) along the

5 m isobath on 2 September and 11 December

2000. Phytoplankton generally increased in

abundance downcurrent of the points of inflow,

but patterns in downcurrent abundance varied

widely among species. Several diatom species

showed large increases; Chaetoceros muelleri var

subsalsum, Cylindrotheca closterium and Thal-

assionema sp. increased up to 800-fold in abun-

dance by ca. 20 km downcurrent from inflow

points in September. In contrast, the dinofla-

gellates Gyrodinium uncatenum and Prorocen-

trum minimum increased 6- and 4-fold,

respectively, in December, and Gonyaulax

grindleyi actually decreased downcurrent of the

rivers in September. In September, patterns in

downcurrent abundance were correlated with

the ratio of cell surface area to cell biovolume,

with species with high ratios showing the largest

increases. Zooplankton abundances did not

show regular trends downcurrent of river inflows

except for the larvae of Balanus amphitrite,

which increased in density ca. 100-fold. This in-

crease most likely reflected the abundance of

adult-colonized rocky substrates near river in-

flow points. The strong upcurrent trends docu-

mented for some species seemed to have been

due to the injection of nutrient-rich water from

central to nearshore areas and near-site mortal-

ity due to the presence of hydrogen sulfide. This

study gives a first glimpse of the complexity of

the responses of nearshore plankton to river
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inflow and provides evidence for how changes in

factors such as current speed, nutrient supply

and salinity stratification may influence plankton

dynamics.

Keywords diatoms Æ dinoflagellates Æ
phytoplankton Æ salt lakes Æ sulfide Æ
turbulence Æ zooplankton

Introduction

Saline lakes are important, and often overlooked,

economic, recreational, scientific and ecological

resources (Williams, 1993; Melack, 2002). Most

are located in semi-arid regions characterized by

highly variable precipitation and stream inputs

(Hammer, 1986). Many have experienced large

physical, chemical and biological changes due to

alterations of inflows by both man and nature

(Williams, 1993, 1996). Changes in water supply

to a saline lake can disrupt its hydrological bal-

ance causing fluctuations in water level, salinity

and stability (Romero & Melack, 1996; Williams,

1996). These physical and chemical changes may

then trigger shifts in primary productivity and in

the species composition of plankton, benthos, fish

and even birds (Jellison & Melack, 1993; Jehl,

1994).

River inflows and surface runoff into saline

waters can stimulate phytoplankton growth

simply by supplying nutrients (Granéli &

Moreira, 1990; Paerl, 1997), or by increasing

water column stability and forming semi-stable

lenses of freshened water with high nutrient

concentrations (Smayda, 1997). Less-saline,

nutrient-rich inflows may favor specific groups

of phytoplankton and may alter species com-

position (Granéli & Moreira, 1990). Phyto-

plankton communities in nearshore areas can

thus be quite different from those found in

midlake regions. Horne et al. (1971), for exam-

ple, described a dense dinoflagellate-dominated

bloom that occurred around the periphery of

Clear Lake, California, following a period of

high runoff while cyanobacteria were dominant

offshore. Cannon (1990) described a dinoflagel-

late bloom that was largely confined to the

edges of the Port River, Australia. When phy-

toplankton and zooplankton are closely coupled,

zooplankton populations can also respond when

phytoplankton production increases (Li et al.,

2000).

Study site

The Salton Sea is a 980 km2 saline (41–45 g l–1)

lake located in arid southeastern California,

USA. It is a shallow, closed-basin lake with a

mean depth of 8 m and a maximum depth of 15 m

(see Cohen et al., 1999; Watts et al. 2001; Hol-

dren & Montaño, 2002 for maps). Midlake chlo-

rophyll a (chl a) concentrations in the Salton Sea

range from 0.7–100 lg l–1 and nearshore values

range up to 560 lg l–1 (M. A. Tiffany, unpub-

lished data; K. M. Reifel, unpublished data).

Dinoflagellates and diatoms make up 50 to >90%

of the settleable phytoplankton, by biovolume,

throughout the year (Reifel et al., 2002; M. A.

Tiffany, unpublished data). In late winter when

total phytoplankton abundance is highest, dino-

flagellates dominate, and in summer a raphido-

phyte (Chattonella marina (Subrahmanyan) Hara

et Chihara), dinoflagellates and diatoms are co-

dominants (M. A. Tiffany, unpublished data). A

copepod (Apocyclops dengizicus Lepeschkin) and

a rotifer (Brachionus rotundiformis Tschugunoff)

dominate the zooplankton community in summer,

and larvae of the polychaete worm, Neanthes

succinea Frey et Leukart, and the barnacle, Bal-

anus amphitrite Darwin, dominate in winter and

spring (Tiffany et al., 2002).

The New and Alamo rivers enter at the lake’s

southern margin (Fig. 1) and contribute approxi-

mately 77% of the inflow to the Salton Sea

(Cohen et al., 1999; Watts et al., 2001). Agricul-

tural and municipal wastewaters supplied by these

two rivers and, at the northern end, the White-

water River constitute the bulk of inflows (Bain

et al., 1970; Cohen et al., 1999). The effects of

these freshwater inflows on the plankton com-

munities in the Salton Sea are expected to be

important due to large salinity differences

between inflows and lake water and higher

nutrient concentrations in the inflows.
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During periods of calm weather, inflows from

the New and Alamo Rivers often create

differences in salinity of up to 3 g l–1 between

near-surface and 1 m depth even a few kilometers

offshore, and larger differences have occasionally

been documented (Arnal, 1961; Watts et al.,

2001). The layer of less-saline water increases

water column stability and may decrease the fre-

quency and magnitude of mixing events that

occur in these areas relative to the rest of the lake

(Watts et al., 2001).

External nutrient loading to the lake is high

(1.6 g P m–2 year–1, 12 g N m–2 year–1; J. M.

Watts, unpublished data). In the Salton Sea, the

molar ratio of total nitrogen (TN) to total phos-

phorus (TP) is high (between 70 and 190)

indicating that phosphorus is most likely the

limiting macronutrient for phytoplankton growth

(Holdren & Montaño, 2002; J. M. Watts, unpub-

lished data). During 1999, TP concentrations in

the rivers were approximately one order of mag-

nitude higher than those in the lake (annual

means of 0.41, 0.70 and 0.021 mg l–1 for the

Alamo River, New River and Salton Sea,

respectively; Holdren & Montaño, 2002).

Approximately 54 and 61% of TP in the Alamo

and New Rivers, respectively, consisted of

orthophosphate, which is directly utilized by

phytoplankton. In contrast, concentrations of

orthophosphate in the Salton Sea were frequently

below the detection limit (0.005 mg l–1 in

Holdren & Montaño, 2002; J. M. Watts, unpub-

lished data). These factors would be expected to

influence the formation, density and duration of

algal blooms in the southern region of the Salton

Sea.

In the southern basin, currents move in a

roughly circular counterclockwise pattern (Arnal,

1961; Cook et al., 2002). This counterclockwise

gyre is predominantly wind-driven. Although

both the New and Alamo rivers enter the lake in

the southern basin, water from these rivers flows

over shallow sandbars at their mouths and

through multiple shallow channels. The inflows

Fig. 1 Map of the Salton Sea indicating southern near-
shore sampling sites 1–17 (•) and California Irrigation
Management Information System (CIMIS) station 128 (h).
Isobaths are at 2 m intervals. Approximate annual inflows

for 2000 are indicated for the two major rivers in the
southern region (USGS National Water Information
System, http://waterdata.usgs.gov/nwis)
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therefore do not have a strong influence over the

gyre current except by creating vertical salinity

gradients. The gyre current influences the distri-

bution of nutrients and freshwater inputs, and

organisms affected by both. Although winds of

2.9 m s–1 resulted in the formation of gyres in a

hydrodynamic model of the Salton Sea (Cook

et al., 2002), the critical wind speed needed to

generate currents in the southern basin has not

been determined. When the gyre is present,

inflow water will be carried away from the river

mouths in an easterly and then northerly direc-

tion. Watts et al. (2001) detected vertical salinity

gradients 10 km upcurrent from the mouth of the

Alamo River, and Arnal (1961) documented a

tongue of lower-salinity surface water that

extended along the shoreline >40 km from the

river mouths.

The southern nearshore area is an important

habitat for wildlife at the Salton Sea, and this area

differs from the rest of the lake in both its phys-

ical properties (Watts et al., 2001) and biological

communities (Carpelan, 1961; Reifel et al., 2002).

Migratory waterbirds utilize this area during

winter months, and colonial waterbird nesting

areas are located at the New and Alamo river

deltas (McCaskie, 1970; Shuford et al., 2002).

Tilapia (Oreochromis mossambicus Peters),

orangemouth corvina (Cynoscion xanthulus

Jordan et Gilbert), bairdiella (Bairdiella icistia

Jordan et Gilbert) and sargo (Anisotremus

davidsoni Steindachner), the dominant fish spe-

cies in the Salton Sea, can be found in high den-

sities nearshore, especially near the New and

Alamo rivers, during summer and fall. All fish

seek refuge in the nearshore areas in spring and

summer when midlake areas periodically experi-

ence low dissolved oxygen and high hydrogen

sulfide concentrations throughout the water col-

umn (Costa-Pierce & Riedel, 2000; Riedel et al.,

2002; Caskey et al., 2007). Reproduction of the

four main fish species also occurs mainly in

nearshore areas and areas near river inflow

(Matsui et al., 1991; Riedel et al., 2002). Large

mortality of tilapia and other fish found in the

Salton Sea are common (Bain et al., 1970; Riedel

et al., 2002; Caskey et al., 2007), and phyto-

plankton may contribute to this mortality

(Tiffany et al., 2001; Reifel et al., 2002).

Because of the importance of the southern

nearshore regions to both fish and birds and

because phytoplankton might be related to mor-

tality involving these groups, a study of plankton

distribution in the southern basin was undertaken.

The objective was to characterize the nearshore

phytoplankton and zooplankton around the

southern end of the Salton Sea, along the 5 m

isobath, and to assess the influence of freshwater

inflows on these populations.

Materials and methods

Samples were collected at 17 sites located in the

southern basin approximately every 3 km along

the 5 m isobath beginning at 115�50.0¢ N,

33�12.0¢ W and ending at 115�43.4¢ N; 33�20.6¢ W

(Fig. 1). This transect was chosen to include

areas directly offshore from inflows as well as

areas both upcurrent and downcurrent from the

inflow points. Samples were collected once dur-

ing late summer (2 September 2000) and once

during winter (11 December 2000). Sites 1–17

were visited in order of site number between

1000 and 1500 in September and 0830 and 1230

in December. On the first date, two samples

were taken at site 11 (11A and 11B) approxi-

mately 5 m apart on either side of a transition

from brownish-red water to lighter, apparently

silt-laden water.

Collection of plankton

Integrated water samples were collected from the

0–2 m stratum at each site for phytoplankton

abundance and pigment analyses using a 3 m

sampling tube. This stratum represents the

majority of the euphotic zone (B. K. Swan,

unpublished data). Samples for enumeration were

preserved in 1% (final concentration) Lugol’s

solution. Samples (60–100 ml) for pigment analy-

sis were filtered through Whatman GF/F (0.7 lm)

filters in the field using a syringe filter apparatus.

Filters were stored in liquid nitrogen (–196�C)

until analyzed. For the determination of zoo-

plankton abundance and composition at each site,

samples were collected at a depth of 2.5 m using a

32-l Schindler trap equipped with a 55 lm mesh
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net and were preserved in 5% (final concentra-

tion) buffered formaldehyde.

Taxonomic and pigment analysis

Preserved phytoplankton samples were enumer-

ated using the Utermöhl method (Lund et al.,

1958). Lugol’s preserved samples were settled in

25 ml settling chambers for at least 24 h before

analysis. Cells in two crossed diameters were

enumerated using a Leitz inverted microscope at

a total magnification of 400·. For species present

in high densities, only 10–15 fields of view were

enumerated. All cells larger than 5 lm in length

were counted and identified to genus or species.

Because zero values cannot be plotted on a log

scale, the constant 1.1 was added to each datum.

This constant represents the smallest non-zero

value possible, given the sampling and counting

protocols and reporting units (no. ind. ml–1) used.

Cell biovolumes and surface areas were calcu-

lated by measuring at least 25 individuals of each

species and using formulas for simple geometric

shapes.

Zooplankton samples were counted using a

compound microscope at 40· (or 100· for

especially abundant taxa) and a modified,

40 mm · 50 mm Sedgwick-Rafter chamber. The

whole chamber was counted when a species

was scarce (less than ~10 individuals per

40 mm · 4 mm transect). When a species was

intermediate in abundance (less than ~10 individ-

uals per field of view), 4–10 transects were counted.

When a species had greater than ~10–15 individu-

als per field of view, 4–10 fields of view were

counted. For graphical representations, the con-

stant 0.031 was added to each datum. This constant

also represents the smallest non-zero, per liter

value possible given the sampling procedure. For

graphing purposes, data for Synchaeta aff. vorax

and Synchaeta sp., for the nauplii and copepodids

of Apocyclops dengizicus and for the nauplii and

cyprids of B. amphitrite were combined. Zoo-

plankton biovolumes were estimated by measuring

40 individuals of each species and using simple

geometric shapes.

Chl a concentrations were measured to obtain

an independent measure of phytoplankton abun-

dance. Pigment analysis was done using high

performance liquid chromatography (HPLC).

Filters were extracted in 90% acetone for 24 h

and then sonicated with a microprobe system to

enhance extraction efficiencies. An internal pig-

ment standard (canthaxanthin, which is not nor-

mally found in samples) was used to correct for

volume changes during the extraction and injec-

tion processes. The method of Wright et al.

(1991) was used. Pigment compounds were sepa-

rated on an ODS-2 column using a three solvent

gradient system at a flow rate of 1 ml min–1.

Pigment peaks were detected by two absorption

detectors; a ThermoQuest UV2000 which mea-

sures absorption at 436 and 450 nm and a Ther-

moQuest UV6000 which measures from 390 to

550 nm every 1 nm. In addition, a fluorescence

detector (ThermoQuest FL3000, Ex 404 nm; Em

680 nm) was used to detect and quantify the

various chlorophyll degradation products, which

usually occur at low concentrations.

Meteorological and physical data

Hourly measurements of wind speed were

obtained for the seven days preceding and the

days of sampling in the southern basin (26

August-2 September and 4–11 December, 2000)

from California Irrigation Management Infor-

mation System (CIMIS) meteorological station

128 located 0.5 km from the southeastern

shoreline of the Salton Sea at 33�13¢12¢¢ N; 115�
34¢48¢¢ W (Fig. 1). Average daily flow rates for

the New and Alamo rivers were obtained for

the two sampling dates from the USGS Na-

tional Water Information System (http://

www.waterdata.usgs.gov/nwis). Although nutri-

ent data were not collected during the present

study, daily loading of TN and TP from the

rivers was estimated using concentrations from

Holdren & Montaño (2002).

At each site, measurements of temperature,

dissolved oxygen and specific conductance were

taken at 1 m intervals from the surface (~15 cm

below surface) to a depth of 4–5 m using a YSI

model UPG6000 Sonde, which housed a factory-

calibrated thermistor (accuracy: ± 0.15�C), a rapid

pulse oxygen probe (accurate to 0.2 ± 0.01 mg l–1),

and a 4 electrode cell specific conductance probe

(accurate to 0.01 ± 0.01 m S cm–1). The thickness
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of the euphotic zone (surface to depth of 1% light

penetration) was determined from vertical profiles

of down-welling photosynthetically active radia-

tion (PAR; wavelengths of 400–700 nm) measured

at each site. PAR was measured as lmoles quanta

m–2 s–1 using a Li-Cor LI-1000 data logger and

Li-Cor Instruments cosine corrected quantum

sensors at 0.5 m intervals from the surface to

4–5 m. Secchi disk depth was also measured at each

station.

The critical depth (zc) is the mixed-layer depth

beyond which carbon loss due to respiration by

the phytoplankton of the whole water column

exceeds its carbon gain from photosynthesis

(Sverdrup, 1953; Talling, 1957; Kirk, 1994). Net

phytoplankton growth cannot occur when the

mixed layer exceeds zc. The critical depth can be

calculated as a function of the euphotic layer; the

ratio of zc to the lower boundary of the euphotic

zone ranges from 6 to 10 (Wofsy, 1983; Fichez

et al., 1992). To estimate zc, the depth of the

euphotic zone was multiplied by six, which should

give a conservative estimate.

Regression analyses of plankton densities

A least squares linear regression of log10 density

as a function of distance (km) along the southern

transect was performed for each phytoplankton

and zooplankton species and for total phyto-

plankton and total zooplankton abundances.

Slopes were calculated, and their statistical sig-

nificance assessed. Sites 1–6 were not included in

the analysis because these sites are upcurrent of

inflow points of the New and Alamo rivers

(Fig. 1), and phytoplankton density in these areas

most likely is not directly influenced by river in-

flows. Percent increase in abundance per km of

transect (D) was calculated from the slope (b) of

the regression line using the equation: D = 10b–1.

A linear model was used as a simple descriptive

device to complement the graphical presentation

of patterns in abundance. We do not assume that

any populations would actually have had a con-

stant rate of change along the transect.

To explore the relationship between the cell

surface area to biovolume (S/B) ratio and rate

of change in abundance downcurrent of river

inflows, least squares linear regression analyses of

D as a function of the S/B ratio (lm2 lm–3) were

performed for each sampling date, both for all

phytoplankton species taken together and for

each major group (diatoms, dinoflagellates and

other) taken separately. Only species present at

all or nearly all sites were used in the analysis (12

and 11 species, respectively, for the September

and December sampling dates). All regression

analyses were performed using SYSTATTM v. 9.0

(SPSS, 1998).

Results

Physical and meteorological conditions

In September, inflow rates were high (Table 1). In

addition, wind speeds averaged 5.6 m s–1 and

gusts of up to 10 m s–1 were noted during the 24 h

prior to sampling. These wind speeds are consid-

erably higher than those that resulted in the for-

mation of gyre currents in the hydrodynamic

model (2.9 m s–1; Cook et al., 2000). Evidence of

both the inflow waters themselves and their tra-

jectories can be seen in the reductions in Secchi

disk depth (Fig. 2a) and in the large gradients in

specific conductance (Fig. 3a) that were present

at sites 9, 11B, 12 and 13. On this date, the gyre

current appeared to push the incoming freshwater

downcurrent along the shoreline before it was

able to flow out into the lake. The sites furthest

downcurrent (sites 15–17) showed no vertical

gradients in specific conductance but were less-

saline than sites at the start of the transect (sites

1–4). Dissolved oxygen was generally low, espe-

cially upcurrent of river inflows (sites 1–7) where

concentrations were at or below 5 mg l–1

(Fig. 3c). Average water temperatures from

0–2 m were high (27.7�C). Temperature stratifi-

cation was observed at many sites downcurrent

from the inflows and was probably facilitated by

salinity stratification (Fig. 3b). Upcurrent from

inflows, water temperature was about 28�C, but at

many downcurrent sites it was 1–2�C lower,

probably reflecting the lower temperature of

inflow waters. The last few sites sampled that day

had warm surface waters. Although the depth of

light penetration was at times very shallow

(Fig. 2b), zc either equaled or exceeded water

depth at all sites.
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In December, inflow rates and wind speeds

were lower than on the September date (Table 1).

If the gyre was present, it was likely weaker

allowing incoming freshwater to flow further out

away from the rivermouths and mix to some

extent with the more saline water before being

pushed downcurrent. Vertical salinity gradients

were present beginning at site 7, but the magni-

tude of these gradients was not as great as those

in September (Fig. 4a). Also, Secchi disk depths

were similar across sites (Fig 2a). Dissolved oxy-

gen concentrations were high (6–10 mg l–1) ex-

cept at site 5 where concentrations were

2–4 mg l–1 (Fig. 4c). Average water temperatures

from 0–2 m were about 11�C lower than they

were in September (16.6�C). Temperature pro-

files for sites downcurrent from the inflows

showed a slight warming of the salinity-stabilized

surface waters (Fig. 4b). Although the depth of

light penetration was at times shallow (Fig. 2b), zc

exceeded water depth at all sites. Estimated

nutrient loading rates were high, with TN loading

being greater in September and TP loading being

higher in December (Table 1).

Downcurrent patterns in phytoplankton

abundance

In September, phytoplankton abundance,

measured as chl a, increased immediately

downcurrent of the rivers and remained constant

or decreased beyond site 10 (Fig. 5a). The phy-

toplankton consisted of a mixture of dinoflagel-

lates, diatoms, raphidophytes, cryptomonads and

other taxa. Patterns in downcurrent abundance

varied among individual species, and these vari-

ations were correlated with the cell S/B ratio

(Figs. 5b–d and 6, Table 2). Three diatom species,

Chaetoceros muelleri var subsalsum Johansen et

Rushforth, Cylindrotheca closterium and Thalas-

sionema sp., increased in abundance by 40–800-

fold between sites 7 and 17 in September

(Fig. 5c). These species have the highest S/B

ratios of any species considered in this study

(Table 2). Among dinoflagellates, Gonyaulax

grindleyi Reinecke, the species with the lowest S/

B ratio, actually decreased downcurrent of the

rivers (Fig. 5b; Table 2).

By December, large changes in the phyto-

plankton had taken place. Averaged (geometric

mean) over all sites, total phytoplankton biovo-

lume density was three times higher in December

(28 · 106 lm3 ml–1) than in September (8.9 · 106

lm3 ml–1), and chl a was 2.3 times greater in

December (110 lg l–1) than in September

(47 lg l–1). Chl a again appeared to increase

immediately downcurrent of the rivermouths and

trended upward all the way to sites 16–17

(Fig. 5a). Dinoflagellates constituted > 85% of

total phytoplankton biovolume at all sites,

Table 1 Flow rates, nutrient concentrations and estimated nutrient loading for the New and Alamo rivers and wind speed
for 2 September and 11 December, 2000

Variable 2 September 2000 11 December 2000

New River Alamo River Total New River Alamo River Total

Discharge rate (·106 m3 d–1)a 1.39 1.68 3.07 1.31 1.42 2.73
Total phosphorus

concentration (mg 1–1)b 1.01 0.53 – 1.16 0.74 –
estimated loading (·106 g d–1)c 1.40 0.89 2.29 1.52 1.06 2.58

Total nitrogen
concentration (mg 1–1)b 5.3 2.3 – 4.7 3.4 –
estimated loading (·l06 g d–1)c 7.4 3.9 11.3 6.2 4.8 11.0

Wind speedd

mean (m s–1) – – 5.6 – – 1.6
maximum (m s–l) – – 10.2 – – 2.5

a hourly flow rates averaged over 24 h, from USGS National Water Information System (http://waterdata.usgs.gov/nwis)
b from Holdren & Montaño (2002); ‘‘summer’’ concentrations used for September and ‘‘winter’’ concentrations used for
December
c estimated using flow rates from USGS and nutrient concentrations from Holdren & Montaño (2002)
d from CIMIS station 128, averaged over the 24 h prior to sampling
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and other taxa, such as diatoms, were scarce

(Fig. 5b–d).

In December, trends of individual species

downcurrent of the river inflows were variable but

were not correlated with the cell S/B ratio

(Figs. 5b–d and 6, Table 2). Among dinoflagel-

lates, Gyrodinium uncatenum and Prorocentrum

minimum showed the largest changes, increasing

6- and 4-fold in density, respectively, between

sites 7 and 17 (Fig. 5b; Table 2). Cyclotella spp.,

the only diatom that showed a definite trend

along the transect, decreased in abundance

downcurrent slightly but consistently, with a

mean density of 268 ind. ml–1 for sites 7, 8 and 9

and of 194 ind. ml–1 for sites 15, 16 and 17. For

other diatom species, the relationship between

density and distance downcurrent of the river-

mouths in December was weak (Fig. 5c; Table 2).

Downcurrent patterns in zooplankton

abundance

In September only one zooplankter showed a

regular trend downcurrent of the river inflows:

the larvae of B. amphitrite increased in density ca.

100-fold between sites 7 and 17 (Fig. 5e; Table 2).

This species composed a small percentage (up to

5%) of the total metazooplankton biovolume on

this date, while the rotifer Brachionus rotundi-

formis and the copepod Apocyclops dengizicus

constituted > 85% of total metazooplankton

biovolume. Though neither A. dengizicus nor B.

rotundiformis showed consistent trends along the

transect, their abundances did show a slight neg-

ative correlation (r = –0.40; p = 0.22) beginning

at site 7, the former tending to decrease along the

transect and the latter tending to increase

(Fig. 5e).

In December, the larvae of B. amphitrite and

Neanthes succinea together constituted >85% of

metazooplankton biovolume. They showed

somewhat similar trends over the downcurrent

portion of the transect, their abundances rising

slightly from site 9 or 10 to maxima at site 14 and

then declining (Fig. 5e). A somewhat irregular

tendency existed for A. dengizicus to increase and

of B. rotundiformis to decrease between sites 7

and 17 (Fig. 5e). These were the reverse of the

Fig. 2 Secchi disk depth (a) and depth of 1% light penetration and bottom depth (b) at each site on 2 September and 11
December 2000. Light data for site 12 on 11 December was lost
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September trends, but again represented weak

evidence for a negative correlation (r = –0.16;

p = 0.63) between the abundances of these two

species.

Upcurrent patterns in plankton abundance

Several distinct patterns were also apparent

upcurrent of the rivers, between sites 1 and 6

(Fig. 5). In September, the dominant diatoms

Chaetoceros muelleri var subsalsum and C. clos-

terium, two species with low S/B ratios, increased

steadily in abundance along the entire transect

beginning at site 1. In contrast, depressed densities

of the diatom Thalassionema sp., of all dinofla-

gellates and of A. dengizicus and B. rotundiformis

were observed at sites 2, 5 and 6. Relative to

adjacent sites, these reductions were up to 100-

fold for phytoplankters and up to 15-fold for

zooplankters. These variations corresponded to

depressed oxygen levels at sites 1, 2 and 6

(Fig. 3c).

In December, chl a concentration, all dinofla-

gellates, the diatoms C. closterium and Thalas-

sionema sp., cryptomonads and the larvae of

N. succinea showed steady decreases in abun-

dance between sites 1 and 5 (Fig. 5). Oxygen

concentration showed a parallel trend, dropping

Fig. 3 Specific conductance (a), temperature (b) and dissolved oxygen (c) profiles taken at each site on 2 September 2000
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from ca. 10 mg l–1 at site 2 to ca. 3 mg l–1 at site 5,

rebounding to ca. 9 mg l–1 at site 6 (Fig. 4c). One

‘‘rebel’’ diatom (Cyclotella spp.) showed the re-

verse trend, increasing steadily in density from

site 1 to site 6 (Fig. 5c).

Discussion

Variations in plankton abundance documented

around the southern perimeter of the Salton Sea

were greater than the typical 1- to 4-fold varia-

tions among mid-lake stations (Tiffany et al.,

2002; unpublished data). These variations can be

explained by a number of factors: nutrient inputs

and salinity gradients created by the New and

Alamo river inflows, cell morphology, hydrogen

sulfide, and injection of plankton-depleted water

from the lake center.

Light limitation is unlikely

Susceptibility of phytoplankton to stimulation

by nutrient-rich inflows could be reduced if

light was limiting; this appears not to be the

case in this study. Light penetration is

Fig. 4 Specific conductance (a), temperature (b) and dissolved oxygen (c) profiles taken at each site on 11 December 2000
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Fig. 5 Chlorophyll a concentration (a) and numerical density of dinoflagellates (b), diatoms (c), other phytoplankton (d) and
zooplankton (e) as a function of position along the transect for 2 September and 11 December 2000. ‘‘Medium dinoflagellates’’
refers to unidentified dinoflagellates greater than 12 lm and ‘‘tiny dinoflagellates’’ refers to unidentified dinoflagellates less
than 12 lm in length. On 2 September, the zooplankton sample for site 8 was lost

123

Hydrobiologia (2007) 576:167–183 177



influenced both by phytoplankton themselves

and by suspended clay, silt or other particulate

matter that can be brought in by river inflow.

Although Secchi disk depth was at times shal-

low, at nearly every site on both dates, zc

exceeded water depth.

Role of nutrient inputs and salinity gradients

The salinity of the New and Alamo rivers (2.5–

5 g l–1) is much lower than that of the lakewater

(41–45 g l–1). Thus inflows tend to create vertical

salinity and density gradients (Figs. 3a, c). Den-

sity gradients due to salinity increase the stability

of the water column (Arnal, 1961; Watts et al.,

2001), and increased water column stability is

often an initial factor in the formation of phyto-

plankton blooms (Margalef et al., 1979; Stei-

dinger & Haddad, 1981; Smayda, 1997). The

magnitude and spatial variation of vertical density

gradients created by inflow waters depends on

several factors including the rate of flow from the

rivers and the strength of the gyre current.

Coupled with increased stability is the input of

nutrients by the rivers. Loading of phosphorus

from both the New and Alamo rivers was esti-

mated to be higher in December than in Sep-

tember (Table 1). This may explain the higher

concentrations of chl a and total phytoplankton

biovolume in December. TP concentrations in the

New and Alamo Rivers are 10–16-fold higher

than those in the Salton Sea (annual means of 1.1,

0.72 and 0.069 mg l–1 for the New River, Alamo

River and Salton Sea, respectively; Holdren &

Montaño, 2002). Thus even a slight mixture of

river water with Salton Sea water would increase

phosphorus availability to phytoplankton. Dif-

ferences in water temperature, currents and tur-

bulence between the two sampling dates were

probably responsible for some differences in

phytoplankton spatial variation, but specific

effects of these cannot be discerned.

Influence of surface area to biovolume ratio

The differences among species in their responses

to river inflow observed in September were

strongly correlated with cell S/B ratios among all

major phytoplankton groups. There are several

reasons why cells with high S/B ratios would show

stronger responses to the river inflows than cells

with low S/B ratios. Small or elongated cells (cells

with high S/B ratios) are generally able to absorb

both light and nutrients at a higher rate per unit

mass than large cells or cells with low S/B ratios

(Malone, 1980; Kirk, 1994; Tang, 1995). In

addition, among non-motile cells such as diatoms,

cells with low S/B ratios generally have higher

sinking rates causing them to sink out of surface

waters faster than species with high S/B ratios

(Walsby & Reynolds, 1980; Reynolds, 1984).

Cyclotella sp., the species with the lowest S/B

ratio of all diatoms in the study, actually

decreased in abundance downcurrent of the river

inflows in December (Fig. 5c; Table 2).

Diatom-dinoflagellate differential responses

to mixing

For both diatoms and dinoflagellates in Septem-

ber, the rate at which a species tended to increase

downcurrent from inflows increased with its S/B

ratio (Fig. 5a). Since all dinoflagellates shown had

S/B ratios lower than any of the diatoms, there

was no direct evidence of how the downcurrent

responses of a dinoflagellate and a diatom of the

same S/B ratio would compare. Extension of the

regression lines in Fig. 6a would suggest, how-

ever, that the dinoflagellate would increase

downcurrent more rapidly than the diatom. For

example, the regression lines indicate that with a

S/B = 1.0, a diatom would be expected to increase

in density by about 1 percent per km and a

dinoflagellate by about 8 percent per km.

These variations may reflect the differential

effect of the salinity stratification present along

most (sites 8–13) of the downcurrent portion of

the sampling transect. Such stratification would

have reduced water column mixing, which would

likely affect diatoms and dinoflagellates differ-

ently. Increases in diatom abundances resulting

from nutrient loading could have been dampened

due to an increase in the numbers that sank out of

surface waters due to the reduction in mixing.

Dinoflagellates, on the other hand, would have

maintained their vertical position, by swimming,

under low turbulence conditions.
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Stimulation of potentially toxic phytoplankton

Three species known to produce toxins in other

systems (P. minimum, G. grindleyi and Chatto-

nella marina) were observed during the study.

Many dieoffs of fish and birds have occurred at the

Salton Sea, although none have been conclusively

linked to blooms of these taxa (Tiffany et al.,

2001; Reifel et al., 2002). Two of these species,

G. grindleyi and Chattonella marina, decreased in

abundance downcurrent of river inflow points.

The third species, P. minimum, appeared to be

stimulated by river inflow increasing approxi-

mately 4-fold in density between sites 7 and 17. As

P. minimum has the highest S/B ratio of the three

species, this pattern is consistent with the pattern

found among all phytoplankton species (Fig. 6).

The southern nearshore environments are

complex and productive, not just because that

zone receives inflows but also because the

shoreline is complex, with two, long finger deltas

extending into the lake, multiple embayments and

thousands of hectares of shallow water habitat

used by a wide variety of waterbirds and juvenile

fish. Comparisons of nearshore phytoplankton

with those found in midlake are difficult. No

Table 2 Cell biovolumes, ratio of surface area to biovolume, percent increases per km downcurrent and results of
regression analyses for log abundance (A) as a function of distance (X) downcurrent from site 7 (n=12 or 13 sites)

Species Cell volume
(lm3)

Surface area to
volume ratio
(lm2) (lm–3)

Regression analyses

September December

% incr. % incr.

Per kma R2 pb Per kma R2 pb

Dinophyceae
Gonyaulax grindleyi 45,000 0.12 –5.8 0.60 < 0.01 0.69 0.04 0.54
Gyrodinium uncatenum 17,000 0.29 2.8 0.12 0.28 4.2 0.58 0.01
scrippsielloid dinoflagellates 8,300 0.36 4.2 0.24 0.11 2.6 0.24 0.13
Prorocentrum minimum 1,100 0.49 np np np 5.2 0.83 < 0.01
medium dinoflagellates 970 0.74 4.2 0.48 0.01 1.2 0.11 0.32
tiny dinoflagellates 562 0.89 np np np 1.9 0.13 0.28
total dinoflagellate biovolume – – 0.23 0.01 0.83 1.9 0.34 0.06

Bacillariophyceae
Cyclotella sp. 216 0.92 –1.1 0.03 0.58 –1.4 0.51 0.01
Pleurosigma ambrosianum 1,200 1.14 0.69 0.01 0.80 0.93 0.07 0.43
Thalassionema sp. 340 1.62 7.2 0.25 0.10 0.46 0.01 0.77
Cylindrotheca closterium 110 2.48 6.4 0.32 0.06 < 0.01 < 0.01 0.92
Chaetoceros muelleri 160 3.82 10 0.84 < 0.01 np np np
total diatom biovolume – – 7.4 0.49 0.01 –0.46 0.17 0.22

Raphidophyceae
Chattonella marina 13,000 0.32 –2.5 0.21 0.13 np np np

Cryptophyceae
cryptomonads 247 1.18 –0.46 0.00 0.90 4.2 0.47 0.02

Euglenophyceae
Eutreptia sp. 2,400 0.63 –0.23 0.01 0.80 np np np

Total phytoplankton – – 1.2 0.10 0.33 2.1 0.37 0.05
Chlorophyll a – – –0.92 0.04 0.54 4.2 0.66 < 0.01
Metazooplankton

Apocyclops dengizicus 8,630 – –0.23 0.01 0.81 1.9 0.22 0.15
Balanus amphitrite larvae 19,600 – 14 0.43 0.03 0.93 0.06 0.48
Brachionus rotundiformis 1,130 – 2.3 0.18 0.20 –3.2 0.27 0.13
Neanthes succinea larvae 47,600 – np np np –0.23 0.002 0.89
Synchaeta spp. – – np np np 2.6 0.17 0.21
total zooplankton biovolume – – 1.9 0.24 0.13 1.4 0.18 0.19

a Calculated as 10b-1 where logA = a + bX
b Significance level of estimated slope (b)

np = not present
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midlake data were collected during 2000, and

many taxa show large year-to-year variation in

abundance (M. A. Tiffany, unpublished data).

The data collected during this study, however,

provide evidence that at least certain potentially

toxic taxa were more abundant in the southern

nearshore zone than in midlake. For example,

maximum abundances of P. minimum recorded

in midlake during 1997–1999 ranged from

90–100 cells ml–1 (M. A. Tiffany, unpublished

data), and densities observed in this study on the

December date range from 550–6,600 cells ml–1.

Zooplankton patterns: predation and substrate

availability

The slight negative correlation between abun-

dances of Apocyclops dengizicus and Brachionus

rotundiformus could reflect a predator-prey

interaction. An inverse relationship between

densities of the two species was also seen in a

study of temporal changes in zooplankter abun-

dances (Tiffany et al., 2002).

The almost 100-fold increase in the larvae of

B. amphitrite downcurrent of the New and Alamo

rivers in September was likely the result of

increased production of larvae at sites near and

downcurrent from the points of inflow. Much of the

shoreline between the New and Alamo rivers

consists of rock dikes, covered with adult barna-

cles. Larvae produced by these adults are carried

offshore of this area. Elsewhere along the Sea’s

shoreline, hard substrates are scarce. At midlake

sites, B. amphitrite is generally scarce ( < 0.1 ind. l–1)

during summer and early fall (Tiffany et al., 2002)

as it was at sites 1–7 on the September date in this

study. This may reflect repeated episodes of sul-

fide-caused mortality of larvae and adults as well as

intense zooplanktivory by tilapia and other fish

that crowd nearshore waters in summer and early

Fig. 6 Percent increase
per km downcurrent from
the New River as a
function of the surface
area to biovolume ratio for
all phytoplankton taxa for
2 September (a) and 11
December (b) 2000.
Regression analysis based
on data for sites 7–17
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fall (Riedel et al., 2002; Tiffany et al., 2002; Caskey

et al., 2007). Therefore, the effect of additional

larvae carried offshore from the diked shorelines

was marked in September but undetectable in

December when B. amphitrite are 10–100-fold

more abundant than in September in midlake

waters (Fig. 5E; Tiffany et al., 2001).

The increase in the density of B. amphitrite lar-

vae may represent an increase in food supplies for

zooplanktivorus fish at and downcurrent of the points

of inflow during summer months. As described

above, fish likely utilize the nearshore areas as ref-

uges from midlake waters that periodically expe-

rience low oxygen and high hydrogen sulfide levels

during the summer. Although Brachionus rotund-

iformis and Apocyclops dengizicus would make up

the majority of the summertime food supply for

zooplanktivorus fish such as tilapia and bairdiella

due to their high abundances, B. amphitrite larvae

may also become important over limited areas

downcurrent from the diked shorelines.

Plankton kills and upcurrent patterns

The strong trends documented for some species

upcurrent of inflow points (sites 1–6) seemed to

have been due to two phenomena: the injection of

plankton-decimated, nutrient-rich water from

central to nearshore areas and additional near-site

mortality due to the presence of hydrogen sulfide.

In September, the two diatom species with the

highest S/B ratios, Chaetoceros muelleri var. sub-

salsum and Cylindrotheca closterium, showed 3-

fold increases in abundance between sites 1 and 6.

Extra nutrients may have been supplied to the

nearshore region near site 1 through the injection

of nutrient-enriched water from the lake’s center

following large-scale mortality events in midlake

plankton (Tiffany et al., 2001; Watts et al., 2001).

Decomposition of dead plankton after such an

event could have contributed dissolved nutrients

to the water column, and the counterclockwise

gyre in the southern basin could have brought this

nutrient-rich water from the lake’s center to the

western shore in the area of site 1. There, it could

have been ‘seeded’ with inocula from less-af-

fected plankton populations of shallow, nearshore

areas. In the presence of decomposition-released

nutrients, species with high S/B ratios, like these

two diatoms, are the type that would be expected

to respond most rapidly.

The large reductions in both phytoplankton and

zooplankton noted at particular upcurrent sites (1,

5 and 6) in September (Fig. 5) were perhaps due to

the presence of hydrogen sulfide as suggested by

the low oxygen concentrations documented at these

sites. Hydrogen sulfide is toxic to most aerobic

organisms even at low concentrations (Bagarinao,

1992). Possibly, fingers or eddies of hydrogen

sulfide-rich, plankton-poor water had intruded at

these points from further out in the lake.

Conclusion

This study gives only a first glimpse of the com-

plexity of the responses of plankton to river inflow.

Samples were collected along a single transect of

sites, almost of all of which are greater than 1 km

from the shore. Nearshore areas are important

nesting and foraging areas for waterbirds. How-

ever, most waterbird use is confined to a strip less

than 1 km from the shore where shoreline com-

plexity (e.g., deltas, embayments) is likely to create

complex patterns in plankton populations that are

undocumented in this study. Nevertheless, this

study shows that nearshore plankton populations

can be affected by river inflows and can differ from

those found in the midlake.

Various proposals for the restoration of the

Salton Sea involve different shoreline configura-

tions and inflow points, different degrees of

phosphorus reduction in inflow waters, and dif-

ferent inflow volumes. Each proposed project

would create different dynamics for nearshore

plankton populations. This precludes any mean-

ingful speculation as to what specific changes in

nearshore plankton populations may occur as a

result of restoration measures. However, this

study does provide evidence for how changes in

several factors, such as current speed, species

composition and nutrient supply, may influence

plankton dynamics in these regions.
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