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ABSTRACT

Zooplankton standing stocks were found to vary seasonally 

throughout the northern Gulf of California in much the same way; 

namely, with a maximum in January-February and a minimum in April- 

May, differing by a factor of 2.5. Zooplankton volumes were 

inversely correlated with sea surface temperatures between seasons 

and with station depths within seasons. The timing of the seasonal 

cycle in zooplankton biomass agrees more or less with the onset of 

coastal upwelling in accordance with the seasonal wind regimes. 

Longitudinal and latitudinal variations of zooplankton abundance 

showed the broad correspondence with the physical environment that 

is expected in an upwelling system, but some anomalies in this pattern 

exist in the Colorado River delta region. Data on the constancy in 

seasonal spawning and migration patterns of fish species of commercial 

importance were linked to the zooplankton production cycle in space by 

upwelling events.
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INTRODUCTION

Aspects of descriptive physical oceanography of northern 

Gulf of California waters (which include the entire area north of 

31°N. latitude) focus on the hydrographical complexity of the area.

The complexities of a neritic environment are compounded in the 

northern extension by the Colorado River delta, while in the south- 

central region a more oceanic environment is found. The Northern 

Gulf is considered to be a subtropical-to-warm-temperate sea, where 

monthly mean sea temperatures may be as high as 30°C. in summer and 

as low as 12°C. in winter (Thomson, 1969). The region has high tidal 

activity, with amplitudes of 9 m (Matthews, 1969), that can signifi

cantly extend the seasonal temperature range intertidally and near the 

coasts. According to Roden (1958) and Roden and Groves (1959), the 

surface circulation of the Gulf is mainly wind-driven, although in the 

northern part tidal currents can be very strong.

There has been some speculation that the Gulf of California 

might be a very productive region. Gilbert and Allen (1943) suggest 

this from phytoplankton counts, and Calvert (1966) and Round (1967, 

1968) from determinations of diatom content in cores taken throughout 

the Gulf. Zeitzschel (1969) concluded that the primary productivity 

in the Gulf is about 2 to 3 times greater than that in open oceanic 

regions at similar latitudes. Roden (1958) states that upwelling,
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wind-mixing, and winter convection in certain areas of the Gulf could 

result in increased productivity. Presumably, during winter and 

spring, winds from the northwest produce a southward transport of 

surface water. In summer and fall, winds from the southeast induce a 

northward flow. North winds should cause upwelling along the eastern 

coastline and southeasterly winds should cause the phenomenon along 

the west coast. According to mechanisms suggested by Arthur (1965), 

upwelling areas will be found on the lee sides of capes, points, and 

islands. In the northern Gulf, convective overturn due to winter 

cooling along the coasts can be an important process, possibly extend

ing to 100 m depth (Roden, 1964).

Hendrickson (1973) and Calderon-Riveroll (1974), however, 

predict that divergence (upwelling) occurs in the center of the 

northern Gulf during the winter months, and in the summer months a 

convergence in the center presumably causes upwelling simultaneously 

on both shore lines of the northern Gulf. Their model is based upon 

a seasonal reversal in the circulation pattern of the northern Gulf 

that is driven by convective forces rather than by wind stresses. 

Ultimately, the effects of the two physical models on plankton would 

be differences in the spatial production patterns. Both models pro

vide mechanisms that could account for high plankton production in the 

region.

In conjunction with a study of the marine environment of the 

northern Gulf of California (Hendrickson, 1973), the first seasonally 

repetitive measurement of zooplankton standing stock in the Gulf of
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California was made using a grid pattern of oceanographic stations. 

Although the collections are of a qualitative nature, the temporal and 

spatial distribution of zooplankton volumes along with contemporaneous 

physical oceanographic observations have been analyzed statistically in 

some detail: first, to show the relationship between the distribution

of zooplankton volumes as influenced by the physical environment of the 

northern Gulf of California; and second, to permit an adequate compari

son of zooplankton concentrations in this "new" area with values re

ported from areas at similar latitudes or with similar hydrographic 

conditions. The sampling program permitted documentation of large- 

scale phenomena only, so the analysis is performed primarily with a 

view toward objectivity and condensation of the data, and toward 

generation of hypotheses about the planktology of the northern Gulf 

that will require the collection of further relevant data.

Knowledge of the patterns of change in zooplankton standing 

stock in any marine environment is useful because of the central 

position zooplankton occupy in the marine food chain. Zooplankton 

have a direct influence on both primary and tertiary producers, since 

the energy transfer from phytoplankton to zooplankton (Parsons, 

LeBrasseur, and Fulton, 1967; Frost, 1972) and from zooplankton to 

fish (Ivlev, 1961) appears to be concentration-dependent. Thus, in 

view of the paucity of information concerning the biological oceano

graphy of the northern Gulf of California, this thesis summarizes all 

available data on phytoplankton production, zooplankton volumes, and 

landings of commercial species of fish in the northern Gulf in an 

attempt to determine their time and space relationships.



MATERIALS AND METHODS

Distribution of Observations

Oceanographic data were collected during the period August, 

1972 to June, 1973 in a series of nine cruises. Figure 1 shows the 

47 standard oceanographic stations which were planned as sampling 

sites. The station grid pattern was set up on a spacing interval of 

10 nautical miles, with adaptations for shore line irregularities.

In this regard, the observations are free from the difficulty that 

horizontal movements of water may have affected the size of the 

standing stock measured, by carrying organisms in from or out to 

adjacent areas.

All stations were visited to the extent that weather condi

tions and ship function permitted in the time periods available for 

each cruise. Severe weather and ship dysfunction prevented complete 

coverage of all stations in enough cruises to force combination of 

the observations in such a manner as to obtain complete coverage for 

three successive, equally spaced cruise periods. For the sake of 

convenience, the cruise periods shall be referred to as seasons. 

Their durations, with approximate equivalents in one month periods, 

are as follows:

Fall cruise period: 11 October - 20 November, 1972

Winter cruise period: 14 January - 25 February, 1973

Spring cruise period: 14 April - 6 May, 1973

4
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Figure 1. Oceanographic Station Plan for Northern Gulf of California 
(from Hendrickson, 1973).
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Hendrickson (1973) partitioned the 47 oceanographic stations 

into three areas based upon the presence of localized distributional 

patterns of temperature and salinity that appeared to be governed by 

identifiable and area-specific factors. A subsequent cluster analysis 

of turbidity levels reinforced the hypothesis of non-homogeneity of 

northern Gulf of California waters, by classifying the same stations 

into the same areas. The station areas have been identified by the 

characteristic names of "delta", "shore", and "sea" stations, and are 

shown in Figs. 2 through 4.

The partitioning of the oceanographic stations into delta, 

shore, and sea station areas for the purposes of this study differs 

from that of Hendrickson. An attempt has been made to keep as close 

as possible to the area patterns defined by Hendrickson, but the fac

torial approach to the data analysis used here required a balanced 

experimental design if the full model was to be developed and compari

sons were to be made between all levels of each factor. This has 

resulted in station areas not being mutually exclusive, with the 

inclusion of some stations in areas not strictly characteristic of 

that area. However, the problem of overlapping stations between areas 

is rendered negligible by the use of a nested-factorial design (Hicks, 

1973).

Each station area was divided into bands of latitude and longi

tude, the boundaries being chosen in an attempt to obtain 2 or more 

observations of zooplankton volume in each small rectangle, or cell, 

during each of the cruise periods. In Fig. 3, levels of the factor
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longitude were analyzed in terms of east shore (C2) versus west shore 

(Cl), not in terms of absolute longitudes. A total of 236 hauls were 

included in the analysis of temporal and spatial variations in zoo

plankton standing stock. The number of observations per cell ranged 

from 1 to 8: 4% of the cells contained 1 observation, 33% 2 observa

tions, 15% 3 observations, and 48% 4 or more observations.

Zooplankton Standing Stock

A simple conical net of monofilament nylon bolting cloth 

(0.243 mm mesh aperture) was used. The mouth diameter was 0.5 m and 

the net length was about 1.8 m. Zooplankton was collected by hand- 

hauling the net from near the bottom at stations less than 10 m deep, 

or from 10 m depth at stations deeper than 10 m, with the cod end 

weighted so that the net fished only on the way to the surface in a 

vertical haul. Samples were preserved immediately after collection 

in buffered 5% formalin-seawater.

The net was not metered, so the amount of water strained 

during each haul had to be estimated from the distance towed, assum

ing that filtration efficiency was at a maximum and clogging was 

minimal. Assuming completely efficient filtration, approximately 

1.96 up of water would be filtered in a standard haul (mouth area = 

0.196 iP; distance towed = 10 m). The standing stock of zooplankton 

is expressed as milliliters of displacement volume of the catch per
O10 m of water strained. Displacement volumes were measured as des

cribed by Kramer, et al. (1972). Organisms greater than 5 cm total 

length, or estimated to be greater than 5 ml displacement volume.
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were excluded from the measurements, as were any animals not considered 

planktonic. Overall, detritus and phytoplankton accounted for a negli

gible proportion of volume, so that zooplankton volumes were not sepa

rately assessed for samples in which phytoplankton or detritus was 

present. The measurement of displacement volumes was performed after 

the samples had been in preservative for two years, in cognizance of 

the findings of Ahlstrom and Thrailkill (1963) that samples of varying 

constituency attain a stable volume after preservation within a year 

of collection. This hopefully minimized some of the inherent problems 

in estimating zooplankton biomass by means of measuring displacement 

volumes.

As over one-half (52%) of the stations occupied during the 

'72-'73 cruises had depths greater than 10 m, the presence of zoo

plankton below the sampling depth of 10 m may affect spatial patterns 

of abundance. An investigation of this potential problem was made in 

September, 1975 when a series of stratified, horizontal hauls were 

made at 10 m and 50 m depths in the deepest portion of the northern 

Gulf, an area roughly delineated by stations B3 through B8 (See Fig.

1). Both nets were identical, except that one net was equipped with 

a closing device.

The hauls were taken by lowering the closing-net backwards 

in the open position to 50 m depth, and the second net to 10 m. The 

closing net was assumed not to be fishing while in a vertical plane. 

The hauls began as the upper net broke the surface of the water on 

its way down to 10 m, at which time the ship began to steam slowly
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ahead allowing the net at 50 m to fish. The hauls were completed by 

raising the upper net till it broke the surface of the water, at which 

time the lower net was closed. The amount of water strained for both 

nets was estimated from a flow meter suspended in the mouth of the 

upper net. Samples were preserved at sea in 5% formalin-seawater, 

and displacement volumes were obtained 11 months later.

Differences between catches at the 10 m and 50 m depths were 

tested for significance using a t-test based upon range (Snedecor and 

Cochran, 1967). The null hypothesis of no significant difference 

between depths cannot be rejected for any of the hauls (t=.286 to .638; 

p>.10). Therefore, the water column down to 50 meters appears to be 

relatively homogeneous in terms of zooplankton abundance in the north

ern Gulf of California. The percentage of oceanographic stations 

deeper than 50 m occupied during the '72-'73 cruises was only 8%, 

which is considered sufficiently small to not affect conclusions about 

spatial variation in zooplankton stock in the northern Gulf.

The taxonomic composition on the basis of general categories 

(e.g., copepods, chaetognaths, ctenophores, decapods, euphausiids, 

etc.) was determined for 38 samples selected from representative 

ecological situations in the northern Gulf of California. After the 

organisms in a known sample volume had been suspended by agitation, 

aliquots for counting were removed and the animal groups were enumer

ated with the aid of a stereomicroscope at 12X. These counts were 

multiplied by appropriate factors to arrive at a percentage composition 

by number for each taxonomic category. The purpose of the qualitative



13

sample processing was to answer two ecological questions about the 

zooplankton collections: (1) were zooplanktonic herbivores dominant

over carnivores, and (2) were seasonal differences in zooplankton 

volumes due to changes in holoplanktonic or meroplanktonic taxa?

Physical Parameters

Temperature and salinity were measured at the sea surface,

1 m, 5m, and 10 m depths, as the station depth permitted, using an 

Interocean probe model 513 with model 514 analog deck readout. In 

order to eliminate diurnal variation, sea surface temperatures were 

not utilized. Temperature data used in this report are mean values 

of observations between 1 m and 10 m depths. Secchi disk depth was 

measured by lowering the disk from the side of the ship that had the 

least amount of surface reflectance until it disappeared. The disk 

was then raised until it reappeared, and a mean value of the two 

observations was recorded. Station depth was measured with a recording 

fathometer.

Statistical Analysis

A logarithmic transformation of the zooplankton standing stock 

measurements was found to normalize the errors so that the variance 

was uncorrelated with the mean. The two forms of the measurement are 

proportional, but not equal, since after transforming back the estimate 

of the mean will be antilogs, or geometric means, which are smaller 

than arithmetic means.

Using log-transformed standing stock measurements, a 3-factor 

analysis of variance (ANOVA) was performed by computer on each of the
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station areas. The computer program used was the Statistical Package 

for the Social Sciences (SPSS) (Nie, et al., 1975). The factors chosen 

were season (cruise period), latitude, and longitude, each represented 

at 2 or more levels which were considered as fixed treatments of the 

variables. The variances of the second order interactions were tested 

for significance even though some cells had only one observation. In 

the case of a single observation per cell, the second order interaction 

is confounded with the error variance. The small percentage of cells 

with one observation (4%) was assumed to not bias the results in this 

regard. Differences between levels of those factors and their inter

actions found to be significant in the ANOVAs were tested for signifi

cance a posteriori using Student-Newman-Kuehls (SNK) mean difference 

test (Snedecor and Cochran, 1967).

Simple linear and multivariate regressions were calculated 

relating zooplankton volumes, the dependent variable (Y), to station 

depth, secchi disk depth, temperature, and time of day of capture, the 

independent variables (X). Salinity was not utilized as an independent 

variable because it was found not to vary much. Regression statistics 

were performed only on those factors found to be significant in the 

ANOVAs of the station areas. Differences between the residual mean 

squares of the regressions found to be significant were tested by the 

Bartlett method, and a pooled analysis of covariance was used to com

pare the regression (slope) coefficients (Snedecor and Cochran, 1967).

The positions (elevations) of the regressions were not compared 

because they were considered to be of little biological interest.
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Differences in the amount of interstitial water included in the 

displacement volumes of samples with different taxonomic constitu

encies and the inclusion of material of another trophic level in 

other samples are sampling problems that can produce differences in 

zooplankton volumes that are not necessarily the direct result of 

biological processes. However, the slopes of the regressions were 

considered significant biologically, because the measurement of 

zooplankton volumes for a given cruise were probably all comparable, 

methodologically.

If differences between the residual mean squares were found 

not to be significant (p>.05), then a common b value was computed that 

adequately described the slope of the regression regardless of how the 

data had been originally grouped. If similar results were obtained 

for the data of the same station area grouped by any of the other 

factors (seasons, latitudes, or longitudes), and the common b's were 

similar and significant, then the data was combined without any 

grouping in a total regression characteristic of the relationship 

between Y and a given X in all parts of the station area for the 

seasons sampled. There are several situations of this type.

The common mean squares and b's for a given X and Y are expec

ted to be similar, but not necessarily the same, because the regres

sions and deviations from regressions can vary with the method of 

grouping the data. It is hoped that the total regressions will be 

useful for descriptive purposes in the biological oceanography of

the northern Gulf of California.



RESULTS

Table 1 summarizes the results of a nested-factorial ANOVA of 

log-transformed zooplankton volumes for the entire northern Gulf of 

California. The results show significant effects of season, areas, 

and of latitude and longitude within areas on zooplankton standing 

stock. The significant variation of zooplankton with area provides 

statistical justification for the partitioning of the 47 oceanographic 

stations into the three station areas on the basis of real differences 

in zooplankton volumes as well as temperature and turbidity.

The season-longitude interaction surface is complex and will 

not be shown here. The discussion of the "nested" factors latitude 

and longitude will be made only in terms of their effects within 

station areas. However, charts showing the distribution of estimated 

zooplankton volumes over the northern Gulf, via contour intervals, 

are given at this time for each cruise period to show general pat

terns of spatial variation (Figs. 5 through 10).

Table 2 summarizes the results of the factorial ANOVAs of the 

logarithms of the zooplankton standing stock measurements for each of 

the station areas. The results show that differences between season

al maxima and minima in all areas are significant. The seasonal 

cycle has the following characteristics: seasonal maximum in the

winter; seasonal minimum in the spring; significant seasonal changes 

from fall to winter in the delta (p=.05) and sea (p=.01) station

16
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Table 1. 3x3x9x7 Nested-Factorial Analysis of Variance Table of
Zooplankton Volumes for the Combined Station Areas . —
d.f., degrees of freedom.

Source of Variation d.f. Mean Squares

Seasons (cruise periods) 2 11.881***

Areas (delta, shore, sea) 2 4.595***

Latitude (within areas) 7 1.592**

Longitude (within areas) 4 2.213**

Season x Areas 4 0.638

Season x Latitude 14 0.678

Season x Longitude 8 1.266*

Latitude x Longitude 9 0.987

Season x Latitude x 
Longitude 18 0.482

Error (remainder) 167 0.573

* Significance at the .05 probability level
** Significance at the .01 probability level
*** Significance at the .001 probability level
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Table 2. Analysis of Variances of Zooplankton 
Volumes for the Station Areas. —
d.f., degrees of freedom.

Delta Stations Shore Stations Sea Stations
3x4x2 3x3x2 3x3x3

Source of Variation d.f . Mean Squares d.f. Mean Squares d.f. Mean Squares

Season 2 0.365* 2 0.632* 2 1.676***

Latitude 3 0.170 2 0.085 2 0.646***

Longitude 1 1.083*** 1 0.003 2 0.304*

Season x Latitude 6 0.124 4 0.201 4 0.099

Season x Longitude 2 0.352* 2 0.091 4 0.306*

Latitude x Longitude 3 0.023 2 0.191 4 0.306*

Season x Latitude x 
Longitude 6 0.080 4 0.192 8 0.048

Error (remainder) 54 0.088 66 0.144 47 0.081

* Significance at .05 probability level
** Significance at .01 probability level

*** Significance at .001 probability level
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areas; maximum/minimum ratios of 1.6, 2.1, and 3.6 for the delta, 

shore, and sea station areas, respectively, and 2.5 for the combined 

station areas.

In the shore station area, the only significant factor 

affecting zooplankton abundance is seasonality. Figure 11 shows the 

seasonal curve, which is representative of all latitudes and longi

tudes in both shape and elevation since neither factor is significant 

in the shore station area. The results of the ANOVA for the delta 

and sea station areas, however, show significant interactions of the 

main effects. Figures 12 and 13 show the season-longitude inter

action surfaces for the station areas, and Fig. 14 shows the 

latitude-longitude interaction surface for the sea stations. In 

these figures, standing stock measurements are given in original 

units and not in logarithms.

The shape and elevation of the seasonal curves in Fig. 12 

are representative of all latitudes, since latitude has no signifi

cant effect on zooplankton volumes in the delta station area. In 

Fig. 13, the shape of each of the seasonal curves is representative 

of all latitudes, since season-latitude interactions are not signif

icant in the sea station area, but the curves will vary in elevation 

because latitude has a significant effect on zooplankton volumes.

The curves in Fig. 14 will vary in elevation with season, but are 

representative of all seasons in shape since the second-order inter

action is not significant in the sea stations.
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Winter Spring

Figure 11. Seasonal Curve of Zooplankton Volumes for Shore Station 
Area. —  The solid line connects the sample means, and 
the bars are the 95% confidence intervals of the means.
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Evaluation for significant differences between the seasonal 

curves of the interaction surfaces was made in terms of logarithms by 

the SNK method, and the results yielded the following patterns. In 

the delta station area, similar zooplankton volumes are found through

out the region in all seasons sampled except the spring (Fig. 12). 

Significant seasonal variation in the sea station area is in the 

nature of an increase in zooplankton concentrations from west to east 

in the winter and spring, with an opposite trend of an increase in 

stock from east to west in the fall (Fig. 13). Figure 13 also shows 

significant decreases in zooplankton volumes for each longitude in 

the seasonal change from winter to spring, while longitude C3 shows a 

significant increase in stock from fall to winter. The variations of 

zooplankton volumes with latitude and longitude in the sea station 

area is principally that stocks are maximal near shore and in the 

zone immediately south of Puerto Penasco (Fig. 14).

Table 3 presents the results of the regression analyses and 

subsequent statistics on data from the shore station area reported in 

the final form of a pooled analysis of covariance table. Significant 

inverse correlations were obtained for the regressions of zooplankton 

on station depth and on time of day of capture for the spring cruise 

period, but non-significant regression coefficients were obtained for 

these variables after pooling the seasonal levels. For this reason, 

no further discussion of these variables within the shore station 

area will be made because of the need for maximum condensation of the 

data. The common b value for the regression of zooplankton on
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Table 3. Pooled Analysis of Covariance of Regression Coeffi
cients from Shore Station Area Grouped by Seasons.

—  Y , zooplankton standing stock measurement; 
d.f., degrees of freedom; NS, not significant; NA, 
not applicable; b, regression coefficient.

Source of Variation

Y* Station Depth 
Within Groups 
Between Groups 

Pooled 
F for group b 

Common b

Total Regression

Y«Temperature
Within Groups 
Between Groups 

Pooled 
F for group b 

Common b

Total Regression

Y*Time of Day
Within Groups 
Between Groups 

Pooled 
F for group b 

Common b

Total Regression

Seasons(3)_____
d.f. Mean Squares

77 0.1390
2 0.0693
79 0.1372

0.50 NS
-0.0057

NA

77 0.1379
2 0.0149
79 0.1348

0.11 NS
-0.0289*

log Y = 1.519 - 0.211 X

77 0.1343
2 0.2804
79 0.1380

2.09 NS 
-0.1494

NA

* Significance at the .05 probability level.
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temperature is significantly different from zero, and thus allows the 

data to be combined without any grouping in a total regression, signi

ficant at the 5% level. The total regression may be of doubtful value, 

however, because significant differences were found between the resi

dual mean squares for the regressions on the seasonal levels. The 

non-homogeneity of the deviations from the regression line is due to 

the winter cruise period, which corresponds to the temperature range 

12° to 17°C. in Fig. 15. Figures 7 and 8 show further the non-homo- 

geneous distribution of zooplankton volumes in the shore station area 

during the winter months.

Table 4 presents the results from the delta and sea station 

areas. For both station areas, the common b values for the regres

sions of zooplankton on station depth are significantly different 

from zero, and thus the data can be combined without any grouping in 

only two regressions, significant at the 1% level.

Significant regressions between zooplankton and secchi disk 

depth were also obtained for some of the data groupings in which 

station depth was significant. Examination of the correlation 

matrices, however, indicated multicollinearity between the indepen

dent variables. Using total and partial correlation analyses, 

station depth and secchi disk depth were shown to be independently 

related to zooplankton volumes, related to each other, and related 

to each other through their common association with zooplankton 

volumes (Table 5). Most of this relationship is inherent in the 

interdependence of station depth and secchi disk depth in the shallow



Log Y * 1.519-0.0211 X

I i I i I i I i I
13° 14° 15° 16° 17° 18° 19® 20® 21® 22® 23® 24® 25® 26® 27® 28®

Temperature,®C, (X)

Figure 15. Relationship Between Zooplankton Volumes and Sea Temperatures in the Shore 
Station Area. —  The solid line (— ) is the fitted regression of Y on X, 
and the dashed lines (— ) are the 95% confidence limits of the regression.
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Table 4. Pooled Analysis of Covariance of Delta and Sea Station 
Area Regression Coefficients. —  (A) delta stations
grouped successively by seasons and longitudes, and (B) 
sea stations grouped successively by seasons, latitudes, 
and longitudes. Y , zooplankton standing stock measure
ment; d.f., degrees of freedom; NS, not significant; 
b, regression coefficient.

Source of Variation(A) Seasons(3) Longitudes(2)
d.f. Mean Squares d.f. Mean Squares

Y* Station Depth
Within Groups 72 0.0824 74 0.0909
Between Groups 2 0.1848 1 0.1767

Pooled 74 0.0851 75 0.0920
F for group b 2.24 NS 1.94 NS

Common b -0.0128** -0. 0097*

Total Regression log Y = 1.257 - 0.015 X

Source of Variation(B) Seasons(3) Latitudes(3) Longitudes(3)
Mean Mean Mean

d.f. Squares d.f. Squares d.f. Squares

Y*Station Depth
Within Groups 64 0.0654 64 0.0983 64 0.0915
Between Groups 2 0.0347 2 0.0133 2 0.1116

Pooled 66 0.0645 66 0.0957 66 0.0921
F for group b 0.53 NS 0 .11 NS 1.22 NS

Common b —0e3881*** —0 .3765*** -0.3255**

Total Regression log Y = 1.535 - 0.3981 log X

* Significance at the .05 probability level.
** Significance at the .01 probability level.
*** Significance at the .001 probability level.



Table 5 Total and Partial Correlation Coefficients for Delta and Sea Station Areas. 
r, correlation coefficient; y, zooplankton standing stock measurement; d* station 
depth; s, secchi disk depth; n, number of observations.

Source of Data n ryd

Sea Area

Fall 16 -.4760*

Total 70 -.2861*

Delta Area

Spring 20 —.5944**

C2 39 -.3313*

Total 78 -.3627**

rys rds rds*y

-.4910* +.4342 +.2617

-.0026 +.4366** +.4549**

-.5920** +.8924** +.8341**

-.1897 +.7767** +.7706**

-.3236** +.7972** +.7710**

* Significance at the .05 probability level
** Significance at the .01 probability level



northern Gulf of California. Secchi disk depth was therefore 

discarded as an independent variable and station depth was retained.

To further condense the data, the sea and shore station 

areas were pooled and a multiple regression analysis was performed 

relating zooplankton volumes to station depth and temperature in the 

combined area. The station areas were combined because common b 

values were obtained for the pooled levels of the factors in each of 

the station areas and, because of the overlap of the areas with what 

are considered critical cells, the possibility existed that the sig

nificance of the independent variables in their respective station 

areas was a function of the partitioning of the oceanographic 

stations.

Data from the delta station area was not included in the 

multiple regression analysis because there exist in the region some 

apparent anomalies in the patterns of zooplankton abundance. Zoo

plankton volumes were similar throughout the region in all seasons 

sampled except the spring, when a significant decrease in stock was 

correlated with increasing depth. The reasons for the rather constant 

volumes are not clear, but it may be related to the fact that tidal 

velocities are maximum in the narrow delta of the Colorado River 

(Thompson, 1965). As tidal flow contains some degree of vertical 

mixing, the high velocities will tend to mix the nutrient-rich 

estuarine muds with the overlying waters to a greater extent than 

elsewhere in the northern Gulf. This is seen in the fact that tur

bidity levels were highest in the delta station area (Hendrickson, 1973).

36
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At the same time, it must be remembered that tides are of a cyclical 

nature in that reversal of flow occurs every 6 hours. In this way 

tidal currents cannot affect the transport of large masses of water 

over great distances. Thus, the effects of tidal mixing on the 

biological production of the delta region will be contained within 

the region and, in the process, make the delta station area somewhat 

uncomparable with the other station areas.

Table 6 shows that both temperature and station depth signi

ficantly affect zooplankton volumes in the combined sea and shore 

station areas, and that the effect of station depth is three times 

that of temperature. Overall, the fact that station depth and 

temperature explain only 12% of the variance in zooplankton standing 

stock between seasons is not surprising because of the difficulties 

in estimating zooplankton biomass by measuring displacement volumes. 

Table 6 shows further that on a seasonal basis the effect of temper

ature is non-significant in all seasons but the fall, while station 

depth is significant year-round but least so in the winter. In 

general, the significant effects of sea temperatures between seasons 

and of station depths within seasons support the hypothesis that 

temperature has a temporal relationship and station depth a spatial 

relationship with zooplankton stocks in the northern Gulf of 

California.

Within the fall cruise period, the correlation of sea temper

ature and zooplankton volumes appears to occur mainly along the Baja 

California coast. Figure 16 shows the western coast as an area of
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Table 6. Multiple Regression Analysis of Combined Sea and Shore 
Station Areas. —  r^, coefficient of determination; 
p, probability level; n, number of observations.

Source of Variation

Between Seasons
Station Depth 
Temperature 

Multiple
Within Seasons

Fall
Station Depth 
Temperature 

Multiple

Winter
Station Depth 
Temperature 

Multiple
Spring

Station Depth 
Temperature 

Multiple

137

(x1)
(x2)
(xr  x2)

40

(x1)
(x2)
(xv  x2)

59
(x1)
(x2)
(x1, x2)

(x1)
(x2)
(X1, x2)

38

2r _E_

.0899 .000

.0257 .043

.1165 .000

.0981 .049 

.1585 .008 

.2566 .004

.0571 .068 

.0023 .715 

.0594 .180

.1759 .009 

.0213 .342 

.1972 .021
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Figure 16. Seasonal Isotherms for Northern Gulf of California.
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enhanced thermal transfer between air and sea. The area clearly shows 

an earlier cooling trend in October and an earlier warming trend in 

May than the eastern coast. This implies that the localized increase 

of zooplankton stock in the fall may perhaps be the result of convec

tive overturn. However, the shore station ANOVA did not show a 

significant effect of longitude, either alone or interacting with 

seasonality. Thus, paradoxically, although zooplankton stocks were 

not significantly different between opposite coasts in the fall, a 

significant inverse correlation was found between sea temperatures 

and zooplankton volumes in the fall cruise period, with the only 

surface temperature gradient during this time of year occurring along 

the western coast.

It is of interest to compare the quantities of zooplankton 

produced in the northern Gulf with quantities reported from other 

areas. Valid comparisons, however, can be made only between data 

gathered with similar gear. Except for its finer mesh (0.243 mm), 

the net used in this study is comparable with most of the nets used 

in the studies reported in Table 7. Deevey (1956) found in comparing 

the catches of 0.505 mm and 0.125 mm plankton nets that the coarser 

net caught only about one-third of the total population as estimated 

by the 0.125 mm net. Using her results as a guideline, plankton 

volumes from the northern Gulf of California have been halved for 

comparative discussions with the coarser nets.

Table 7 shows that the yearly mean in zooplankton displacement 

volumes in the northern Gulf varies from the same order of magnitude
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Table 7. Comparison of Zooplankton Volumes from Northern Gulf of 
California Waters with Catches from Various Locations.

—  0 = yearly mean; 1 = winter; 2 = spring;
3 = summer; 4 = fall.

Location (net Mouth; mesh) Season 3Volume ml/m Reference
North Atlantic (0.5; 0.505)

Coastal 0 0.54 Clarke (1940)
Offshore 0 0.40 I t

Cape Hatteras Area 1 0.20 St. John (1958)
(0.5; 0.505) 2 0.29 I I

Long Island Sound 0 0.95 Deevey (1956)
(0.5; 0.125)

New Jersey Slope Waters 
(0.5; 0.505)

2 0.27 Grice and 
Hart (1962)

Eastern Tropical Pacific 
(0.5; 0.33)

0 0.11 Blackburn, et a 
(1970)

New Zealand Coastal Waters 0 0.75 Jillett (1971)
(0.5; 0.250) 1 0.41 f t

2 1.10 I I

3 0.88 I I

4 0.59 I I

Florida Middle Ground 0 0.44 Austin and Jone
1 0.25 (1974)
2 0.51 I I

3 0.26 I I

4 0.87 I f

Baja California (31°N.)
Coastal (1.0; 0.505) 0 0.10 Smith (1971)

1 0.06 I t

2 0.13 I I

3 0.12 I f

4 0.09 I I

Offshore 0 0.08 I I

1 0.08 I t

2 0.08 I t

. 3 0.09 f t

4 - I I

Northern Gulf of Adjusted This Study
California (0.5; 0.243) 0 1.55 0.77

1 2.14 1.07
2 0.88 0.44
3 - _ "
4 1.38 0.69
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to twice as large as that of temperate coastal waters, but is 3.5 to 

7 times greater than values reported for subtropical and tropical 

seas. In all seasons sampled, zooplankton stocks are greater within 

the Gulf than outside, which is in agreement with data for phyto

plankton standing crops (Calvert, 1966). Zeitzschel (1969) found 

that during times of upwelling (December), primary productivity rates 

in the northern Gulf were comparable with rates reported from other 

upwelling areas. Zooplankton volumes observed in this study for the 

same time period, however, exceed the values reported by Cushing 

(1969) for regions of upwelling generally by a factor of 2 (Table 8).

The taxonomic composition of the 38 representative samples 

is summarized in Table 9. The standing stocks measured represent a 

mixture of herbivores and carnivores, with the former probably domi

nant. Copepods were numerically the dominant organisms in all hauls, 

with euphausiids, crab larvae, and larvaceans alternating in order of 

second importance. Although meroplanktonic species were abundant at 

times, the overall change in zooplankton stock is clearly the result 

of the breeding of the holoplankton, especially the copepods. Cope- 

pods show the greatest change in number, increasing by a factor of 3 

between the fall and winter cruises, and decreasing in the spring to 

less than half the winter density. Euphausiids were present only in 

the winter and spring cruise periods, the dominant stages found being 

calyptopsis and furcilia larvae. The food of the early life stages 

of euphausiids is primarily diatoms and copepodites (Mauchline and 

Fisher, 1969), which corresponds with the fact that phytoplankton.
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Table 8. Comparison of Adjusted Zooplankton Standing
Stock from the Northern Gulf of California with 
Regions of Upwelling. (From Cushing, 1969, Table 1).

Location

California

Costa Rica

Peru

Samali

Benguela

Madagascar

Canary

Northern Gulf of California

Displacement Volume ml/m^ 

0.20 - 0.50 

0.30 

0.60 

0.25

0.32 - 0.75

0.53

0.38

0.77 (yearly mean) 
1.07 (winter)
0.44 (spring)
0.69 (fall)



Table 9. Numerical Abundance and Percentage Composition of 
Zooplankton Taxonomic Categories from Ecologically 
Representative Oceanographic Stations in the 
Northern Gulf of California.

Category Fall Winter Spring
n/m^ % n/m^ % n/m3 %

Copepods 4973 59 16269 74 7214 49

Chaetognaths • 457 6 251 2 136 1

Decapods 160 2 264 2 401 3

Larvaceans 541 6 329 1 2178 15

Crab Larvae 1062 13 1704 8 1685 11

Euphausiids - - 2780 13 2303 16

Cladocera 120 2 — _ — _

The percentage column may not total 100% in some cases 
because those groups representing less than 1% of the total 
were omitted from the table.



chiefly the large diatom Coscinodiscus s p., were abundant in the 

January samples, at times imparting a green coloration to the 
samples.
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DISCUSSION

The data provide the first detailed description of seasonal 

and areal variability of zooplankton volumes in the northern Gulf of 
California. Since measurements of secondary productivity are lacking, 
zooplankton production can only be discussed from the basis of these 
standing stock data. Production, therefore, refers to increase in 
standing crop biomass, including both the reproduction of and increase 
in size of individual organisms. Changes in biomass observed in the 

field result from differences in production and in the various sources 
of mortality.

Winds recorded during the oceanographic cruises were in 

accordance with the expected patterns (Fig. 17): predominantly from
the northwest during the months November-April, and from the south

east during the months June-September. In December and February 
(not shown here) northerly winds were strong and persistent (Fig. 18) 

and upwelling along the Sonoran coast was probably a continuous pro

cess. In January, however, the north wind stress was weak or non
existent at times, and upwelling was probably sporadic. Cessation 
of upwelling along the eastern coast would occur in May with the 

shift of the low-pressure center to the north (Fig. 17), and the 
generation of winds from the southeast in June (Fig. 18).

46
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25° —

Figure 17. Seasonal Wind Regimes in the Gulf of California.
—  A, position of the low-pressure system in 

March and resulting winds; B, position of the low- 
pressure system in July and resulting winds 
(from Roden, 1958, Fig. 7).
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December'72 January'73

May'73 June'73

Figure 18. Seasonal Wind Patterns for Selected Months from the 
Oceanographic Cruises. —  The concentric circles 
represent wind speeds of 10 and 20 knots. Each dot 
represents one observation. (From Hendrickson, 1973).
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The offshore boundary of an upwelling system is imprecise, 
generally characterized by a band of relatively cold water at the 

surface (Smith, 1969). The surface isotherms for January (Fig. 16) 
show this general pattern to a degree, but not as clearly as one 
would expect. The intermittency of the north component in the winds 
during the winter upwelling season, and the enhanced thermal transfer 
along the west coast that reflects the large seasonal temperature 
change of 8°C., has probably resulted in the rather anomalous temper
ature distribution. In deeper waters, coastal upwelling is indicated 

in hydrographic sections by upward sloping isoclines of temperature 
(Smith, 1969). The lack of temperature data below 25 m depth for 

this study, however, precludes the comparison of onshore-offshore 
hydrographic sections for upwelling events and low southward winds 
in the northern Gulf. Therefore, the discussion of the physical 

process of upwelling will be made from data on its biological 
consequences, as this aspect is well established (Cushing, 1971).

The biological effect of an upward water movement is to bring 
nutrients from deep, interior water into the euphotic surface layer 
where photosynthesis can take place as the nutrients become available 

to phytoplankton. As phytoplankton form the basic food supply of 

herbivorous species of zooplankton, changes in the production of 
phytoplankton can be expected to produce similar changes in the 

herbivorous part of the zooplankton (Cushing, 1959; Heinrich, 1962), 

which is dominant in the northern Gulf. Therefore, since the pre

dominantly clear skies and latitudinal position of the northern Gulf
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result in large amounts of insolation sufficient to maintain at least 
a moderate rate of primary productivity even in the winter months, a 

seasonal variation in phytoplankton production, and hence zooplankton, 
in the northern Gulf of California would seem to depend in large part 

upon the available supply of nutrients.
Figure 19 is a diagram representing the seasonal amplitudes 

of phytoplankton production and zooplankton standing stocks in the 

northern Gulf of California. The timing of the peak in the algal 
production coincides with the onset of northerly wind stress in late 

November and early December, and so may be assumed to be pulsed by 

the vertical transfer of nutrients in an upwelling system. The data 
points in Fig. 19 are spread too far apart in time to describe the 

cycle properly, but the phase difference between the peaks in the 
plant and animal production is probably caused by the reproduction 

of the animals being dependent upon increased food, hence the animal 

production follows the plant production in time (Raymont, 1963). It 
might be argued conversely that the zooplankton cycle determines the 

phytoplankton cycle by nutrient excretion, but nutrient concentra
tions are high in the northern Gulf (Zeitzschel, 1969), probably as 
a result of upwellings.

Calvert (1966) and Zeitzschel (1969) report that a marked 

localization of phytoplankton production takes place in the Gulf of 

California. High phytoplankton standing crops and primary produc
tivity are usually found close to islands and in the lees of capes 

and bays on both sides of the Gulf in accordance with the seasonal



-i 3.5

Figure 19. Seasonal Amplitudes of Primary Productivity (— ) and Zooplankton
Standing Stock (— ) in the Northern Gulf of California. —  Primary 
productivity rates for October and December are from Zeitzschel, 1969, 
and the rate for May is from Jitts, 1969. Zooplankton standing stock 
arc geometric means of the cruise periods with 95% confidence intervals.

LnH
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wind regimes. This is explained by the localization of the areas of 
upwelled water resulting from greater vorticity (Arthur, 1965). Zoo
plankton volumes show similar patterns of spatial variation during 

the winter upwelling season: namely, significantly greater in the

lees of Bahia de Adair and Puerto Penasco (Fig. 14), with a signifi
cant seasonal change from fall to winter in the sea station area only 
along the near-shore longitude C3 (Fig. 13).

Zooplankton biomass was also correlated with decreasing tem

peratures and station depth (Table 6). The reduction of sea surface 

temperatures near shore, and the correlation of such with increased 

zooplankton concentrations, are further indications of upwelling. 
Evidence for offshore Ekman transport driven by the prevailing equa

tor-ward wind is found, albeit indirectly, in the small effect 
station depth had upon zooplankton abundance in the winter cruise 

period (r =.057) which is probably the result of advected water off

shore from the point of upwelling, carrying with it a large zooplank

ton population. Cushing (1971) found that the biological width of 
the production zone (median zooplankton concentrations) is 2.5 times 
the width of the physical upwelling (sea-surface temperatures), gen
erated partly by the resultant of offshore and onshore transport. 

Thus, clear-cut correlations of zooplankton and temperature are not 
to be expected within an upwelling season, because of the indirect 

effect temperature has on secondary productivity. In the northern 

Gulf, temperature was found to have a "between" season effect and, 

within the winter upwelling season, showed a non-homogeneous
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deviation from the regression of zooplankton on temperature (Fig. 15). 

Finally, the timing in the increase of and the localization of zoo
plankton production observed in this study corresponds precisely to 

the predictions by Roden and Groves (1959) on possible upwelling sites 

in the northern Gulf of California under a north wind regime (see 
their Fig. 5).

The shifting of the low-pressure center to the north in the 
summer months (Fig. 17), and the resulting winds from the southeast 

(Fig. 18), should cause upwelling along the Baja California coast

line. Data for the transitional period April-May showed that, in

conjunction with the cessation of north wind stress, zooplankton
9stocks decreased rapidly with distance from shore (r =.176) with a 

homogeneous variance about the regression line of zooplankton on 

temperature; conditions not indicative of an upwelling system. Roden 

(1964) shows a strong thermocline in the northern Gulf during the 

period April-August, with a temperature difference of 14°C. between 

the surface and 150 m depth by August. Because of a lack of data 
from the summer months, it remains to be seen whether a seasonal 
alternation of upwelling between the Sonora and Baja California 

coasts in the northern Gulf can occur under these conditions. Never
theless, the trend of increasing zooplankton volumes from east to 

west during the fall cruise period (Fig. 13) shows that zooplankton 

are at higher concentrations along the Baja California coast at least 
during the late summer months, particularly in areas of low sea sur
face temperatures (compare Figs. 5 and 16).
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The distribution and abundance of pelagic and demersal fishes 

in the central and northern Gulf of California provide some indirect 

evidence for higher plankton stocks on the western coast in summer 

but, more importantly, the data complement the spatial patterns of 

plankton production in the northern Gulf in winter. Mathews, 
Granados, and Arvizu (1974) found the highest abundances of ground- 
fish (by-catch of the shrimp industry) in February-March concentrated 
in the shallowest sampling depths along the Sonoran coast. The 
demersal hake showed similar patterns, but with a truncated reproduc

tive season that began and ended in March (Mathews, et al., 1974). 
Moser, et al. (1974), using data on fish eggs and larvae, showed that 

the species of most commercial importance, the mackerel and the 
sardine, spawned in the coldest months of the year, as illustrated by 
the near absence of their larvae in June.

Wong (1974) and Sokolov (1974) present data on the migration 

patterns of the sardine in the Gulf of California. Migration to the 
spawning areas on the east coast of the Gulf begins in October. 

Reproduction occurs from January to April, and the greatest numbers 
of eggs and larvae are found in the lees of capes and bays during 
this time of year. Juveniles are found primarily along the western 

coast of the Gulf in May and throughout the summer months. Stomach 

analyses of juveniles showed that their food consists almost exclu
sively of diatoms and copepods.

The imprecise timing of the sardine spawning in the northern 

Gulf is similar to that exhibited by the California sardine, which
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spawns in any of the months of spring, summer, and early autumn 
(Ahlstrom, 1966). This suggestion of serial spawning in the Gulf 
would be an important reproductive strategy in an upwelling area where 

the production cycle may vary in its timing or occur intermittently.
If the fishes are serial spawners, they would be adapted to exploit 
the variation in timing and accelerate spawning when food becomes 
superabundant (Cushing, 1975). On the other hand, if spawning was 
fixed in space and time, the variability of the production cycle 

would be contained to some degree, but the fishes would not be able 

to take advantage of the small predator-prey oscillations which occur 

in an upwelling system (Cushing, 1976; Walsh, 1975). Further, the 

migration circuit of the sardine appears to be linked to the produc

tion cycle, so that they migrate to the Baja California coast in late 
spring to have the best chance of finding food. Hence the constancy 

in seasonal spawning and migration is linked to that in space by the 
nature of the production cycle.



CONCLUSIONS

In general, the timing of the seasonal cycles of plankton 

organisms in the northern Gulf of California agrees more or less with 

the onset of upwelling in accordance with the seasonal wind regimes. 

Longitudinal and latitudinal variations in the animal stocks show the 

broad correspondence with the physical environment that might have 

been expected in an upwelling system. Stocks tend to be high in or 

near upwelling areas where high primary productivity occurs, and low 

elsewhere. The only possible difficulty about this explanation at 

present is that the stocks in the delta region and along the western 

coast in the fall cruise period did not vary spatially in the same 

way. This discrepancy may disappear when data on summer plankton 

concentrations and more extensive hydrographic observations become 

available for this area of the northern Gulf.

The high seasonal standing crop in the northern Gulf is due 

to a variety of factors which are fundamentally related to its geo

graphic and hydrological location. Although the circulation patterns 

in the northern Gulf are complex and poorly known, a cyclonic circu

lation pattern has been observed for the winter months (Thompson, 

1965; Von der Haar and Stone, 1973; Borrego and Galindo, 1974). This 

type of circulation pattern is consistent with theory (Defant, 1958) 

and will produce a general upward vertical movement of water that,

56



57
when augmented by intrusions of such short term phenomena as upwel- 

ling and convective overturn, probably accounts for the high relative 
productivity of the area.

The most important point about the northern Gulf of Califor

nia area as a whole is that it appears to be a biological unit. 
Upwellings occur at particular locales at about the same time every 
year, accompanied by heavy production of plankton, and the spawning 
and migration circuits of the plantivorous fishes are linked to the 
production cycles in space and time. This type of information is 

invaluable when assessing long-term changes in marine ecosystems 
that may result from climatic change, for it has been shown 

(Cushing, 1971, 1975, 1976) that such change can affect the recruit

ments to fish populations. Thus, if fishing mortality in the north
ern Gulf of California is high enough to reduce recruitment during 

a period of declining potential productivity, the fish stock will 
collapse earlier than expected. The fisheries biologist will have 
failed if the collapse is incorrectly predicted.
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