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FIGURE 23. Stability characteristics of the watermass at the hydro-biological sta-
tion during 1955 and 1956.
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FIGURE 24. Stability characteristics of the watermass at the hydro-biological sta-
tion during 1957.

Norway (69°30’N) where this 6-month range is 7.0 to 10.0 C (Gaarder
1938). These thermal differences can be expected to contribute to regional
differences in both the relative degree of watermass stability and the rates
at which temperature-dependent responses of the phytoplankton communi-
ties proceed (Riley, Stommel and Bumpus 1949).

While temperature alone appears sufficient to cause stratification
during the rainy season, the progressively increasing dilution accompany-
ing rainfall is more important and results in maximum stability usually
during October to November (Figs. 21, 23, 24; Tables 7, 9). The general
inverse relation between the surface and 20 m density difference and sur-
face salinity demonstrates that stability increases with rainfall (Fig. 25).
The annual rainfall at Balboa during 1957 was below average; the rainy
season level was 190.5 and 229.0 mm less than during 1955 and 1956, years
of above average precipitation (Tables 6, 10). The effect of this reduced
rainfall was the considerably less stable watermass which characterized
most of the rainy season during 1957 in comparison with 1955 and 1956
(Figs. 23, 24; Table 10).

Stratification during the rainy season represents a considerably more
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FIGURE 25. The relationship between the density difference between 20 m (o)
and the surface (¢w) and the surface salinity at the hydro-biological
station during July-December, 1955 to 1957.

stagnant situation than that occurring during upwelling. That watermass
stability is related to precipitation volume has significant ecological impli-
cations. It raises the question whether the reduced stability accompanying
decreased precipitation, as during 1957, or periods of excessive rainfall are
more advantageous in enhancing phytoplankton growth during the rainy
season. To answer this requires an analysis of the other consequences of
drainage, namely transparency of the watermass and nutrient accretion.
Also, annual and regional differences in stability attributable to variations
in dilution accompanying rainfall can be expected during the rainy season.

Radiation and transparency

Pyrheliometric measurements of the total daily radiation were made at
the Albrook Air Force Base from January, 1955 through August, 1956, and
thereafter through December, 1957 at Curundu as described under METH-
ODS (Fig. 1).

The incident radiation is most intense during the upwelling season
(Fig. 26; Table 11). A precipitous drop in intensity occurs during late
May for approximately 2 weeks, marking the transition from the high in-
tensity during the upwelling season to the generally reduced radiation
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TABLE 9. Representative vertical temperature (C) salinity (%,) and density (o:)
distribution at selected stations sampled during July to December, 1955 to

1955 1956 1957
C %o a: C %0 Ot C “00 ot
25 July 31 July 29 July
0 (m) 27.72 29.29 18.22 28.17 29.24 18.05 28.5 30.66 19.00
20 25.00 32.88 21.77 26.67 32.09 20.65 284 31.64 19.76
38/44 21.44 3419 23.78 24.33 3255 21.711 274 32.74 2091
22 August 27 August 26 August
0 28.00 28.98 17.90 2811 28.58 17.57 284 30.55 18.95
20 27.22 3117 19.79 2611 31.76 20.59 26.6 3257 21.04
38/44 2244 3311 22.68 23.78 33.19 22.36 23.8 33.96 2294
19 September 24 September 23 September
0 27.67 27.84 17.15 2833 29.85 1845 28.8 30.99 19.14
20 2717 29.01 18.19 27.67 29.85 18.66 28.3 3297 20.79
38/44 21.33 33.75 2347 25.89 31.89 20.75 25.3 33.91 2245
19 October 22 October 21 October
0 27.33 25.20 15.30 27.61 26.85 16.44 28.6 30.44 1881
20 2744 2745 16.94 2711 29.85 1884 28.7 31.58 19.62
38/44 2517 31.98 21.03 2294 33.25 22.65 24.6 33.80 22.58
15 November 19 November 18 November
0 2750 21.68 12.62 2739 27.36 16.89 27.8 28.93 17.93
20 26.33 2827 17.90 26.33 30.37 19.43 27.6 30.14 18.90
38/44 25.06 31.76 20.91 23.56 32.23 21.70 26.1 31.42 20.33
12 December 3 Descember 28 December
0 26.78 26.82 16.67 26.67 28.09 17.66 275 30.84 19.46
20 25.22 30.31 19.76 2489 3198 21.12 26.0 31.94 20.75
38/44 22.67 3250 22.16 19.83 33.23 23.49 254 32.86 21.62

TABLE 10. Total monthly precipitation and deviation from mean (Ax), and ver-
tical density differences between the surface (o.,) and 20 m (o), and
the bottom (oum.:) during the 1955 to 1957 rainy seasons (density data
from stations in Table 9)

Month Year O 20T (o Othot=Tto Rain (mnfl)w AXx (mm)
July 1955 3.55 5.56 236.5 -+ 53.6
1956 2.60 3.66 307.1 -+ 121.9
1957 0.76 1.91 302.3 + 1171
August 1955 1.89 4.78 268.7 -+ 7T
1956 3.02 4.76 285.8 + 932
1957 2.09 3.99 278.9 -+ 86.4
September 1955 1.17 6.32 191.5 — 1.8
1956 0.21 2.30 116.6 — 754
1957 1.65 3.31 158.0 — 36.6
October 1955 1.64 5.73 145.5 —107.7
1956 2.40 6.21 323.1 4+ 69.1
1957 0.81 3.77 227.1 — 274
November 1955 5.28 8.29 339.3 -+ 88.9
1956 2.54 4.81 258.6 + 79
1957 0.97 2.40 2139 — 36.8
December 1955 3.10 5.49 241.3 -+ 100.1
1956 3.46 5.83 90.2 — 50.0
1957 1.29 2.16 142 —126.0
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FIGURE 26. Mean weekly incident radiation, as gm cal cm-2 day-!, measured at

the Albrook Air Force Base from January 1955 through August 1956,
and thereafter at Curundu.

characterizing the rainy season. This decrease in radiation level can be
attributed to the overcast conditions accompanying the southerly rain-
bearing winds then prevalent. Considerably higher incident intensities
occurred during the 1957 rainy season than during 1955 and 1956. Fur-
thermore, the average extinction coefficients (k) per meter (based on
Secchi disc measurements) indicate a sighificantly more transparent water-
mass during the 1957 rainy season than in 1956 (Fig. 27). (Secchi disc
measurements were begun at station 39 in mid-June, 1956 [ Appendix Table
1].) It is recalled that below average rainfall occurred during 1957
(Tables 6, 10). These annual differences in watermass transparency are
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FIGURE 27. Extinction coefficients (k) per meter derived from Secchi disc meas-
urements at the hydro-biological station from June 1956 to December

1957. (Secchi disc observations were begun during June 1956.)
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Diatoms 0 to 4,620,865 c/L
Monads ..o 1,000 to 1,713,000
Coccolithophores ... . 0 to 89,000
Dinoflagellates ... . Oto 34,940

Thus, phytoplankton communities in the Gulf of Panama are also charac-
terized by a considerably less stable level of abundance than that observed
or hypothesized for tropical oceanic and certain non-upwelling inshore
areas (Marshall 1933, Steemann Nielsen 1958, Cushing 1959a, Bainbridge
1960, Heinrich 1962). According to Cushing, fluctuations in phytoplank-
ton abundance such as observed in the Gulf of Panama will favor an ‘“un-
balanced” predator—prey system in which the algal reproductive rate
will initially exceed the herbivore grazing rate. If this is so, one would
expect the upwelling phytoplankton biomass maximum to precede the zoo-
plankton maximum, as in inshore temperate and boreal waters (Heinrich
1962), rather than to occur simultaneously, as proposed for tropical oceanic
regions (Heinrich 1962). This will be reconsidered in the section on zoo-
plankton.

Annual variations in phytoplankton abundance during the upwelling
season and during the period of maximum growth within an upwelling
season (Tables 61, 63) are consistent with that expected to accompany a
wind-regulated biological cycle, as previously demonstrated in the station-
to-station fluctuations in phytoplankton abundance (Figs. 42, 45, 47, 49,
52). Thus, the average total phytoplankton standing crop (as cell num-
bers) during the 1957 upwelling season was approximately 2.5- to 3-fold
greater than during the two previous upwelling periods (1957 > 1956 >
1955), while maximum abundance occurred during March in 1955, Janu-
ary in 1956 and February in 1957 (Tables 61, 63). Although the average
diatom cell density in 1957 was approximately 3-fold greater than that in
1955, the mean biomass during the latter year was about 1.5-fold greater
(1955 > 1957 > 1956) (Table 63). This “discrepancy’’ primarily reflects
the solitary mass occurrence (1,523,000 c/L) of Lauderia annulata at station
7 during 1955 (Table 24). This voluminous diatom has a mean cell volume
of 23,107 #* (Smayda 1965a). The following demonstrates the magnitude
of Lauderia’s influence on the 1955 average results:

c/L ) mm?/L
With Lauderia 269,334 . . 3.500
Omitting Lauderia 138,847 0.912

Thus, as with the green flagellate population, inclusion of the solitary mass
occurrence of Lauderia annulata tends to mask the average annual variation
in diatom importance. Notwithstanding the great importance of Lauderia
during 1955, a ranking of the upwelling seasons as to biomass is probably
1957 > 1956 > 1955. Quantitative relationships between wind direction
and intensity and phytoplankton growth will be treated later.
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Comparison of No. 20 net plankton settling volumes with phytoplankton
biomass estimates derived from cell enumeration

The No. 20 net (and No. 25) is still used in phytoplankton investiga-
tions as a quantitative sampler despite frequent reminders (vide Braarud
1958) that, at best, it is only semi-quantitative. Lohmann (1908, p. 195)
long ago provided the definitive criticism of the inadequacies of net col-
lections as a quantitative tool in phytoplankton research: ‘“Es handelt sich
nicht darum, dass 4 oder 34 des Vollplanktons beim Netzplankton fehit,
sondern darum, dass dieser Verlust die einzelnen Arten des Planktons in der
aller verschiedensten Weise trifft und daher der im Wasser verbleibende
Teil eine andere artliche und physiologische Zusammensetzung hat als der
im Netz gefangene Teil”’. Notwithstanding the phytoplankton loss and selec-
tivity associated with the use of nets, additional information is needed for
determining whether the capture of voluminous species can compensate
for the biomass loss of the smaller species which pass through the net and
thereby still provide @ reasonable quantitative estimate of the standing crop
magnitude for use in food-chain studies. Such a comparison can be made
for 26 stations where both biomass estimations of the standing crop in the
upper 20 m (vide METHODS, and Smayda 1965a) and settling volume
determinations of the No. 20 net tows, not hindered by the occurrence of
excessive gelatinous material, are available (Fig. 58; Table 64). A strict
comparison between these estimates is not possible, however. The calcu-
lated biomass represents the mean standing crop in the upper 20 m, whereas
estimates of the No. 20 net biomass are based on unmetered vertical tows
from the bottom to the surface (40 m), with the volume filtered calculated
from the diameter of the net and the distance hauled (Schaefer, Bishop and
Howard 1958).

The net plankton, in general, reflects the main trends in phytoplank-
ton abundance based on biomass estimates derived from cell counts (Fig.
58; Table 64). In fact, a fairly good relationship exists between these two
estimates. The sample correlation coefficient (r) is 0.47 (P .02). (There
is some indication that the stations sampled during 1954 and 1955 can be
distinguished from those sampled during 1956 and 1957.) However, there
is not a constant relationship between settled and calculated biomass esti-
mates, sustaining the view that a single net tow, as might be taken during
a synoptic survey, or tows in general do not provide a reliable index of the
phytoplankton standing crop. For example, despite a similar settling
volume at several stations there was considerable variation in the calculated
biomass present:

Settling Volume Calculated Volume
Station (g m-3) (g m-3)
6 219 0.657
9 2.19 0.005
52 2.23 0.565
57 214 7.180

Furthermore, in 85 per cent of the cases the settled volumes exceeded those
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FIGURE 58. Comparison between the calculated mean total phytoplankton (di-
atoms and flagellate groups) biomass in the upper 20 m and the
settling volume of No. 20 net plankton tows, from data presented in
Table 64. The sample correlation coefficient (r) is 0.47 (P 0.02).

calculated by 1.2- to 480-fold, whereas the reverse situation occurred at
only four stations (stations 7, 56, 57, 60) where Lauderia annulata and Rb.
delicatula and Rb. stolterfothii were especially abundant (Table 64).

The persistent and, frequently, considerable excess of settled over
calculated biomass is the converse of Lohmann’s (1908, p. 203) observa-
tions in Kiel Bay where the mean monthly calculated biomass exceeded the
settled biomass by 7- to 210-fold. He, too, found considerable variability
between simultaneous net and calculated volumes, however.

The considerable, and unexpected (Lohmann 1908), excess of settled
over calculated volume undoubtedly is partly, if not entirely, attributable
to errors associated with net sampling and the determination of settling
volume. An important source of error is the unmetered net—only a rough
estimate of the water filtered can be calculated from the net diameter and
the distance towed (Schaefer, Bishop and Howard 1958). Furthermore,
measurements of settling volume give excessively high values for the
plankton biomass, being 4-fold greater, on the average, than the more
accurate displacement volume technique (Sverdrup, Johnson and Fleming
1942, p. 929). This latter error reflects the inherent bias of net sampling
for the capture of setose forms (Chaetoceros, Bacteriastrum) which settle in-
adequately. Indeed, Lohmann (1908) concluded that seasonal variations
in net settling volumes primarily reflected the behavior of Chaetoceros
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TABLE 64. A comparison between the plankton biomass estimated from No. 20
net plankton settling volumes (40 m vertical tow) and the mean
phytoplankton biomass® in the upper 20 m calculated from the cell
count data (as g m—3)

No. 20 Net

Settled Mean Calculated 2
Station Volume (A) Volume (B) B
1 2.23 0.070 31.9
3 5.09 1.056 4.8
5 4.04 0.529 7.6
6 2.19 0.657 3.3
7 6.59 23.899 0.3
9 2.19 0.005 438.0
16 1.92 0.079 24.3
31 3.04 0.028 108.6
32 0.86 0.577 1.5
41 2.02 0.232 8.7
42 1.44 0.208 6.9
44 0.96 0.257 3.7
47 0.67 0.045 14.9
48 1.92 0.426 4.5
49 1.44 0.168 8.6
51 1.87 0.117 16.0
52 2.23 0.565 3.9
55 2.99 2.950 1.0
56 4.06 4.280 0.95
57 2.14 7.180 0.3
58 2.53 1.177 21
59 2.02 0.164 1.2
60 2.29 4.223 0.5
61 1.67 0.519 3.2
62 0.96 0.188 5.1
63 0.86 0.138 6.3

* Diatom and flagellate groups included

species. The discrepancy between settled and calculated biomass may
possibly result from the net collections being primarily voluminous species
which are usually sparse and, thus, inadequately sampled by water bottles
or during subsequent enumeration (Hasle 1959). Unfortunately, the net
tow samples were not available for microscopic examination. However,
this possible cause of the discrepancy between settled and calculated vol-
umes was cursorily checked by examining a net tow collected in the upper
100 m at 6°58'N, 80°39'W in the offing of the Gulf of Panama. The sparse
net community was dominated by setose Chaetoceros and Bacteriastrum
species, with only an insignificant giant diatom community, (Planktoniella
sol, Rbizosolenia acuminata). In addition, a significant juvenile copepod com-
munity was present which exceeded the phytoplankton in biomass. This
latter observation suggests an additional cause of the discrepancy between
the settled and calculated biomass estimations. Thus, the rapid determina-
tion of phytoplankton biomass by net sampling techniques provides inade-
quate standing crop estimates and can not be applied to gquantitative
analyses of production or food-chain dynamics.
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Primary production

The annual primary production at the hydro-biological station has
been estimated by Forsbergh (1963) to be approximately 180 g of carbon
per m? of which about 90 g are produced during the upwelling season
(considered to extend from January through April by him). The relation-
ship between *C assimilation and the diztom standing crop at this station
has been examined in detail (Smayda 1965a). A strong direct relation-
ship, irrespective of the species composition, environmental conditions, or
dynamic state of the communities, was found between carbon uptake and
the magnitude of the diatom stunding crop when the latter was expressed
as either surface area or plasma volume. Further, the diatom community
cell surface area:cell volume ratio (u*:1*) appeared to influence the rate of
1C assimilation, within certain limits, and the rate of carbon uptake per
unit of standing crop was inversely related to the magnitude of the stand-
ing crop.

The mean monthly rates of “C assimilation (as mg C m* day ') of the
10 m community based on 24 hour iz situ experiments are presented in
Figure 59. In general, seasonal and monthly variations in '*C uptake
parallel that expected from the standing crop cycle (Figs. 56, 57), with
well-defined maximum rates of carbon fixation occurring during the up-
welling season. Forsbergh (1963: Table 2), with data collected from De-
cember 1955 to April 1958, calculated the mean rate of carbon fixation at

10 meters

ass. m™> day™' at

i
&
o

1S

FIGURE 59. Mean monthly *C assimilation at 10 m at the hydro-biological sta-
tion from November 1954 to June 1959, based on 79 experiments
(modified from Forsbergh 1963).
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10 m to be 30 mg C m day' during the upwelling season and 12 mg C
m~* day during the rainy season. The daily rate of '*C uptake ranged
from 1.2 to 57.0 mg C m~ at the stations where phytoplankton counts were
made (Appendix Table 1); Forsbergh reported assimilation rates of 180
mg C m~* during the 1959 upwelling season.

Beginning in April 1958 (Station 87) production experiments were
made at the surface, 5, 10 and 15 m at 23 stations (Forsbergh 1963: Ap-
pendix Table B). Representative vertical profiles of these in situ experi-
ments are presented in Figure 60. That considerably greater carbon fixa-
tion rates in the upper 15 m usually occurred during the upwelling season
rather than during the rainy season is apparent. The frequent occur-
rence of maximum photosynthetic rates at the surface and a relatively
shallow productive zone are also notable.

Of the 23 stations, maximum production occurred at the surface at
16 (about 70 per cent); a similar rate was also found concurrently at
greater depths on five occasions. Forsbergh (1963) suggests that the
saturation intensity of the Gulf of Panama population is about 70 ly day™
total radiation. The incident total radiation during the productivity ex-
periments ranged from 103 to 692 ly day' (Forsbergh 1963: Appendix
Table B), i.e., usually considerably in excess of this suggested saturation
intensity and, therefore, presumably at inhibitory levels. Thus, one might
expect that maximum photosynthetic rates would usually not occur at the
surface, as appears to be characteristic of the Gulf of Panama (Fig. 60),
but at a depth where the light intensity is reduced to about 2- or 3-fold
below surface levels (Steemann Nielsen 1963)—at or below the depth of
the 50 per cent isolume (Fig. 61). This would usually correspond to a
depth of about 5 m at the hydro-biological station (Tables 12, 13). The
phytoplankton community was usually more abundant at the surface than
at greater depths (Appendix Table 1). It is unknown whether these ver-
tical differences in population density are sufficient to mask any actual
inhibition of photosynthesis that might be occurring at the surface; this
inhibition is frequently encountered in tropical waters (Steemann Nielsen
1963).

Relatively low rates of carbon fixation at 15 m during both the up-
welling and rainy seasons (Fig. 60) suggest a fairly shallow production
zone at the hydro-biological station, where the total depth is about 40 m,
in agreement with the distribution of standing crop (Fig. 57). (Maximum
rates of photosynthesis were observed at 15 m at only 3 of the 26 stations
[13 per cent|, but a similar rate occurred concurrently at upper depths
at 2 of these stations.) To examine this further, the average carbon up-
take profiles in the upper 15 m and average light penetration have been
prepared for the 1958 rainy season and 1959 upwelling season using data
presented in Forsbergh’s Appendix Table B (Fig. 61). Incident radiation
observations are incomplete during the 1958 rainy season. Since the mean
Secchi disc characteristics during the 1956 and 1958 rainy seasons are
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FIGURE 60. Representative vertical profiles of 24-hour iz situ 14C experiments in
the upper 15 m at the hydro-biological station from data presented
in Forsbergh (1963). The numerals enclosed in parenthesis, i.e., (87),

identify the station.

similar (Tables 12, 13), the mean radiant energy flux at the various isolume
depths during the 1958 rainy season (Fig. 61) was derived from the 1956

mean radiation levels.
The mean 50, 10 and 1 per cent isolume depths are similar during the

upwelling and rainy seasons, and are found at about 5, 15 and 30 m (Fig.
61). The greater energy flux at these depths during the upwelling season



490 SMAYDA N

mg C" ass. m> day

204

254

304

-- 36 ---------- 1% I
35 354 .
May - December January - April
1958 1959
40 40
bottom bottom
s s

FIGURE 61. A comparison of the average rates of '*C assimilation in the upper
15 m and mean light intensity (langleys per day) at the 50, 10 and
1% isolume depths at the hydro-biological station during the 1958
rainy season and 1959 upwelling season, from data in Forsbergh
(1963) and in Tables 12 and 13. See text for further explanation.

is primarily attributable to the greater incident intensities then than dur-
ing the rainy season (Fig. 26; Table 11). Extrapolation of the mean pro-
duction curve for the 1959 upwelling season indicates zero production at
about 30 m, the approximate mean depth of the photic zone. Extrapola-
tion of the mean rainy season profile suggests carbon fixation continues
to the bottom. However, zero production during this season more likely
occurs between 15 and 25 m (Fig. 60; Tables 12, 13).

Thus, inadequate light intensities appear to prevent the mean produc-
tive zone from extending to the bottom (40 m) during the upwelling and
rainy seasons. This is especially likely during the rainy season when re-
duced incident radiation and increased turbidity of the water column as-
sociated with runoff occur (Figs. 26 to 29). However, the associated de-
crease in plant nutrients during this period (Figs. 30, 37, 39; Tables 15, 16)
may be an important secondary factor. During the upwelling season, how-
ever, light intensity may be less important in restricting the depth of the
production zone. The ascent of the watermass towards the surface during
this period may minimize the extension of the production zone much below
20 m, as the results of the phytoplankton enumeration suggest (Appendix
Table 1). Nutrient limitation would not appear to be important.

Estimates of production obtained by Steemann Nielsen’s (1952) *C
method appear to lie somewhere between ‘“net and gross production”
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(Strickland 1960). The 24 hour iz situ incubation under natural radiation
used for the Gulf of Panama experiments differs from the 4- to 6-hour ex-
periments normally conducted using constant, artificial illumination. Thus,
the opportunity for re-assimilation of *C during respiration (Ryther 1956)
and the secretion of '*C-labeled organic substances (Fogg 1958), processes
favoring a net production estimate, are especially great in the Gulf of
Panama experiments. Forsbergh’s (1963) estimation of an annual primary
production in the Gulf of Panama of about 180 g of carbon per square
meter of sea surface, 90 g of which are fixed during the upwelling season
might, thus, be considered to represent net particulate production. How-
ever, there is also evidence that the '*C experiments in the Gulf of Panama
permit an estimate of the standing crop (Smayda 1965a). Nonetheless, it
will be assumed that the estimates of production in the Gulf of Panama
(Forsbergh 1963) are net production estimates; it is therefore desirable
to estimate the annual gross production rate.

Since:
Net production = Gross production — Respiration

an estimate of respiration of the Gulf of Panama phytoplankton will permit
an estimation of the gross production rate. Riley, Stommel and Bumpus
(1949) suggest that the respiratory rate of phytoplankton at any given
temperature can be determined by:

r, = rue.rT

where r, is the respiratory coefficient in g of carbon per day per g of phyto-
plankton carbon at temperature T; r,, the respiratory coefficient at O C, is
0.0175; and the constant s is 0.069. Mean upwelling and rainy season tem-
peratures of 23 C and 27 C, respectively, are assumed. The calculated res-
piratory coefficients (r,) are about 0.076 and 0.100 for the upwelling and
rainy seasons, respectively, i.e., 7.6 and 10 per cent of the standing crop car-
bon. The mean phytoplankton standing crop in the upper 20 m was 2.26
and 0.26 mm?® per liter during the upwelling and rainy seasons, respectively
(Table 62). Assuming a specific weight of 1.0, and estimating the carbon
content from the equation given by Strickland (1960):

mg C = F X mg algal weight (or mm?® algal volume)

where F is assumed to have a value of 0.12, the mean daily diatom stand-
ing crop as carbon in the upper 20 m was 5.42 and .62 g m during the
upwelling and rainy seasons, respectively. Applying the respiratory co-
efficients calculated above, the total carbon respired is:

SEASON Carbon Respired + Net Carbon Production — Gross Carbon Production

Upwelling 60 g m—2 90 150
Rainy 15 90 105
TOTAL 75 180 255

That is, gross production during the upwelling season is 150 g of carbon
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m-2 and 105 g of carbon m~* during the rainy season, or a total annual gross
production of 255 g of carbon m=2. These results are considerably influ-
enced by the higher average standing crop during the upwelling season.
One might, in fact, expect the converse result of higher carbon respiratory
losses during the rainy season when the prevailing light and nutrient levels
(vide Gibbs 1963) might be expected to complement the heightened respira-
tory rates attributable to temperature. Strickland (p. 69 in 1960) has
summarized some of the literature dealing with respiration: ‘There is
general evidence that healthy algal cells in culture and nearly all phyto-
plankters in nature respire at a rate somewhere between about 5% and
15% of the rate of gross photosynthesis at optimum light intensity, al-
though the respiration may almost equal the gross rate when the latter
is reduced by gross nutrient deficiencies . . .” Since optimal light and
nutrient conditions are not found throughout the upwelling season, respira-
tion is assumed to equal 10 per cent of the gross photosynthesis rate during
this season, and to be one-half the gross photosynthesis rate during the
nutrient-impoverished rainy season. Under these conditions:

SEASON Carbon Respired |+ Net Carbon Production — Gross Carbon Producti{)ﬂ

Upwelling 10 gm- 20 100
Rainy 90 90 180
TOTAL 100 180 280

This independent estimate of the annual gross production rate is 280 g of
carbon m=2, not appreciably different from that derived above. However,
a considerably different picture emerges as to the carbon respired and,
hence, gross production during the rainy season. While the latter approxi-
mation may be more representative than that estimated using the Riley,
Stommel and Bumpus (1949) equation, this cannot be evaluated further.
The total annual respiration calculated using the Riley et al. equation
amounted to about 30 per cent of the gross production rate (75/255) and
about 35 per cent (100,280) using the second procedure. For comparison,
Riley (1956a) reported that about 55 per cent of the total annual primary
carbon production in Long Island Sound is respired by phytoplankton.

Phytoplankton—wind relationships during the upwelling season

Station-to-station oscillations in phytoplankton abundance during the
upwelling season are generally related to the total northerly wind intensity
at Balboa (Fig. 1) during the 3-day period prior to the sampling date (Figs.
42, 47, 52). During the March 1958 regional survey (Smayda 1963), a
well-defined inverse relationship existed between mean diatom abundance
and temperature in the upper 10 m. These observations, coupled with the
direct relationship between upwelling and northerly wind intensities (Fig.
4), suggest that a predictive phytoplankton abundance-wind relationship
exists. This will be examined in the following section.

True north (N) and northwesterly (NW) winds predominate when
winds of unequal intensity from all quadrants occur during the upwelling
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TABLE 65. The sample correlation coefficient (r) between phytoplankton abun-
dance and wind conditions at Balboa expressed in various ways for all
upwelling season observations (***significance at P 0.001; **signifi-
cance at P 0.01; others—significance at P 0.02)

WINDS: UNMODIFIED =(N-+-NW) MODIFIED, =(N+.8NW —8)
DAYS: 1 3 ki 1 3 ki
Surface (n — 31)
Cells 0.55%%* 0.56%* 0.48%* 0.60%* 0.57%* 0.49%*
Biomass 0.66***  0.66***  (0.57** 0.69***  0.66***  0.56**
Sfc. Area 0.67*%*  0.67¥**  (0.56%* 0.69%**  0.65%**  (0.54%*
Upper 20 m, Mean (n = 26)
Cells 0.54%%* 0.61*%%* 0.47 0.58%* 0.62%* 0.47
Biomass 0.57** 0.62%**  (0.51%* 0.60%* 0.64%**  (.52%*
Sfc. Area 0.60%* 0.65%**  0.54%* 0.63***  0.67***  (0.54%*

season (Fig. 3). The wind data have been reduced to true north and true
south vectors by calculating the true north component of the northwest
winds and the true south (S) component of the southwest and southeast
winds at Balboa (Appendix Table 1). That is, in the following text, north-
west winds will represent the true north component of these winds, while
total northerly and fotal southerly winds will refer to the true north and
true south components, respectively, of these winds taken collectively.

Northerly winds induce upwelling while southerly winds do not. In
fact the latter, when sufficiently intense and prolonged, cause a rise in sea
level—the converse of upwelling (Figs. 4, 5). Therefore, an adequate esti-
mate of the magnitude of the effective upwelling (i.e., northerly) winds must
include the southerly wind intensity. The simplest procedure would be
to subtract the latter from the northerly winds: = (N—S). Statistically,
true north and northwest winds appear to be equally effective in causing
upwelling (Schaefer et al. 1958). The physiography of the Gulf (Fig. 1),
however, suggests that differences might be expected. Therefore, the as-
sumption that northwest winds are less effective by some fraction in causing
upwelling (phytoplankton growth) than winds from the true north will
also be examined.

The influence of unmodified, ¥ (N-+NW), and modified, = (N + .8NW
— S), winds at Balboa on phytoplankton abundance during the upwelling
seasons for 1-, 3- and 7-day periods prior to the sampling date has been
assessed in 144 estimates of sample correlation coefficient (r) (Figs. 62,
63, 64; Tables 65, 66). The combined data for the upwelling season (Table
65) indicate that phytoplankton abundance expressed as cell numbers, bio-
mass or surface area is significantly and directly related to the wind re-
lationships used. Although the correlation coefficient (r) values are not
statistically different, there is a well defined trend for phytoplankton abun-
dance to be better correlated with 1- and 3-day winds than with 7-day
winds (Table 65). The correlations on modified and unmodified winds
were not appreciably different. Phytoplankton abundance during the 1955,
1956, and 1957 upwelling seasons is also significantly related to the wind
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TABLE 66. The sample correlation coefficient (r) between phytoplankton abun-
dance and wind conditions at Balboa expressed in various ways for
the 1955, 1956, and 1957 upwelling seasons (** significance at P 0.01;
* significance at 0.01 < P < 0.05; others—significance at P < 0.1;
values in parenthesis after years, i.e.,, (9), represent the number of

observations)

WINDS: UNMODIFIED =(N-+NW) MODIFIED, Z(N-+.8NW —8S)
DAYS: 1 3 7 1 3 7
Surface Cells

1955 (9) 0.74* 0.73* 0.51 0.70% 0.66 0.44

1956 (11) 0.63* 0.65% 0.60 0.72* 0.68* 0.68*

1957 (11) 0.61* 0.61% 0.41 0.65*% 0.67* 0.40
Surface Biomass

1955 (9) 0.86%* 0.82%%* 0.62 0.83%* 0.76%* 0.56

1956 (11) 0.62* 0.61%* 0.61% 0.69* 0.69% 0.59%

1957 (11) 0.66* 0.67* 0.60 0.66* 0.69% 0.59
Surface u?

1955 (9) 0.84%* 0.80%* 0.62% 0.80%* 0.73* 0.55

1956 (11) 0.70* 0.68* 0.68* 0.76%* 0.70* 0.74%*

1957 (11) 0.67* 0.68* 0.54 0.70%* 0.72% 0.53
Upper 20 m Cells, Mean

1955 (5) 0.55 0.75 0.30 0.53 0.70 0.24

1956 (11) 0.64* 0.64% 0.57 0.72% 0.67% 0.65%

1957 (10) 0.67* 0.66* 0.63 0.68%* 0.72% 0.66*
Upper 20 m Biomass, Mean

1955 (5) 0.70 0.85 0.44 0.68 0.81 0.38

1956 (11) 0.55 0.51 0.52 0.61% 0.55 0.57

1957 (10) 0.63 0.61 0.72% 0.60 0.63 0.74*
Upper 20 m »2, Mean

1955 (5) 0.68 0.84 0.42 0.66 0.80 0.36

1956 (11) 0.62* 0.59 0.60 0.69% 0.63* 0.65*

1957 (10) 0.71* 0.68* 0.72% 0.70% 0.71% 0.74%

relationships used (Table 66). Although significant statistical differences
are not found between the individual correlation coefficient (r) values,
certain trends are apparent: 1) phytoplankton abundance and winds were
more strongly correlated during 1955 than during the other upwelling sea-
sons, 2) the correlation with 7-day winds was usually lower than with 1-
and 3-day winds, and 3) the correlation was usually higher with phyto-
plankton abundance expressed as biomass or surface area than as cell
numbers.

The above phytoplankton—wind relationships also hold, though less
thoroughly examined, during the various upwelling season months, as il-
lustrated by the representative March-April conditions (Fig. 65).

The results suggest that the predictive relationship hypothesized be-
tween phytoplankton abundance and upwelling winds should be further
explored. Accordingly, the relationship between the mean monthly biomass
in the upper 20 m and some expression of wind intensity during this period
was sought. During the upwelling seasons, the hydro-biological station
was usually sampled twice a month at approximately 2-week intervals.
(Three samples were collected during April 1956 and January 1957.) The
mean monthly biomass was related, therefore, to the “3-week winds” during
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FIGURE 62. The relationship between mean diatom cell abundance in the upper
20 m and the 3-day winds, expressed as = (N4 0.8NW — S), at Bal-
boa prior to the station sampling date during the upwelling season.
The sample correlation coefficient (r) is 0.62 (P 0.01).
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prior to the station sampling date during the upwelling season. The
sample correlation coefficient (r) is 0.64 (P 0.001).
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FIGURE 64.

FIGURE 65.
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The relationship between the mean diatom cell surface area in the
upper 20 m and the 3-day winds, expressed as = (N 4+ 0.8NW — S),
at Balboa prior to the station sampling date during the upwelling
season. The sample correlation coefficient (r) is 0.67 (P 0.001).
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the months of the upwelling season (December—April) for which adequate
data existed. The mean monthly biomass and the “3-week winds” were
computed as shown in the following examples. During December 1955,
samples were collected on the 12¢h and 262/ days. The mean monthly bio-
mass in the upper 20 m (641 mg m™) during this month is simply the
mean of the standing crop found on these two sampling dates (740 and 542
mg m-, respectively). The “3-week winds” represent the total wind in-
tensity during the period from 5 through 25 December, that is, the 3-week
period (21 days) immediately preceding the last sampling date. This wind
expression is considered to provide a better measure of the winds influ-
encing the observed mean biomass concentration than the total winds dur-
ing a given month. For example, use of total December 1955 winds would
include winds from the 26¢h through 31 December which has absolutely
no influence on the mean December biomass concentration. Since the “‘3-
week winds” proved effective in establishing a predictive phytoplankton—
wind relationship (Fig. 66; Table 67), other wind periods were not tried.

Since three samples were collected during April 1956 and January
1957, the mean monthly biomass calculation for these months differed
slightly, to be consistent with the use of the “3-week winds.” Two ‘“mean
monthly” biomass estimates were derived for each month, as shown in the
following example. Samples were collected on 2, 17 and 30 April. The two
biomass means were calculated from the 2 + 17 April samples, and from
the 17 + 30 April samples. Therefore, two ‘“3-week winds” periods were
also needed which extended from 27 March through 16 April, and from 9
through 29 April, respectively. If the mean monthly biomass for April
1956 were calculated using the three stations, then the “3-week winds”
would cover the period extending only from 9 through 29 April. This,
however, would not provide an estimate of the winds responsible for the
biomass concentration found on 2 April. The only serious objection to the
procedure adopted for handling the April 1956 and January 1957 data (2
of 13 upwelling season months for which adequate data exist), in contrast
to that for the other months, is in the use of the designation ‘“mean monthly
biomass” (Fig. 66; Table 67; Appendix Table 4).

The relationship between mean monthly biomass and ‘“3-week winds”
was examined by computing linear regressions by the least square method
(Table 67; Fig. 66; Appendix Table 4). The correlation coefficient (r)
values ranged from 0.63 to 0.91, but there were no statistical differences
between these values. Certain trends apparent in the initial analyses were
used as a guide in incorporating the northwest and total southerly winds
into the ‘“3-week winds” expressions used. For example, the regression on
true north winds, = N, explained 51 per cent of the observed variation,
whereas the regression on 3 (N+NW) winds explained only 40 per cent
of the variation. This lent credence to the view expressed earlier that
northwest winds might not be as effective as winds from the true north
in causing upwelling. Therefore, the northwest winds were arbitrarily
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TABLE 67. Regression equations: mean monthly phytoplankton biomass in the
upper 20 m during the upwelling season on the “3-week winds”
relationships (X) expressed in various ways (data presented in Appen-
dix Table 4)

Y = Mean phytoplankton biomass in the upper 20 m, as mg/m?

Wind 9 Variation Standard

Relation Regression Equation Explained by Proba-  Error of
X= Regression r bility  Estimate d.f.
=N Log Y — 2.488494-.00052 (X) 51 0.72 .01 .106 15
=(N-+NW) Log Y = 1.60948--.00049 (X) 40 0.63 .02 118 15
S(N4.1NW) Log Y — 2.38612+4-.00054 (X) 50 0.70 .01 108 15
2(N+NW —S) Log Y = 1.58680+.00051 (X) 48 0.69 .01 110 15
S(N+.INW —S) LogY = 2.40582--.00057 (X) 57 0.76 .001 .100 15
S(N+4.INW —2S) LogY — 2.45623-.00057 (X) 64 0.80 .001 .091 15
S(N+.INW -—3S) LogY = 2.52282-+.00056(X) 70 0.83 .001 .084 15
S(N+.INW -—4S) LogY = 2.58766-1.00054 (X) 4 0.86 .001 .078 15
2(N4+.INW —6S) LogY — 2.72258-4-.00050(X) 79 0.90 .001 .069 15
Z(N+.INW —8S) LogY = 2.84056-+.00044 (X) 81 0.90 .001 .066 15

S (N-+.INW —108) Log Y = 2.93885--.00040(X) 82 0.91 .001 .065 15
Z(N+4-.1INW —128) Log Y = 3.01736+-.00035(X) 82 0.91 .001 .065 15

assumed to be 1/10 as effective as winds from the true north leading to the
relationship = (N+.1NW). The regression on these winds provided a fit
similar to the regression on true north winds, N (Table 67). Since
southerly winds are unfavorable to upwelling, a term for these winds in
the “3-week winds” expression is necessary. Therefore, regressions of
mean monthly biomass on ‘“3-week winds” expressed as = (N+NW—S8)
and » (N+.1INW—S) were computed; 57 per cent of the variation was ex-
plained by the latter wind relationship as contrasted to 48 per cent by the
former (Table 67). These regressions confirmed the desirability of includ-
ing only a fraction of the total northwest winds in the ‘“3-week winds”
expression, as well as including a term for the negative influence of south-
erly winds on upwelling. Thus, a “3-week winds” expression, = (N-+.1NW
—S), was used in subsequent regression analyses in which the southerly
(S) wind term was weighted (Table 67). A progressively greater increase
in the per cent of the variation explainable by the regressions accompanied
increased weighting of the southerly winds. The regressions of mean
monthly biomass on the “3-week winds” expressed as = (N+.1INW—108)
and = (N+.INW—12S) explained 82 per cent of the variation (r = 0.91).
The regression analyses were not pursued beyond these relationships, since
the per cent of the variation explained by regressions of this form began
to level off. However, either of the latter two regression equations can
be used to predict satisfactorily the average biomass in the upper 20 m
during a given upwelling season month from a knowledge of the wind con-
ditions at Balboa (Fig. 66; Table 67).

The improved regressions accompanying an increased weighting of
the negative influence of the southerly winds on size of standing crop dur-
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The relationship between the mean monthly diatom biomass in the
upper 20 m during the upwelling season and the “3-week winds”,
expressed as 2 (N -+ .INW — 10S), at Balboa, along with the 95%
confidence limits. In the wind expression, positive (+4) wind values
indicate that northerly winds exceeded southerly winds during this
3-week period, and negative (—) values indicate that southerly winds
exceeded northerly winds. See text for an explanation of the deriva-
tion of the regressed variables, and Table 67 for the statistical prop-
erties of the regression.
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ing the upwelling season is not surprising. These winds have both a direct
negative influence on upwelling and an indirect one in the form of an
associated decline in northerly, upwelling winds. For example, an increase
in southerly winds is usually accompanied by a decrease in northerly winds
(Figs. 3, 5, 67). During the upwelling season, then, a subsidence in north-
erly winds not only causes a reduction in upwelling intensity, but the as-
sociated increase in southerly winds reduces the effectiveness of the pre-
vailing northerly winds in causing upwelling. The pronounced decline in
population frequently found to accompany a seemingly minor subsidence
in northerly winds during the station-to-station analysis (Figs. 42, 47, 52)
is undoubtedly attributable, in part, to this dual negative influence of the
southerly winds.
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FIGURE 67. The relationship between the simultaneous total northerly winds and
total southerly winds at Balboa.

The average diatom biomass in the upper 20 m during the individual
upwelling seasons ranged from 1.17 mg L' in 1956 to 3.50 mg L in 1955
(Table 63), suggesting that variations in wind intensity cause annual vari-
ations in phytoplankton abundance. The wind characteristics of these
three upwelling seasons are summarized in Table 68. Significant differ-
ences in true north and northwest wind intensity occurred. The former
were approximately 2-fold more intense and the northwest winds about
1.5-fold less intense than during the 1956 and 1957 upwelling seasons.
Nonetheless, the total northerly winds, 3 (N+NW), were quite similar, being
only 5 to 10 per cent less intense in 1956 than during the other years (Table
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TABLE 68. Summary of wind intensity at Balboa, in miles, during the 1955, 1956
and 1957 upwelling seasons (N — north; NW — northwest; S — south;
SW —= southwest; SE — southeast)

Winds: =N SNW  =(N4-NW)  =(S+SW-SE) X(N-+.INW—3S) X(N-+-.8NW — 3S)
1955 12,303 8,951 21,254 860 10,618 17,945
1956 5,096 13,878 18,974 861 3,901 13,615
1957 6,073 14,088 20,161 836 4,974 14,835

TABLE 69. The sample correlation coefficient (r) between the mean phytoplank-
ton biomass in the upper 20 m during the 1955, 1956 and 1957 upwell-
ing seasons, and the accompanying wind intensity at Balboa, as miles,
expressed in various ways (ns — not significant at P 0.1)

WIND RELATION r PROBABILITY
S (N .INW —3S) 0.91 ns

S (N + 25NW — 3S) 0.92 ns

S (N -+ 5NW —3S) 0.95 ns

S (N-- 8NW — 3S) 0.96 ns

s (N 4+ NW) 0.999 0.05

68). The total southerly winds were remarkably similar (about 860 miles)
during the three upwelling seasons, and were only about 4 per cent as in-
tense as the total northerly winds.

The influence of various wind relationships on the mean biomass level
during the upwelling seasons is illustrated in Table 69 and Figure 68. All
correlation coefficient (r) values exceed 0.90, with almost a perfect corre-
lation between mean upwelling season biomass and total northerly winds,
S (N+NW). This latter correlation may be somewhat misleading, how-
ever, since extrapolation of the regression line indicates that zero biomass
would occur at a total northerly wind intensity of about 18,000 miles (Fig.
68). Notwithstanding the high (r) values, the other biomass—wind cor-
relations were not statistically significant at the P 0.10 level, presumably
because of the low number of observations during the upwelling season (n
= 3). Nonetheless, all correlation coefficients suggest that the observed
annual differences in mean phytoplankton biomass during the upwelling
season are directly related to differences in total intensity of upwelling
winds.

It was shown previously (page 483) that the high average biomass dur-
ing the 1955 upwelling season could be attributed primarily to the solitary
mass occurrence of the voluminous diatom Lauderia annulata. Omitting this
diatom from the 1955 estimate of biomass, a mean of approximately 0.90
mg L is obtained, i.e., 4-fold less than that with Laxderia included. This
suggested that a more accurate ranking of the upwelling seasons based
on standing crop as biomass would be 1957 > 1956 > 1955. However, the
total wind intensities during the upwelling season, their correlation with
mean biomass, as well as the observed mean biomass levels suggest that
the ranking should be 1955 > 1957 > 1956 (Table 63).
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FIGURE 68. The relationship between the mean diatom biomass in the upper 20
m during the 1955, 1956 and 1957 upwelling seasons, and the total
upwelling winds at Balboa during these years, expressed in various
ways.

Calculation of the diatom biomass during upwelling from wind and
surface temperature

Margalef, Mufioz and Herrera (1957) developed an empirical relation-
ship in which the phytoplankton biomass in the upwelled coastal waters off
Spain could be estimated from the intensity of favorable upwelling winds
and the surface temperature:

Picxl\{

where P is the mean upwelling season biomass expressed as Harvey Pig-
ment Units, \/V is the mean force of the favorable upwelling winds as kg
m-2, and ¢ is the mean surface temperature. The constant ¢ has a value
of 100 and is used to adjust the decimal point permitting a comparison of
the observed and calculated biomass concentrations. The data presented
in their Table VI indicate that for the six upwelling seasons (December—
May) studied the calculated biomass varied from about —12 per cent to

+ 34 per cent of the observed biomass.

Similar estimates of the mean biomass (B) in the upper 20 m (mg m-)
have been made at the individual upwelling season stations in the Gulf of
Panama using various equations in which the biomass concentration (B)
is assumed to be a direct function of the ‘‘3-day winds” (as miles) prevailing
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TABLE 70. Mean diatom biomass (mgm-) in the upper 20 m observed at the
upwelling season stations, and biomass calculated from the “3-day
wind” intensity at Balboa prior to the sampling date and the surface
temperature when expressed in various ways

BIOMASS
Station Observed VN VNW VANW V2N + V.5NW
to to to to

3 1,054 394 621 439 1,000

5 527 368 526 371 890

6 654 294 737 519 935

7 23,895 1,392 366 258 2,222

9 4 517 285 202 932
27 740 134 604 429 619
28 542 152 593 419 633
29 4,130 575 705 500 1,327
30 3,856 448 735 522 1,157
31 23 199 678 479 760
32 559 502 638 487 1,202
33 559 509 866 634 1,353
34 698 133 867 613 802
35 615 875 866 611 1,847
36 9 197 427 299 576
37 259 344 674 476 963
51 114 5 655 464 569
52 560 243 336 239 582
54 4,902 642 530 373 1,284
55 2,948 333 746 528 1,000
56 4,276 465 902 641 1,302
5Y4 7,163 648 683 485 1,396
58 1,170 818 636 449 1,602
59 164 324 739 523 1,398
60 4221 570 795 561 1,365
61 512 186 671 473 736

at Balboa prior to the station sampling date, and as an inverse function
of the sea surface temperature (t,) found on the sampling date:

B=VN 1) B= VAW )
B = VoONW o (3) B — V2N + V5NW (4)

where /N represents the true north winds, and VNW represents the true
north component of the northwest winds, in miles, and weighted in various
ways. The estimates of biomass derived with these equations are pre-
sented in Table 70. All equations provided estimates of biomass which
agreed fairly well with observed concentrations; no equation provided a
consistently good estimate of biomass. A modified version of equation (4)
of the form

B-cxX Vmﬂﬂ ____________________________
where ¢ equals 3.25, also provided estimates of biomass in close agreement

with observed values (Table 71). A comparison of the observed biomass
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and the biomass estimate most closely in agreement with this, and the
equation used, are presented in Table 71. Of the 26 upwelling season sta-
tions used in the analysis, the observed and calculated biomass levels agreed
within =+ 15 per cent at 17 stations (65 per cent of the total number),
within =+ 30 to 40 per cent at four stations, and differed by more than
=+ 90 per cent at five stations. Interestingly, estimates of biomass with
equation (5) agreed fairly well with observed levels at the January stations
during 1956 and 1957 (Table 71). There were other trends in which a
particular equation provided consistently good estimates, such as the use
of equation (1) during the 1956 upwelling season. Such ‘“historical” trends
might have prevented, in part, the effective use of a single equation for all
stations. Nonetheless, the remarkably good agreement between observed
and calculated biomass levels at 17 of the 26 stations suggests that an
adequate estimate of biomass as a direct function of favorable winds and
an inverse function of temperature, as found also by Margalef et 4l. in
Spanish coastal waters, may be possible for upwelling waters in general.

The average diatom biomass in the upper 20 m for the 1955, 1956 and
1957 upwelling seasons was also calculated from the total upwelling season
wind intensity, expressed in various ways (including the unfavorable south-
erly winds), and the mean upwelling season surface temperature (Table
72). The biomass equations:

g - VN

Ox 10 and, B = VRS 'Ht\IW —35 %10
provided remarkably good estimates for the 1955 and 1957 upwelling sea-
sons which agreed within 2 to 5 per cent of the observed mean biomass values;

the 1956 estimates were not in good agreement.

The above analyses of the phytoplankton abundance—wind relation-
ships during the upwelling season in the Gulf of Panama clearly establish
that phytoplankton growth during this period is directly related to effective
upwelling wind intensity.

Short-term differences and annual variations in phytoplankton abun-
dance appear to be primarily related to differences in the rate of upwelling
of cold, phosphate-enriched water caused by variations in the intensity
of the upwelling winds. It would appear, therefore, that the major limiting
factor of phytoplankton growth during the upwelling season is the intensity of
the effective (northerly) upwelling winds: intense northerly winds promote up-
welling and phytoplankton abundance, subsiding northerly winds retard uprwelling
and phytoplankton growth. The collapse of the upwelling season and ter-
mination of active phytoplankton growth during late April can be attrib-
uted to inadequate northerly wind intensity.

Phytoplankton—wind relationships during the rainy season

Southerly rain-bearing winds (Figs. 3, 5), and a decline in phytoplank-
ton abundance from upwelling season levels (Figs. 56, 57; Table 62) charac-
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TABLE 71. Observed mean diatom biomass in the upper 20 m (mgm-3) at the
upwelling season stations, and the closest approximation calculated
from the surface temrperature and northerly wind intensity for 3 days
prior to the sampling date

Difference (%)

BIOMASS B—A % 10 0> Equation
Station Month Observed (A) Calculated (B) A Used

3 Jan. 1,053 1,000 — 5 (4)

5 Feb. 527 526 0 (2)

6 Feb. 654 737 -+ 13 (2)

7 Mar. 23,895 2,222 —91 (4)

9 Apr. 4 202 - 4,950 (3)
27 Dec. 740 619 — 16 (4)
28 Dec. 541 593 -+10 (2)
29 Jan. 4,130 4,312 + 4 (5)
30 Jan. 3,855 3,760 — 2 (3)
31 Feb. 23 199 - 765 (1)
32 Feb. 559 502 —10 (1)
33 Feb. 559 509 — 9 (1)
34 Mar. 698 613 —12 (3)
35 Apr. 615 611 — 1 (3)
36 Apr. 9 197 -+ 2,089 (1)
37 Apr. 259 344 -+ 33 (1)
51 Dec. 114 5 — 35 (1)
52 Dec. 560 582 + 4 (4)
54 Jan. 4,902 4,173 —15 (5)
55 Jan. 2,948 3,250 -+ 10 (5)
56 Feb. 4,275 4,232 — 1 (5)
57 Feb. 7,162 4,537 — 37 (5)
58 Mar. 1,170 817 — 30 (1)
59 Mar. 164 324 -+ 98 (1)
60 Apr. 4,220 4,436 + 5 (5)
61 Apr. 512 473 — 8 (3)

terize the rainy season. This decline in abundance is probably related to the
increased watermass stability (Figs. 23, 24, 25), increased turbidity (Fig.
28) and reduced phosphate concentrations (Figs. 35 to 40) accompanying
the intense precipitation (Figs. 19 to 22). Despite this general ecological
condition, station-to-station differences in phytoplankton abundance during
the rainy season might be related to changes in wind direction and intensity
(Figs. 45, 49, 52). The strong inverse relationship between southerly and
northerly wind intensity during the rainy season (Fig. 67) suggests that a
temporary subsidence in southerly winds will be accompanied by a resurg-
ence of northerly winds, a condition previously demonstrated to favor
increased phytoplankton growth. Therefore, the relationship between
phytoplankton abundance and various wind conditions at the rainy season
stations has been examined in 48 sample correlation coefficient (r) esti-
mates (Table 73). (As in the upwelling season analyses, northerly and
southerly winds, when used collectively, will refer to the true north and
true south components, respectively, and northwest winds will actually
be the true north component of these winds.)

A phytoplankton census could be made at the three sampling depths
(0, 10 and 20 m) at only 10 of the 17 rainy season stations. Therefore, cor-
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TABLE 72. Observed mean diatom biomass in the upper 20 m (mg m-3) during
the 1955, 1956 and 1957 upwelling seasons, and biomass calculated from
the average daily wind intensity (miles) at Balboa expressed in various
ways and the average surface temperature during these upwelling

seasons
UPWELLING SEASON: 1955 1956 1957
Mean Surface Temp. (C) 25.3 25.5 25.2
Mean Daily Winds:

SN 81 34 40

= (N 4+ NW) 141 126 134

= (N + .INW — 3S) 70 26 33

> (N + .8NW — 3S) 119 20 98
Observed Mean Biomass 3.500 1.170 2.420
Calculated Biomass (B):

VN
B— Tt X 10 3.557 2.287 2.508
% of Observed Mean Biomass +1.6 -+ 955 +3.6

N+ NW
= +t — X 10 4.690 4.440 4.600
% of Observed Mean Biomass +34.0 -+279.5 +4-90.0
/N + INW —3S
B=— ﬁt——— % 10 3.310 2.000 2.280
% of Observed Mean Biomass —5.4 +70.1 —5.8
/N + .8NW — 3S

B—= AR Lt__ — X 10 4.310 3.720 3.920
% of Observed Biomass -+23.1 -+218.0 -+62.0

relation analyses are based on the surface populations (n = 17) expressed as
cell numbers and biomass. (The surface area estimate of the standing
crop was not used, since it did not substantially improve the correlations
above that using cell numbers or biomass during the upwelling season
[Tables 65, 66].) The northwest winds were arbitrarily assumed to be
only 80 per cent (.8NW) as effective as the true north winds in some of
the wind expressions used. In others, the northerly wind intensity was
arbitrarily increased by 2- (2N) or 4-fold (4N) for reasons analogous to
those given for weighting the southerly component during the upwelling
season analyses. As previously, 1-, 3- and 7-day winds will represent
levels prior to the sampling dates.

Phytoplankton abundance was not correlated with the six wind ex-
pressions used (Table 73), with none of the correlation coefficients (r)
being significant at the P 0.10 level. Nonetheless, two trends were ap-
parent: 1) the strongest relationships were found using the various 7-day
wind expressions (r = 0.26 to 0.27), and 2) cell number was better cor-
related with wind intensity than biomass.

A plot of the abundance of standing crop as a function of the intensity
of the southerly winds for various days prior to the sampling dates demon-
strated that they were not related.
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The relationships between mean monthly phytoplankton abundance dur-
ing the rainy season (May through November) and the mean 3- and 7-day
winds prior to the sampling dates within these months were then sought
(Fig. 69; Table 73). Both cell numbers (r = 0.74) and biomass (r = 0.79)
were significantly related to 3-day (N + NW) winds, and biomass (r =
0.73) to 3-day =(N + .8NW) winds. Neither the 7-day winds nor the
southerly wind intensity (N 4 .8NW — S) expressions were significant at
the P 0.10 level. Thus, the statistically significant direct correlation be-
tween mean monthly phytoplankton abundance and 3-day = (N 4+ NW) winds
suggests that, as during upwelling, phytoplankton growth during the rainy
season is primarily dependent upon northerly winds. However, the lack
of a correlation between the station-to-station fluctuations in phytoplank-
ton abundance and northerly winds during the rainy season (Table 73)
differs from conditions during the upwelling season (Tables 65, 66). This
suggests that either these winds are »o¢ primarily responsible for short-
term population oscillations during the rainy season or that their influence
is obscured. Consequently, other relationships between phytoplankton
abundance and environmental conditions were sought.

180 T T

160 A

140 4
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Mean monthly biomass, mg/m3, during rainy season

80 o
607 ° .
404 L4 [ r= 0.79 (P0.05)
204
o — — i
o 100 200 300

Mean 3 day winds, Z (N+NW), in miles

FIGURE 69. Mean monthly surface biomass during the rainy season and the mean
“3-day’” winds at Balboa expressed as = (N 4 NW). See text for
further explanation.

Mixing of the watermass induced by northerly winds during the rainy
season is usually indicated by increased density (o) of the surface waters,
whereas a density decrease accompanies the southerly rain-bearing winds
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TABLE 73. The sample correlation coefficient (r) between phytoplankton abun-
dance at the surface and rainy season wind conditions at Balboa ex-
pressed in various ways

17 STATIONS:

Winds: 3 (N - NW) ¥ (N 4 .8NW) S (N 4+ .8NW—8)
Days: 1 3 7 1 3 v T1 3w
Cells 019 015 0.27 019 014 026 002 018 026
Biomass 002 007 014 002 007 013 —006 006 010
Winds: S (N—S) S @N—S) S@AN—S)
Days 1 3 _‘7 1 3 7 1 3 7
Cells 004 0.18 026 019 017 027 020 0.16 027
Biomass  —0.05 0.07 012 0.03 0.07 0.14 003 007 015
MEAN MONTHLY RELATIONSHIPS: S
Winds: 3 (N - NW) 3 (N + .8NW) S (N + .8NW —§)
Days: 3 ki 3 ki 7 3 ki
Cells 0.74% 0.59 0.64 055 040 —012
Biomass 0.79%%  0.61 073 061 044 —0.02

o Significant at P 005 level; * 51gn1f1cant at P O 10 level; other correlatlon values
not significant at latter P level

(Fig. 5). This suggests that the station-to-station fluctuations in phyto-
plankton abundance might be better related to the density of the water-
mass than to the wind conditions ultimately responsible for the density
changes. This might then indicate whether the oscillations in station-to-
station populations, and abundance in general, during the rainy season are
related to the precipitation and runoff accompanying southerly winds, or
to the nutrient renewal accompanying the mixing induced by northerly
winds (Fig. 5). If phytoplankton abundance and watermass density are
inversely related, southerly winds might actually promote growth (prob-
ably through nutrient accretion) while northerly winds would impede
growth, i.e., the converse of that observed for the upwelling season and
the mean monthly responses during the rainy season (Table 73).

The density—phytoplankton abundance relationship was examined in
16 correlation coefficient analyses (Table 74; Figs. 70, 71). Using all sta-
tions (n = 17) and standing crop biomass, the correlation coefficient was
0.35 (not significant to the P 0.10 level), which exceeded those obtained
with winds (Table 73); a considerably poorer correlation was obtained
using cell numbers (Table 74).

Monthly variations in runoff during the rainy season (Fig. 20; Tables
7, 8) appear to influence the phosphate concentration (Figs. 33 to 40).
Consequently, the stations were partitioned into those sampled during May
—July (n = 9) and those during August—November (n = 8), and the
density—phytoplankton abundance relationship re-examined (Table 74).
The correlation coefficients were not significant at the P 0.10 level (pos-
sibly because of the low 7). However, biomass and surface density were
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directly related at the May—July stations (r = 0.41), but inversely related
during the August—November period (r = —0.39). Considerably poorer
correlations were obtained with density at 10 m and, except for the August
—November period, with cell numbers. Tbe relationships with biomass, there-
fore, suggest that during the height ( August—November) of the rainy season
increased precipitation stimulates phytoplankton growth, while growth prior to this
period is dependent upon northerly winds. Examination of the August—No-
vember data (Fig. 70) indicates that one of the eight observations is deviant
which, were it not so, would have resulted in an even stronger, and perhaps
statistically significant, relationship between surface biomass and density.
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FIGURE 70. The relationship between surface biomass at the stations sampled
during August-November and the density of the surface watermass.
The correlation coefficient (r) is —0.39 (not significant at P 0.10).

The mean monthly abundance of phytoplankton and surface density
(Fig. 71; Table 74) are strongly and significantly related directly with both
cell numbers (r = 0.72*) and biomass (r = 0.79*%*). Both indices of
standing crop are also significantly related to the 10 m density. This is
consistent with the direct, statistically significant relationship obtained
using mean monthly northerly winds expressed as = (N + NW) (Table
73). Partitioning the data into the May—July, and August—November
sub-groups (Fig. 71) does not show the inverse relationship during the
latter period found for the stations taken individually (Table 74).

Thus, the rainy season results are enigmatic. The mearn monthly ob-
servations of both wind conditions and watermass density suggest that
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FIGURE 71. The relationship between the mean monthly surface biomass during

the rainy season (May-November) and the mean density of the sur-
face watermass.

the average month-to-month fluctuations in phytoplankton abundance can
be related to the magnitude of the northerly winds, and, hence, reduction
in southerly winds (Fig. 67). The causes of the station-to-station fluctu-
ations in abundance, however, are quite uncertain. There are no clear
relationships with any of the wind expressions used. The inverse correla-
tion during August—November (Table 74) which suggests a possible
beneficial action of southerly winds (runoff) on growth during this period
requires confirmation. It is inconsistent with the reduction in transpar-
ency (Fig. 28) and nutrient levels (Figs. 35 to 40), increased stability
(Figs. 23, 24, 25), and probable magnitude of the nutrients entering the
Gulf of Panama viz runoff (vide page 419) at that time. There is little doubt,
however, that the reduction in phytoplankton abundance during the rainy
season (Figs. 56, 57; Table 63) is influenced by the reduction in northerly
(upwelling) winds (Figs. 3, 4, 5). The specific limitation to growth during
the rainy season appears to be inadequate supplies of nutrients (Fig. 30).

PHYTOPLANKTON — ZOOPLANKTON RELATIONSHIPS

The mean zooplankton displacement volume at the hydro-biological
station was 160 ml/1000 m?* during the upwelling season and 92 ml/1000
m? during the rainy season, or 6.4 ml m~ and 3.7 ml m=2, respectively,



PHYTOPLANKTON OF THE GULF OF PANAMA 511

TABLE 74. The sample correlation coefficient (r) between phytoplankton abun-
dance at the surface and density (o.) at the surface and 10 m for all
rainy season stations, as well as for the mean monthly levels

May—Nov. May—duly Aug.—Nov.
All Stations 0m 10 m 0m 10m Om 10m
Cells o 0.12 0.19 0.07 0.06 —0.25 0.05
Biomass 0.35 0.35 0.41 0.32 —0.39 —0.17
Mean Monthly
Cells 0.72¥  0.68*
Biomass 0.79%*% (0. 75%*

* gignificant at P 0.10; ** significant at P 0.05; all other r values not significant at
P 0.10 level

for the 112 net tows (vide METHODS) made from November 1954 to June
1959 (Forsbergh 1963). Forsbergh did not find an unequivocal phyto-
plankton—zooplankton relationship; phytoplankton abundance expressed
as chlorophyll « and as No. 20 net displacement volume led to somewhat
different and inconsistent conclusions about this relationship. Using net
phytoplankton displacement volume, the simultaneous phytoplankton—
zooplankton standing crops for all stations were directly related in a
general way (r = 0.32, significant at P < 0.01) (Forsbergh 1963). There
was a poor relationship between the upwelling season standing crops (r =
0.14, not significant), and a stronger, direct relationship for the rainy
season stations (r = 0.35, significant at P < 0.01). For individual years,
weak, occasionally inverse, statistically non-significant (» ranged from
—0.09 to 0.26) phytoplankton—zooplankton relationships occurred during
both seasons. Lagging the zooplankton 2 weeks (i.e., the zooplankton
standing crop was related to the phytoplankton standing crop at the pre-
vious station), however, usually led to higher, positive correlation coef-
ficients for each season in the individual years, although the correlations
were not statistically significant, probably because of the low number of
observations.

Forsbergh’s analysis of the phytoplankton—zooplankton relationship
was hampered by the use of data from the inadequate No. 20 net, and
chlorophyll estimates of the phytoplankton standing crop, the only meas-
ures of phytoplankton abundance available to him. It has been demon-
strated on page 484 that for a No. 20 net displacement volume of about
2.2 g m, the biomass calculations based on cell counts varied from 0.005
to 7.2 g m=. It has also been shown (Table 12 in Smayda 1965a) that the
phytoplankton biomass carbon : chlorophyll « ratio ranged from 0.13 to
1369:1 for the Gulf of Panama community. For these reasons, and in order
to estimate the magnitude of zooplankton production and grazing in the
Gulf of Panama, the phytoplankton—zooplankton relationship has been
re-examined using biomass derived from cell counts (Smayda 1965a) as
an expression of the phytoplankton standing crop.



512 SMAYDA

The analyses will be restricted to those stations where bottom-to-top
oblique zooplankton tows were made (Table 75); surface tows were made
at some stations (Appendix Table 1). Zooplankton abundance has been
related to both the mean phytoplankton biomass in the upper 20 m (30
stations) and at the surface (39 stations) (Table 75). However, the for-
mer estimate is more representative and will be used preferentially in sub-
sequent analyses. The zooplankton data have been presented as ml/1000
m?* by the Inter-American Tropical Tuna Commission (Forsbergh 1963).
Assuming a specific gravity of 1.0, they will also be expressed here as g/1600
m?, mg m* and mg m=2, as the need arises. Zooplankton standing crop
per square meter of sea surface is based on a water column depth of 40 m.

The phytoplankton—zooplankton relationship has been examined, in
part, by computing 84 sample correlation coefficients where the logarithm
of the zooplankton standing crop (log [gm/1000 m®l) is the dependent
variable and the logarithm of the phytoplankton biomass (log [gm m=1)
is the independent variable. The correlation existing between zooplankton
and phytoplankton abundance during the upwelling and rainy seasons
within any given year was not computed if less than four observations
were available for that period.

The correlation between standing crops of phytoplankton and zooplankton

Considerable station-to-station variations in plankton abundance and
in the ratio of the phytoplankton to zooplankton standing crops occurred
(Table 75). The phytoplankton : zooplankton standing crops ratio ranged
from 0.04 to 981:1 at the 30 stations used, with the average phytoplankton
standing crop per m* 83-fold greater than the zooplankton standing crop
at these stations. The zooplankton standing crop exceeded phytoplankton
abundance at only four stations (31, 36, 47, 63) (Table 75).

The mean annual phytoplankton and zooplankton cycles (Fig. 72),
based on the November 1954 to May 1963 observations, indicate 1) the
considerably greater phytoplankton standing crop, and 2) the tendency
for a direct phytoplankton—zooplankton relationship during the upwelling
season, but an inverse relationship during the rainy season. The mean
monthly standing crop of zooplankton exceeded the phytoplankton standing
crop only during June; otherwise the latter exceeded the zooplankton by
3- to 29-fold, with an overall average of 11-fold (Table 76). Likewise,
the average standing crop of phytoplankton during the upwelling season
exceeded zooplankton by about 20-fold, and by 4-fold during the rainy
season. Since the zooplankton estimate is derived from sampling the
entire water column (40 m), and the phytoplankton estimate from the
upper 20 m, it might be thought that the considerable excess of phyto-
plankton over zooplankton represents a sampling artifact. This has been
examined by computing the mean phytoplankton biomass per m?* for the
entire water column assuming that no phytoplankton were present below
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20 m (Fig. 72). Even on this basis, the phytoplankton standing crop con-
siderably exceeds that of the zooplankton with the exception of June, as
previously, and possibly May and July.
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FIGURE 172. The mean annual zooplankton and phytoplankton cycles at the hydro-
biological station based on observations from November 1954 to May
1957. The phytoplankton curve, —— ——, represents the mean
biomass m-3 computed for the entire water column (40 m) assuming
no phytoplankton exists below 20 m, whereas the phytoplankton
curve, , represents the mean biomass in the upper 20 m.
See text for further details.

The regression'* of the mean standing crop of zooplankton on the
mean standing crop of phytoplankton (Fig. 73), from data presented in
Figure 72, indicates a statistically significant, direct relationship between
these trophic levels (r = 0.59) with 35 per cent of the variation explained
by the regression (Table 77). Partitioning these data into the upwelling
and rainy seasons reveals a positive correlation (r = 0.66) between zoo-
plankton and phytoplankton during upwelling, and a weak (r = —0.15),
inverse relationship during the rainy season (Fig. 72). Neither correlation
is significant, however, presumably because of the low number of obser-
vations.

14 August, September and October were not included in the regression for the fol-
lowing reasons: An estimate of mean phytoplankton biomass was not possible
for September (Table 61). An August phytoplankton estimate is available only
for 1956 when only surface zooplankton tows were made (Table 76). An October
phytoplankton mean is available only for 1956, whereas those for the other months
are based on 2 to 3 years’ observations. Therefore October was also omitted in
calculating the regression. However, this datum is indicated in Figure 73 by a
filled triangle to indicate that its omission does not alter the above conclusion.
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TABLE /5. Mean zooplankton displacement volume and estimated phytoplankton

biomass (as mg m-) (Symbol — indicates no estimations are avail-
able)
ZOOPLANKTON PHYTOPLANKTON
Mean,
Upper 20m  Surface Phytoplankton (A)
Station (A) (B) Zooplankton

1 6 69.5 32.7 12

2 124 — 2174 —

3 55 1,056.0 828.7 19

4 32 — 11.3 —

5 57 529.2 643.6 9

6 44 657.3 1,062.2 15

7 50 23,899.2 25,620.4 478

8 596 — 189.0 —

9 484 5.5 18.1 87
10 71 — 6,214.6 —
14 93 — 75.3 —
15 132 — 276.5 —
16 54 79.3 84.0 1.5
27 22 742.8 696.3 34
28 17 546.9 4181 32
30 777 3,858.8 3,239.0 5
31 206 277 53.4 0.13
32 50 577.4 693.9 11.5
33 16 570.3 721.4 36
34 106 709.3 1,387.4 7
35 17 2,842.9 2,472.6 167
36 276 9.8 5 0.04
41 25 232.3 258.4 9
45 49 — 390.3 —
46 71 — 56.5 —
47 72 445 7.5 0.6
49 37 168.2 305.4 5
52 54 565.1 733.6 10.5
53 6 — 1,025.2 —
54 5 4,905.3 1,430.6 981
55 226 2,950.3 756.1 13
56 48 4,280.0 4,983.1 89
57 53 7,180.1 12,305.7 135
58 15 1,177.1 2,719.7 78
59 16 164.2 632.8 10
60 20 4,222.9 5,885.3 211
61 17 519.2 463.1 30
62 23 188.2 101.2 8
63 140 137.6 444 .4 0.99

MEAN 83

The mean monthly standing crop of zooplankton ranged from 37 to
183 mg m~ (Table 76), about 5-fold, whereas the phytoplankton (Table
61) ranged from approximately 67 to 4,460 mg m3, about 67-fold. This
greater seasonal stability of zooplankton (Fig. 72) is unexpected consider-
ing the marked fluctuations in phytoplankton abundance. In fact, the
anticipated (Cushing 1959a) phytoplankton maximum during the upwelling
season prior to a zooplankton maximum was not observed; both maxima
occurred more or less simultaneously (Fig. 72).
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FIGURE 73. The relationship between the mean monthly zooplankton and phyto-
plankton biomass at the hydro-biological station based on observa-
tions from November 1954 to May 1957. The datum, A, represents
the October standing crops and was not included in the regression
calculation for reasons presented in the text. The correlation coef-
ficient (r) = 0.59 (P 0.10).

Significant annual variations in mean zooplankton abundance occurred
(Table 76). The average 1957 zooplankton standing crop was 73 mg m—*—
approximately 24 per cent lower than during 1955 and 1956 (1955 = 1956
> 1957) and about 75 per cent lower during the upwelling season (Table
76). Unlike these latter 2 years, the average zooplankton abundance dur-
ing the rainy season in 1957 excceded the upwelling season standing crop
(Table 76). On the basis of the average standing crop of zooplankton
during the upwelling seasons, the annual rank order is 1955 > 1956 >
1957. Mean phytoplankton and zooplankton abundance during these
annual upwelling periods (Table 63) are not causally related.

The correlation between the mean month-to-month variations in zoo-
plankton and phytoplankton standing crops was then determined for the
combined data as well as for the individual years (Fig. 74; Table 78).
For the combined data, positive (r = 0.25) and negative correlations
(r = —0.26) were again found for the upwelling and rainy seasons, re-
spectively, neither correlation was significant. Partitioning these data
into the individual years indicates that a positive, statistically significant
correlation occurs between zooplankton and phytoplankton during 1955
(r = 0.77) and 1956 (r = 0.83), while an inverse, non-significant relation-
ship (r = —0.34) occurs during 1957 (Table 78). Further partitioning
of the data into the 1955, 1956 and 1957 upwelling seasons was accom-
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TABLE 76. Mean monthly zooplankton abundance during 1955, 1956 and 1957, and
for 1955-1957 combined (* — surface net tows only)

Year: 1955 1956 1957 1955—1957  Mean Monthly
Combined Phytoplankion
Month ml/1000m* ml m-2 ml/1000m? ml m-2 mi/1000m> ml m-2 ml/1000m* mim-2  Zooplankton
Jan. 44 1.8 7 311 79 3.2 183 7.3 14.6
Feb. 52 2.1 128 51 52 2.1 76 3.0 29.0
Mar. 323 12.9 61 24 16 .6 133 5.3 335
Apr. 278 111 147 5.9 19 8 147 5.9 104
May 122 4.9 56%* ? 82 3.3 91 3.6 2.9
June 113 4.5 105 4.2 101 4.0 106 4.2 .6
July 45 1.8 25 1.0 119 4.7 71 2.8 2.5
Aug. 32 1.3 36* ? 101 4.0 53 2.1 10.7
Sept. 21 8 60 24 103 4.1 61 24 ?
Oct. 59 24 38 1.5 97 3.9 63 2.5 3.7
Nov. 13 s} 44 1.8 43 1.7 37 1.5 3.2
Dec. 41 1.6 36 14 47 19 41 1.6 1.1
Mean 96 3.8 95 3.8 73 29 88 3.5 111
Upwelling Season Mean:
168 6.7 157 6.3 43 1.7 119 4.8 19.7
Rainy Season Mean:
2.6 47 1.9 94 3.8 69 2.7 4.0

panied by a progressive decline in zooplankton—phytoplankton correla-
tion from r = 0.80 in 1955 to r = 0.18 during 1957, of which none were
significant because of the low number of observations. The correlation
for the 1956 upwelling season is especially influenced by the datum located
in the upper right hand corner of Figure 74. This suggests that the direct
zooplankton—phytoplankton relationship during this upwelling period is
not as strong as the correlation (r = 0.60) indicates. In fact, the other
four observations for this period suggest the possibility of an inverse re-
lationship. Inadequate observations prevent an analysis of the annual rainy
season zooplankton—phytoplankton relationships.

In summary, the mean monthly standing crops of zooplankton and
phytoplankton are directly related, significantly, for 1) the entire investi-
gation (Figs. 72, 73; Table 77), and 2) during 1955 and 1956 (Fig. 74;
Table 78). Although not statistically significant, direct relationships also
occur during the upwelling seasons during these periods, along with evidence
of an inverse relationship between zooplankton and phytoplankton during
the rainy season (Tables 77, 78).

It is now desirable to assess the influence of zooplankton on the sta-
tion-to-station variations in phytoplankton abundance, and vice versa.
Either the simultaneous standing crops can be compared, or the zoo-
plankton abundance can be related to an earlier phytoplankton level. The
latter appears to evaluate better this relationship than a comparison of
the simultaneous standing crops because of the slower rate of development
of the zooplankton. For example, lagging the zooplankton population 2
weeks improved the correlation coefficient estimates over those based on
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FIGURE 74. The relationship between the mean monthly zooplankton and phyto-
plankton standing crops during the 1955, 1956 and 1957 upwelling
seasons (December-April).

simultaneous population densities (Forsbergh 1963). The 2-week lag
period was chosen primarily because this was the interval between sampl-
ing dates. A constant lag period is not expected in reality since the gen-
eration and development time of the zooplankton can be expected to vary
with temperature and food supply. Woodmansee (1958) concluded that
Acartia tonsa produced 11 generations per year in the sub-tropical waters
off Florida. The time interval between successive generations varied from
4 to 7 weeks depending on temperature. Delsman (1926) reported that
clupeiod and scombrid fish eggs in the Java Sea hatched within 24 hours,
or 3- to 6-times faster than did eggs of related species in European waters.
An accelerated zooplankton growth rate at the higher temperatures of
tropical waters decreases the time interval between the phytoplankton
and zooplankton maxima relative to that found in colder waters.
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TABLE 77. Correlation coefficients (r) and regression equation for mean monthly
zooplankton (log [gm/1000 m#]) and mean phytoplankton in the upper
20 m (log [gm/m3]) using observations from November 1954 through
May 1957 (n — number of observations; P — probability level; ns —
not significant)

n r P

All data 9 0.59 0.10

Upwelling Season 5 0.66 ns

Rainy Season 4 —0.15 ns
Regression Equation for All Data: log Y — 1.19484 -+ 0.25837 log(X)
% Variation explained by Regression..................................... 35
Correlation Coefficient...................... 0.59
Probability . ..o 0.10
Standard Error of Estimate.. ... 0.083

TABLE 78. Correlation coefficients (r) for mean monthly zooplankton (log
[gm/1000 m?*]) and mean monthly phytoplankton abundance in the
upper 20 m (log [gm/m3])

n r P
All Data 19 0.35 ns
All Upwelling Data 14 0.25 ns
All Rainy Season Data 5 —0.26 ns
All 1955 Data 6 0.77 0.10
1955 Upwelling Season 4 0.80 ns
All 1956 Data 8 0.83 0.02
1956 Upwelling Season 5 0.66 ns
All 1957 Data 5 —0.34 ns
1957 Upwelling Season 5 0.18 ns

The time interval between the Gulf of Panama zooplankton and phyto-
plankton maxima when the latter exceeded 1.1 g biomass m~ was approxi-
mately 2 weeks during 1955 and 1956 (Table 79). During 1957 a lag
period of 40 days occurred between maxima in one instance, otherwise,
as demonstrated previously (Table 78), there is no positive phytoplankton
—zooplankton relationship during this year.

Using surface and mean (upper 20 m) phytoplankton biomass, cor-
relation coefficient estimates of the station-to-station zooplankton rela-
tionships were made 1) using the simultaneous standing crops, 2) lagging
the zooplankton 2 weeks, 3) lagging the zooplankton 4 weeks, and 4) relat-
ing zooplankton abundance to the average of the simultaneous standing
crop of phytoplankton and that present at the preceding station (Table 80).

With the mean phytoplankton standing crop in the upper 20 m and
the simultaneous zooplankton abundance, the inverse relationship for the
combined data (r = —0.27) persists when the data are partitioned into
the upwelling (r = —0.39) and rainy (r = — 0.04) seasons (Fig. 75; Table
80). Inverse relationships are also found for the combined data within
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TABLE 79. Relationship between phytoplankton and zooplankton population pulses
when phytoplankton peak exceeded 1.1 g per m3

Mean Phytoplankton Days Elapsed
Abundance in the Between

Upper 20 m Zooplankton Phytoplankton and

Station (g m-3) (g/1000 m?) Zooplankton Peaks
7 23.899 50 e
8 .098* 596, 13
9 .005 481 —
10 4.324% 71 _
11 .097 164 e 14
29 4.137 ? —
30 3.859 1T e 14
35 2.843 17 —
36 .010 276 e 15
54 4.905 5 —
55 2.950 226 15

56 4.280 48 Zooplankton Peak

57 7.180 53 not Observed

58 1.177 15 —
60 4.223 20 —_
63 138 140 e 40

* mean abundance in upper 10 m
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FIGURE 75. The station-to-station relationship between zooplankton abundance
and the mean phytoplankton abundance in the upper 20 m at the
hydro-biological station.

individual years, and during the 1955 (r = —0.64) and 1956 (r = —0.29)
upwelling seasons; it was positive (r = 0.25) during the 1957 upwelling
season (Table 80). The inverse correlation progressively weakened from
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APPENDIX TABLE 4. Mean monthly phytoplankton biomass in upper 20 meters
(mg m-?) and “3-week winds” (in miles) at Balboa expressed in various ways
used in the regression of biomass standing crop on Balboa winds during the up-
welling season, as explained in the text.
and April 1955 incomplete)

“THREE-WEEK WINDS” (in miles)

(Phytoplankton data for December 1954

- 2 72 @ @2 =z & &

— »n 53 o - © * - Al

o | | | | | i

+ + + 4+ 4+ o+ o+ o+ 4+ 4+ o+

Blowass & % 2% & & B & 7 & & & &

Month (mg m-3) 2] 2 12 W n n n A n 2 2 2]
Jan, '55 710 630 2122 779 2034 691 603 515 427 251 75 —101 —277
Feb, '55 590 925 2762 1109 2667 1014 919 824 729 539 349 159 —-31
Mar. ’55 12360 3470 4183 3541 4145 3503 3465 3427 3389 3313 3237 3161 3085
Dec. '55 641 147 1608 293 1476 161 29 —132 —235 —49%9 —763 —1027 —1291
Jan. '56 3993 1055 3011 1251 2996 1236 1221 1206 1191 1161 1131 1101 1071
Feb, '56 291 437 2621 655 2542 576 497 418 339 181 23 —135 —293
Mar. ’'56 629 826 3437 1087 3377 1027 967 907 847 27 607 487 367
Apr. a) ’'56 312 805 2901 1015 2663 7 539 301 63 —413 —889 —1365 —1841
Apr. b) '56 134 876 2956 1084 2652 780 476 172 —132 —740 —1348 —1956 — 2564
Dec. '56 337 434 1813 572 1713 672 572 472 372 172 —18 —218 —418
Jan. a) ’'57 2898 1769 2784 1260 2767 1242 1225 1208 1191 1157 1123 1089 1055
Jan. b) ’57 3975 1227 3218 1426 3216 1424 1422 1420 1418 1414 1410 1406 1402
Feb. ’'57 5719 1326 4155 1609 4146 1600 1591 1582 1573 1555 1537 1501 1483
Mar. '57 667 906 2634 1079 2466 911 743 575 407 71 —265 —601 --937
Apr. '57 2366 821 3276 1067 3187 978 889 800 711 533 355 177 —1

P



