
Vol. 32: 101-1 13, 1986 MARINE ECOLOGY - PROGRESS SERIES 
Mar. Ecol. Prog. Ser. Published September 18 

Plankton response following a spring upwelling 
event in the Ria de Arosa, Spain 

' Skidaway Institute of Oceanography, P. 0. Box 13687, Savannah. Georgia 31416, USA 
I. E. 0. Laboratorio de la Coruna, La Coruna, Spain 

Horn Point Environmental Laboratories, University of Maryland, P. 0. Box 775, Cambridge, Maryland 21613, USA 
"stituto Espanol de Oceanografla (I. E. O.), Alcala 27. Madrid, Spain 

ABSTRACT: Phytoplankton and bacterioplankton growth dynamics, and biomass and ingestion rates 
of zooplankton and mussels hung from rafts in the Ria de Arosa, Spain, were studied after a spring 
upwelling event. Upwelling of North Atlantic Central Water was confirmed by salinity, temperature 
and nutrient properties of the bottom waters in the Ria and the positive upwelling index calculated for 
the study period. On 11 March. 1983, primary production and chlorophyll a concentrations exceeded 
30 mg C m-3 h- '  and 10 mg m-3, respectively, in the surface waters. After the upwelling period 
primary production decreased to < 2  mg C m-3 h-'. Our results show that bacterial growth dynamics 
were spatially (vertically) separated from phytoplankton growth dynamics following the upwelling 
event. The hghest specific rate of bacterial production occurred below the depth of maximum 
photosynthesis and above the thermocline. The highest rates of bacterial production were < 10 O/O of 
phytoplankton production. Zooplankton (>333 km) grazing experiments indicated an active selection 
of phytoplankton over bacteria and a sufficient grazing rate (90 to 124 '/o d-') to crop the daily 
phytoplankton production. Thus, herbivorous zooplankton may at hmes be in direct competition for 
food with raft-mussel aquaculture in the h a  de Arosa. 

INTRODUCTION 

Upwelling of deep, nutrient-rich oceanic water onto 
continental shelves is a primary source of nitrogen and 
other plant elements supporting shelf food chains. In 
response to favorable winds, North Atlantic Central 
Water (NACW) upwells into the N. W. Spanish conti- 
nental shelf, and then moves across the narrow (20 km 
wide) shelf into the several fjord-like estuaries (Rias de 
Bajas) that line the Galician coast (Fig. 1). As a result of 
high plankton production resulting from the episodic 
influx of upwelled nutrients, an intensive mussel 
(Mytilus eduLis L.) aquaculture has developed in the 
h a s  de Bajas (Tenore et al. 1982, 1983). 

Several physical, topographical and climatological 
conditions influence the upwelling off N. W. Spain and 
the intrusion of nutrient-rich waters into the rias (Fig. 
1). Northeast winds that blow down the nas lower sea 
level at the mouth, which sets up a seaward pressure 
gradient forcing near-surface waters out of the rias, 
thereby allowing NACW to flow into the rias along the 
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bottom (Fraga 1981, Blanton et  al. 1984). Coastal bathy- 
metry and the alignment of the rias also influence the 
magnitude and frequency of these intrusions in the 

Fig. 1 Northwest Spanish coast and locations of stations 
occupied during the study of the Ria de Arosa 
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bers used, have been shown to collect a representative 
sample of the zooplankton community as compared to 
net-collected samples (Houde & Lovdal 1985). Zoo- 
plankton dry weights were converted to carbon 
biomass by assuming a carbon/dry weight ratio of 
36 % (Roman et al. 1985). 

RESULTS 

Hydrography and phytoplankton production 

Previous investigators used sea surface pressure 
maps to calculate an upwelling index for the Ria de  
Arosa (Blanton et al. 1984). The index for March 1983 
was positive indicating upwelling-favorable wind con- 
ditions during our study period (J. 0. Blanton unpubl.). 
A hydrographic survey of the Ria de  Arosa on 9 March 
showed that nutrient-rich NACW (salinity >35.5 ppt) 
had intruded into the Ria enriching the upper 20m 
(euphotic zone) of the water column with NOs and 
other plant nutrients (Fig. 2). High concentrations of 
phytoplankton biomass (Chl a >10mg m-3) were 
located in the upper 20m of the water column with a 
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mixture of NACW and low-salinity waters from the 
inner h a  (Fig. 2). Following the initial survey on 9 
March, plankton production and other responses were 
determined on 10, 11, 14 and 15 March. As will be 
illustrated below, major biological and chemical 
changes occurred following the upwekng and intru- 
sion of NACW into the h a .  

On 9 to 11 March NO3 exceeded 5 pM in the upper 
20 m throughout the Ria. NH,+ was generally less than 
1.0 pM in the euphotic zone (Fig. 2). In the inner Ria at 
Stns 9 and 10, a lens of low-salinity water of less than 
5 m  deep overlaid NACW (Fig. 3). Maximum Chl a 
concentrations occurred below the lens of low salinity 
water, reaching 20 rng in the intruded NACW (Fig. 
4). Maximum Chl a concentrations in the middle and 
outer h a  (Stns 7 and 2, respectively) were lower than 
the inner Ria, reaching maximum concentrations of 
< l 0  pmg m-3. 

The middle and inner Ria were sampled again on 14 
and 15 March, and conditions were very different from 
those described earlier. NO3 was near undetectable 
levels throughout the euphotic zone, and NH4+ con- 
centrations were generally above 1.0pM (Fig. 3). On 
14-15 March, maximum Chl a concentrations a t  Stns 7, 
9 and 10 were 5mg m-3 on 11 March (Fig. 4). 

Primary production measurements are consistent 
with biomass measurements showing that the phyto- 
plankton bloom was in a state of decline by 14-15 
March (Fig. 4). The rate of primary production nor- 
malized by the concentration of Chl a (mg C mg Chl 
a-' h-') is an indicator of phytoplankton growth 
potential (specific-rate of photosynthesis). On 10 and 
11 March, the maximum specific-rate of photosyn- 
thesis was 5 to 10mg C mg Chl a-' h-' (Fig. 5). By 
14-15 March, the maximum rate declined to <2 mg C 
mg Chl a-' h-' indicating that phytoplankton were 
growing slower than 3 to 4 d earlier. On 10-1 1 March, 
photosynthesis saturated at an irradiance greater than 
1000 yEin S-', whereas light saturation was less 
than 500 yEin m-' S-' by 14-15 March (Fig. 5). To 
estimate phytoplankton-C biomass and growth rate, 
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Fig. 4. Vertical distributions of primary production and Fig. 5. Photosynthesis versus irradiance curves on 10, 11 a n d  
chlorophyll a on 10, 11 and 14-15 Mar 14-15 Mar 
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Table 1. Phytoplankton production, biomass and growth rates 

10 Mar- 11 Mgr 14-15Mar 
Stn Depth X Range Stn Depth X Range Stn Depth X Range 

Production (rng C m-3 h-') 
2 M O  2.95 0.05- 9.60 9 0-20 12.10 0.18- 26.20 7 0-20 2.42 0.365.91 
7 0-20 6.22 0.11-10.70 10 0-15 15.39 0.33 - 34.66 9 0-20 1.60 0.17-3.07 

10 6 2 0  2.44 0.1C5.44 

Biomass (mg C m3) 
2 M O  113 7 0-20 170 112-224 
7 S 2 0  118 9 6 2 0  110 70-210 

10 0-20 165 84-210 

Growth rates (d-l) 
2 M O  0.62 0.10 - 1.89 9 0-20 0.81 0.60 - 0.90 7 0-20 0.34 0.07a0.63 
7 0-20 1.26 0.08- 1.61 10 0-15 1.31 0.071-1.39 9 G 2 0  0.34 0.05S0.85 

10 6 2 0  0.35 0.029-0.62 

we assumed a 24 h growth period and a C:Chl a ratio of 
45:l (Malone et al. 1983). These estimates show that 
the highest production, biomass and growth rate 
(Production:Biomass ratio) occurred on 1 1  March 
(Table 1). During the phytoplankton decline, the mean 
growth rate was 0.72 -1 0.42(SD) d-', range <0.1 to 
1.89 d-'. 

Phytoplankton species were enumerated at Stns 7, 9 
and 10 on 14 and 15 March. Diatoms were dominant 
and exceeded 106 cells 1-'. Small ((5 pm) flagellates 
and dinoflagellates were also present at concentrations 
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generally <105 cells 1 - l .  The dominant diatom species 
were Chaetoceros holsaticus which accounted for more 
than 90 % of the total diatom cells. 

Bacterioplankton production and biomass 

Vertical distributions and daily variations of TdR 
incorporation (mean = 91 k 47.6 (SD) pm01 1-' d-l, 
range 38 to 191 pm01 1-' d-l) in the Ria de Arosa 
between 9 and 15 March are shown in Fig. 6. Bacterial 
abundance was also highly variable over depth and 
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Fig. 6. Vertical distribution of thymidine 
incorporation and bacterial abundance 

on 10, 11 and 14-15 Mar 
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Table 2. Bacterial production, biomass, and growth rates; N = 5 depths 

10 Mar 11 M a r  14-15&lar 
Stn Depth X Range Stn Depth X Range Stn Depth X Range 

Production (mg C m-3 d-l) 
2 WO 0.76 0-1.07 9 0-20 2.00 1.37-3.02 7 Cb20 1.87 1.33-3.34 
7 0-20 2.04 1.20-2.66 10 0-15 2.86 0.95-3.82 9 0-20 1.13 0.85-1.35 

10 Cb20 2.27 1.71-3.08 

Biomass (mg C m3) 
2 0-40 1.78 1.25-2.35 9 0-20 3.67 2.854.65 7 CL20 2.37 1.85-3.05 
7 0-20 3.33 2.35-5.50 10 0-15 4.22 2.65-6.50 9 S 2 0  2.15 1.65-3.10 

10 0-20 3.08 2.25-3.80 

Growth rates (d-') 
2 0-4 0 0.30 0-0.65 9 0-20 0.56 0.35-0.67 7 Cb20 0.78 0.46-1.28 
7 0-20 0.56 0.22-1.02 10 0-15 0.67 0.32-0.85 9 C 2 0  0.55 0.43-0.71 

10 0-20 0.74 0.66-0.81 

time (mean 5.89 k 2.34 (SD) X 108 cells I-', range 
2.5 to 12 x 108 cells 1- l ) ,  but correlated (r2 = 0.673, 
P <0.001) with TdR incorporation (thymidine incorpo- 
ration = 18.3 k 15.4 (SE) + 12.6 k 2.4 bacteria 
abundance; F statistic = 26.5, df = 32). The rate of TdR 
incorporation per cell averaged 1.4 f 0.63 (SD) X 

10-l9 moles cell d-l, range 0.25 to 3.2 X 10-l9 moles 
cell-' d-'. TdR incorporation per cell (specific TdR 
incorporation per cell (specific TdR incorporation rate) 
is an index of specific growth rates (Ducklow & Hill 
1985). Specific incorporation rates were not correlated 
with bacterial abundance, suggesting that bacterial 
production was bacterial density-independent. Assum- 
ing 5 X 10-l5 g C cell-' (Watson et al. 1977) and a 
conservative conversion factor of 4 X 1018 cells pro- 
duced per mole of TdR incorporated (see Fuhrman & 

Azam 1982, Ducklow & Hill 1985), we calculate a mean 
growth rate (P:B ratio) of 0.60 f 0.26 (SD) d-l, range 
<0.1 to 1.28 d-' (Table 2). 

Thymidine uptake was also determined independ- 

ently from zooplankton grazing experiments. The rates 
of TdR uptake measured in situ averaged 216 f 126 
(SD) pm01 1-' d-', range 50 to 528 pm01 1-' d-l. A 
strong linear correlation (r2 = 0.458, P < 0.02) was 
found between the 2 techniques (Fig. 7). 

Bacterial-phytoplankton linkage 

Bacterioplankton and phytoplankton were compared 
after the upwelling event in the Ria de Arosa. Linear 
regression analysis indicated a strong correlation (r2 = 

0.652, P<0.001) between thymidine incorporation and 
photosynthesis (Fig. 8). However, thymidine incorpo- 
ration was weakly correlated (r2 = 0.334, PC0.1) with 
phytoplankton biomass (Fig. 9A). Because of the high 
biomass (Chl a) on 11 March the data were analysed to 
assess daily variation on bacterioplankton production- 
phytoplankton biomass (Fig. 9B). Bacterioplankton 
production was strongly correlated (r2 = 0.703, 
P <  0.05) with phytoplankton biomass on 10 March and 
weakly correlated (r2 = 0.441, P<0.1) on 14-15 March. 
No correlation was found on 11 March. From analysis $1 '0°- r2=,,4,8 
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Fig. 7. Relabon between the rates of thyrmdme incorporation 
measured in situ during the zooplankton grazing experiment Fig. 8. Relation between rates of thymidme incorporation 

(Fig. 13) and in wtro in water-cooled incubators (Fig. 6) (Fig. 6) and phytoplankton production (Fig. 4) 
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Chlorophyll a (pg 1- l )  

10 Ywrch 11 March 

r2:  0 7 1 3  ( F' 1 1 0 5  1 14-15 March 

r 2  : 0.604 
P <005 

Chlorophyll g (pg 1-l)  

Fig. 10. Relation between bacterial abundance and phyto- 
plankton chlorophyll a for each day (see Fig. 6) 

B , , ,I;I. of covariance (AOCOV), the positive slopes for 10 and 0 .- 
c. 14-15 March were not significantly different (F statis- 
m z-' 150 b+ 

tics = 0.479; df = 23). A linear regression analysis of 

0 

'' the pooled data showed a highly significant correlation 
m O .  P?' g ', l00 1" L1 D 4" 

(r2 = 0.647, P<0.001), suggesting that bacterioplank- - 
a O O ton production was coupled (thymidine incorporation z m m 

5 E 50 o = 23.1 -t 14.4 [SE] + 14.5 f 3.6 Chl a)  to phytoplank- 
'2 .S 10 March 1 1  March 14 - rsmarch  ton biornass on 10 March and 14-15 March. 
W. 

S O  
In general, bactenal abundance and phytoplankton 

o 5 10 0 5 10 15 200 5 10 biornass were not correlated (r2 = 0.223, P>O.l) in the 

Chlorophyll g (pg I' l )  Ria de Arosa. However, like bacterial production and 
phytoplankton biornass, significant correlations were 

Fig. 9. Relation between rates of thymidine incorporation and 
chlorophyll a. (A) Data pooled for all stations, depths and found between bacterioplankton abundance and phy- 

times; (B) data from (A) except data pooled for each day (see biOmass On l0 March (r2 = 0.7131 P<0.05) 
Fig. 5). symbols as Fig. 10 and on 14-15 March (r2 = 0.604, P<0.05) (Fig. 10). 

Table 3. Zooplankton biornass, weight-specific grazing rate, and water column clearance rate; N = 4 depths 

10 Ma_r 11 M% 14-15 Mar 
Stn Depth X Range Stn Depth X Range Stn Depth X Range 

Biomass (mg C m-3) 
2 &25 56.5 47.0 - 70.6 9 0-10 66.8 49.4 - 85.0 7 0-15 56.6 47.2 - 65.8 
7 G10 75.0 37.8-107.8 10 0-8 77.2 42.0-133.2 9 0-10 82.0 55.4 - 93.4 

10 0-10 196.6 129.4-294.4 

Weight-specific grazing rate (1 filtered mg  C-' d-l) 
2 0-25 A 3.7 0.7 - 5.4 9 0-10 A 7 0-15 A 0.7 0.1 - 2.0 

H 1.5 0.2 - 2.5 H H 0.3 0.1 - 0.6 
7 G10 A 3.3 1.0 - 8.3 10 0-8 A 9 0-10 A 9.3 4.0- 17.0 

H 1.2 0.1 - 2.4 H H 4.2 1.7 - 6.3 
10 0-10 A 3.6 1.1 - 6.9 

H 3.0 0.4 - 5.8 

Water column clearance rate (% m-3 filtered d-l) 
2 C25 A 19.3 4.9- 29.6 9 1 A 124.2 22.2-305.6 7 l A 4.3 0.5 - 13.2 

H 8.0 1.4 - 13.7 H 25.4 7.3 - 39.8 H 1.9 0.5 - 3.9 
7 0-10 A 28.7 6.8- 57.0 10 0-8 A 89.3 24.0-189.6 9 0-10 A 81.4 22.2-158.8 

H 13.8 0.4 - 25.9 H 13.1 2.7 - 22.3 H 34.3 15.8- 54.3 
10 0-10 A 62.0 20.0-124.5 

H 48.8 11.8-104.6 

A: grazing rate on autotrophic particles (>3.0 pm); H: grazing rate on heterotrophic particles (>3.0 y ~ n )  



108 Mar Ecol. Prog. Ser. 32: 101-113, 1986 

A highly significant correlation (r2 = 0.601, P<0.001): 
linear regression equation, (bacterial abundance = 3.3 
* 0.5 [SE] + 0.42 + 0.12 Chl a). 

The specific rate of photosynthesis correlated with 
the irradiance level in the water column and the high- 
est specific rates were found on l l March (see Fig. 5). 
Plotting specific incorporation rates (TdR incorporated 
cell-' d-l) against irradiance (Fig. 11A), we find an 
inverse relation in the euphotic zone above the ther- 

E mocline (Fig. 3). The highest specific-rates of incorpo- 
' 0  500 1000 1500 0 500 IOW 1500 O 500 1000 1500 ration were at the 1 to 10 O/O light level, i.e. the lowest 

X Irradiance (PE m-2 S -  '1 specific rates were in surface and near-bottom waters. 
B Likewise, plotting bacterial specific incorporation 

rates against phytoplankton specific-rate of photosyn- 
thesis (Fig. l l B ) ,  we find that when specific rate of 
photosynthesis are greater than 2 mg C mg Chl a-' h-' 
the specific rates of thymidine incorporation were 
inversely related to specific rates of photosynthesis (10 
and 11 March). On 14-15 March when the phytoplank- 
ton growth was < 2  mg C mg Chl a-' h-', specific 

0 10 rates of incorporation in the euphotic zone clustered 
between 18 and 20 X 10-" moles cell-' d-'. Below 
the 1 % light level, specific rates of incorporation 

Photosynthesis (mgC rng Chl _a-% I] decreased by 50 %. 

Fig. 11. Relation between thyrnidine incorporation rates and 
irradiance (A) and photosynthesis (B) for each day. Lmes were 

hand-drawn through those points above the therrnocline Zooplankton biomass and grazing rates 

From AOCOV, the positive slopes (10 March and Zooplankton biomass showed no clear pattern of 
14-15 March) were not significantly different (F statis- increase or decrease with depth or time in the h a  de 
tics = 0.975, df = 23), and the pooled data showed a Arosa (Table 3). Generally, zooplankton biomass aver- 
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aged between 10 and 50 mg C m-3. One exception was 
found on 14 March at Stn 10 where zooplankton stand- 
ing crops biomass averaged 197 mg C m-3. 

In situ phytoplankton production rates were domi- 
nated by cells >3.0 pm (Fig. 12). However, at Stn 10 on 
March 14 the < 3  pm fraction below 5 m contributed to 
over 50 % of the carbon fixation. In general, the uptake 
of autotrophic particles by zooplankton followed the 
same pattern with depth as phytoplankton production 
(Fig. 1). Average weight-specific zooplankton grazing 
rates of autotrophic particles of >3.0 pm were highest 
on 11 March at Stns 9 and 10 (18 and 14 1 filtered mg 
C-' d-l, respectively) during highest phytoplankton 
production (Table 3, see Fig. 5). Water column clear- 
ance rates of autotrophic particles (weight-specific 
grazing rates X biomass) ranged from 4 to 124 O/' d-' 
(Table 3). The highest grazing rates (89 to 124 O/O d-l) 
were recorded on March 11, suggesting that zooplank- 
ton grazing was sufficient to crop the observed daily 
phytoplankton production. 

Zooplankton grazing rates on heterotrophic particles 
were not correlated with the depth distribution of TdR 
uptake by either >3.0 or >0.2 pm particulate fractions 
(Fig. 13). TdR uptake by >3.0 ym particles ranged 
from 20 to 40 % of the total uptake (> 0.2 pm) in the h a  
de Arosa. Zooplankton weight-specific grazing rates 
on heterotrophic particles were always less than those 
values for autotrophic particles (Table 3). Average 
water column clearance rates at the various stations 
varied from 2 to 49 % d-' (Table 3). The highest water 

Fig. 13. Vertical distribution of in situ 
measurements of thymidine uptake 
(nmole thymidine m-%-') by >0.2 pm 
(U) and >3.0 pm (a) size fraction, and 
zooplankton (>333 pm) grazing (prnoles 

thyrnidine m-3 h. ', [0]) 

column clearance rates (34 and 49 % d-') on hetero- 
trophic particulate matter were measured on 14 March 
at Stns 9 and 10. 

DISCUSSION 

Phytoplankton productivity 

Temporal changes in primary production and 
chlorophyll a concentration during our study occurred 
as a result of an influx of nutrient-rich NACW into the 
& a  de  Arosa. This upwelling event caused an intense 
but short-lived diatom bloom. A previous study discus- 
sed the importance of these blooms to the productivity 
of the Ria during spring, and our results support these 
earlier conclusions (Campos-Loriz & Gonzalez 1976). 
During this study, the highest specific rates of photo- 
synthesis were 5 to 10 mg C mg Chl a-' h-', which are 
relatively high and comparable to spring bloom condi- 
tions in estuaries along the northeastern United States 
coast (e.g. Durbin et al. 1975, Malone & Neale 1981), 
where springtime water temperatures and solar isola- 
tion are similar to those of the Ria de Arosa in March. 
These high specific rates indicate that phytoplankton 
were growing relatively fast (about 1 division d-l) and 
were in good physiological condition. Once NO; was 
depleted, specific rates declined to ( 2  mg C mg 
Chl a-' h-'. Such low numbers are characteristic of 
nutrient-stressed phytoplankton populations (e.g. 
Harrison et al. 1981). These results suggest that phyto- 
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plankton populations in the Ria de  Arosa frequently 8 h photoperiod per day. By the end of the study period 
shift between relatively fast and slow growth periods (March 14-15), the percentage increased to 10 %. 
with fast periods following an influx of upwelled Comparisons of bacterial and phytoplankton produc- 
NACW. tion made elsewhere range between 5 and 25 % (Fuhr- 

man & Azam 1982, Larson & Hagstrom 1982, Newel1 & 
Fallon 1982, Joint & Pomroy 1983). 

Bacterioplankton production 

Our estimates of bacterioplankton incorporation of 
thymidine into DNA (< l 0  to 200 pm01 as 1-' d-') fall 
within the low range of reported values (1 to 10000 
pmoles 1-' d-l) (Table 4). The reason(s) for the low 
rates of TdR incorporation by bacteria in the Ria de 
Arosa is not clear; especially when we  compare our 
values of specific TdR incorporation rates and turnover 
times with other systems (Table 4). One explanation 
for the low TdR incorporation and high specific incor- 
poration rates is that a higher percentage of the bacte- 
rial population, albeit also low for a temperate estuary 
(Table 4), is active. This can occur if the removal rate of 
bacteria by flagellates and ciliates is high, thereby 
maintaining the bacterial population in an active 
growth state but at a low density per unit volume. 

Bacterial production in h a  de Arosa was calculated 
by assuming 4 X 1018 cells produced per mole of TdR 
incorporated (DucMow & Hill 1985) and 5 X l O - I 5  g C 
per bacterial cell (Watson et al. 1977). Both factors 
seem reasonable considering the variation and range 
of values reported in the literature. Using these factors 
the resultant conversion of TdR incorporation should 
be within a factor of 2 or 3 of the in s i tu  bacterial 
production (Ducklow & Hill 1985). Estimates of bacte- 
rial production for the Ria de  Arosa between 10 and 15 
March 1983 averaged 1.82 + 0.94 mg C m-3 d-' 
(range 0.76 to 3.82 mg C m-3 d-l). Production: biomass 
ratio, an  estimate of bacterial generation rates, ranged 
between 0.5 and l d-' (Table 2). A comparison of 
bacterial production and phytoplankton production 
suggests that on 10 and 11 March bacterial production 
was 2 to 4 O/o of phytoplankton production assuming an 

Bacterial and phytoplankton growth dynamics 

Primary production (DOC and POC) is a major 
source of readly available metabolites for oceanic 
bacteria (van Es & Meyer-Reil 1982, Azam et al. 1983, 
Williams 1984). Our results show that bacterial produc- 
tion (TdR) was strongly correlated (P<0.001) with phy- 
toplankton photosynthesis in the h a  de Arosa, sug- 
gesting a strong relation between bacterioplankton 
growth and possibly photosynthate release from phyto- 
plankton. A much weaker correlation was seen be- 
tween bacterial TdR incorporation (as well as bacterial 
abundance) and CN a concentrations in the Ria, which 
was attributed to the increased phytoplankton biomass 
at 5 to 10 m on l 1  March. Excluding t h s  data, statisti- 
cally significant correlations were found between TdR 
incorporation (as well as bacterial abundance) and 
Chl a in the Ria de  Arosa. Fuhrman et al. (1980) found a 
similar strong correlation between TdR and CM a but 
not TdR and primary production in California coastal 
waters, suggesting bacterial growth was not coupled to 
photosynthate release from phytoplankton, but pos- 
sibly explained by 'sloppy feeding' and incomplete 
ingestion of phytoplankton by zooplankton. 

In the Ria de Arosa, bacterial growth rates and phy- 
toplankton growth rates were in the order of 0.5 and 
2 divisions per day (Tables 1 & 2). An index of specific 
growth rates for bacteria, TdR incorporation per cell, 
and phytoplankton carbon production per unit Chl a,  
can reveal potential interaction in the bacterial and 
phytoplankton populations, and distribution of rapidly 
and slowly growing populations in the system (Wright 

Table 4.  Bacterial abundance, TdR incorporation, specific incorporation rate, production: biomass (P:B), estimated by various 
investigators for different marine waters. Some of the presented data was back-calculated from conversion factors r~ tnd  by 

~nvestigator 

Location Bacteria 
(108 I - ' )  

Specific incorporation rate P:B 
(10-'O m01 cell ' d.') (d. ') 

Source 

New York Bight 
Danish coast 
Celtic Sea 
Southern California Bight 
Southern California Bight 
Chesapeake Bay 
Georgia Bight 
h a  de Arosa 

DucMow & Kirchman (1983) 
Riemann et al. (1984) 
Joint/Pomroy (1983) 
Fuhrman & Azam (1982) 
Fuhrman et al .  (1980) 
DucMow (1982) 
Newell & Fallon (1982) 
This study 
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1978, Fuhrman et al. 1980, Fuhrman & Azam 1982, 
Ducklow & Kirchman 1983). During this study, we  
found no significant correlation between specific TdR 
incorporation rates and bacterial abundance, suggest- 
ing bacterial production was bacterial density-inde- 
pendent and the interaction between bacteria was not 
an important determinant of bacterial growth in the 
h a .  Studies by Fuhrman et  al. (1980) and Fuhrman & 
Azam (1982) reported that bacterial production in 
California coastal waters was bacterial density-inde- 
pendent and more importantly, dependent on phyto- 
plankton standing stocks. 

The fastest specific rates of bacterial TdR incorpora- 
tion in the Ria were found above the 1 % light level but 
below the depth of maximum photosynthesis. Below 
the depth of the 1 '10 light level (and thermocline), 
specific incorporation rates indicated slowly growing 
cells. Fuhrman & Azam (1982) also reported that the 
fastest rates of bacterial growth were found a t  depths 
below the depth of maximum photosynthesis. They 
suggested that the decomposition of sinking particles 
and physiological stress of phytoplankton to low nu- 
tnents, light and temperature rmght have released 
DOC Into this region of the water colun~n for bacterial 
growth. Our data supports the latter for high bacterial 
growth below the depth of maximum photosynthesis in 
the Ria de  Arosa, although the former cannot be ruled 
out. For example, during the nutrient-replete period in 
the Ria an inverse relation between specific TdR incor- 
poration rates and specific rates of photosynthesis for 
data above the 1 % light level was observed. Whereas, 
during the later stages of the upwelling episode in the 
h a ,  phytoplankton now deprived of nutrients in the 
euphotic zone are nutrient stressed, specific rates of 
photosynthesis decrease, and bacterial specific incor- 
poration rates wind up uniformly high above the ther- 
mocline. Although photosynthate release from phy- 
siologically stressed phytoplankton is an attractive 
hypothesis, photosynthate release alone at times may 
not be sufficient to meet the demands of bacterial 
growth (Williams & Yentsch 1976). 

Grazing pressure on phytoplankton and bacteria 

Phytoplankton and zooplankton biomass in the h a  

l exhibited inverse patterns of change before and after 
the upwelling event (Tables 1 & 3). This inverse rela- 

I tion has generally been attributed to zooplankton graz- 
ing. The estimated zooplankton grazing rates (89 to 
124 O/O d-l) were a t  times sufficient to crop the mea- 
sured daily phytoplankton production a t  the peak of 
the phytoplankton bloom (March 11). When inorganic 
nutrients became depleted by 14 March, phytoplank- 
ton specific rate of photosynthesis (Fig. 5) and zoo- 

plankton grazing decreased (Table 3). It has been 
observed in laboratory experiments that zooplankton 
grazing rate decreases with slower growing phyto- 
plankton (Ryther 1954, Mullin 1963), possibly due  to 
reduced chemical cues or negative feedback (Poulet & 
Oulett 1982, Cowles e t  al. 1986). 

Previous studies showed that cultured mussels in the 
Ria de  Arosa are the principal herbivore grazing phy- 
toplankton biomass synthesized during the periodic 
blooms that develop in response to upwelhng (Tenore 
et al. 1982). Our results show that zooplankton can also 
be a major sink for upwelling-induced phytoplankton 
blooms in the Ria, and thus may at times be in direct 
competition with raft cultures of mussels. 

Grazing rates on thymidine-labelled particles (pre- 
sumably labelled bacteria) were lower than auto- 
trophic particles probably because of the smaller size 
of the former and an  active selection of phytoplankton 
over detritus and bacteria (Price et  al. 1983). In contrast 
to the observed pattern of grazing on phytoplankton, 
grazing rates on bacteria (+ detritus) by zooplankton 
increased during the 'post-bloom' period (Table 3). 
T h s  phenomenon may be a functional response to 
more microheterotrophs or 'prey-switching' by zoo- 
plankton as a consequence of reduced phytoplankton. 
The effect of zooplankton grazing on bacterial stand- 
ing crops is probably negligible. If we  calculate the 
water column clearance rates of free-living bacteria by 
assuming that all >0.2 pm thymidine-labelled partic- 
les are available to zooplankton, we find that less than 
10 % of daily bacterial production would b e  grazed by 
zooplankton. 

CONCLUSIONS 

Our results describe the plankton dynamics during a 
7 d period following an  intrusion of upwelled North 
Atlantic Central Water into the Ria d e  Arosa. During 
this period estimates of bacterial production were less 
than 10 % of phytoplankton production, and zooplank- 
ton grazing was sufficient to crop the daily phyto- 
plankton production. These results suggest that zoo- 
plankton may at times be in direct competition for food 
with edible mussels, which are extensively grown on 
rafts located throughout the inner portion of the Ria de  
Arosa. 
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