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Abstract 
This symposium on marine ecosystem enclosed experiments (MEEE) consists of nine 

review papers that describe various types of ecosystem enclosures and a series of papers 
resulting from enclosure experiments in Xiamen, People's Republic of China, and Saanich 
Inlet, BC, Canada. The reviews on types of enclosures include benthic enclosures for rocky 
and sandy shores and the effects of pollutants (primarily hydrocarbons) on bacteria, 
macroalgae, and invertebrates. The pelagic enclosures were used to study the control of 
phytoplankton blooms, the uptake and release of dissolved organic substances, and the 
effects of pesticides on freshwater ecosystems. 

Six enclosure experiments were conducted in China and Canada from 1986-87. Some of 
these experiments examined the effects of contaminated sediments, primarily heavy metals, 
on bacteria, phytoplankton, and zooplankton and the pathways and fates of these heavy 
metals in the seawater. Other experiments studied the chemistry and biological effects of 
chemically dispersed oil. 

Resume 

Cc compte rendu du symposium sur les experiences faites en ecosystemes marins com- 
prend neuf communications qui decrivent les ecosystemes retenus et les experiences faites a 
Xiamen en Republique populaire de Chine et a Saanich Inlet, C.-B., au Canada. Les commu- 
nications portent, notamment, sur les ecosystemes benthiques des littoraux rocheux et 
sablonneux et sur les effets des polluants (surtout les hydrocarbures) sur les bacteries, les 
grandes algues et les invertebres. Les experiences sur le controle des brutales pullulations 
("blooms") du phytoplancton furent menees dans les ecosystemes pelagiques, ainsi que 
1'absorption et le degagement des substances organiques dissoutes et les effets des pesticides 
sur les ecosystemes d'eau douce. 

Six experiences ont ete faites en Chine et au Canada entre 1983 et 1987. Certaines ont 
porte sur les effets des sediments contamines, principalement par des metaux lourds, sur les 
bacteries, le phytoplancton et le zooplancton et sur le cheminement et le sort de ces metaux 
lourds dans 1'eau salee. D'autres experiences portaient sur la chimie et les effets biologiques 
du petrole disperse chimiquement. 

Resumen 

Este simposio sobre Experimentos Marinos en Ecosistemas Cerrados (MEEE) consistio 
en nueve trabajos de analisis que describen varios tipos de enclaustramientos ecosistemicos y 
una serie de trabajos derivados de experimentos con estos enclaustramientos en Xiamen, 
Rep6blica Popular de C} ;na, y en Sanich Inlet, Canada. Los estudios incluyen enclaustra- 
mientos bentonicos para costar rocosas y arenosas, y los efectos de los contaminantes 
(fundamentalmente hidrocarburos) sobre bacterias, macroalgas a invertebrados. Los 
enclaustramientos peligicos se utilizaron para estudiar el control de la reproduccion del 
fitoplancton, la ingesti6n y expulsion de substancias organicas disueltas y los efectos de 
pesticidal en los ecosistemas de agua dulce. 

Se realizaron seis experimentos en ecosistemas cerrados en China y Canada, de 1983 a 
1987. Algunos de estos experimentos examinaron los efectos que ejercen los sedimentos con- 
taminados, fundamentalmente los metales pesados, sobre bacterias, fitoplancton y 
zooplancton, y el ciclo y destino final de estos metales pesados en el agua de mar. Otros 
experimentos estudiaron los efectos quimicos y biologicos de los aceites crudos dispersados 
por medios quimicos. 
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Effect of Vertical Mixing on Ecosystem 
Dynamics in Large Mesocosms 

T.R. Parsonsl and A.H. Taylor2 

'Department of Oceanography, University of British Columbia, 
Vancouver, BC, Canada V6T 1W5; and 

2Institute of Marine Environmental Research, Devon, PL13DH UK 

The effect of vertical mixing on ecosystem dynamics in a large mesocosm 
has been examined using an ecotrophic computer-simulation model accounting 
for turbulent diffusion within a Controlled Ecosystem Pollution Experiment 
(CEPEX)-type enclosure. Over a range of turbulent diffusivity in the thermo- 
cline from 0 to 1 changes in the standing stock of plankton were 
followed for a simulated period of 60 d. Assuming initial conditions to be sim- 
ilar to those in large CEPEX enclosure experiments, the increased turbulent 
diffusion caused better phasing between primary, secondary, and tertiary 
producers, resulting in a higher standing stock of ctenophores in model simula- 
tions with. the highest vertical dii fusivity. Conversely, the highest initial stand- 
ing stock (or "bloom") of phytoplankton occurred in simulations in which the 
vertical diffusivity was zero. These results have been compared with actual 
CEPEX experiments. 

Enclosure of large volumes of seawater in plastic bags should ideally reduce the 
horizontal movement of water while maintaining vertical movement. However, 
because horizontal and vertical movements of water are physically coupled, exclu- 
sion of horizontal motion damps out much of the vertical transport in the water col- 
umn. At the same time, vertical motion may be affected by temperature differences 
in the water inside and outside the bags. These problems were studied by Steele et 
al. (1977) who estimated average coefficients of turbulent diffusivity within Con- 
trolled Ecosystem Pollution Experiment (CEPEX) enclosures (60-1300 m3) to be 
in the range of 0.05-0.26 cm2.s-' in the thermocline. Using a simulation model, the 
authors were able to account for the approximate distribution of chlorophyll and 
nutrients found in a 60-m3 CEPEX enclosure. 

In another approach to the lack of vertical mixing within large plastic enclo- 
sures, Sonntag and Parsons (1979) attempted to increase vertical mixing experi- 
mentally through the sporadic release of bubbles at 15 m in a 1 300-m3 CEPEX 
enclosure. The purpose of this experiment was to study the effect of increased mix- 
ing on the trophodynamics of a food chain from phytoplankton to young fish and 

ctenophores. Although the results of these experiments were extensive, the authors 
had to conclude that "bubbling of the bags with compressed air did not serve as an 
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adequate simulator of upwelling." The reason for this was that bubbling created 
large convective cells with sporadic intense vertical circulation instead of a sus- 
tained gentle upwelling. 

In the experiments reported here, an attempt has been made to combine the mod- 
eling approach of Steele et al. (1977) and the upwelling approach of Sonntag and 
Parsons (1979) by examining the effect of changes in turbulent diffusivity on an 
ecosystem trophodynamic model that includes all of the principal components mea- 
sured in the CEPEX experiment conducted by the latter authors. The computer 
model was the mixed upper-layer ecosystem simulation (MULES) model (Parsons 
and Kessler 1986), which was extended into a two-layer system of mixed layer and 
thermocline in the manner discussed by Taylor et al. (1986). 

Methods 

The MULES model was applied to generate values of all of its state variables 
for each layer. A simplified flow design for the MULES system is illustrated in 
Fig. 1. The version employed differed from that of Parsons and Kessler (1986) in 
that autotrophic flagellates, heterotrophic flagellates, and microzooplankton are all 
included; the flagellates being grazed by the microzooplankton, which are, in turn, 
grazed by the macrozooplankton. Diatoms were grazed directly by the macro- 
zooplankton. The flow design of the model as shown in Fig. 1 includes changes 
from the original model of Parsons and Kessler (1986), which are shaded in gray. 

Nutrients 

Primary 
production 

Diatoms 

V 
Sedimentation 

as detritus 

DOC 

Flagellates 

N Bacteria 

Zooplankton 

Ctenophores 

Zooflagellates 

Total 
flagellates 

Microzooplankton 

Fig. 1. Simplified diagram of the modified MULES model (Parsons and Kessler 1986). 
Shaded boxes are those that have been changed from the original model 

(DOC = dissolved organic carbon). 

187 



In the course of calculating primary production, the MULES model calculates a 
light profile down each layer. By applying the light intensity at the bottom of the 
mixed layer as the surface irradiance at the top of the thermocline, shading of phyto- 
plankton in the thermocline by those in the mixed layer was included. 

Following Taylor et al. (1986), rates of increase or decrease of any state variable 
X were described by two equations: 

[11 dXm/dt = Mu(XM) - vXm/hM + k(XT - XM)/hM 

[2] dXT/dt = M.(XT) - v(XT - XM)/hT + k(Xo - XTAT - k(XT - XM)hM 

where X. and XT are the concentrations of X in the mixed layers and thermocline, 
M (XM) and Mu(XT) are the increases and decreases of X resulting from the MULES 

system, v is the sinking speed appropriate for X, k is a vertical mixing coefficient 
representing turbulent transfer between the layers, and hM and hr are the thick- 
nesses of the two layers. Xo is the concentration of X below the thermocline; this 
was assumed to be zero for all variables except the concentration of dissolved 
nitrate. 

For the purpose of the experiments described here, the depth of mixing within a 
CEPEX enclosure was assumed to be 15 m, with a thermocline of 5 m thickness 
beneath this. The ambient temperatures in the mixed layer and thermocline were 

taken to be 15 and 10°C respectively. The vertical mixing coefficient has the dimen- 
sions of speed. Its value was estimated by requiring that the time taken to cross the 

thermocline, whose thickness is Z m, be the same as that taken by particles spread- 
ing within the thermocline under Fickian diffusion to reach a mean square displace- 
ment of Z, namely Z2/(2K). For typical thermocline values of the eddy diffusivity K 

(i.e., 0.1-1 cm2.s-t), k has values of 0.01-0.1 

Results 

Mixed layer starting values are listed in Table 1 for the three experiments in 

which mixing was varied from 0 to 0.01 to 0.1 all other values are the same 
as in Parsons and Kessler (1986). These values were held constant and only the 
intensity of mixing was changed between each of the 70-d simulations during 

which the plankton community was followed. The results are shown in Fig. 2 as 

changes in the biomass of phytoplankton (chlorophyll a), zooplankton, and 

ctenophores. 

Table 1. Initial parameters used in the experiment. 

Depth of mixing 15 m 
Nitrate 15 W 
Chlorophyll a 1 mg-m-3 

Zooplankton 3 mg 

Ctenophores 0.001 mg C-M 

Surface radiation 1 000 µi& m 2-s -1 

Extinction coefficient 0.07 m-1 

Temperature 15°C 

Nitrate below the mixed layer 20 µM 
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Fig. 2. Changes in the mixed layer biomass of primary (chlorophyll a), secondary 
(zooplankton), and tertiary (ctenophores) producers as result of different mixing rates. 
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The pattern of events generated by the model shows that the standing stock of 
tertiary producers (the ctenophores) is progressively increased by the degree of mix- 
ing. Although this may appear obvious, because more nitrate is supplied to the 
whole ecosystem by the greatly increased mixing, the mechanism by which the 
increased supply of nitrogen is transferred up the food chain is much less predict- 
able. The peak zooplankton standing stock, for example, first increases in 0 to 
0.01 m.h-1 mixing regimes (i.e., from about 100 to 125 mg and then 
decreases to about 75 mg in the most severely mixed water column. Simi- 
larly, the chlorophyll concentration shows a maximum of more than 20 mg chloro- 
phyll in the absence of mixing, but reaches <15 mg chlorophyll in the 
water column mixed at 0.1 

These differences in the standing stock results at the first two trophic levels are 
not directly related to the standing stock of tertiary producers. What is related to the 
standing stock of tertiary producers is the extent of phasing between the various 
levels of production. This is illustrated in Fig. 2 by shading the phased portion of 
the primary and secondary standing stock curves. For 0 m.h-1 mixing, the phased 
portion of these two curves covers a period of 20 d, whereas for 0.01 and 0.1 m-h-1 
mixing, the phased portions of the curves cover periods of 27 and 40 d, respectively. 

What actually happens is that, under conditions of zero mixing, the phyto- 
plankton use all available nitrate before the slower-growing zooplankton have a 
chance to graze much of the phytoplankton growth. The phytoplankton sink out 
and are then no longer available to the zooplankton. In the mixed-water columns, 
phytoplankton growth is sustained for a longer period by the mixing; zooplankton 
production is, consequently, better sustained; and more zooplankton are available 
for ctenophore grazing per unit of time. This results in a larger amount of the zoo- 
plankton being transferred to the ctenophore population. Thus, it is not so much a 
matter of increasing the nitrate supply as it is of sustaining the primary productivity 
and, thereby, the phasing of the whole system with the result of higher tertiary 
production. 

It is important to note, however, that in the absence of vertical mixing phyto- 
plankton and zooplankton can only be lost from the mixed layer by sinking (i.e., 
sedimenting out). When there is mixing between the mixed layer and the thermo- 
cline, nutrients can be brought into the mixed layer from below, and at the same 
time phytoplankton and zooplankton can be transported out of the mixed layer by 
turbulent mixing. These turbulent losses are in addition to those resulting from 
grazing. As ctenophores are strong swimmers, it was assumed in the model that 
they were not subject to loss by sinking or turbulent transport. Because of turbulent 
losses, phytoplankton and zooplankton each increase more slowly with increased 
mixing. 

These results are a partial explanation for some of the data reported by Sonntag 
and Parsons (1979) who simulated upwelling in controlled ecosystems. In their 
data, there was no obvious sequence of events in the standing stock levels of pri- 
mary and secondary producers with upwelling. In fact, the standing stocks of 
chlorophyll and zooplankton were often lower in the upwelled containers than in 
the control (no mixing). However, primary productivity in the two mixed-water 
columns was up to 50% greater than in the control and in one container in which 
ctenophore grew, the standing stock of ctenophores was about 100% higher than in 
the unmixed control. These results are consistent with data illustrated in Fig. 2. 
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Conclusions 

The effect of mixing on controlled ecosystems is shown in Fig. 2 to result in a 
larger standing stock of tertiary producers (ctenophores). In contrast, the standing 
stocks of phytoplankton and zooplankton do not show a progressive increase with 
mixing; this is attributed to the degree of phasing between the trophic levels. When 
these results are compared with experimental results reported earlier, a similar pat- 
tern is observed with respect to changes in standing stocks of primary, secondary, 
and tertiary producers. The results emphasize the importance of "trophic phasing 
dynamics" in marine ecosystems as described in earlier publications regarding 
salmon survival (Parsons and Kessler 1987). 
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