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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. 

iii 



Contents 

Part I: Introduction ........................... 1 

Introduction to the MEEE Project 
P.J. Harrison, F.A. Whitney, Wu Jinping, T.R. Parsons, and C.S. Wong . 2 

Summary 
P.J. Harrison ................................. 7 

Part II: Applications of Marine 
and Freshwater Enclosures .....................13 

Use of rocky-shore mesocosms in pollution research 
T.Bakke ...................................14 
Benthic mesocosms in the Netherlands 
P.A.W.J. de Wilde .............. ............. 26 

Bremerhaven caissons - experience and results of experiments with 
dispersed crude oil in intertidal enclosures 
H. Farke, C.-P. Guenther, and W. Arntz ......... . ...... .. 43 

A subtidal soft-sediment mesocosm 
J.S.Gray ...................................57 
Enclosed plankton ecosystems in harbours, fjords, and the North 
Sea - release and uptake of dissolved organic substances 
U.H. Brockmann ............................ .. 66 

Use of enclosures for assessing the effects of pesticides in freshwater 
aquatic ecosystems 
K.R. Solomon, N.K. Kaushik, D. Herman, G.L. Stephenson, 
P. Hamilton, K.E. Day, and G. Jackson .................. 87 

Control of phytoplankton blooms in the Subarctic Pacific Ocean - 
experimental studies in microcosms 
M.R. Landry and J.M. Lehner-Fournier ................. 106 

Fate of petroleum hydrocarbons in marine ecosystem enclosures and 
relevance to marine oil spills 
W.J. Cretney ............................... 122 

Microbial degradation of petroleum in an intertidal beach 
environment - in situ sediment enclosure studies 
K. Lee and E.M. Levy .......... .............. .. 140 

iv 



Part III: China-Canada MEEE Experiments ..... 157 

A. Sediments and Heavy Metals 

Introduction to the Xiamen marine ecosystem enclosed experiments 
Wu Jinping, F.A. Whitney, Hou Shumin, Chen Xiaolin, Zhuang 
Dongfa, and Wu Shengsan ........................ 158 

Application of different types of marine experimental enclosures to 
study the pathways and fate of chemical pollutants 
C.S. Wong, F.A. Whitney, and W.K. Johnson .............. 174 

Effect of vertical mixing on ecosystem dynamics in large mesocosms 
T.R. Parsons and A.H. Taylor ...................... 186 

Phosphate limitation of phytoplankton growth in coastal estuarine 
waters of China and its potential interaction with marine pollutants 
P.J. Harrison, Yang Y.P., and Hu M.H . ................. 192 

Effects of heavy metals and sediment pollutants on phytoplankton and 
primary productivity in an enclosed ecosystem 
Qian Shuben, Chen Qihuan, Tang Senming, Wu Shengsan, Zhang 
Liangzhong, Hou Shumin, P.J. Harrison, and H. Dovey .. ....... 203 

A Gray model for studying the effects of metals on phytoplankton 
growth in marine ecosystem enclosed experiments (abstract only) 
Zeng Jiye and Wu Yuduan ........................ 218 

Use of enclosed experimental ecosystems to study the effects of 
suspended sediments on zooplankton communities 
C.M. Lalli ................................. 219 

Effects of heavy metals and sediment on zooplankton in marine 
ecosystem enclosed experiments 
Chen Xiaolin, C.M. Lalli, and Lin Jinmei . . . . . . . . . . . . . . . . 224 

Relationships between particle characteristics and biological activities 
in controlled ecosystems 
Hong Huasheng, Guo Laodong, and Chen Jingqian ........... 230 

Biological implications of organic carbon and nitrogen in the 
Xiamen enclosures 
Fu Tianbao, Zhao Rongping, and Yang Yiping ............. 244 

Ecological impacts of pollutants on particulate organic carbon, 
nitrogen, and phosphorus in marine ecosystem enclosed experiments 
Xia Zhongfong and Lu Xiankun ..... .......... ...... 252 

Distribution of heavy metals in Xiamen seawater and in the 
MEEE enclosures 
Li Jinxia, Zhang Gongxun, Du Ronggui, Chen Zexia, and Zheng Jihua. 263 

Pathways and fates of heavy-metal mixtures in the Xiamen MEEE 
Li Jinxia, Zhang Gongxun, Du Ronggui, C.S. Wong, R.W. Macdonald, 
and W.K. Johnson ............................. 275 

v 



Biogeochemical behaviours of heavy metals in marine 
enclosed ecosystems 
Xu Qinghui, Li Jinxia, Xu Kuncan, Zhou Hanyang, Fu Tianbao, Zhang 
Gongxun, Lu Xiankun, C.S. Wong, R.W. Macdonald, W.K. Johnson, 
and F.A. Whitney ............................. 293 

Release of heavy metals from polluted sediment in the MEEE 
enclosures 
Zhang Gongxun, Du Ronggui, Li Jinxia, C.S. Wong, R.W. Macdonald, 
and W.K. Johnson ............................. 308 

65Zn in the Xiamen MEEE 
Zhou Hanyang, Xu Pian, Yao Jiadian, and Zhen Yunfei ......... 314 

Biogeochemical processes of mercury in marine enclosures 
Xu Kuncan, Wu Liging, Zhen Changchun, and Zhan Xiumei .... .. 323 

B. Hydrocarbons 

Response of bacterioplankton to Corexit 9527 and Corexit-dispersed 
Shengli crude oil: marine ecosystem enclosed experiments 
Lin Rongcheng, Lin Yanshun, Wu Jinping, K. Lee, and Li Wenquan . 332 

Effects of chemically dispersed crude oil on marine phytoplankton: a 
comparison between two marine ecosystem enclosed experiments 
Lin Yu, Zhuang Dongfa, and Wu Shengsan ........ . .. . . .. 343 

Effect of chemically dispersed crude oil on the distribution of primary 
microfouling organisms 
Lin Yanshun, Yao Ruimei, and Liang Ziyuan . .... ..... . . .. 353 

Effects of Shengli crude oil and dispersant Corexit 9527 on 
zooplankton in marine ecosystem enclosed experiments 
Chen Xiaolin ................ . . .......... . .. 360 

Fate of chemically dispersed Shengli crude oil in a marine 
ecosystem enclosure 
Zhuang Dongfa, Wu Shengsan, Lin Yu, Cai Ziping, W.J. Cretney, 
and F.A. McLaughlin . . .. .. .. . . .. . .......... . ... 367 

Fate of low-volatility alkanes from chemically dispersed crude oil in a 
marine ecosystem enclosure 
Wu Shengsan, Cai Ziping, Zhuang Dongfa, Lin Yu, W.J. Cretney, and 
F. A. McLaughlin ............................. 378 

Use of n-(1-14C) hexadecane to study the fate of dispersed crude oil in 
marine enclosed ecosystems 
Li Wenquan, Wang Man, Wu Jinping, Lin Rongcheng, and 
F.A. Whitney ............................... 388 

vi 



Part IV: Other China-Canada 
Enclosure Experiments ....................... 399 

Enclosure study of metal release from dredged spoils and the effect of 

capping with alluvial materials 
C.S. Wong and Vidas Stukas ....................... 400 

Releasing experiment of mine tailings from Alice Arm, BC, Canada 

Zhan Binqui, F.A. Whitney, W.K. Johnson, and C.S. Wong ...... 410 

Effects of Liache crude oil and dispersant on marine phytoplankton in 

an enclosed ecosystem 
Zhu Lin, Shen Liangfu, Huang Wenxiang, Zhang Youen, 

Wang Hongyuan, and Zhao Zengchun .................. 425 

Appendix 

Participants list .............................. 436 

vii 



Distribution of Heavy Metals in Xiamen 
Seawater and in the MEEE Enclosures 

Li Jinxia, Zhang Gongxun, Du Ronggui, 
Chen Zexia, and Zheng Jiuhua 

Third Institute of Oceanography, State Oceanic Administration, PO Box 0570, 
Xiamen, People's Republic of China 

Distributions of dissolved, and weakly and strongly bound particulate heavy 
metals in surface seawater from Xiamen Bay and Jiulongjiang Estuary were 
determined in a clean laboratory. It was found that most previous measure- 
ments, particularly of Pb and Zn, from the same areas have been overestimated. 

In Xiamen Bay seawater, Co, Fe, Ni, Pb, and Zn existed mainly in the partic- 
ulate phase, whereas Cd and Cu existed mainly in the dissolved phase. The par- 
tition coefficient (Kd) of each metal between the particulate and dissolved 
phases followed the order Fe > Co > Pb > Zn > Ni > Cu > Cd. In surface sea- 
water from Jiulongjiang Estuary, dissolved Co, Cu, Pb, and Zn behaved conser- 
vatively, whereas Cd, Fe, and Ni did not. More than 90% of the riverborne 
suspended matter and its associated heavy metals settled in the estuary. 

Advantages and limitations of the Marine Ecosystem Enclosure Experiment 
(MEEE) in studying the behaviour of heavy metals are discussed based on a 
comparison of field data with those obtained from the enclosure experiment. 

Since the mid-1970s, improvements on analyses of trace metals in seawater 
have revealed probable errors in previous measurements (Boyle and Edmond 1975; 
Wong et al. 1977; Kanamori 1981). Table 1 lists changes in the concentrations of 
trace metals measured in seawater over the last 40 years. Improvements in analyti- 
cal techniques are the result of employing contaminant-free methods that provide a 
more realistic picture of background levels and a better distribution of various trace 
metals in the ocean (Moore 1978; Bruland 1980; Boyle et al. 1981; Bruland and 
Franks 1983; Flegal and Patterson 1983; Magnusson and Westerland 1983). 

In 1985, a clean laboratory was built in the Third Institute of Oceanography 
incorporating technology transferred from the Institute of Ocean Sciences in 
Canada. The laboratory makes it possible to monitor the concentration and distribu- 
tion of trace metals in regional seawaters. Xiamen Bay connects with Jiulongjiang 
Estuary and faces the Taiwan Strait to the east. The annual flow of Jiulongjiang 
River exceeds 11.7 x 109 cm3 and carries more than 2.5 x 106 t of silt and clay to 
the estuarine area. 

This paper presents the results of studies on the concentration and distribution of 
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dissolved and particulate Cd, Co, Cu, Fe, Ni, Pb, and Zn in surface seawater of 
Xiamen Bay and Jiulongjiang Estuary. In addition, field data are compared with the 
behaviour of trace metals in enclosed seawater from the Xiamen Marine Ecosystem 
Enclosure Experiment (MEEE). 

Methods 

The 1985 MEEE data used in this study came from two 10 m3 control bags (Li 
et al. this volume). Samples for the in-situ data (Fig. 1) were collected in August of 
the same year. Stations 1 and 2 were situated northeast of Xiamen Island (East Bay) 
where the input of industrial wastes is relatively low. Stations 3-8 were located on 
the western side of Xiamen Island (West Bay) where the annual input of industrial 
and domestic wastes is about 30 x 106 t. The other stations were situated within 
Jiulongjiang Estuary. Stations 9-11 were at the freshwater end, with salinities of 
less than 0.5%0; stations 24-26 were near the open sea (Outer Bay), with salinities 
greater than 30%0; and stations 12-23 were within the brackish area. Details of the 
sampling procedure are given in Li et al. (1987). 

Each seawater sample was filtered through a 0.4-gm Nuclepore membrane filter 
under low vacuum. The filtrate was complexed with ammonium 1-pyrrolidine 
dithiocarbamate/diethyl ammonium diethyl dithiocarbamate (APDC/DDDC), 
extracted with Freon-TF, back-extracted with dilute nitric acid, and then analyzed 
using a graphite furnace flameless atomic absorption spectrophotometry (GFAAS) 
for dissolved metals (Li et al. 1987). Particulate matter retained on the filter was 
extracted with 0.5 N HCl for 24 h and the dissolved portion was analyzed using 
GFAAS for weakly bound metals. The remaining undissolved portion was further 
digested with aqua regia and BF to determine the strongly bound metals. 

Fig. 1. Location of sampling stations (inset shows position of study area). 
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The results of the trace-metal analyses of the seawater standard and blank 
samples indicate that the analyses were reliable and that the blanks had very low 
levels of trace metals (Table 2). 

Results and discussion 

Concentration and distribution of dissolved metals 

Characteristics of surface water from the Xiamen Bay area and concentrations 
of seven dissolved metals in the waters are presented in Table 3. All metal concen- 
trations were fairly low. Regional variations were consistent with levels of pollu- 
tion: the highest occurring in the West Bay and the lowest in the East Bay. The area 
including stations 3-8 was polluted by heavy metals, but at concentrations still 
within the ranges for coastal seawater. All values differed substantially from those 
reported earlier (Xu et al. 1986): i.e., before the clean laboratory procedure was 
used, Xu et al. (1986) could not detect any variation among the different regions. 
Compared with this study, their reported values for Pb and Zn were higher by two 
orders of magnitude, and Cu was four times higher; only the values for Cd were 
similar. 

Changes in salinity, pH, and Eh were observed south of Xiamen Island at the 
mouth of Jiulongjiang River as fresh water mixes with seawater. There were corre- 
sponding variations in the speciation and concentration of heavy metals. Changes 
in the concentration of dissolved metals with salinity are shown in Fig. 2. 

Dissolved Cu and Zn in the estuary behaved conservatively and their relations 
with salinity were 

[11 [Cu]d = -0.015 [S] + 0.79, (r = 0.95; n = 19) 

[2] [Zn]d = -0.012[S] + 0.45, (r = 0.90; n = 18) 

The concentrations of Co and Pb did not change significantly within the estuarine 
area, their values being 0.016 and 0.008 respectively. 

The concentrations of Cd at the freshwater end was about 1.8 ng.kg-1. Within the 
low salinity (<7%0) region, concentrations of Cd and Ni increased rapidly with 
increasing salinity - an order of magnitude for Cd and double for Ni. This indi- 
cated that with increases in chlorinity and the amount of cations, such as Cat+, 
Mgt+, and Na', parts of the particulate Cd and Ni transferred to the dissolved phase. 
At pH 7, the concentration of dissolved Ni was about 0.14 gg-kg-1, similar to that at 
the open sea end and with little variation in between. In the region with a salinity 
between 7 and 20%o, the concentration of dissolved Cd remained almost the same, 
indicating that particulate Cd was continuously transformed to the dissolved form. 
Beyond the region, where salinities were greater than 20 °Ioo, there was only a small 
amount of suspended particulates, and dissolved Cd also behaved conservatively, 
i.e., 

[3] [Cd]d S > 20 = -0.0021 [S] + 0.084, (r = 0.90; n = 8). 

In low-salinity water, dissolved Fe decreased sharply with increasing salinity. At 
a salinity of 2.5olco, the concentration of Fe was only half that measured in the fresh 
water. The decrease was probably caused by the precipitation of colloidal Fe as 
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electrolytes in the water increased. For salinities greater than 1211bo and a pH greater 
than 8. 1, dissolved Fe also behaved conservatively, i.e., 

[4] [Fe]d S> 12 = -0.017[S] + 0.67, (r = 0.95; n = 9). 

Because speciation of trace metals between dissolved and particulate phases var- 
ied greatly within the estuarine area, metal fluxes to the open sea should be com- 
puted using their effective input concentrations rather than their concentrations in 
river water (Boyle et al. 1982; Edmond et al. 1985). In this report, linear equations 
depicting the conservative behaviour of dissolved metals were extrapolated to their 
respective origins to obtain effective input concentrations (gg-kg 1): Cd = 0.084, 
Co = 0.008, Cu = 0.79, Fe = 0.67, Ni = 0.14, Pb = 0.016, andZn=0.45. 

Concentration and distribution of particulate metals 

In the various regions of Xiamen Bay, amounts of suspended matter were fairly 
similar. A close relationship could be established between the concentration of a 
given particulate metal and the total suspended matter (TSM). 

Figure 3 shows the relationship between the relative amount of particulate metal 
in the water body and TSM. When TSM ranged from 3 to 10 90% of the 
particle-reactive elements, such as Co, Fe, and Pb (Santshi et al. 1980), and 70- 
90% of the Ni and Zn existed in their particulate forms; whereas most of the Cd 
and Cu existed in dissolved forms. 

At the freshwater end of Jiulongjiang Estuary, TSM reached 300 mg.kg-1. This 
value decreased with increasing salinity, dropping to 3-6 mg-kg-1 in the open-sea 
area (Fig. 4). The decrease was probably caused by rapid flocculation and precipita- 
tion of particulates when predominantly negatively charged particles composed 
mainly of organic matter were mixed with strong electrolytic seawater. Changes in 
the concentration of particulate metals with salinity were similar to those of TSM 
with salinity (Fig. 2). 
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Fig. 3. Correlation between total suspended matter and the percentage of particulate metals 
in surface seawater from Xiamen Bay. 

269 



400 -- 

300 

200 -- 

100 

O 
O 

00 

O O 
O 

O O 0 C) Q C) C) Q C) 

5 10 15 20 25 30 

Salinity (°/oo) 

Fig. 4. Correlation between total suspended matter in surface seawater from 
Jiulongjiang Estuary. 

Table 4 lists the relative amount of particulate metals observed at various salini- 
ties. In low-salinity water, 80% of the metals were in their particulate forms. At a 
salinity of 20%0, TSM was reduced to less than 5% of that in fresh water and there 
were some changes in the percentages of particulate metals. Now, Cd and Cu 
existed mainly in dissolved forms; there were slight decreases in the relative 
amount of particulate Ni and Zn; and 90% of Fe, Co, and Pb still existed in their 
particulate forms. Similar results were observed in high-salinity water. 

As river water flows out to the coastal sea area, remaining particulate metals are 
precipitated further by various processes. Hence, the impact of particulate metals is 
limited to the estuarine and coastal areas, with only tiny amounts of these metals 
being carried to the open sea (Martin and Whitfield 1983). 

Comparison between field and MEEE enclosure data 
The utility of the experimental ecosystem enclosure depends on how realisti- 

cally the enclosure simulates field conditions and how effectively results observed 
can be applied to the sea area under consideration. In this study, data from the 
MEEE control bag were compared with in-situ sampling data (Table 5). For 

Table 4. Changes in relative amounts (%) of particulate metals 
with salinity in the estuarine area. 

Salinity 

Total 
suspended 

matter % Particulate metal' 

(%o) (mg-kg-1) Cu Pb Zn Cd Co Ni Fe 

0.5 159 85 99 98 97 99 99 99.99 
20 7.5 40 94 85 15 95 79 99.97 
30 6.1 42 93 87 16 97 75 99.96 

' % Particulate metal = [MP / (Mp + MA x 100 where MP = particulate metal and Md = dissolved 
metal. 
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dissolved metals, concentrations measured in the enclosures and in the field were 
the same order of magnitude. MEEE values were slightly higher, but not more than 
1.1 times the concentrations observed in the field. Concentrations in the two control 
bags varied by less than ±25%. These differences were probably caused by slight 
contamination during the experiment or as a result of sampling at different times. 

Partition coefficients, Kd, in natural seawater and in the enclosures were the 
same magnitude, with slightly higher values being measured in the enclosures, 
probably because of higher concentrations of dissolved metals. In the controls, Kd 
for each metal decreased in the order Fe, Pb, Co, Zn, Ni, Cu, and Cd. As in the field 
survey, Cd and Cu existed mainly in their dissolved phases, whereas the other met- 
als existed in their particulate phases. 

Less than 2% of the total metal in the bag adheres to the bag wall (Li, J. et al. 
("Pathways ..."), this volume). Thus, it is feasible to use MEEE enclosures to study 
the biogeochemistry of trace metals in coastal seawater. It should be possible to 
integrate the transfer model of metals and the dynamic transfer model in the enclo- 
sure to construct a transfer model of heavy metals applicable to field conditions. 

Some limitations exist in applying enclosure results to the natural sea. For exam- 
ple, the hydrodynamics and conditions for water exchange in enclosures differ from 
those in the sea; the sediment-water interface is lacking in the enclosure; the plastic 
bag drifts easily; and observation time is limited. It is hoped that an improved enclo- 
sure will be designed in the near future to assist researchers in their studies of chem- 
ical oceanography. 

Conclusions 

In monitoring marine trace metals, the accuracy of the data depends on eliminat- 
ing contamination during sampling and analysis. 

Concentrations of dissolved and particulate metals (Cd, Co, Cu, Fe, Ni, Pb, and 
Zn) in surface water from Xiamen Bay were within the normal ranges of coastal 
seawater, but with the West Bay slightly polluted by heavy metals. Cd and Cu 
existed mainly in dissolved forms, whereas the other metals existed in their particu- 
late forms. There was good correlation between the concentration of particulate 
metals and TSM. 

When fresh water from Jiulongjiang River mixed with seawater, the conserva- 
tive behaviour of dissolved Cu and Zn increased with increasing salinity. Concen- 
trations of Co and Pb followed the simple conservative rule of mixing. In the cases 
of Cd, Fe, and Ni, their behaviour was nonconservative, i.e., concentrations of Cd 
and Ni increased in low-salinity water, and Fe transferred from the dissolved phase 
to the particulate phase. In high-salinity water, all of the metals behaved conserva- 
tively. More than 90% of the suspended particulates carried by the river were 
deposited in the estuary. 

The MEEE enclosure is an excellent tool for studying the biogeochemistry of 
trace metals. Concentrations of dissolved metals within the enclosures differed 
from those from the field by less than 1.1 times, and relative deviations between 
values from the two enclosures were within ±25%. 
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