
Vol. 12: 217-228, 1983 MARINE ECOLOGY - PROGRESS SERIES 
Mar. Ecol. Prog. Ser. 

Published June 30 

Importance of different trophic pathways in a 
nearshore benthic community under upwelling 

and downwelling conditions 

F. V. Wulffl and J. G .  Field2 

' Institute of Marine Ecology. The Asko Laboratory. University of Stockholm, S-10691 Stockholm. Sweden 
Department of Zoology, University of Cape Town. Rondebosch 7700, South Africa 

ABSTRACT: A simulation model is used as a tool to investigate possible ecological effects of upwelling 
and downwelling water transport on trophic relationships in a kelp bed off the Cape Peninsula, South 
Africa. The model is based on many years of field and experimental data of energy fluxes between 
trophic compartments in a community dominated by filter feeders which consume phytoplankton. 
detritus derived from seaweeds, and animal faeces. The model is simple, yet incorporates feedback 
loops via faeces and control by predators and is used to calculate the relative amounts of food that filter 
feeders require from the different sources available to balance their energy needs and maintain a 
steady biomass. When modelled as a closed system, steady state is maintained by major flows through a 
feedback loop via faeces and bacteria in a detrital food chain. This is analogous to semi-closed systems 
such as certain estuanes and salt marshes. Under continuous downwelling conditions, phytoplankon 
from the rich Benguela pelagic zone enters the kelp bed and may form up  to 93 % of filter feeder food 
with rapid water exchange. This is similar to many phytoplankton-based nearshore systems. Under 
continuous upwelling conditions, consumer biomass is limited by food availability since detritus is 
exported and no phytoplankton is imported. This has been confirmed by observations for which there 
are few, l f  any, other published accounts. Under a realistic pulsing regime simulating conditions in the 
southern Benguela region, consumer biomass reaches steady state oscillation within 7 yr, increasing in 
biomass during winter and decreasing during the summer upwelling season. Sensitivity analyses show 
that pulse duration has less effect than the rate of water transport. The study demonstrates the role of a 
feedback loop in maintaining large animal biomasses in a detrital food chain and the importance of 
advective water transport in an open coastal ecosystem. It also shows the damping control on the 
system by predators, in this instance mainly the exploited rock lobster Jasus lalandii. 

INTRODUCTION 

Marine upwelling areas are well known for support- 
ing high primary production and pelagic fisheries but 
less well for their rich benthic communities. Of these, 
kelp beds are found off the African west coast from 
Cape Agulhas in the south to the Ugab River (Namibia) 
in the north, covering the rocky intertidal bottoms as 
deep as 35 m (Field et al., 1980a). These belts have 
been intensively studied off the west coast of the Cape 
Peninsula, South Africa, where they are dominated by 
the large kelps Ecklonia maxima and Laminaria pal- 
lida (Field et al., 1977; Velimirov et al., 1977). 

Primary production by the kelps, understorey algae 
and epiphytes amounts to some 767 g C m-2 yr-I (Mann 
et al., 1979; Dieckrnann, 1980; Jarman and Carter, 
1981), while that of phytoplankton in the kelp beds, 
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based on studies by Borchers and Field (1981) and 
Carter (1982), is estimated to be 506 g C m-2 yr-' 
(Newel1 et al., 1982). Thus 63 % of the primary produc- 
tion in kelp beds is by macrophytes, and since fewer 
than 5 % of the consumers in the community are gra- 
zers, the production is likely to pass along debitus food 
chains to the filter feeders which dominate the com- 
munity (Velimirov et al., 1977). Studies on the carbon 
absorption efficiency of the major filter feeder in the 
community, Aulacomya ater, show that it is able to 
ingest and absorb debris and faeces directly with 
efficiencies of 40 to 60 % (Stuart et al., 1982a, b). 
Detritus kept in suspension by wave action may be re- 
filtered again and again, and if a major fraction is 
assimilated directly, the calculated needs of the con- 
sumers might be met by the total primary production 
within the kelp bed. 
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However, is it really realistic to look upon these kelp 
beds as 'closed' systems where primary production 
must balance consumption and energy dissipation? In 
reality, the kelp beds are found along a highly exposed 
coastline, and Field et al. (1981) have shown that the 
whole water column within a kelp bed may be 
replaced 3 to 7 times d-l. If upwelling is accompanied 
by heavy wave action that keeps the particles in sus- 
pension, large amounts of POM may be carried out of 
the system with the upwelling water. 

While it has been possible to measure rates of water 
transport into and out of kelp beds directly (Field et al., 
1981), and to estimate the frequency of upwelling and 
downwelling events at different seasons, in practice it 
is impossible to measure directly the effect of such 
events on the functioning of the food web. However, by 
combining the available information on primary pro- 
duction and the nature of suspended material under 
different environmental conditions with some detailed 
data on the physiology of the main filter feeder in the 
kelp-bed community, the mussel Aulacomya ater 
(Griffiths and King, 1979a, b , ;  Stuart et al., 1981, 1982a, 
b; Stuart, 1982), it is possible to construct a mathemati- 
cal simulation model to do this. 

The aim of this study is to see whether there are 
variations in the food web structure of the biological 
community in relation to physical factors, interactions 
which are not easily measured directly. For this pur- 
pose, we have set up a simple mathematical model of a 
kelp bed on the west coast of the Cape Peninsula, 
South Africa. The model aims to explore the effect of 
various regimes of water exchange on the balance 
between primary production and consumption (the 
degree of self-maintenance), and on whether filter 
feeders are supported by detritus-or phytoplankton- 
based food chains. 

THE MODEL 

Basis and structure 

The simulation model is based on measurements of 
biomass and energy flows for the major trophic groups. 

Table 1. Standing stocks (kJ m-') and energy flows (kJ m-' ~ r - '  
al.. 

The total annual primary production of macrophytes is 
estimated at 38,204 kJ m-' v-' (Newel1 et al., 1982). 
About 30 % of this (10,066 kJ m-' F-') is released as 
dissolved organic matter (DOM), most of the remainder 
being eroded from the tips of the fronds as particulate 
debris (POM) (Newel1 et al., 1980). Based on measure- 
ments by Brown (1981) and Borchers and Field (1981), 
the annual phytoplankton primary production within 
the kelp community has been estimated to be 23,986 kJ 
m-' v-' (Newel1 et al., 1982). Thus the total annual 
primary production is 62,190 kJ m-' F-', which is very 
close to the 54,037 kJ m-' yr-' (1,130 g C m-' F-') 
estimated for the phytoplankton community in adja- 
cent deeper waters (Brown, 1981). 

Energy budget calculations for consumers have been 
synthesized by Newel1 et al. (1982) and are summar- 
ised in Table 1. Filter-feeders are the dominant con- 
sumers, constituting 72 % of the total biomass and 
94 % of the animal respiration. Basic components are 
mussels (45.7 %), sponges (12.5 %) and ascidians 
(5.7 %). The grazers (sea urchins and gastropods) con- 
stitute less than 5 % of the biomass; their energy flows 
are omitted from the model. Carnivores are separated 
into large forms like the rock lobster Jasus lalandii, 
anemones and fishes, and small forms like the isopods 
Cirolana imposita, but have been pooled into one 
category in this model. 

Fig. 1 shows the highly simplified model of the kelp 
bed used in this analysis, drawn in the energy circuit 
language of Odum (1972). The animals have been 
separated into filter feeders and carnivores, the compo- 
nents that contribute most to the biomass and energy 
flows. The picture model illustrates that the kelp POM 
and phytoplankton production can either be consumed 
directly by the filter feeders or as bacterial biomass 
after microbial degradation. The same pathways also 
apply to the faeces where the unassimilated food frac- 
tions are returned as suspended organic particles to the 
water column. DOM must first be converted to bacteria 
before it is available as food. Downward energy flows 
ending in electrical grounding symbols represent the 
energy losses due to respiration that takes place with 
each energy transformation in the system. The small 
and large carnivores (listed in Table 1) have been 

for the consumers in the South African kelp beds. (After Newell et 
1982) 

Biomass Production Respiration Consumption Faeces 
B P R C F 

Grazers 300 312 1,083 4,650 1,588 
Filter feeders 5,155 5,825 30,930 62,891 26,033 
Large carnivores 1,579 632 411 3.160 1,264 
Small carnivores 149 826 64 8 4,131 289 
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Fig. 1. Simplified model of an idealised Benguela kelp bed, expressed in the energy circuit language of Odum (1972). Energy 
sources are indicated as circles; roofed circles ('bird-houses') represent storages of energy; one- or two-way open arrows indicate 
one- or two-way work gates allowing the appropriate passage of energy. Electrical earth symbols represent heat sinks, or energy 
given off in energy transformations (respiration). Interactions between the components of the model are described in the text. The 

'faeces loop' is emphasized by shading and heavier lines 

lumped into one compartment since they occupy the 
same general trophic position. Grazers are excluded 
since they constitute less than 5 % of the total animal 
biomass and energy flows. The energy budgets, with 
production (P), consumption (C), respiration (R), and 
faeces (F), related to biomass (B) are modified from the 
data in Newell et al. (1982) and shown in Table 2. The 
major difference is that we have deliberately omitted 
the poorly understood rates of excretion (U) in the 
energy budgets and assumed that consumption is 
balanced by production, respiration and faeces. Thus, 
in this model, absorption (C-F) and assimilation 
(P + R) are equal and used interchangeably. 

In the model the biomass of the filter feeders is 
controlled by the amount of food available, by respira- 
tion, and by the predation of carnivores. The carnivores 
are controlled by the amount of food (i. e. filter-feed- 
ers), respiration, and by density-dependent mortality. 
This mortality rate is equal to the net production at 
biomasses of 5,155 and 1,728 kJ m-' for filter feeders 

and carnivores respectively. Thus the biomasses will 
reach a steady state at the mean biomasses found for 
the kelp bed when food is not limiting. The differential 
equations for filter feeder (FF) and for carnivore (CA) 
biomasses are then: 

dFF/dt = FF FASS - FR ' FF- CCONS ' FF ' CA (1) 
dCA/dt = CASS ' FF ' CA - CR * CA - CMORT ' CA 
' CA (2) 

The constants, scaled in units of kJ m-2 d-', are derived 
from the values given in Tables 1 and 2. FASS is the 
amount of suspended food assimilated per unit filter- 
feeder biomass. FR (1.64 ' 10-~) is the respiration per 
biomass for the filter feeders and CCONS (1.79 ' 10-') 
is filter-feeder mortality due to consumption by carni- 
vores. CASS (0.432 ' CCONS) is the assimilated frac- 
tion of the food consumed by carnivores, CR (0.168 ' 
10-2) is their respiration per unit biomass, and CMORT 
(1.338 ' 10d) is instantaneous mortality rate. 

Table 2. Initial values of maximum annual production (P), respiration (R), consumption (R), faeces (F) and assimilation (A) related 
to biomass (B) and consumption. These ratios remain constant for carnivores but C and P for the filter feeders vary due to 

differences in food, electivity and assimilation efficiencies in different simulations 

PA3 R/B C/B F/B P/C M C  

Filter feeders 1.13 6.00 12.18 5.05 0.088 0.585 
Carnivores 0.843 0.613 3.371 1.914 0.250 0.432 
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Consumption by filter feeders 

All the food resources of filter feeders originate ulti- 
mately from the primary production of kelp and phyto- 
plankton. These are kept as constant inputs in the 
model in order to explore the effects of other changes. 
However, there are several pathways by which food 
can reach filter feeders and the efficiency of energy (or 
carbon) conversion in most of these steps is known 
from experimental work on microcosms using non- 
enriched local sea water (Linley and Newell. 1981; 
Linley et al., 1981; Lucas et al., 1981; Newel1 and 
Lucas, 1981; Newell, 1983; Stuart et al., 1981, 1982a). 
These results have been synthesized by Newel1 et al. 
(1982). We have also used the primary production 
estimates of Newel1 et al. (1982), but have substracted 
the small fraction of kelp production utilized by gra- 
zers from the production of kelp, since it is not relevant 
to this model. 

In order to study the relationship of the filter feeder 
and detrital/microbial food chains to the production/ 
consumption balance of the system, we changed food 
electivities and assimilation efficiencies. An electivity 
index (E) was assigned for each food item, giving the 
percentage of the food particles that may be consumed 
by the filter feeders. For instance, it is unlikely that all 
faeces or kelp POM are suspended in the water column 
or in particles within the size range that can be filtered. 
Field studies have shown that the particle size range of 
suspended POM in the kelp bed varies according to 
swell height (Field et al., 1981) and experimental work 
on bivalves and sponges has shown varying abilities to 
clear particles of different sizes among the different 
species (Reiswig, 1974, Mshlenberg and Riisghd, 
1978). We have therefore tested the model with electiv- 
ity indices ranging between 0.1 and 0.9. 

The assimilation efficiencies (A) for the different 
food items were also varied between 0.1 and 0.9. How- 
ever, in order to limit the number of possible combina- 
tions we have, in most simulations, assumed that the 
same electivity and assimilation efficiency applies for 
the combination of phytoplankton and bacteria 
(Ap = Ab = Ep = Eb) as well as for the combination of 
kelp POM and faeces (A, = A, = E, = E,). We have 
also assumed that A and E for kelp POM and faeces 
can never be higher than for phytoplankton and bac- 
teria. 

The total amount of food available to be assimilated 
by the filter feeders is calculated by summation of the 
available fractions of the food items, determined by 
their electivity and assimilation efficiencies: 

FOOD = A, ' Ep PHYTO + Ab Eb BACT + A, * 

E, ' KELP + Af ' El ' FAECES (3) 

When the amount of assimilable food (FOOD) is 

greater than needed for the maximum A/B ratio of the 
filter feeders (ABMAX = P/B + RIB = 7.13 y-l, see 
Table 2),  the assimilation rate per biomass (FASS) is 
equal to the maximum ratio (ABMAX). At lower con- 
centrations all assimilable food is consumed: 

IF FOOD>= A B M  ' FF THEN FASS ' FF = 

ABMAX ' FF ' ELSE FASS ' FF = FOOD (4) 

Each of the different food items is consumed in 
relation to its proportion in the total assimilable food. 
The consumption per unit biomass is given by: 

FCONS = (E, ' PHYTO / A, + Eb ' BACT / Ab + Ek 
KELP / Ak + Ef ' FAECES / AI) / FOOD (5) 

Bacterial activity 

We have assumed that the fractions of the food not 
available to the filter feeders (l-E) are subjected to 
microbial degradation. Most of the studies on carbon 
conversion efficiencies show values around 10 % 
(Newel1 and Lucas, 1981). The low ratios were all 
obtained during downwelling conditions with low ni- 
trogen concentrations, and preliminary experimental 
results suggest that it is likely that these conversion 
efficiencies may increase up to 40 % under upwelling 
conditions when the bacteria can utilise nitrogen rich 
substrates (R. C. Newell, pers. comm.). We have there- 
fore used a bacterial conversion efficiency (CCb) of 0.1 
for all substrates to represent downwelling situations, 
and tested the model with both 0.1 and 0.4 under 
upwelling conditions in order to explore the effects of 
variations in the carbon conversion efficiency. 

The studies on bacterial production efficiencies also 
supply estimates on rates of substrate degradation. 
About 50 % of DOM released by the kelp is utilised in 
5 d (Lucas et al., 1981) and 50 % of POM and faeces are 
broken down in 15 d (Stuart et. al., 1981, 1982a). We 
have assumed that 15 d is also representative of phyto- 
plankton debris degradation (Newel1 et al., 1981). The 
net production of bacterial biomass from the different 
sources of organic matter is then: 

BPROD (PHYTO) = (l-E,) ' PHYTO DS, ' CCb ( 6 )  
BPROD (KELP POM) = (l-E,) ' KELP ' DSk ' CCb (7) 
BPROD (DOM) = DOM ' DS, ' CCb (8) 
BPROD (BACT) = (l-E,) ' BACT ' DS, ' CC, (9) 
BPROD (FAECES) = (l-E,) ' FAECES ' DSf ' CCb (10) 

where DS is the percent of substrate broken down per 
day, which is 0.033 for phytoplankton, kelp POM and 
faeces (DS,, DS,, DSf) and 0.1 for DOM (DS,). The total 
bacterial consumption is then: 

BCONS = BPROD / CCb (11) 
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Water exchange 

The suspended and dissolved organic matter can be 
transported into or out of the system by water move- 
ments. If the concentration of a substance is higher 
outside than inside the kelp bed, outward water 
exchange will cause a net loss, and vice versa. The 
formulation used to describe the net transport of any 
substance (in kJ m-2 d-l) is: 

NETRANSPORT = EXCHANGE ' (EXTCONC - 
INTCONC) (12) 

Where EXCHANGE is the number of times the 
whole water column (10 m3) is replaced each day, and 
EXTCONC and INTCONC are the concentrations (KJ 
m") of the particular substance outside and inside the 
kelp bed. We have assumed that the concentrations of 
kelp POM, DOM, faeces and bacteria are zero in the 
water entering the kelp bed. The phytoplankton con- 
centration and production inside the system are set to 
zero during upwelling conditions, when clear, deep 
water enters the system. During downwelling, when 
surface offshore water is brought into the system, phy- 
toplankton concentration is assumed to be 65.28 kJ 
10 m3, corresponding to the mean daily production 
within the system (Brown, 1981). 

The generalised differential equation describing the 
change in the suspended and dissolved food sub- 
stances is: 

d(SUBSTANCE) / dt = NETTRANSPORT (SUBS.) + 
PROD (SUBS) - BCONS (SUBS.) - FCONS (SUBS) ' FF 

(13) 

The net transport, bacterial and filter-feeder con- 
sumption have been described above. Net production 
values of different substances converted to daily rates 
(in kJ m-2 d-l) are given by: 

PROD (PHYTO) = 65.28 or 0 (down- or upwelling) 
PROD (KELP POM) = 62.25 
PROD (DOM) = 27.27 
PROD (BACT) = BPROD (PHYTO) + BPROD (KELP) + 
BPROD (DOM) + BPROD (FAECES) 
PROD (FAECES) = FF * (FCONS - FASS) + CA ' 
(CONS - CASS) 

Patterns of down- and upwelling 

Seasonal wind patterns show prevailing south eas- 
terly winds during the southern summer (Sept-Apr) 
causing upwelling. During winter (May-Aug) north 
westerly winds prevail causing downwelling 
(Andrews and Hutchings, 1980). Many observers (see 
Field et al., 1980b) have noticed that the turbid water 

in the kelp beds is replaced by clear, upwelled water 
within a few hours of the commencement of a strong SE 
wind. The newly upwelled water is characterised by 
high nutrient concentrations (Andrews and Hutchings, 
1980) but the particulate concentration and phyto- 
plankton production are negligible (Brown, 1981; Bar- 
low, 1982). Under these conditions, phytoplankton pro- 
duction reaches its maximum further offshore in a more 
stratified water column (Brown, 1980). As upwelling 
water moves offshore it carries with it a proportion of 
the faeces, kelp POM and DOM produced within the 
kelp beds. Large quantities of the material will also be 
exported during downwelling but phytoplankton pro- 
duced offshore is then transported into and through the 
system, thus providing an additional food resource. A 
closed system is approached only during calm condi- 
tions or when currents change rapidly when the same 
water may be transported in and out the kelp beds. 

Although the southern Benguela region has a well- 
defined upwelling season, comparison with other reg- 
ions indicates that this area is subjected to short-term 
variations due to the rapidly changing and often very 
fierce winds (Andrews and Hutchings, 1980). Typi- 
cally, a strong SE wind blows for only a few days, 
followed by moderate SE winds changing to NW. The 
kelp community is therefore exposed to short-term and 
to seasonal variability that may have a profound influ- 
ence on exports, imports and production of food in the 
system. 

Based on data of speed, direction and duration of 
winds obtained during 1979-1981 at Olifantsbos, on 
the west coast of the Cape Peninsula near our study 
sites, it was possible to estimate the frequency and 
duration of upwelling and downwelling during a year. 
During the 8 summer months, strong (> 12 m S-') SE 
winds with an average duration of 3.4 d are followed 
by moderate (5-12 m S-') SE winds for 2.2 d. These 
winds cause strong to moderate upwelling and are 
usually followed by a few days (mean duration of 4.2 d) 
of calm conditions or moderate NW winds, often caus- 
ing downwelling. This sequence tends to be repeated 
throughout the summer. 'Strong', upwelling occurs for 
42 %, 'medium' upwelling for 25 %, and 'downwell- 
ing' for the remaining 33 % of the summer period (G. 
Nelson, Sea Fisheries Inst., pers. comm.). During 
winter, calm conditions or NW winds occur about 90 % 
of the time so that downwelling conditions prevail. 
Occasionally, moderate SE winds may blow for 1 to 2 d, 
totalling some 10 % of the winter period. 

In order to evaluate the effect of the seasonal pat- 
terns of upwelling and downwelling on the biological 
community, we have idealised these data into simple 
patterns. The total percentages of strong and medium 
upwelling, and of downwelling, have been kept con- 
stant for summer and winter periods, but we have 
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explored the ecological consequences of different 
water exchange rates, based on the range of turnover 
times of 0 to 7 times d-l measured by Field et al. 
(1980b). The effect of the duration of down- and 
upwelling pulses has also been simulated by doubling 
and halving the average pulse duration while main- 
taining the same total proportion of each regime dur- 
ing summer and winter. In these simulations the 
biological variables were kept constant in order to 
judge the effect of changing hydrodynamic conditions. 
The biological variables (electivities and assimilation 
efficiencies) were set at the most reasonable estimates 
based on discussions with our eco-physiological col- 
leagues in the project (Table 3). 

Table 3.  Electivity and assimilation efficiencies used in the 
simulations describing seasonal variations and pulses of 

downwelling and upwelling 

Electivity Assinulation 
efficiency 

Phytoplankton 1.00 0.70 
Kelp POM 0.70 0.45 
Faeces 0.70 0.45 
Bacteria 0.80 0.70 

RESULTS AND DISCUSSION 

We have used the model as a tool to investigate the 
general trends in 4 situations which are described 
below: a closed system without imports or exports, 
downwelling only, upwelling only, and a combination 
of upwelling and downwelling in pulses based on 
wind measurements and the seasonal wind patterns. 

(a)  
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The simulations were run until steady state occurred, 
i. e. when animal biomasses stabilised. 
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The closed system simulations correspond to the 
budgetting model of a kelp bed described by Newel1 et 
al. (1982) and are indeed based on the same data. The 
simulation model has allowed us to go a stage further 
and ask a series of 'what if?' questions about the 
biological variables which are founded mainly on the 
work of Griffiths and King (1979a, b) and Stuart et al. 
(1981, 1982a, b) and Stuart (1982). Thus, we have used 
the model to explore the effects of large variations in 
food electivity and assimilation efficiencies of the filter 
feeders since very little is known of their energy 
budgets except for the mussels. 

The effects of varying electivity m d  assimilation 
efficiency indices (collectively called 'feeding efficien- 
cies' here) are shown in Fig. 2. Fig. 2a shows that a 
detrital food chain can maintain a large consumer 
biomass even if only 25 % of the available kelp POM/ 
faeces is ingested and these assimilated with only 
25 % efficiency, provided that there is a supplement of 
some 20 % of the phytoplanktonhacteria assimilated 
at 20 % efficiency. With increasing efficiencies of feed- 
ing on phytoplankton/bacteria, the animal biomass 
can be maintained at the maximum for the model with 
even lower feeding efficiencies on kelp POM and 
faeces. Fig. 2b shows that faeces comprise between 
74 % and 14 % of the food of filter feeders, with the 
lowest values at highest feeding efficiencies, and vice 
versa. The isolines reveal that this relationship is not 
linear. If feeding efficiencies on phytoplankonhac- 
teria are kept constant, there is peak in the faeces 

P H Y T O P L A N K T O N  A N 0  B A C T E R I A  

(b )  ( c )  

Fig. 2. Effects of varying electivity and assimilation efficiencies in a simulation model of a Benguela kelp bed. These results were 
obtained simulating calm conditions of high phytoplankton and low nutrient concentrations without water exchange. Electivity 
and assimilation efficiencies of food particles used by filter feeders are expressed as percentages of food; they were kept equal for 
phytoplankton and bacteria (x-axis) and for kelp POM and faeces (y-axis). (a) Filter feeder biomass attained at steady state with 
different assumptions of electivity and assimilation efficiency. (b) hoportion of faeces consumed by filter feeders under these 

different assumptions. (c) Proportion of POM and DOM consumed by bacteria 
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content of filter feeder food. This is caused by further 
increases in feeding efficiencies on POM/faeces lead- 
ing to decreased faecal production when no more food 
can be utilised, because filter feeders are controlled at 
their maximum biomass by predators. Fig. 2c shows an 
inverse non-linear relationship between the proportion 
of DOM and POM consumed by bacteria, and feeding 
efficiencies of filter feeders on bacteria. This is caused 
by bacterial activity being related to the amount of 
unused food and DOM in the water column. 

Under these low nutrient, closed-system conditions 
(what we have called 'downwelling conditions with 
zero transport') phytoplankton is present as a food 
supplement, and organic matter (mostly faeces) is 
accumulated due to the low efficiency of microbial 
carbon degradation. In spite of the low feeding 
efficiencies on faeces and kelp detritus, all the primary 
production can eventually be used by consumers 
because the same material may be consumed over and 
over again, until most of it is dissipated in respiration. 

Downwelling is brought about by relaxation of the 
prevailing SE winds in summer or by onshore NW 
winds. Under downwelling conditions phytoplankton- 
rich, nutrient-poor water moves into the kelp beds 
(Brown, 1981; Field et  al., 1981; Jarman and Carter, 
1981). Accordingly we have run the model with phyto- 
plankton being imported and bacterial conversion 
efficiencies set at 10 % (see p. 220). 

Fig. 3 shows the effect of water exchange on animal 
biomass during downwelling with 3 different combi- 
nations of feeding efficiencies on phytoplanktonhac- 
teria and POM/faeces. High phytoplankton feeding 
efficiencies allow the maximum model biomass to be 
reached at slow water turnover rates, after an initial 

WATER COLUMN T U R N O V E R S  PER DAY 

Fig. 4. Variations in the ratio between food energy exported 
and imported at different water-exchange rates (turnovers 
d-l), simulated with the Benguela kelp-bed model under 
down-welling conditions. Vertical bars: range of ratios 
obtained when electivity and assimilation efficiencies were 

changed between 10 and 90 % 

decrease in biomass at very slow turnover rates. With 
50 % on phytoplanktonhacteria and low feeding 
efficiencies on POM/faeces, faster downwelling is 
required to maintain maximum biomass, and this is 
never attained at 10 % efficiencies. Fig. 4 explains 
why increasing downwelling rates allow maintenance 
of maximal animal biomass, with 50 % or higher feed- 
ing efficiencies on phytoplanktonhacteria: increasing 
water transport brings a greater amount of phytoplank- 
ton into and through the system from an infinitely large 
reservoir, but since primary production inside the sys- 
tem is finite and constant, it is diluted by both filter 
feeding and by export. Fig. 5 shows that the proportion 

WATER C O L U M N  T U R N O V E R S  PER DAY 

Fig. 3. Effects of water-exchange rate on filter-feeder biomass 
under downwelling conditions using the Benguela kelp bed 
simulation model. Water-exchange rate is expressed in tur- 
novers of the water column d-l. Labels on each curve show the 
electivity and assimilation efficiencies used for (phytoplank- 

ton + bacteria) / (kelp POM + faeces), respectively 

PHYTOPLANKTON 

WATER C O L U M N  T U R N O V E R S  PER DAY 

Fig. 5. Variations in composition of food consumed by filter 
feeders in the Benguela kelp-bed simulation model at diffe- 
rent water-exchange rates (turnovers d-l) under downwelling 
conditions. This simulation was run under constant electivity 
and assimilation efficiencies set at 50 %, thus half of all 
particles can be consumed and assimilated with a 50 % effi- 

ciency 
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of phytoplankton in the food consumed by filter feed- 
ers increases from 40 % to over 90 % with increasing 
water exchange. 

It is clear that even with very little water exchange 
the consumer biomass can be maintained under con- 
tinuous downwelling conditions. With increasing rates 
of water transport the kelp detritus, faeces and bacte- 
rial components of filter-feeder diets become smaller 
and phytoplankton becomes more important. This is 
because there is a vast reservoir of phytoplankton 
extending to the Benguela oceanic front 10 to 90 km 
offshore (Andrews and Hutchings, 1980). In spite of the 
roughly equal primary production rates per unit area in 
kelp beds and in adjacent pelagic waters (Newell et 
al., 1982), the band of kelp some 500 m wide cannot 
compare quantitatively in total primary production. 

Contiouous upwelling 

To simulate upwelling conditions, the model was set 
to import zero phytoplankton and to increase the 
bacterial carbon conversion efficiencies from 10 % to 
40 %, although both values were tried. We did this 
because it is well known that the southern Benguela 
upwelling brings clear, plankton-free water to the sur- 
face from below the euphotic zone and that phyto- 
plankton blooms develop as the water moves offshore 
and is thermally stratified (Andrews and Hutchings, 
1980; Brown, 1981). 

The model indicates that under continuous upwell- 
ing there would be insufficient food to maintain the 
biomasses of consumers observed. Fig. 6 shows that 
even if food were selected and assimilated with 90 % 
efficiency, only 80 % of the biomass could be main- 

WATER C O L U M N  T U R N O V E R S  PER DAY 

Fig. 6. Effects of water exchange (turnovers d-l) on filter 
feeder biomass under upwelling conditions using the Ben- 
guela kelp-bed simulation model. Curves are labelled to 
show electivity and assimilation efficiencies used for bac- 

teria/kelp POM + faeces 

tained by the detritus food chain without phytoplank- 
ton. Variations in the efficiency of feeding on bacteria 
from 10 to 90 % have less than 1 % effect on consumer 
biomass for water exchange rates greater than 1 d-l. 
With increasing exchange rates (faster upwelling) a 
larger fraction of the particulate food is exported 
before filter feeders have the opportunity to clear it. At 
the same time there is a decline in the proportion of 
faeces and bacteria consumed (Fig. 7). If the bacterial 

FAECES 
80 

I 

WATER COLUMN TURNOVERS PER DAY 

Fig. 7. Variations in composition of food consumed by filter 
feeders in the Benguela kelp-bed simulation model with 
different water-exchange rates (turnovers d-l) under upwell- 
ing conditions. Electivity and assimilation efficiency were 
kept constant at 50 90, thus half of the food can be consumed 

with an efficiency of 50 % 

carbon conversion efficiency were 10 % (as for down- 
welling) instead of 40 %, the relative importance of 
bacteria would decline even further. For rates faster 
than 2 turnovers of the water column d-' it makes little 
difference how fast upwelling occurs. Even at 90 % 
feeding efficiencies, over 30 % of the POM produced is 
exported, whilst at lower efficiencies up to 97 % is 
exported (Fig. 8). 

It has now been documented that kelp detritus is in 
fact exported and can probably be detected up to 9 km 
offshore (Koop et al., 1982). It is likely that similar 
detritus export occurs from other nearshore upwelling 
communities, but we are not aware of studies else- 
where that demonstrate this. 

Pulsed up- and downwelling 

In reality southern Benguela kelp beds are affected 
by pulses of upwelling and downwelling whose fre- 
quency and duration can be estimated from an upwell- 
ing index (G. Nelson, pers. comm.). Rates of water 
transport have also been measured in a kelp bed (Field 
et al., 1981). The model was set to give the same 
summer and winter proportions of up- and downwell- 
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WATER COLUMN T U R N O V E R S  PER DAY 

Fig. 8. Variations in ratios between energy exported and 
produced with different water-exchange rates (turnover d-l) 
simulated using the Benguela kelp-bed simulation model 
under upwelling conditions. Curve labels indicate electivity 

and assimilation efficiencies used for bacteria/ 
kelp POM + faeces 

ing and the effect of varying the duration of pulses and 
speed of water transport was investigated. The results 
are not quantitative because seasonal variations in 
primary production due to changes in insolation and 
temperature have not been included. Nevertheless, the 
model is realistic in that higher average phytoplankton 
standing stocks exist in winter than in summer (Jarman 
and Carter, 1981). 

Fig. 9 depicts the results of a simulation using the 
mean wind pulse lenghts and water exchange rates 
described on p. 221. The seasonal variations in animal 
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Fig. 9. Seasonal variations in  filter feeder and carnivore 
biomasses simulated using the kelp-bed model. During the 8 
mo summer period a cycle of 4.2 d of strong upwelling 
followed by 2.5 d of moderate upwelling and 3.3 d of down- 
welling is repeated. The 4 mo winter period has cycles of 18 d 
of downwelling and 2 d of moderate upwelling. Broken line: 
variation of filter-feeder biomass under the same environ- 
mental con&tions but when carnivores are excluded from the 

model 

biomasses shown are typical of all the simulations 
performed. Filter feeders show annual fluctuations 
with increasing biomass in the 4 winter months (predo- 
minantly downwelling conditions) and decreasing 
biomass during the summer upwelling season of 8 mo 
duration. A steady state (i. e. the same minima and 
maxima each year), is reached after about 7 yr. The 
seasonal variations in carnivore biomass are much 
smaller, less than 1 % in all cases. When carnivores are 
removed from the simulation, filter-feeder biomass 
shows large fluctuations with maxima exceeding the 
initial value. 

Table 4a summarizes the conditions for simulating 
the effect of pulse length and water exchange rate. The 
duration of summer (240 d) and winter (125 d) was kept 
constant as were the relative proportions of strong and 
moderate upwelling and downwelling during summer 
(42 %, 25 % and 33 % respectively) and of moderate 
upwelling and downwelling during winter (10 % and 
90 %). The model was also run with fast and slow rates 
of water exchange, giving a total of 8 combinations. 

Table 4 b gives the results of the sensitivity analysis 
described above. The peaks range from 80 to 87 % of 
the maximum biomasses when carnivores are 
included. In no instances do biomasses reach the initial 
values (5,155 and 1,728 kJ m-') for filter feeders and 
carnivores respectively, values which represent a com- 
munity in steady state without food limitation. Simula- 
tions 1 to 4, with short summer pulses, show slightly 
larger filter-feeder biomasses with fast exchange rates 
(3,4) but little effect of long and short winter pulses. 
Simulations 5 to 8 are based on long summer pulses 
and both filter feeders and carnivores again show 
slightly higher biomasses with fast water exchange 
rates. Thus water exchange rate has a greater effect on 
the animal community than the duration of summer 
and winter pulses of upwelling and downwelling. 

CONCLUSIONS 

Fringing marine benthic plant communities like salt 
marshes, sea grass and kelp beds are usually charac- 
terised by high primary productivity (Teal, 1980). An 
obvious conclusion could be that the rich associated 
animal communities are supported by the plant pro- 
duction. However, most food-web analyses have 
shown that a very small fraction of the macroscopic 
production is consumed directly by grazers, filter feed- 
ers and deposit feeders are often dominant and the role 
of detritus and bacteria as major food sources have 
been emphasised in many recent studies, including 
those on the South African kelp beds as shown in the 
review by Newel1 et al. (1982). 

The model presented here has deliberately been 
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Table 4. (A) Conditions for the simulations testing the effect of duration of pulses of strong upwelling (S), moderate upwelling (M) 
and downwelhng (D) and different water exchange rates. (B) Maximum and minimum biomass of filter feeders (F) and carnivores 

(C) at steady state with the different pulse frequencies and water-exchange levels shown in (A) 

(A) Duration of pulses (d) Water exchange 
Summer. 240 d with Winter, 125 d d-' Simu- 

cycles of with cycles of during lation 
S M D M D S M, D 

2.1 1.25 1.65 1.25 11.25 1.5 0.25 1 
2.1 1.25 1.65 2.50 22.50 1.5 0.25 2 
2.1 1.25 1.65 1.25 11.25 3.0 0.50 3 
2.1 1.25 1.65 2.50 22.50 3.0 0.50 4 
8.4 5.0 6.6 1.25 11.25 1.5 0.25 5 
8.4 5.0 6.6 2.50 22.50 1.5 0.25 6 
8.4 5.0 6.6 1.25 11.25 3.0 0.50 7 
8.4 5.0 6.6 2.50 22.50 3.0 0.50 8 

(B) Simu- Biomasses in steady state (kJ m-2) 
lation annual maximum and minimum 

F C F {no predators) 

1 
4306 979 6163 
3605 969 4128 

4293 97 6 6085 
3605 966 4126 

4430 1106 6727 
3823 1100 4734 

4414 1101 6609 
3822 1096 4733 

4013 77 1 5614 
3201 762 3748 

3998 767 5563 
3202 759 3745 

4218 950 7181 
3510 945 5177 

8 
4204 946 7094 
3509 94 1 5176 

kept simple to show the effects of the very obvious 
advective water transport that occurs during up- and 
downwelling. The purpose of the modelling exercise is 
to understand the potential importance of the proces- 
ses and structures included, not to mimic the real 
system in all aspects. This analysis would have been 
more difficult if additional features, like limiting nu- 
trient cycles and seasonal variations of other forcing 
functions - such as insolation and temperature - had 
been included. The model has constant primary pro- 
duction input; filter feeders are controlled by food 
supply, its availability, their ability to digest it, and by 
predators. Feedback loops include the contribution of 
faeces and bacteria to the food supply and predation. 
Thus, although simple, the model incorporates feed- 
back loops, imports and exports that together form a 
system whose dynamics are not easily understood 
without the use of mathematical simulations. 

The simulation model of the kelp bed as a closed 
system showed that detrital food chains could play an 
important role under conditions of little water 
exchange, with faeces and kelp particulate matter con- 
tributing largely to the diet of filter feeders. Even at 
low feeding efficiencies there may be sufficient food to 
meet consumer requirements, since undigested food 
can be resuspended, colonised by microbes and fil- 
tered repeatedly. Most models of ecosystems are based 
on the assumption that the system is closed or that over 
an annual cycle, imports balance exports. This may be 
true for some enclosed bays, such as the kelp beds of St 
Margarets Bay (Nova Scotia) before destruction by sea 
urchins (Miller et al., 1971), and some salt marshes and 
estuaries (Haines, 1979; Dame and Patten, 1981). In 
these cases the detrital food chain with a feedback of 
faeces probably predominates. In more open systems 
with large fluxes across the boundaries, imports and 
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exports may not balance and need to be taken into 
account. 

Under continuous upwelling conditions, the model 
showed that consumer requirements cannot be met 
since kelp POM and faeces are exported. In striking 
contrast, under continuous downwelling conditions the 
system functions as a community supported to a con- 
siderable extent on imported phytoplankton. This situ- 
ation is probably true for many nearshore ecosystems, 
such as rocky and sandy intertidal communities like 
the Baltic Mytilus beds (Jansson et al., 1983) and 
perhaps even the 'barrens' of Nova Scotia after the 
destruction of kelp beds, in which case sea urchins 
feed on phytoplankton after it has settled to the bottom 
as detritus (Mann, 1982). 

The effect of different hydrodynamical patterns is 
seen most clearly in the simulation omitting carnivore 
control (Table 4b). Although the effects of pulse length 
can be seen, the effect of different rates of water 
exchange on biomasses is greater. Faster water move- 
ments during downwelling results in more phyto- 
plankton being brought to the filter feeders to replace 
that being consumed, while during upwelling more 
particulate matter is exported and is not available to 
filter feeders. 

The biomass values given as output by the model 
show marked seasonal fluctuations which should not 
be expected in nature, since the model 'biomass' is 
analogous to the 'scope for growth and reproduction' 
estimated by eco-physiologists. It does not take lipid or 
other energy storage or reproductive output into 
account. The marked effect of carnivores in damping 
seasonal fluctuations is interesting, particularily since 
the main carnivore in the system is the rock lobster 
Jasus lalandii, which is commercially exploited. How- 
ever, further inferences about rock-lobster manage- 
ment cannot be made from this coarse-grained model. 
Other models are required for that purpose, such as 
that of Seiderer et al. (1982), which takes the sizes of 
lobsters and their prey into account. 

Coastal ecosystems are notoriously open, with 
imports and exports due to water exchange. Whilst 
budgetting models assuming a closed system (or 
balanced imports and exports) are very useful in their 
place, these assumptions may tend to magnify the 
importance of detrital food chains. The simulation 
model employed here has demonstrated the impor- 
tance cjf physical advection forces, but at the same time 
that biological interactions - such as the feed-back 
loop via faeces and bacteria to POM and the control by 
predators - are vital to the system. 
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