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SUMMARY: Estimates of the standing stocks, secondary production and meta-
bolism of the benthos have been compared in the coastal upwelling ecosysterns
off northwest Africa, Baja California, and southern Peru. Northwest Africa is
characterized by shelf break upwelling and as a result standing stocks, macro-
benthic production and sediment organic matter are highest out at the shelf-
slope boundary. Sediment microbial activity and biomass on the other hand
are highest nearshore in the dynamic zone where aeolian silt and sand are
being blown into the sea from the Sahara Desert. Baja California is dominated
by the red crab, Pleuroncodes planipes, having high rates of growth and
metabolic utilization of organic matter, both on bottom and in the water.
Peru benthos and metabolism are very different from the above areas because
of the low oxygen concentrations in the bottom water. Organic matter is far
higher in the sediment and heterotrophic metabolism is principally anaerobic
rather tHan aerobic. A normal offshore benthic fauna is replaced by a mat
of sulfur bacteria with unknown production and metabolic rates.

Benthic subsystems in upwelling ecosystems can be placed in two categories:
those overloaded with organic matter, depleted of oxygen and dominated by
sulfate reduction and those that are not overloaded and remain aercbic.
Peru and southwest Africa typify overloaed systems whereas NW Africa and
Baja California are examples of aerobic systems. Although benthic metabolism
and inorganic nutrient regeneration are high in both types of subsystems,
all upwelling ecosystems, with their dynamic open boundaries, expori organic
particulate matter and import inorganic nutrients at rates that are far in
excess of that consumed or produced by benthic metabolism.

RESUMEN: PRODUCCIGN ¥ PROCESOS BENTONICOS EN Baja CaLIFORNTIA, NO DE AFRICA
vy PERU: UNA CLASIFICACION DE SUBSISTEMAS BENTGNICOS EN ECOSISIEMAS DE AFLO-
RAMIENTO. — Se han comparado estimaciones de la bhiomasa presente, produc-
cién secundaria y metabolismo benténicos en los ecosistemas de afloramiento
costero de NO de Africa, Baja California y Pert meridional. Bl NO de Africa se
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caracteriza por un afloramiento de borde de la plataforma y, como resultado,
la biomasa presente, la produccién macrobenténica y la materia orgénica en €l
sedimento alcanzan los valores maés elevados en la frontera entre plataforma
y talud. Por otra parte, la actividad microbiana y la biomasa del sedimento
tienen sus médximos cerca de la cosia, en la zona dindmica en que el cieno
y la arena de origen edlico son arrastrados al mar desde el desierto del Saha-
ra. Baja California se caracteriza por el predominio del cangrejo rojo, Pleu-
roncodes planipes, que tiene unas tasas elevadas de crecimiento y de utili-
zacién metabdlica de la materia orgénica, tanto del fondo como del agua.
El bentos v el metabolismo del Perd son muy distintos de los de las dreas an-
teriores, a causa de las bajas concentraciones de oxigeno en el agua del fondo.
Los valores de materia orgdnica en €l sedimento son mucho mas elevados
v el metabolismo heterotrdfico ¢s principalmente anaerdbico mdas que aerdbi-
co. La fauna benténica normal de alta mar estd reemplazada por una alfombra
de bacterias sulfurosas de produccion y tasas metabolicas desconocidas.

Los subsistemas benténicos en los ecosistemas de afloramiento pueden si-
tuarse en dos categorfas: los sobrecargados de materia orgénica, agotados en
oxigeno y dominados por la sulfatorreduccién, vy los que no se encueniran so-
brecargados y permanecen aerdbicos. Perti v el SO de Africa tipifican sisternas
sobrecargados, mientras que el NO de Africa y Baja California son ejemplos
de sisternas aerdbicos. Aungue el metabolismo benténico y la regeneracion de
nutricntes inorganicos son elevados en ambos tipos de subsistemas, todos los
ecosistemas de afloramiento, con sus fronteras abiertas dindmicas, exportan
materia organica particulada e importan nuirientes inorganicos a tasas que

estan muy por encima de lo consumido o producide por el metabolismo ben-
ténico.

INTRODUCTION

In most coastal ecosystems the biota living on the bottom, or total benthos,
has greater biomass than all the organisms in the water above it. It is rea-
sonable to suspect, thexefore, that the benthos is important in the functioning
of the .ecosystem as well as in its structure. Tt should receive a large fraction
of the organic matter produced, use it as energy or convert it to biomass
and finally release large but poorly quantified amounts of inorganic com-
pounds, some of which are important plant nutrients, back into the water
column (Fig. 1). The purpose of my work in upwelling systems has been to
quantify these exchanges, to compare their relative importance in diiferent
regions and to draw conclusions about the significance of the bottom in
general in system function.

As a member of the Coastal Upwelling Ecosystem Analysis Program
(CUEA), I have made a series of continually evolving measurements with a
pumber of different collaborators in three different upwelling areas: Baja
California (Fig. 2), Northwest Africa (Fig. 3), and the coast of Peru (Fig. 4).
The following paper will be a review of our approaches and findings in each
area. Most of the work ‘has been or is in the process of being published in
individual papers and so this present paper, as a review, will in general no*
take up the details of methods and techniques used. It will, on the other
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hand, be a chyonological trip from one area to another noting the general
success or failure of the studies we tried and how close we came to our final
goal of constructing a carbon mass balance for the sediment of each geo-
graphic locale.

P1sco, Peru, 1969,
Tur BeNTHOS IN THE 15° S UrPwLLING ECOSYSTEM

The R/V Gosnoip and the R/V THompsoN journeyed to Peru in 1969 for what
has since been called the Prsco expedition. Using an anchor dredge (semi-
quantitative} and a van Veen grab, we determined that standing stock of the
macrofauna (>0.42 mm sieve mesh) varied directly with oxygen concentration
and inversely with depth (Fig. 5, from Rowe, 1971 a). As sediment organic
matter was highest where oxygen was lowest (<5 % saturation), there was
no correlation between sediment % C and standing stock. OQur intention
was to measure how primary production affected bottom life and it was de-
monstrated that if the variables of oxygen and depth are eliminated, stocks
off Peru are far higher than areas where production is much less (Rowr,
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1971 b). For example, in both the Gulf of Mexico and off Peru the biomass
and abundance decreased exponentially with depth, but there was two orders
of magnitude less in the Gulf of Mexico than off Peru at slope depths and
there is about that big a difference or greater in the rates of primary pro-
duction (25 g Cm™® y4, from CORWIN, 1969, in the Gulf, versus 300 to 1500 gC
m~?y~!, from RYTHER, 1963, off Peru).

These stocks were more or less in agreement with other studies off the
west coast of South America (FRANKENBERG and MENZIES, 1968; GaLtarpo, 1963},
More recent work has defined the relationship of benthos to low oxygen more
critically (ROSENBERG et al., 1983).

In the process of taking sediment samples to measure the concentration
of organic matter, we also found the opportunity to measure the concentra-
tion of phosphorite. At some depths just on the edge of the oxygen minimum
we discovered that CaCO, benthic foram tests are changing gradually to
phosphorite pellets (MANHEIM, Rowg and Jiea, 1975). That the forams are
recent in age suggests that the phosphorite was not a fossil deposit but was
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precipitating out or replacing the CaCO, in the tests presenily from high con-
centrations of PO, in the anoxic pore water, with escape of dissolved frec
PO, being blocked by a somewhat less reducing layer at the sediment-water
interface.

These carly studies off Peru demonstrated the expected effects of high
primary productivity on concentrations of benthos, OXYgeN, and organic
matter, but these parameters tell us little of the cycling of carbon and energy.
With the formal organization of CUEA in 1972, we began a study that was
oriented more to the rates of cycling of carbon than its stocks.

Baja CALIFORNIA, MEXIco,
Tae MEescAL I1 EXPEDITION IN 1972
A SYSTEM DOMINATED BY RED crAB Pleuroncodes planipes

Use of the R/V THOMPSON OTh the Mescar 11 expedition provided an Oppor-
tunity to study rates of processes in the benthos of an upwelling ecosystem.
Scuba divers put down bell jarlike enclosures covering a small area of botiom
and few liters of bottom water at depths of 20-30 m. The bell jars were
equipped with polarographic oxygen electrodes, and the conclusion was made
that an average of 263 ml O, m~?h™ was consumed by the bottom (SMITH
et al., 1974). This ranged from 39.1 (4 1.8) in the area presumed to be most
enriched or closer to the upyvelling plume, as determined by temperature
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Fic. 3. —NW Africa sampling area. (From NICHOLS and Rows, 1977)
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and clorophyll, to 28.9 (+1.2) ml O, m*h-!, in an area apparently away from
the plume (Smita et al, 1974).

The oxygen utilization can be used to make an estimate of organic matter
oxidation or conversion to CO,. Using an RQ (respiratory quotient) of 0.85,
meaning 0.85 moles of CO, are formed for each mole of O, consumed, one
can assume that about 0.45 mg organic carbon is consumed per ml O, con-
sumed, a calculation we will make at each locale. This would mean that about
16 mg of organic carbon m=2h~* or 0.38 g C m~2d~! is consumed by the ben-
thos in this system close to shore.

Total oxygen consumption by the bottom is a very difficult but important
measurement. It was once believed that fotal consumption, or respiration
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by aerobes plus oxygen uptake by reduced jons such as sulfide, was a measure
of total anaerobic respiration, but this is not always the case. Reduced prod-
ucts of anaerobic respiration (sulfides and elemental sulfur, mostly) may not
oxidize fast enough after diffusion into the chamber to affect oxygen levels,
and therefore would not accurately reflect the production of the end products.
(The sulfides can poison the electrodes as well) Other approaches to mea-
suring anaerobic processes were necessary (see sections on Africa and Peru).

Biomass of the invertebrate macrofauna based on van Veen grabs and
hand-held box corers (Fig. 2, Table 1) averaged 38.8 gm™ with an average of
3347 animals m~2. The most prominent organism in the system is the swim-
ming galatheid crab Pleuroncodes planipes, whose abundance on bottom near-
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TABLE 1

Benthic biomass and abundance, excluding Pleuroncodes planipes, sampled
during TroMpsoN Cruise 78, off Baja California (Fig. 2)

Depth Abundance (wet weight gni/m®)

Station (m) {~fm*) Biomass
Pta
Asuncién 23 3360 + 310* 91+ 2,7%
Pta St.
Hipolito 23 6408 4 1571 138 +£ 0.2%

3g%% - 33 960 14,7

50 56 730 56,5

42D 65 3660 220

428 70 5870 308

52 9% 4420 158,0

428 104 1380 21,0

42 240 259 78,5

* (n = 2, from SMItH et al., 1974)
== 30°55 5'N % 116°19.1'W, off chart, hand-held box core sample.

shore averaged 246 animals m~2. Offshore it averaged 41 m™. Both estimates
were made using photographic surveys (Fig. 6, Table 2). Using average bio-
mass per crab values, we made estimates of 1373 g m~? nearshore and 229 gm™2
offshore. ‘

Few ecosystems are so overwhelmingly dominated by a single organism
that can be both pelagic and benthic. As such a dominant species would have
significant influence on the dynamics of the ecosystem, it is necessary to
measure individual crab respiration (SMITH et al., 1975). Average rates were
404 to 728 ul 0, g*h™' (as free dry weight) or overall average of 566 vl O,
g-th-1. If we assume ash-free dry weight is 9 % of the wet weight (SMITH
et al., 1975), the rate would be 566 pl O, per 11.1 g (wet weight)”*h™ or
51 wl O, g (wet weight)~* h~*. Applying this rate to our abundance estimates
gives 70 ml O, m~2 h~* nearshore and 12 ml O, m~h™* offshore, for P. planipes
alone. Again using an RQ of 0.85, we can estimate that the crab used 0.8 g
Cm—? d-! near the beach and 0.1 g Cm™2d~* out on the outer half of the
continental shelf. SmITH et al. (1975) made similar estimates with caloric
equivalents, but related them to a density of 0.33 crabs m~® in the water
column.

A rough estimate of secondary production by the macrofauna would be
38.8 gm~2 y~!, assuming a production to biomass (P/B) ratio of 1. The larger
itinerant benthos, P. planipes, lives about 3 years, and using an average weight
of 5.58 gindiv.™*, one could estimate production to be 1.86 gindiv.™' y=*. On
a square meter basis that is equivalent to about 76 gm™y™ production by
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Fic. 6.——Pleuroncodq§ ﬁlam'pes at 25 m off Baja California, during MESCAL II, 1972,
/!

the crab offshore, based on benthic densities (41 m~?) and benthic average
sizes (5.58 g indiv.™'), not pelagic estimates (3 indiv. m~* and 3 g indiv.™").

Based on the measurements above, it appeared that the crabs had an im-
portance in total respiration, biomass, and production that was as great as
or greather than that of the other benthic macrofauna. For this system we
did not investigate organisms smaller than the macrofauna (<0.42 mm sieve).
The weakness in our analysis was in our uncertainty in the estimates of overall
crab density based on the photographs. The next stage of the work tried to
include some of these omissions for a more complete budget.

NORTHWEST AFRICA, THE, JOINT I EXPEDITION:
A SYSTEM DOMINATED BY AEOLIAN SAND AND SILT DEPOSITION

The barren flat sands of the Sahara, devoid of plant life, are being blown
by strong, prevailing long-shore winds to the south and west into the ocean,
off Cap Blanc (Fig. 3). Some of this reaches great distances as dust-sized
particles at altitudes of 1 to 4 km in the western North Aflantic {PROSPERO
and CARLSON, 1972), at rates of 25 to 37 x 10° tons per year through the
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longitude of the Barbados. Tremendous quantities of sand move south, off
the desert into the sea where eventually the sand moves via submarine
canyons to the deep-sca (SARNTHEIN and WALGER, 1974: SeniN, 1974; BEIN and
FiirrERER, 1977; KoOoPMAN et al., 1978). On the outer shelf and continental
slope where biogenic material, especially carbonates, are predominant there
is little evidence in the water column or in the sediments of sediment transport
(MILLIMAN, 1977). Nearshore it is a different story. We added small sediment
trap moorings to our sampling scheme and made the conservative estimate
that an average total sediment vertical flux rate was about 4 cm/yr (NICHOLS
and Roweg, 1977). This is not a net accurnulation necessarily, because once
in the benthic boundary layer it is subject to resuspension and continued
transport along and offshore (DIESTER-HAASS, 1978).

The addition of sediment traps was not necessarily to measure terrigenous
rates, but rather as an aid in balancing the carbon budget. Unfortunately,
we do not believe the data contribute to a knowledge of the sinking of phyto-
plankton to the bottom because the arrays captured too much resuspended
material (Table 3). The organic carbon flux rate for example at 3 m off bottom
would be about 8§ gCm=2d™*, far above the primary production rate, and s0
a large fraction of the nearshore material must be resuspended over and over.

Many of the same measurements made off Baja on stocks and concen-
{rations were also made in the Joint I area or elsewhere off NW Africa
(BoucuER and GLEMAREC, 1974: THIEL, 1982, BRAVO DE Lacuna, 1982; DoMaIN,
1982). Macrofainal biomass was surveyed and found to average 347 gm™

TABLE 3

Sediment Trap Data from Northwest Africa

Trap
Water distance Total Organic N Organic C
depth off bottom (gm m= k) (gm N m™ w) (gm C ™ B

-

Sta 171

28 April 1974 25 m 1m 216 0.34 6.70
2 m rn 0.026 0.51

Sta 162

3 May 1974 ¢ 25 m 1m 15 0.023 021
2m i3 0.022 0.30
Im 8 0.010 0.10

6 May 1974 25 m 2 m 62 0.077 1.70
Im 32 0.039 0.57

% of 2 m.o.b.* traps 32 0.042 0.84

% of 3 m.ol* traps 20 0.024 0.34

* m.ob. is meters off bottom
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(N1cuors and Rowg, 1977), while megabenthos, including fishes and squid,
weighed 4.2 gm™ (Hagepricy, BLACKBURN and BRULHET, 1976). Using a P/B
ratio of 2 to 3.5, NicioLs and Rowe (1977) estimated that coastal secondary
production of the macrobenthos might be about 40 g m~2 y~?, whereas on the
outer shelf it might be about 60 gm=y-'. Species closely related to those
found in the region have somewhat lower P/B ratios (0.8-0.9) in the literature,
and so it is probably reasonable, they implied, to lower those estimates about
50 %. In either case, the offshore macrobenthos appeared more productive
than that nearshore, including the megafauna (HaEDRICH et al., 1976). Such a
pattern conforms to the patterns found in primary production, zooplankton
and nekton biomass and organic matter in the sediments. Biomass of the
meicfauna was not measured, but abundances on a transect off Cap Blanc
were greatest (10° x 10# indiv./10 cm?) between 500 and 1000 m depth (THIEL,
1978). Organic matter in the sediments displayed like patterns, whether
measured as carbon (DIESTER-Haas, 1978; Nicnors and Rowe, 1977}, nitrogen
(MiLLivan, 1977) or chloroplastic pigments (THIEL, 1978): maximum concen-
trations were at intermediate (continental slope or outer shelf) depths, and
not in the carbonate sands of the intermediate shelf (ROWE et al., 1976).
Microbial and bacterial stocks and total infaunal metabolic activity were
measured in several different ways in the sediments in the Joint I area.
WarsoN (1978) used the adenosine triphosphate (ATP) tecnigue and his own
lipopolysaccharide (LSP) technique to investigate total biomass and bacterial
biomass in both the water and sediments during Joint I (Table 4). CRISTENSEN
and Packarp (1977) estimated the respiration of the small infauna and mi-
crobes, or what Watson measured as total biomass, at a number of the same
locations, using an assay for the activity of the respiratory electron transport
system. As indica,{;ed (Table 5), oxygen utilization, as with microbial biomass,

TABLE 4

Sediment biomass of bacteria and other small infauna,
JOINT T area, modified from WaTsoN (1978).

Total Bacterial
Stations biomass biomass
Area (Fig. 2} {(gC m™) (gC nt2)
Sheif 161, 171, 162 19 8
(30-39 cm) (8-37) (0.84.8)
Slope 173, 169, 176 2.5 35
(469-1800 1m) 0.4-7.0) (1.8-3.3)

* See Warson 1978 for explanations of why bacterial biomass is higher than the total
biomass.
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TABLE 3

Respiration (ETS), carbon utilization and biomass estimates in sediments in the JOINT I
area, Northwest Africa (from CHRISTENSEN and PACkarD, 1977).

Nearshore zone Outer shelf Slope
(27-30 m) (65-190 m) {480 to 1820 m)

Oxygen utilization
(ml O, m™® k™) 29 10,6 1,25
Organic carbon utilization
(g Cm* d) 0,30 0,16 0,013
Biomass
(g C ) 53 2 24

was greatest nearshore and decreased over 20 times on the average offshore.
Biomass estimates (CRISTENSEN and Packarp, 1977; and Warson, 1978) were
not very different for each depth and the ETS pattern agreed with the ship-
board experimental substrate utilization patterns Watson observed. Most
activity in sediments was nearshore and it decreased offshore.

Pore water dissolved inorganic nutrients which are the products of hetero-
trophic metabolism were also measured to get an indirect estimate of total
benthic metabolism (Rowg, CLIFFORD and SmrTh, 1977). Ammonium displayed
steep gradients into the sediments, but such within-sediment gradients de-
creased offshore, following the same offshore decline as ETS and “microbial”
biomass, o

Benthic chambgrs were again used nearshore (Sta 162 and 171 again) to
measure oxygen demand, but addtionally nutrient flux out of the sediment
was estimated by measuring concentrations at the beginning and end of each
incubation. Total nitrogen flux, in the form of either HN,* or NO,, averaged
of 420 pmolem*h~?' (141 mgNm=2d-'). Oxygen uptake averaged 19 mili-
liters O, m~*h™", equivalent to about 8.6 mg organic carbon oxidation. As-
suming a 5 to 1 C to N ratio, this would equal to 1.7 mgNm~*h~* or 40
mg N m™d-*. This 40 mg N predicted from the O, uptake was 3.5 times less
than the 141 mg N m~*d~? estimated above from the benthic chamber in-
cubation.

Joint 1I, PERU, 1976-1978

Off Northwest Africa several important aspects of a carbon budget were
not measured. These included vertical flux of particulate matter in deep
water, anaerobic metabolism, secondary production and variations in both
biological and chemical variables over ecological (days to years) time scales.
Designing our work off Peru with these deficiencies in mind, we added middle
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budget. Rates of total accumulation, however, based on unsupported Pb-210
distribution have been estimated to be up to 1.2 cm/y in this same area off
Peru (HENRICHS, 1980). At 6 % organic carbomn, this would amount to a burial
of 374 g C/m*—Yy.

Floating sediment traps (FST’s) measured a flux at 50 m, in the area of C3,
of 0.24 gCm2d?, or about 9 % of primary production. In 1978 the FST's
were also put at the 1% light level, usually about 10-13 m depth, and the.
flux as 0.53 gCm*d™* or 17 % of the primary production. At 50 m the rate
was halved (STARESINIC, 1978), or about equal to 1977 rates at 50 m. Important
components in 1978 were fecal casts from anchovies. Several millimeters
long in the water, they were broken in processing into 0.3 mg fragments
having sinking ratcs of up to 850 md. Rates at night across the euphotic
zone were 50 % greater than in the day, possibly due to greater wind-induced
turbulence in the daytime (STARESINIC, pers. com.).

Biomass on the bottom displayed peculiar patterns because of low oxygen,
as explained in the first section. Meiofauna, studied by Drx. Jean Ann Nichols,
had a similar correlation with oxygen (Table 7). Abundances and biomass
ranged from 23.9 gm™ in 1.1 X 10° individuals nearshore (63 m) above the
oxygen minimum down to 024 gm™ in 1.3 X 10? individuals in the heart of
low oxygen water (<0.1 ml/L). The biomass nearshore and at 484 m were
high for meiofauna, But this would be expected since high macrofaunal bio-
mass was also fcpuﬁd at these depths (ROWE, 1971 a,b), compared to other
regions. Average’ ‘wet weight per individual was 1.7 X 1072 mg ind.~*, for all
stations (NICHOLS, unpubl.).

TABLE 7

Biomass of Meiobenthos on Cline, 15°S, off Peru,
(data from JEaN Anx NICHOLS, Pers. comin.)

Biomass Abundance Number of
Station Depth (g m™ wet weight) (individuals m™) samples
_H_—‘_‘__——f—’—‘_____——
C-1 63 m 23.9 1,134,214 ind. m m=4%
, (2.1 x 10 mg/ind.)
C3 110 m 422 609,251 m=4
0.7 x 10° mg/ind.)
Cc4 191 m 4.38 380,314 =25
(12 % 10 mg/ind)
C5 251 m 05z 15,743 (n = 6)
(3.3 x 10 mg/ind.)
C-6 319 m 0.24 14,960 n=%
(1.6 x 107 mg/ind.)
C7 434 m 9.7 934,055 n=4%

(1.0 x 107* mg/ind.)
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Calculation of secondary production is difficult because of the peculiar
distribution of the bulk of the fauna only along the shore and not out on the
shelf. At Cl, where maximum biomass occurred, we can estimate macro-
faunal production at 86 gCm>y™" (P/B = 1) and meiofaunal production at
69 gCm2y™* (P/B =4, assuming 4 generations per year). (The macrofaunal
biomass was derived from ROWE, 1971 a, assuming organic carbon is 6 % of
wet weight).

Offshore, at €3 through C7, metazoan biomass was low and anaerobic me-
tabolism must predominate because OXygen concenirations were SO low. Bio-
mass of microbial populations was probably high. Although we do not know
what this was exactly, extensive arcas of the bottom were covered by a mat
of sulfur bacteria similar to Thioploca spp., 2 beggiatoacean that is possibly
chemolithotrophic. It was observed on JOINT I1 in October 1976, March and
April 1977, and April 1978, from C3 (110 m) through C6 at 319 m, consistently. .
1t is most dense in the top 3 cm of sediment, and in April, 1977, it penetrated
to 20 cm. If it occupies about 5 % of the sediment volume in the thickest
mat, and has a density of 1.2 g/cc of filamenis, it would have a wet weight
biomass on the order of 1,530 g/m* or about 90 g C m~%. GALLARDO (1977) found
sulfur bacteria of about 160 g wet weight m~2, after preservation in alcohol,
or about 50 gm™ dry ,weight in the Bay of Concepcion, Chile. This would
equal about 25 gC, probably well within the margin of error of our indirect
estimates for the P,‘erft sediments. We do not know its source of energy, rates
of metabolism oOF production, although potentially these could all be quite
high (KUZNETSOV, 1959).

Because most of the outer shelf and upper slope is exposed to low-Oxygen
water, experiments were conducted to determine sulfate reduction rates at
Cl, C3 and C5 (Fig. 7) using newly developed techniques with *S (JORGENSEN,
1978). The integrated rates were 27 nm SO,= reduction m-?* d~* nearshore and
55 mMm-2d offshore, assuming 0.8 ml water per cc wet mud. In terms
of organic carbon, therefore, the rates would be 0.65 gCm™> d-* nearshore
versus 0.13 gCm™* d-t converted to CQ,. These equate 10 240 and 47 gCm~2y~"
(Rowe and HowaRTH, in press).

It has been suggested that more organic matter is being deposited off
Peru presently than before the el Nifio of 1972 because the anchovies are
not present to consume the primary production (Waish, 1981; RowE, 1981).
The sediment organic carbon profiles presented in RowEe and HOWARTH (in
press), however, suggest that this deposition is not on the shelf. The ac-
curpulation referred to above is evidently at continental slope and abyssal
trench depths (ROWE, 1979), moved there by mechanisms not dissimilar to
those reviewed by Tuier (1982) for NW Africa.
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DISCUSSION

A comparison of the benthos and sediments in the three upwelling systems
is a useful endeavor (Table 8). Even though upwelling areas have been com-
pared before (D1EsTER-Haass, 1978; THrer, 1978), a summary of the information
brings out the contrasting nature of the systems and allows one to separate
them into distinct categories. 1 would like to propose that the bottoms in
upwelling ecosystems be divided on the basis of dominant type of hetero-
trophic metabolism and the concentration of organic matter in the sediments.
Such a distinction allows us to separate southwest Africa (the Benguela
current region), Peru, etc., from northwest Africa, Baja California, etc, In
this context the organically overloaded system (Peru) sees a more profound
“memoire” (MARGALEF, 1978) of water column events, than does the more
aerobic system that does not suffer extensive oxygen debt (Cape Blanc region).
Most environmental and biological parameters follow the dichotomy. Macro-
faunal biomass for example has a bimodal distribution with depth in over-
loaded systems because the depletion of oxygen in the bottom water.

Peru and the Benguela region are characterized by a mud bottom, severely
low oxygen concentrations and biota that is far different from the other two
systems; they typify the overloaded benthic system. Macrofauna and for the
most part meiofauna disappear offshore where sedimentation of organic
particulates are high and oxygen low. The fauna is replaced by a mat of
sulfur bacteria with high biomass and unknown productivity. The mat may
be composed of chemolithotrophs, but as the sediment is so rich in organic
compounds they are probably heterotrophs or perhaps facultative autotrophs.
While aerobic respiration dominated off Baja and Northwest Africa, as repre-
sentatives of aerobic, dispersive systems, sulfate reduction was most im-
portant in Peru. Comparison of respiratory utilization of organic matter sug-
gests that it was somewhat greater off Baja, than elsewhere. Macrofaunal
production, not counting the area off Peru where low 0, impairs macrofaunal
life, can be greatest in overloaded systems, right next to the Peruvian coast.
Meiofauna] biomass was far higher off Peru than off Africa, using a weight
per individual conversion factor from the Peru data (1.7 mg ¥ 10~% mg ind-1).
Nutrient flux can be high in both types of systemns. While that measured off
Africa was very high — higher than predicted from pore water gradients and
from O, demand — it‘was also high off Peru. The distinction is that off Peru
it was ammonium rather than nitrate.

An attempt to compare the sources and sinks of organic carbon is an
interesting exercise for the two types of ecosystem. Off Peru a simplified
budget for the outer shelf/upper slope environment is markedly out of bal-
ance. Burial rate (370 g Cm™2? y~1} assumes a total deposition of 1.2 cm y—!
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TABLA 8
MESCAL II JOINT I PISCO and JOINT 1
Baja Northwest Peru
California Africa
Primary 39gCm—24d! 1-3gCm=d? 57g Cm? d*
Production (Huntsman and (Walsh et al., 1974)
Barber, 1974)

Sediment 030053 gCm=2d?

Particle Flux

Sediment
Accumulation
Rate

Sediment % C
and % N

Macrofaunal
Biomass®

Meiofaunal
Biormass’

Microbial
Biomass

Megafaunal
Biomass!

Total Bottom
0O, Demand

Rate
Sulfate Reduction

Megafaunal
Respiration

Infaunal and
Microbial
Respiration (ETS)

Porewater
Nutrient
Concentrations
{gradient)

Secondary
Production of
Macrofauna

01 —-2% Cand
0.02 - 005 % N,
nearshore

3B8gm™?

7
228 gm™
(l4gCm™)

36,3 ml ;™ h~'*?
(142g Cm™ y™")

12 to 70 ml ma~* h*
47276 g Cm2 yh)

100 pm cm™
nearshore

Blgmy!
23gCm2y™

Extensive
resuspension

<I%to>2%C

M

0.17-17 g m™2 (wet wt.)
(based on Peru wt./ind.)
0.01-1.02 g Cm®)

2619g Cm™®

based on Watson's ATP
or2453g Cm™

based on ETS

42 g m™
(2.1 fishes + 0.8 squil}
(025 ¢ C )

190
7SglCm™y")

125 to
29 ml m~ h™

100 pm cm™
(NH,)
{to 10 m cm™ offshore)

40 to 60 g~ y!
(24-36gCm2yh

(MST’s and FST's)
Nearshore resuspension

—lecmy?
or3gCm?y!

2t0 > 10%C

0.128-86 g m™*
(0.008-54 g C m2)

0.24-239 g
001-14 g Cm™

Thioploca spp.®
1530 g m*
90 g C m™)°¢

065013 g C/m™—= d

400 pm cm ™
(NH)

86 gm2y?
G2gCm?*y™h
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MESCAL II JOINT 1 PISCO and JOINT Ii
Baja Northwest Peru
California Africa
Secondary T6gm™ vy 42gm2y?
Production of @6gCm?y™) 02gCm3?vy™")
Megafauna
Secondarxy 68 g m? y! 9% gm2yt
Production of —_ dgCm?y" GSg Cm2y)
Meiofauna (using P/B = 4} (using P/B = 4}
Nutrient Fhux 18 pm m~* h! 420 ym m™* h 360 pom m* h™'
(NH,*, using (NI * 4 NOy) or 120 mg N m™ d**
Katr = 05 x 10° (based on belljar using Kaiee = 0.5 x 107
cm?fsec or 77 mg incubations) cm?/sec

N m™ d* (based
on O, demand)

1 All biomass values are wet weight preserved in formalin. Numbers in parentheses are
carbon units, assuming C is 6 % of wet weight. See text for sources of data.

2 See WaTsoN (1978) and CHRISTENSEN and PACKARD (1977) for alternative methods for carbon
biomass estimates.

* Biomass estimated from volume displacement, see text.

¢

£
and a concentration of 6 % organic carbon. The vertical flux to the bottom
(.~ 100-200 g Cm~2y~Y) is an average organic carbon flux in the top moored
trap at C-3 (120 m) and the average in the 50 m FST, which would not include
bedload transport. The loss to metabolism (44 g Cm™ y~! offshore) is based
only on estimated SO, reduction stoichiometry. Some emphasis should be
put on possible sources of error. First, the system may not be in a steady
state and therefore it would be unrealistic to expect input to equal the sinks
exactly. Burial was based on a concentration of 6 % organic carbon. If that
were somewhat higher, as suggested by much of our data (RowE, 1979), burial
would be proportionately greater. Anaerobic sulfate reduction may under-
estimate total metabolism. Considerable denitrification and some aerobic
metabolism could also be occurring. If both loss terms are underestimates,
then the balance between input and sinks is not even as good as was calcw
lated. One possible explanation is that anaerobic metabolism, with its reduced
end products, retains considerable energy within the system, and this is used
by chemolithotrophs (nitrifiers and some sulfur bacteria) to synthesize “new”
organic matter. This “feedback” of organic carbon could account for having
more organic matter than would be predicted. The extremely high biomass
of sulfur bacteria certainly implies that this may be an important process,



610 G. T. ROWE

but such processes, although common jn anaerobic-aerobic boundaries, re-
main to be measured in these sediments.

A final goal of this discussion might be similar figures of the sources and
fates of organic matter in each area. Unfortunately, that is not possible. Too
many important aspects of each remain unknown. For example, the produc-
tion (growth) and respiration of the microbiota for each area canmnot be
compared. The production of the macrofauna was based on presumed P/B
ratios which may be very inaccurate. Nutrient fluxes need to be measured
and not based on poorly known (even though widely accepted) diffusion coef-
ficients. Sediment redistribution (erosion) and shelf export are unknown for
all three regions. When these parameters are better understood we will be
better able to compare the systems.

In summary, several conclusions can be made concerning the classification
of benthic subsystems within upwelling ecosystems. Bottom metabolism is
high in all upwelling systems, even in those that are overloaded with organic
matter and go anoxic. While inorganic nutrient regeneration too is high, it
is of less significance as a percentage of the total nutrient demand in the
whole system. In stratified systems the within-system regeneration is pro-
portionately more important than in ecosystems that import nutrients (ROWE,
1981). In stratified,coastal ecosystems the benthic biomass mimics primary
production, but in upwelling systems the biomass parallels advective move-
ment of prodyced organic matter, such as export offshore in the NW Africa
area (THIEL, 1978; NICHOLS and Rows, 1977), or is bimodal (Fig. 3) due to
oxygen impoverishment at slope depths (ROWE, 1971 a; ROSENBERG et al., 1983).
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