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ABSTRACT

Nutrient recycling has been studied in the upwelling areas of Baja Cali-
fornia, Northwest Africa, and Peru. Regeneration by biological populations in
these areas contributes significant quantities of recycled nitrogen which is
utilized in productivity processes. Each area has a different combination of
organisms which leads to differences in the relative contributioms of zoo-
plankton, nekton, or benthos to the nutrient cycles.

Comparisons of ammonium regeneration rates of zooplankton and nekton-
micronekton populations in the three upwelling areas show that zooplankton
recycle relatively less nitrogen in the Baja California and Peru systems than
nekton. In the Northwest Africa upwelling region, however, zooplankton, fish,
and benthic inputs are all substantial. In recent years the Peruvian upwell-
ing system has been altered with the decline of the anchoveta population and
an increase in the importance of zooplankton in nutrient recycling. The dis-
tribution of recycled nitrogen (ammonium and urea) in transects across the
shelf at 10°S and 15°S indicates that regeneration is relatively more impar-
tanl at 10°S in the region of the wide shelf. 1In both areas the distribution
of ammonium and urea are not entirely coincident thereby indicating dif-

ferences in their production and/or utilization.
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The upwelling areas in the world's oceans are located off the west coasts
of the major continents and are typified by cold, nutrient-rich waters which
maintain large phytoplankton: populations, especially in the low latitﬁdes
where the quantity of light is always sufficient for photosynthesis. Upwell-
ing transports nutrient-rich subsurface water into the euphotic zone where
phyfoplankton utilize the nutrients in photosysthesi;. The uptake of nutri-
ents in primary productivity derived from upwelling has been called "new pro-
duction™ to show that biological processes have not utilized this nutrient
since it was introduced into the euphotic zone (Dugdale and Goering, 1964).
The uptake of nutrients derived from herbivore excretion or bacterial regen-
eration has been termed "regenerated production” to show that the production
was based on the uptake of nutrients that previously had been used in a bio-
logiéal process in the euphotic zone.

With vertical advection bringing nutrient-rich water into the euphotic
zone of upwelling areas, relatively large concentrations of nutrients are
available to stimulate primary productivity, however, recycled nutrients are
also important from the standpoint of increasing prdduction efficiency of the
ecosystem. This topic has only recently been examined in upwelling ecosystems
and is the central focus of this paper.

NORTHWEST AFRICA

The JOINT-I experiment investigated the upwelling ecosysteé off northwest
Africa, in the area ovaape Blanc‘off Spanish Sahara (Barber, 1977). Tge
region was of‘great interest becauée of the numerous countries that were uti-

lizing the fishery resources of the area.



Zooplankton

The distribution of zooplankton across the shelf off Cape Blanc was
determined using vertical tows of bongo nets equipﬁed with 102 ¥m mesh net-
ting. The samples were corrected for phytoplankton contamination using chlor-
ophyll as an index. The cross-shelf transect of all four size fractions
(>1000 um, 505-1000 um, 223-505 ﬁm, and 102-223 ym) showed maxima inshore and
immediately offshore of the shelf break (Fig. 1). The inshore maximum was
observed on a station at the 45 m isobath while the offshore maximum was found
in water about 200 m deep. The total biomass was largest (13.19 g dry wt m“z)
offshore which was probably the result of large number of euphausiids: The
inshore maximum of zooplankton biomass (3.78 mg dry wt m"2) was dominated by
the 223-505 um size class and was composed mainly of copepods. Excretion féte
measurements ranged from 1.68 to 32.26 ug N mg dry wt™l 471 for ammonium
excretion and 0.67 to 5.38 ug N mg dry wt™l d~1 for urea release. When the
excretion rates were combined with biomass values at each of the locations,
the regeneration rates of zooplankton across the shelf (Table 1) were largest
at the areas of high zooplankton biomass both inshore and offshore. The
inshore rates were relatively lérger.than the éffshore rates as a consequence
of the smaller organisms located there and the shallow depth. An independent
~estimate of zooplankton ammonium excretion, using respiratory eleétron trans-
port activity, resulted in a mean value equivalent to 4.75 mg-at m2 g1
(Packard, in press), a value that is only’slightly émallef than the mean of-

5.4 mg-at m~2d~l calculated for the four inshore shelf locations.



Nekton

Nekton biomass was determined in the Cape Blanc area by acoustic mapping
surveys and bottom tra&ls. Results of the acoustic surveys indicated that the
mean peiagic biomass over the shelf was 40 to 60 g wet wt n~2 (Thorne et al.,
1977). Analysis of fish egg and larvae samples further indicated thatlthe
relative abundance of sardines and anchovies in the study area was about 4:1l
(Blackburn and Nellen, 1976). Demersal fish stocks, éampled by bottom trawls,
were estimated to be 2.2 g wet wt m‘z, cephalopods were about 1 g wet wt n~2
and shiclmp wefe about 1.44 g wet wt m 2 to give a total of 4.7 g wet wt o2
for demersal biomass (Haedrich, Blackburn, and Brulhet, 1976). This is about
an order of magnitude smaller than the pelagic biomass estimates.

Nekton excretion rate measurements were made in experiments using several
kinds of demersal and pelagic fish, sharks, and mollusks (Table 2). Samples
for nitrogen compounds like ammonium, urea and total nitrogen were collected
every 10 minutes. The sample concentrations in the experimental tank showed a
nearly linear increase with time with ammonium accounting for more than 50% of
excreted nitrogen. These rate measurements'ranged from 0.42 to 4.62 pug NH4-N
ng dry wt™! 471, Excretion rates were combined with biomass values to produce
nutrient regeneration estimates over the shelf and beyond the shelf break
(Table 3). The nekton nitrogen regeneration was largest near the outer part
of the shelf by a factor of 2. The ammonium and urea nitrogen regeneration
rates by nekton are equal in size, in contrast to zooplankton which regenerate
mostly ammonium.

Sediments, Benthos, and Bacterioplankton

Nutrient release into the water column from sediments was investigated

by placing bell jars on the bottom, collecting box cores, and obtaining pore
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water nutrient samples (Rowe, Clifférd, and Smith, 1975). The bell jar exper-
iments indicated that 5.64 mg-at NH4-N n~2 g~! are released into the water col-
umn. This quantity is”nearly”equivalent to the zooplankton regeneration rate
at the nearest inshore station. There are only two stations so the variabil-
ity may be quite large. However, the southcrn shell stacion which had a
larger ammonium flux rate than the northern shelf station also had a larger
ammonium gradient betweeﬁ the water column and the sediments. The sediment
subsiirtace aﬁmonium concentratinns in pore watas wurc absut 150 pgat 171 in
the top 20 cm. This indicates the'benthic release of ammonium is probably
very constant over time with.the possible exception of reduced rates when the
temperature decreases.

The impact of bacteria in the northwest Africa upwelling ecosystem was
investigated by Watson (1978) using a new bacterial biomass technique. It was
found that phytoplankton biomass in the water column was much larger in the
shallow shelf stations while bacteria had the greater biomass when water
depths were larger than 350 m. Analysis of microbial activity in the
sediments indicates that there is a larger percentége of bacterial §rganic
carbon in the sediments on the shallow shelf stations than samples collected
on the slope. Lt was estimated that the mean bacterial biomass of the shelf
and slope regions of 6.68 g C 2”2 was about 10% of the yearly anmount of carbon
incorporated into-bacterial cells. This could result in a yeafly consuaption
of 133 g C n~? which is 44% of the yearly phytoplankton production. On a
daily basis this would recycle about 0.06 Hgat N 171 g} assuming a C:N ratio
of 5'by atoms: This value is included in the sediment release rate estimate
since the bell jarbtechnique measures the net change over the sampling

duration.



Nutrient Regeneration Budget

Thebmajor ecosystem components related to regeneration processes are sum-
marized in Table 4 for two areas of the northwest African upwelling system.
The inshore area represented by station "R" is located in a water depth of
about 40m. The zooplankton are dominated in biomass by copepods of 223-505 um
size range so their recycling rate is relatively large compared to the mid
shelf region. Nekton biomass is lower than the shelf-break area where most of
the pelagic biomass was located. The release rate of the sediments was mea-
suraed directly in bell jars and was similar to the nekton recycling rate.
Bacterial recycling estimates were not used because the major fraction of bac-
terial biomass is located in the sediments rather than the water column so
that rate should be already included as part of the sediment release rate.

The total recycling rate of 16.9 mg-at N m2 47! is quite large compared to
the measured phytoplankton ammonium uptake rate of 7.5 mg-at m'2 d~l. Thus
the total recycling rate of all of the trophic levels represents 2257 of the
phytdplankton amnonium requirement and produces large concentrations of
amménium nearshore (Fig. 2). This oversupply of available ammonium has been
noted previously in the nearshore area off Cape Blanc (Coste and Slawyk, 1974;
Codispoti and Friederich, 1978). The relatively low phytoplankton uptake rate
due to poor in situ light conditions was most likely the causal factor for the
large observed ammonium concentrations (Huntsman and Barber, 1977).

The outer shelf region, near Station "0", had one of the lowest zoo-—
plankton biomasses of the transect and contains a mixture of large and small

organisms. The zooplankton regeneration rate was about 70% of the inshore

" value. Because of the large pelagic nekton biomass in this region, the nekton

rate was nearly twice as large as that observed inshore. The -release of



nitrogen from the offshore sediments Qgs only 33% of the inshore rate and was
based largely on the lower sediment bacterial biomass estimates offshore
(Watson, 1978). Nutrieng pore w;ter concentrations also decreased offshore.
The total recycling rate in this deep shelf region is 13.68 mg-at m~2 d~!l.
This is 84% of the 16.2 mg-at o2 ¢-1 phytoplankton uptake rate estimates.
PERU

Several sets of data have been collected in the Peru upwelling ecosystem
during the years 1966, 1969, 1976, and 1977. Most of the descriptioms have
been taken from the years 1976 and 1977 when zooplankton rate measurements
were collected. 'Unfortunately in those latter years the anchoveta biomass had
been reduced to about 10%Z of its previous level. This decrease in anchoveta
biomass was probably accompanied by changes in.other nekton stocks such as an
increase in the biomass of sardine and hake. 1In addition, the decline in
anchoveta biomass probably resulted in an increase in zooplankton biomass
(Walsh, Whitledge, Esaias, Smith, Huntsman, Santander, and De Mendiola, 1980).
Zooplankton

The zooplankton stocks were determined for the Peru upwelling ecosystem
at 10°S and 15°S using vefticél bongo net tows (Dagg, Cowles, Whitledge,
Smith, Howe, and Judkins, 1980). The zooplanktdn dry weight biomass at 10°S
where the shelf is relatively wide was larger than 8 g m~2 inshore. This is
certainly an overestimate on the two innermost stations because of phytoplank-
ton cdntamination (Table 5). The numerical counts were dominated by Para-
calanus spp., Oncea spp-, Oithona spp., and Appendicularia (Judkins, in pfess;
énd Geynrikh, i973). Just beyond the shelf break which is located about 100

km offshore the >1050 um size class showed an increased number of Calanus and



reflects the same general distributional pattern of biomass that was found in
March 1978 (Flint and Timonin, in press). Zooplankton dry weight biomass was
larger on the 15°S transect where the shelf is only about 25 km wide. Larger

zooplankton (e.g. Eucalanus inermis, Centropages brachiatus and Calanus

chilensis) were found at most stations at 15°S. These three species comprised

31% of the biomass on the 15°S transect and 9.6% on the 10°S transect. Zoo-
plankton dry weights over the shelf were similar at 10°S and 15°S. The 100 km
wide shelf at 10°S was characterized with a mean + standard deviation dry
weight biomass of 2.30 + 0.53 g m~2 (Table 5). At 15°S the 25 km wide shelf
had a biomass of 3.76 + 2.23 ¢ m'z, an increase of about 60%. In the offshore
area at 10°S there was more biomass (3.23 + 0.8l g m™2) than over the shelf,
however, at 15°S the mean dry weight biomass offshore was 9.53 + 5.36 g m'z;
which is 295% of the shelf wvalue.

Zooplankton excretion rate measurements were conducted on large organisms
that were also being used in ingestion experiments. The excretory rate ranged
from 4.4 to 29.9 g N mg dry wt™! -1 for ammonium and 0.63 to 21.9 ug N mg._
dry wt™! d! for urea. These ranges are similar to values measured collected
in the northwest Africa upwelling experiments. Size class excretion rates
were also defermined in 1976 at the same location (Table 6). The rates for
Peru were nearly identical to those for northwest Africa with the exception of
the smallest size class of 102-223 im which is about 507 larger than‘the same
size range in northwest Africa. |
Nekton

With the introduction of acoustic surveys of the pelagic fish stocks, the

‘Peru upwelling ecosystem has been the focus of attention since the decline of



the anchoveta biomass in 1972. Speculation exists on the qﬁantity of aného—
veta remaining and the possible increase of hake and sardine (Walsh et al.,
1980). Acoustic methods were used to estimate the total pelagic nékton bio-
mass in the study area at 15°S. Zig-zag mapping tracks were followed both day
and night. In the area within 13 km of the coast (to about the 150 m isobath)
there was an estimated mean pelagic biomass of 127 g wet wt n~2 which was
probably composed of anchovy and sardine (Lee, Mathisen, and Thorne, 1979).
Between 13 and 26 km offshore (within the 150-700m isobaths) there was about
83.3 g wet wt m 2 of pelagic nekton which were thought to be jack mackerel,
mackerel and saury. These estimates are subject to daily variations, but
nevertheless represent a composite of several runs.

The excretion rate measurements of some of the pelagic nekton were made

on the anchoveta (Engraulis ringens), sardine (Sardinops sagax), and silver-

side (Austromenidia regia regia) (Table 7) using the methods described by

Whitledge (1978). An additional measurement for jack mackerel (Trachurus sym~
metricus) was collected off California (McCarthy and Whitledge, 1972). The
largest ammonium excretion value measured for thé silverside (5.2 ug N mg dry
w1 d'l) was comparable to the rate measured for Sardinella spp. off north-
west Africa. The sardine and anchoveta were characterized by lower rates (2.2

and 1.7 vg N mg dry wt=l g-1,

Nutrient Regeneration Budget

| A nitrogen budget was constructed for the shelf and offshore Peruvian
upwelling areas at 15°S using the nekton ammonium excretion rates combined
with mean nekton biomass estimates (Table 8). The calculation assumed all the
inshore nekton biomass was anchoveta since a good estimate of sardine biomass
was not available. -The shelf nitrogen budget, which used the 3 inshore
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stations, estimated the zooplankton regeneration rates to be 4.11 mg-at m—2
d~! (Table 5). The loss of ammonium from the sediments, based on s3>
experiments, estiﬁated the quantity of carbon utilized by the bottom community
to be «‘914g C m2 y"1 (Rowe, personal communication). Converting to nitrogen
using a C:N ratio of 5, about 4.16 mg-at N n2 4! were released from the sedi-
ments. The sediments were relatively rich in carbon, i.e. the C:N ratio was
greater than 5 so this éould be an underestimate. The ammonium-N regeneration
rate of 12.1 mg-at a2 g1 compares favorably with the measured ammonium
uptake rate of about 15 mg-at m2 47! as estimated by Ni5 uptake measurements
(unpuBlished results of MacIsaac and Dugdale). The difference between these
two estimates (" 2.9 mg-at w2 d”1) is about 19%, a value near the exéected
experimental variability.

The offshelf nitrogen budget used the estimated offshore pelagic nekton
biomass and jack mackerel excretion rates. The dewersal nekton regeneration
rate was calculated from an estimated standing stock for hake (Gulland, 1970)
and excretion rates for a starry flounder (Wood, 1958). The resulting regen-
eration rate for demersal stocks was very low (0.07 mg-at m 2 d~}) which may
be the result of an underestimated biomass of 60,000 metric tons for the whole
Peru upwelling area (V4.3 g dry wt m'z). The zooplankton ammonium regenera-
tion rate, calculated using the five offshore stations (Table 5), was 7.33
mg-at m~2 'd~!l, This rate was larger than the shelf value (V1787%) mainly
because of the large zooplankton biomass just offshore of the shelf break.

The benthic regeneration rate for the shelf sediments was used for the
offshore budgef because there were no strong acroés shelf gradients in the
$35 data used to estimate the sediment release rates. The total quantity of

13.28 mg-at ammonium-N o2 q~1 regenerated in the offshore region is 747 of
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the measured phytoplankton ammonia uptake rate of 17.88 mg-at m2 gl

(Maclsaac and Dugdale, unpublished results).

Distribution of Recycled Nutrients

As a result of the relatively large quantity of rcgenerated ammonium re-—
cycled by the resident biological population in the Peruvian upwelling ecosys— '
tem the ambient concentrations of ammonium and other substances are often
quite large. The cross shelf distribution yi ammonium and urea at 158 and
10°S (Figs. 3a-3d) each c#hiblted a4 maximum concentration about 50 to 100 km
offéhore. At 15°S the maximum concentration for ammonium and urea was located
in the surface waters bevond the shelf break about 25 km offshore. The

elevated concentrations of ammonium and urea occurred over the shelf at 10°S

(shelf break at " 100 km) near the bottom of the euphotic zone. Careful exam-

ination of the urea distributions at 15°S and 10°S revealed that the maxinma

were located inshore of their respective armonium maxima. This could be the

result of different utilization patterns for acmonium and urea. Previous

measurements have shown that urea may be utilized in primary productivity

almost as rapldly as ammonium and nitrate (McCarthy, 1972). An alternate

explanation could he related tov the relative rares of release of ammonium and
urea by nekt&n and zooplankton populations. The percentage of urea in
excreted nitrogen was larger for nekton than for zoéplankton (Table 3). The
nekton ammonium excretion over the shelf is nearly the same as for zooplankton

(4.11/3.86 = 106%), while offshore the zooplankton ammonium regeneration was

comparatively much larger (7.33/1.72 = 426%). So the urea maximunm inshore was

probably the result of regeneration by the anchovy and sardine populations

while the more offshore ammonium maximum was created by zooplankton.

- 10 -



The distributions of total nigrogen (the sum of nitrate, nitrite, ammo—
nium, and urea) across the shelf at 15°S and 10°S (Fig. 3e and 3f) show the
dominance of the upweiling of nitrate-laden water near the coast and decreas-
ing concentrations in the surface layers as the water mass moves offshore.

The surface water nearshore at 15°S was characterized by a total nitrogen con-
centration of more than 25 ug at 171 with a sharp gradient about 125 km off-
shore where the concentration decreased to less than 5 pg at 1-}, The near-
shore area at 10°S didn't appear to be upwelling as rapidly as at 15°S. This
may be a result of the much wider shelf at 10°S which would affect the resi-
dence time of the water over the shelf. Consequently the nitrogen could go
through more uptake-regeneration cycles while over the shelf. This suggests
the upwelling area off 10°S might be more dependent on regenerated nitrogen
than the region off 15°S.

The relative amounts of regeneration is demonstrated well in the percent
regenerated nitrogen in the water column (ammonium plus urea/total nitrogen)f
The total nitrogen concentration at 15°S consisted of less than 107% regen-
erated nitrogen in the nearshore area where nitrate concentrations were high
(Fig. 3g), but the percentage increased to greater than 50 beyond the shelf
break. In a similar fashion at 10°S the inshore water had a low percentage of
regenerated nitrogen but increased to values greater than 90% in the surface
layer at the shelf break (Fig. 3h).

Dissolved organic nitrogen (DON) as measured by the ultraviolet irradia-A
tion technique (Armstrong, Williams, and-Striékland, 1966) exhibited a &istri-
bution with.uniformly high concentrations nearshore as if the source of DON
was in deep water and lower concentrationé near the surface offshore where

uptake may have occurred (Fig. 4). The distribution of DON was distinctly
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different.than ammonium or urea so the source of DON must not be pelagic
organisms. The bottom sediments §f the shelf could be a source, however, no
known measurements exist in this area.
! BAJA CALIFORNIA

The quelling off Baja California is seasonal with stroﬁg upwelling
starting in March or April (Walsh, Kelley, Whitledge, Mac Isaac, and Huntsman,
1974). Th; biological populations have adapted tn an area where upwelllng
occurs for only part of the year aund ls strudétured to withstand fluctuationms

in available food. In the upwelling area off Baja Califormia a pelagic red

crab, Pleuroncodes planipes, was probably the dominanf herbivore during the

upwelling season (Walsh, Whitledge, Kelley, Huntsman, and Pillsbury, 1977).
During the nonupwelling time of the year the red crabs can remain om the

bottom and switch to detritus as an alternate food source (Boyd, 1962).

Zooplankton
The range in zooplankton biomass in March 1972 was 0.2 to 1.0 g wet wt

m=3 (mean of 0.6 g wet wt m‘3) aud was composed principally of stage V nauplii

of Calanus helgolandicus. In April 1973 the éooplankton community coasisted
of 72% copepodites, 22% adult Acartia and 6% Calanus with a mean estimated
biomass of 1;15 g wet wt m3. It appears then that the zooplankton biomass in
the Baja upwelling system increased from about 1.15 to 6.38 g dry wt =2 dur-
ing the onsat of‘upwelling. Ammonilum excratizsa rates fov this pagalatioca of
zooplankion was estimated to be 14.3 g N mg dry wemt g7l (Martin, 1968) and
when combined with the biomass, were used to estimate ammoniﬁm regenération.'

Micronekton

. Using .acoustic gear, the red crab, Pleuroncodes planipes, was esti-

mated to have a pelagic wet weight biomass of 100 g o2 (Blackburn and

- 12 ~



Thorne, 1974) although earlier in the 1973 cruise a series of net tows
resulted in biomass values of v 5 g wet weight w3, During the previous year
biomass values of 7 g wet wt m~3 were measured (Walsh et al., 1977). The
March biomass of the red crab was about 7 g wet wt o3 and the April biomass
was Vv 5 g wet wt m™3. An excretion rate of 2.9 ug N mg dry wt™l 471 was used
(Walsh et al., 1977) in ammonium regeneration rate calculations for this
organism.

AThe red crabs also gather in large populations on the bottoﬁ, especially
those 3 yearé or older (Boyd, 1962; Smith, Harbison, Rowe, and Clifford,
1975). Bottom photographs were used to estimate a density of about 8.2 red
.crab.m"'2 and the mean weight of these benthic crabs were 5.58 g animal~l
(Walsh et al., 1977). The distribution of red crabs on the bottom was very

patchy, but their biomass could be as high as 8.06 g dry wt o2,

Nekton
The net hauls used to calibrafe the acoustic assessment surveys of nekton
and micronekton in the Baja California upwelling region found that Pleuron-

codes planipes and the northern anchovy, Engraulis mordax, inhabited the area

in a ratio of 9:1 by weight (Blackburn and Thorne, 1974). This is a_biomass

of about 2.5 g dry wt m 2.

Nutrient Regeneration Budget

A nitrogen budget for the shelf area‘of the Baja California upwelling
syétem was constructed for the time periods of March and April (Table 9). The |
budget for Maréh has a relatively small zooplaqkton ammonium reg;neration rate
of 1.2 mg-r:it-m"'2 d~l. The pelagic red crabs recycled 12;7 and ‘the benthic red

crabs recycled 1.68 for a total of 14.38 mg-at m2 d-1. The regeneration from

- 13 -



the small biomaSS of anchovies was about 0.30 mg-at w2 d~!. The carbon
utilized by benthic resPiration was estimated t§ be 200 mg m~2 d~1 so the
nitrogen release rates from the sediments was 2.86 mg-at N m=2 471 if a C:N
conversion factor of 5 is used (Rowe, personal communication).

The April budget had a larger zooplankton regeneration rate (6.28 mg—at N
m2 d~1) than March because the biomass had increased almost five fold. The
pelagic red crab regeneration decreased to 9.1 and the benthic estimate re-
mained constant at 1.68 for a total of 10.78 mg-at ammonium=N released =2 471

by all of the Pleuroncodes. The drop in the red crab regeneration rate in

April was due to the loss of red crab biomass, possibly tn foraging tuna. The
anchovy biomass and nitrogen rélease from the sediments remained the same as
March. A total of 20.22 mg-at ammonium-N =2 g1 was regenerated each day.
The phytoplankton ‘uptake of ammonium at this time was estimated to be 17.5
mg-at =2 41 (Whitledge and Conway, 1977), resulting in an excess of 167 of

ammonium produced.

DISCUSSION

Nutrient regeneration in a stable environment like the euphotic zone in
an oceanic gyre is vital in maintaining productivity. The regenerated nutri=-
ents are thought to cycle through the nutrient-phytoplankton-zooplankton chain
several times before they are lost from the upper mixed ;éyer in the form of
sinking or swimming particles. This regeneration lengthens the time and pos-—
sibly the spatial scales of the original nutrient input. The same processes
occur in upwelling areas even though very strong upwelling brings enormous
quantities of new nutrients into the euphotic zone. At what space and time
scale would all of the upwelled nutrients be stripped from the water éolumn?
Our experience shows that it would not be many kilometers (perhaps 20-50 km)

before the nutrients would be converted to plant material. So regeneration of
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nutrients in an upwelling area is an important process that extends the
upwelling effect to longer spatial and temporal scales. One of the best
examples of this effect was observed on the Anton Bruun cruise 15 to Peru in
1966. A drogue was placed near an upwelling center and it was followed from
the high nitrate-low chlorophyll water to low nitrate-high chlorophyll water
(Fig. 5). The ammonium increased during the latter part of the drogue study
where it was measured at elevated concentrations. The increase in ammonium
was observed because dissolved silicon was depleted, therefore the diatom
population was placed under silica limitation. On most occasions when dis-
solved silicon is not limiting, high concentrations of ammonium are not
observed because it is used as rapidly as it 1is recycled.

As the newly upwelled water enters the euphoticzzone the principal form
of nitrogen iq the water is nitrate (Fig. 6a). With some @elay the phyté-
plankton start active uptake of the nitratc resulting in an increase in the
biomass. As the newly upwelled water enters the euphotic zone there is
usually a strong advective flow alongshore (often equatorward) and a smaller
advective flow offshore. This Ekman flow of nutrients and phytoplankton gives
the appearance of a plume of chlorophyll‘if the origin is a point source.
(Fig. 6b). Tﬁis plume is in effect the isolines of nutrient concentrations as
they decrease or phytoplankton as they increase while they are being advected
and diffused along. A large zooplankton biomass appears at the fringes of the
ﬁlume although some zooplankton are in the freshly upwelled water and they
increase in numbers along with the chlorophyll ‘content until the nutrients are
reduced to low levels. This is the region where regeneration is important in

maintaining phytoplankton growth. Eventually the ecosystem loses all of the
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inorganic nitrogen because a fraction is lost at each step in the food chain
as a result of biological inefficiencies or loss of sinking and swimming
particles.

Simulation models constructed to mimic nutrient-phytoplankton-zooplankton
interactions in various ecosystems (Dugdale and Whitledge, 1970; Walsh and
Dugdale, 1971; Walsh, 1975; and Walsh, 1977) have incorporated ammonium uptake
as an intergral part of the nutrient-phytoplankton relationship. If ammonium
is omitted and phytoplankton growth is simulated using only nitrate, the
resuiting standing crop of phytoplankton never reaches observed concentra-
tions. So even in areas with small concentrations of ammonium, phytoplankton
growth is enhanced by ammonium uptake.

In terms of the percentage of phytoplankton production that utilizes
regenerated nitrogen, upwelling areas have rates very comparable to most other
coastal and estuarine systems that do not have appreciable upwelling. The
upwelling areas discussed previously have 42 to 72 percenﬁ of total nitrogen
productivity being supplied by regeneration (Table 10). This range of values
implies that regeneration must be a rather stable and constant feature of
upwelling ecosystems. The upwelling areas investigated are very productive
and rank amoﬁg the highest in terms of fish production.

Zooplankton rank as the group of organisms which recycle the major frac-
tion of nitrogen in upwelling ecosystems, although zooplankton were not as
important in the Peru upwelling ecosystem whén the anchoveta stocks were large
(Beers, Stevenson, Eppley, and Brooks, 1971; Whitledge and Packard,.l97l; and
Dugdale, 1972). The importance of zooplankton varies somewhat between the
différent regions which ié probably a clue to pathways of material flow

through the different upwelling ecosystems. The largest percentage of
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zooplankﬁon nitrogen recycling occ;rred in the Cape Blanc northwest Africa eco
system and was slightly smaller in Peru, Cape Timiris off northwest Africa and
Baja California, with.a range for the three systems from 3 to 33 per cent.

The larger values occurred after the spin-up of upwelling had been completed
for each of the areas while the low value in March for Baja-California was
collected as the seasonal upwelling was starting. This time lag may be
likened somewhat to the spatial lag that produces a plume downstream from an
active upwelling center. So after upwelling conditions have stabilized it
appears that 20-30% of priwary productivity is driven by ammonium recycled by
zooplankton.

For'the nearshore summer upwelling areas off Washington and Oregon, Jawed
(1973) concluded that ammonium regeneration was not a crucial nitrogen source
in the upwelled waters. However no nitrogen uptake rate studies were under-
taken so the actual use of ammonium could have been substantial since large
quantities of ambient ammonium were observed in the water column. Evidently
it was presumed that large concentrations of nitrate reduced the importance of
ammonium in the ocean.

Of the three upwelling systems, the regeneration of ammonium by nekton is
most important in the two areas where commercial quaatities of small pelagic
nekton exist. Since the decline in the anchéveta biomass, Peru has slightly
smaller regeneration rates than northwest Africa while the clupeoid population
is very small off Baja California. Micronekton are important in the Baja
California ecosystem because the red crab has taken the herbivore—omnivo;e
role that the clupeoid occupies in the other two upwelling areas. Demersal
fish play an insignificant role in the recycliﬁg of nutfients according to the
best data, however a thorough examination hasvnot been undertaken for any

areas with large benthic fish populations..
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The regeneration of nitrogen from sediments appears to be most important
in northwest Africa and Peru although the rates are only slightly smaller for
Baja California. Large amounts of organic material are thought to sink to the
bottom in Peru where the sediments have a high organic carbon countent. A sub-
stantial quantity of organic material may also be lost by sinking in Baja
California, however, the older benthic red crabs are possibly using that as a
principal food source.

The zooplankton studied were mesoplankton so all protozoa, ciliates-and
nauplii were excluded from the measurements. There are indications that
microplankton may be very important in upwelling ecosystems although there is
some difference of opinion of various 1nvestigators.. Energy budgets for
equatofial upwelling regions show hetetdtrophic respiration constituted 907 of
the total (Sorokin, 1979) and in coastal upwelling regions constituted 30 to
90% of the total (Sorokin, Korsak, Mamaeva, and Kogelschatz, in press). So
the focus of zooplankton sampling may have missed a significant component in
the upwelling ecosystem.

The importance of regeneration in the open ocean was studied In the north
Pacific gyre where zooplankton was found to produce 44-83 per cent of phyto-
plankton nitfogen requirements (Eppley, Renger, Venrick, and Mullin, 1973).
This study used comparable:methods to those employed in the upwelling re-
gions. The investigators measured all the dissolved forms of inorganic nitro-
gen plus urea, phytoplankton biomass, uptake of ammonium, nitrate and.ugga
using 15y techniques, zooplankton biomass aﬁd éxcretion rates. The turnover .
time.for ammonium was found to be 3-5 days and the phytoplankton crop was very
small so it was concluded that grazing was important in keeping ;he phyto;

plankton belbﬁ'maximum possible levels. The remaining 17-56 per cent of
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nitrogen needed to fulfill phytoplankton requirements was explained as pos-
sibly coming from michZOOplankton smaller than 183 um or from vertical tur-
bulent diffusion. Urea was also considered to be an important nitrogen
source.

The regeneration of relatively large quantities of nitrogen by zooplank-
ton and nekton populations implies that these organisms must be major con-
sumers of primary (and secondary) productivity. The excretion rates measured
for zooplankton and nekton can be used to estimate their ingestion rates if
growth and excretion are assumed to be the two main pathways of assimilated
nitrogen. A previous estimate indicates that from 54 to 61 percent of the
daily phytoplankton nitrogen productivity was consumed by the Peruvian-
anchoveta in 1969 (Whitledge, 1978). Zooplankton ingestion was not estimated
at that time because very few biomass or excretion rate data were available.
The assimilation efficiency of both zooplankton and nekton used in calcula-
tions of iﬁgestion (Table 11) is 707%. The growth rates are obtained from
literatufe values of estimated secondary productivity in each of the upwelling
areas or from laboratory rates of similar species. The zooplankton and nekton
combined ingestion of primary productivity ranged from 627% in Peru (April
1977) to 767 in northwest Africa, while the Baja California value was 652.

The absolute ingestion rates were quite different than the percentage of pro-
ductivity grazed. The smallest ingestioﬁ rate was estimated to be 12.20 mg-at
N mfz d~1 for Peru with 49% coming from nekton and northwest Africa was 16.62
mg-at m2 4-1 with 31% of ingestion by nekton. Baja California had a vaiue of
23.64 mg—at‘N‘m‘2 a-1 grazed with nekton (red crabs) consuming 602 of that
amount. So the zooplankton in Peru had ingestionlrates of about 54 to 667% of

the zooplankton rates in the two other systems and Peruvian nekton ingestion
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rates were 42 to 116% of the rate of northwest Africa and Baja California
nekton. These values are a reflection of the low primary productivity mea-
sured on the C-line in Peru in 1977 and the relatively low biomass of zoo-
plankton and nekton populations compared to the ofher upwelling systems. The
trophic structure of the zooplankton indeed showed that no more than 50Z of
the zooplankton were filter feeders at any location across the shelf (Flint
and Timonin, in press). In any event, this in&icates that more productivity
may be slnking to be lncorporated in benthic processes or depleﬁing ox&gen
conceantrations to lower tﬁanlnormal values (Dugdale, Goering, Barber, Smith,
and Paclkard, 1977). 1In 1Y/8 it was estimated that 12% of primary productivity
sinks to the bottom (Vinogradov, Shushkima, and Lebedeva, in press) when the
lowest concenfration of oxygen observed was 0.12 m& gl (Bordovsky, Gasarova,
Domanov, and Stunghas, in press). The 1976 observations of anoxic conditions
- must have been the result of increased sinking of organic matter and the
amount siﬂking would probably have to be larger than 127 of primary

production.
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Table 1. Ammonia regenerated by size fractions of zooplankton at buoy
locations (mg—atoms N n—2 d~1) (Smith and Whitledge, 1977).

Size Fraction um

Location  102-223 223-505 505-~1000 ~ >1000 Total
Offshore 1.82 2.26 0.14 6.58 10.80
G 1.44 4,26 0.15 2.56 ' 8.41
0 2.72 2.21 0.03 0.39 5.35
U 1.49 2.52 0.06 0.28 4.35
R 3.29 4,21 0.05 0.27 7.82
D 1.93 1.93 0.01 0.08 3.95




Table 2. Nitrogen and phosphorus release by selected species of fish
collected over the shelf off northwest Africa. The number
of organisms in each experiment is shown in parentheses
(Smith and Whitledge, in press).

Species Condition Ammonia=N Urea-N Phosghate-P
(ng mg dry we~l d-1)

Diplodus senegalensis (12) Fresh 1l.44 0.76 0.23
Diplodus senegalensis (9) Starved-l day 0.90 0.26 0.15
Diplodus senegalensis (6) Starved-2 days 0.64 0.35 0.22
Glyphis glaucus (2) Fresh 0.44 0.55 0.08
Octopus vulgaris (4) Fresh 0.78 0.11 0.42
Sardinella sp. (5) Fresh 4.61 4.78 1.68
Pomadasys incisus (1) &

Diplodus senegalensis (9) Fresh 1.22 0.33 0.18
Pagellus couperi (2) &

Cantharus cantharus (1) Fresh 0.91 - ‘ 0.12

Pagellus couperi (2) &
Cantharus cantharus (1) Starved-l day 0.64 0.08 0.05




Table 3. Nutrient regeneration by zooplarnkton and nektom and mutrient u

upwelling system off norttwest Africa. Units are mg-at o2

UreaN

Phosphate~P

take by phytoplankton in the
(after Smith and Whitledge,

Silicate-Si

Uptake Zooplarkton Nekton Zooplamkton Nekton

Zooplankton Nekton Uptake Zooplankton

in press)
Ammonia-N
Location
P - 7.46
T - 7.17
OFF 15.52 10.80
G 5.6 8.41
o 16.2 5.35
U 11.9 4.35
S - 1.30
R 7.5 7.82
D 8.3 3.95

4unpublished data fram J.J. Maclsaac and R.C. Dugdale.

7.11
6.45
6.78
3.48
3.15

0.41
0.56
2.20
2.95
1.35
1.53
0.9
2:.29
0.97

7.22
6.54
6.88

3.48
3.14

0.8
0.89
0.53
0.51

0.79
O. 37

Beonverted from Nelson and Goering (1977) assuming a 12-hour day.

3.01
1.78
l. 13
0.99
1.31
0.55




‘Table 4. Ammonium budget for northwest Africa upwelling ecosystem.

Units are mg—at m~ a1,
Ammonium Phytoplankton
Regeneration Uptake
Shelf (40m water depth)
Zooplankton 7.82
Nekton 3.48
Sediments 5.64
Total 16.94 7.5%
Miter Shelf (150m water depth)
Zooplankton 5.35
Nekton 6.45
Sediments 1.88
Total 13.68 16.2%

* Unpublished nitrogen uptake data of MacIsaac and Dugdale.




Table 5. Zooplankton dry weight ard regeneration rates by size fraction in the Peru upwelling system at

10°S and 15°S.

Size fractionated Zooplankton Dry Weights Zooplankton nitrogen regeneration rates
g w?) (ngat w2 d71)
Depth  102-223 223-505 505-1050 >1050 Total 102-223  223-505 505-1050 21050 Total
Station um um um Hm um Hm Hm um Hm
10°S
182 60 408 3.047 .752  5.008* 9.215* .91 7.01 .53 - 8.45
183 0 .383 1.308 1.058  2.59%* 5.343* .85 3.01 T4 - 4.60
18 100 171 558 419 1.770 2,918 .38 1.28 .20 67 2.62
185 100 123 586 660  1.114  2.483 .27 1.35 46 42 2.50
186 100 092 .676 431 895  2.0% .21 1.55 30 SHh 240
188 100 .120 <545 376 645  1.686 .27 1.25 .26 .25 2.03
189 100 .103 «655 .598  2.619  3.975 .23 1.51 42 1.00 3.16
190 100 .105 458 432 1.363 2.358 .23 1.05 .30 52 2.10
191 100 072 405 A7 2,692 3.343 .16 5} 12 1.2 2.73
15°S
1% 35 .175 443 1.020 719 2.3% .39 .02 J1 27 2.39
193 60 .780 1.750 1.517  2.291  6.338 1.74 4.03 1.06 .87 7.70
1% 100 175 +465 JA35 1.814 2.589 .39 1.07 .09 .69 2.24
195 100 . .227 1.726 506  15.793  18.252 .51 3.97 .35 6.00 10.83
196 100 <448 1.2% 280  7.85  9.829 1.00 2.89 .20 2.98  7.07
197 100 .611 1.748 338 1.174 3.871 1.36 4.02 .24 45 6.07
198 100 J04 .875 1.357  6.18  8.525 .23 2.01 .95 2.35 5.54
1.43 7.13

236 85 241 1.838 1.326  3.765 7.170 5S4 4.23 .93

* phytoplankton contamination in sample.




Tablé 6. Nitrogen release (ug N mg dry we™l g-1) by zooplankton off Peru.
Values are means +1 standard deviation, with number of observations

in parenthesis. =-:

no data (after Smith, 1978)

Ammonium Urea
Size Fraction Mean size Nitrogen Nitrogen
(um) (mg dry wt ind-1) . Released Released
102 - 223 0.002 31.25+23.86 (27)  38.98+19.15 (5)
223 - 505 0.006 32.26+17.14  (29) 22.18+19.15 (5)
505 - 1050 0.042 9.47+9.41  (25) -
>1050 ’
(Eucalanus inermis) 0.128 5.38+6.38 (3) -
>1050
(Euphausia sp.) 4.955 0.07 (1) -
<505 - 31.9241.34  (56)  27.22416.13 (10)
>505 - 8.40+7.39 27) -




Table 7. Ammonium excretion rates for nekton inhabiting Peru upwelling ecosystem.

NH; exretion rate

Mean dry wt + std dev
(8 (ug N mg dry we™l a7l
Engraulis ringens (7) 1.70 1.74+1.48 ref 1
Sardinops sagax (4) 1.52 ' 2.19+0. 24
Trachurus symmetricus (1) 47 .5% 1.26 ref 2
Austromenidia regia regia (14) 3.26 5.17+1.78

* Calculated from 190 g wet wt.
ref 1. Whitledge and Dugdale, 1972.
ref 2. McCarthy and Whitledge, 1972.




Table 8. Ammonium budget for Peru upwelling ecosystem. Units are
mg—-at m~2 d'T.

Ammonium Phytoplankton
Regeneration Uptake

Shelf

Zooplankton 4,11

Pelagic Nekton -3.86

Sediments 5,16%

Total 12.13 15.0%*
Offslivre

Zooplankton 7.33

Pelagic Nekton 1.72

Demersal Nekton 0.07t

Sediments 4,16%

Total ' 13.28 17.88%*=*

* From S35 estimate (Rowe, personal communication).

**Unpublished N15 data of MacIsaac and Dugdale.

t Based on 1970 stock estimate (Gulland, 1970) and flounder excretion
rates (Wood, 1958).




Table 9. Ammonium budget for Ba
Units are mg-at m2 d”

fa California upweiling ecosystem.

Amomonium Phytoplankton
Regeneration Uptake

March

Zooplankton 1.17

Nekton 0.30

Pleuroncodes-Pelagic 12.70

Pleuroncodes—Benthic 1.68

Sediments 2.86

Total 18.71 22.3
April-

Zooplankton 6.28

Nekton 0.30

Pleuroncodes—Pelagic 9.10

Pleuroncodes—-Benthic 1.68

Sediments 2.86

Total 20.22 17.5%
* From Whitledge and Conway (1977).




Table 10. Percent regenerated productivity in marine ecosystems and percentage of total nitrogen uptake
originating from different animal groups.

Regenerated Prod

Zoo~

Micro- Demersal Benthos &

(% of total Prod) plarkton Nekton  Nekton Sediments Reference
Upwelling Aress
NV Africa
Cape Blanc Shelf 72 3 15 - 2%
Cape Blanc Outer Shelf 61 2 2 - 8
Cape Timiris Shelf 15 15 - - - Herbland et al,
1973
Peru _
Shelf 56 19 18 - 19
Off Shelf 42 23 5 - 13
Baja California
Shelf-March 47 3 1 32 11 .
Shelf-April 52 16 1 23 12
Oregon
Shelf ? ? - - - Jawed,. 1973
Coastal Areas
NE United States
Narragansett Bay 64 64 - - - Martin, 1968
Long Tsland Sound 5575 43-66 - - 9-12 Harris, 1959
MY United Statcs |
Shelf 36 36 - - - Jawed, 1973
Columbia River Plume 20 0 - - - Jawed, 1973
Open Ocean
N. Pacific Gyre 44-83 44-83 - - - Eppley et al.,

1973




Table 11. Zooplankton and nekton ingestion rates and percent of daily phytoplankton
grazed. Units are g dry wt m~2 and mg-at w2 gl

Northwest Ba ja
Africa - Peru California
- Zooplankton
Zooplankton biomass 3.78 4.41 6.38
Zooplankton growth 0.24 0.28 ‘ 0.40
Zooplankton excretion ' 7.82 ' 4,11 6.28
Zooplankton assimilation 8.06 4,39 © 6.68
Zooplankton ingestion 11.51 6.27 9.54
Nekton

Nekton biomass 10.55 : 31.80 7.50
Nekton growth 0.10 0.29 0.47%
Nekton excretion 3.48 . 3.86 9.40
Nekton assimilation 3.58 4.15 9.87
Nekton ingestion 5.11 5.93 14,10
Total ingestion 16.62 12.20 23.64
Phytoplankton growth-N 23.5 21.7 39.5
% daily phytoplankton—N 71 56 60

production grazed

*Calculated using Pleuroncodes planipes rates (Blackburn, in press).




Figure l.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

FIGURE LEGENDS
Biomass of'zooplankton (g dry wt m‘z) collected on a tfénsecf near
21° 40'N off northwest Africa (after Smith and Whitledge, in |
press).
Concentration of ammonium (ug-at 1'1) on a cross shelf transect
near 21° 40'N off northwest Africa.
Concen;rations of dissolved nitrogen nutrients (ug-at 171y in
cross shelf transects. . a) ammonium at 15°S; b) ammonium at
£O°S; ¢). urea at 15°S; d) wurea at 10°S; e) Total nitrogen
(NO3HVO,+NH4+UREA) at 15°S; f) Total nitrogen (NO3+NO,-+NH,+UREA). .
at 10°S, g) Per cent regenerated nitrogen (NH,+UREA/Total
nitrogen) x 100 at»15°S; h) Percent regenerated nitrogen
(NH4+UREA/Total nitrogen) x 100 at 10°S.
Concentration of dissolved organic nitrogen (ng-at 171) on a cross
shelf transect near 15°S off Peru.
Integréted concentrations (mg-at m~2) of nitrate, silicate and
ammoni#m in the euphotic zone along drogue track of Anton Bruun 15
near 15°S off Peru.
d) Nitrate concentrations (ug-at 171) at 3m and b) chlorophyll
concentration (ug 17!) integrated from 100% to 10% light depths on

stations near 15°S off Peru (Walsh et al., 1971).
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