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ABSTRACT

The regeneration of nitrogen is an important procéss that increases
the efficiency of the upwelling ecosystem by enlarging their spatial scales.
Ammonium regeneration was considered to contribute 42 to 72 percent of phyto-
plankton nitrogen requirements in the northwest Africa, Peru, and Baja Cali-
fornia upwelling systems. Zooplankton are responsible for the largest portion
of regenerated nitrogen, however, fish and benthic sediments may be nearly as
large. Cowparisons of the importance of ammonium regeneration in upwelling
areas with coastal and open ocean regions indicate that the percentage con-
tributions are similar. Future nutrient regeneration studies are needed to
assess the recycling of benthic sediments, microzooplankton, gelatinous

zooplankton, demersal fish, bacterioplankton, and mollusks.



Who hath desired the Sea? - the ;mmenée and contemptuous surges?

The shudder, the stumble, the swerve, as the star-stabbing.bow—sprit emerées?
The orderly clouds of thé Trades, thé ridged, roéring sapphiré thereunder_—
Unheralded cliff-haunting flows aﬁd.the headsail!s low-volleying thunder —
His Sea is no wonder the same - his Sea and thé same through each wonder:

His Sea as she rages or stills?

So and no otherwise — so and no otherwise —~ hillmen desire their Hills.

- Kipling —~




INTRODUCTION

The upwelling areas in the world located off.the west coasts of the major
continents are typified by cold nutrient rich watefs which are condusive to
the maintenance of large phytoplankton populations especially in the low lat-
itudes where the quantity of light is always sufficient. The nutrients pre-—
sent din upwelling areas represent recycling of organic matter on different
time -scales, The input of nutrients into the euphotic zone by thé upwelling
of ‘waters from depth represents a long term renewal of nutrients which previ-
ously had been‘bound into organic matter, traansported into the déep ocean, de-
composed into simple subunits, and eventually existing as the fully oxidized
state of the nutrient, i.e. nitrate in the case of nitrogen. So in effect
this is a decomposition process that occurs slowly. The timé scale of such
recycling on the average would be in terms of years or even as long as ceatu—
ries. Siace the time scales are s0 long the rates are essentially below lim—
its of detectiocon witﬁ curreut methods.

The short time scale turnover of nutrieats occurs in the upper water

column mainly through the action of animal metabolism (although there is some

speculation that microbiological decomposition is also important) produces re—

duced forms of nutrients, i.e., ammonium fqr the elemen# nitrogen. This lat-—
ter process has been traditionall} termed regeneration or recycling of nutri-
ents although the initial steps are the éame as the decomgosition process——

organic matter is broken into its simpler forms which are available for reuse
in primary production processes. Since the ammonium is produced in the upper
layers of the ocean it is immediately available for use by pﬁyEOplankton and'

it is utilizied before it is nitrified to nitrate.



With vertical advection bringing nﬁtrient—tich 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 to increase the efficiency of the production of the ecqsystem.

‘This topic has only recently been examined in upwelling ecosystems and is the

central focus of this paper.
NORTHWEST AFRICA

Two main locations of study in upwelling areas off Northwest Africa, CépeA
Blanc off.Spanish Sahara and Cape Timiris off Mauritania have been investi-
éated by major oceanographic e#peditions of several countries. The discussion
will be directed toward the research in the area of Cape Blanc vhere the most
infqrmation was collected oﬁ the JOINT-I cruise (Barber, 1977). For details
of zooplaﬁkton and nutrient recycling in the upwelliﬁg region off Cape Timi-
ris, consult Herbland, Le Borgne and Voituriez (1973), Le Borgne'(l973), and

. Le Borgune (1978).

Zooplankton

The distri§ption of zooplankton across the shelf off Cape Blanc (Fig. 1)
was determined using vertical ton of bougo nets equipped'with 102 pm mesh
netting (Blackburn, 1975). The samples were corrected for phytoplaﬁkton.céﬁ*
tamination using chlorophyll as an index. The cross shelf traasect of all
four size fractions (31000 um, 505-1000 uﬁ, 223-505 pm, and 102-223 um) sﬁowed
‘maxima inshoré and immediately offshore of the sﬁelf Sreak (Fig. 2). The in-
shbre maximum was located in about 45 m water depth while the offshore posi-—
tion was about 200 m. The total bioméss was laréest (;3.19 g dry wt. mfz)
offshore (Table 1) which was probably the result of large number of euphau-—

siids. The inshore maximum in zooplankton biomass (3.78 mg dry wt. n2) was




dominated by the 223-505 Um size class and was composed mainly of copepods.

Excretion rate measurements ranged from 1.68 to 32.26 ug N mg dry we "1 g1
for ammonium excretion and 0.67 to 5.38 ug N:mg dry wt™! a1 for urea release
(Table 2). When the excretion rates were combined with biomass values at each
of ﬁhe locations, the regeneration rates of zooplankton across the shelf
(Table 3) were largest at the areas of high zooplankton biomass both inshore
and—-offshore. The inshore was relatively larger than the offshore as a con~-
sequeﬁce of the smaller organisms located there and the shallow depth. An
indepsndent estimate of zooplankton ammonium eicrecion using vrespiratory
eléctron,transpoft activity had a meaﬁ value equivalent to 4.75 mg-at m_z a1
(Packa%d, in pfess), a value that is only slightlf smaller than the mean of

5.4 mg-at m2d”1 calculated for the four inshore shelf locations.

Nekton

Nekton biomass was determined in thg Cape Blanc érealby acoustic mapping
surveys and ﬁo:tom'trawls. Results of the acoustic éurveys indicated that the
mean pelagic biomass over the shelf was‘40 to'60 g wet weight m2 (Thorne et
al., 1977). Analysis of fish egg and larvae samples further indicated that
the relative abundance of-sardines and anchovies in the study area was about
4:1 (Blackburn and Nellen, 1976). Demersal fish stocks, sampled by bottom
trawls, were estimated to be 2.2 g wet weight m"z, cephalopods were about 1 g

wet weight m 2 and shrimp were about 1.44 g wet wt m 2 to give a total of 4.7

g wet weight m~2 for demersal biomass (Haedrich, Blackburn, and Brulhet,

797€ .
A8#%). 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 4). Samples

for nitrogen compounds like ammonium, urea and total nitrogen were collected
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every 10 minutes. The sample concentrations in the experimental tank*shoﬁed.a
nearly linear increase with time (Fig. 3) with ammonium accounting for more
than 5067 of excreted nitrogen. Theée rate measurements ranged from 0.42 to
4.62 pg NH4-N mg dry wt™l @71, Excretion rates were combined with biomass
values to ﬁroduce nutrient regeneration estimates over the shelf and beyond
the shelf break (Table 5). The nekton nitrogen regeneration was largest near
. the outer part of the shelf by a factor of 2. The ammonium aand urea nitrogen
regeneration rates by nekton are equal in size in contrast to zooplanktoh

which regenerate mostly ammonium.

Sediments, Benthos, and Bacterioplankton

Nutrient release into the water column from sediments was in?estigated
by placing bell jars on the bottom, collecting box cores, and‘obtaining pore
water nutrient samples (Rowe, Clifford, and Smith, 1975). The bell jar exper-
iments indicated that 5.6% mg-at NH,;-N m"z_d'l is released into the watér col—-
umn {Table 6). This quadtity is nearly equivalent to the zooplankton regeﬁef—
ation rate at the nearest inshore station. There are only two stations so the
variability may ‘be quite large. However, statiou 171 which had a larget am—
monium flux rate than étatiop 162 also had a larger ammonium gradient between -
the water column and the sediments (Fig. 4). The sediment subsurface ammonium
concentrations (pore water) were about 150 bgat 1! in the top 20 -em (Fig. 5).
"This indicates the benthic release of ammonium is probably very constant over
time with the possible exception of reduced rateé 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 fhe greater biomass when water
depths were larger than 350 m. Analysis of microbial activity in the sedi-—
ments indicates that there is a larger percentage of bacterial orgaunic carbon
in the sediments on the shallow shelf stations than samples collected on the
slope. It was estimated that the mean bacterial biomass of the shelf and
slope regions of 6.68 g C m™2 was about 10% of the yearly amount of carbon in-—
corboféte&iintq bacterial cells. This could result in a yearly consumption of
133 g*Cz§;2 which is 447 of the yearly phytoplanktoﬁ productivity. On a daily

basis this would recycle about 0.06 ngat N 171 g1 assuming a C:N ratia of 5

"by atoms. -This value is included in the sediment release rate estimate since

the bell jar technique measures the net change over the sampling duration.

Nutrient Regeneration Budget

The major ecosystem cumponants reléted to regenmeration processes are sum—
marized in Table 7 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 cépepods.of 223-505 um'
size range so their recycliqg rate is relatively large compared to the mid
shelf region. Nekton biomass is lower than the shelf break area .vhere most of
the pelagic biomass was located. The release rate of the Sediﬁents was mea-—
sured directly in bell jars and was similar to the nekton reéycling rate.
Bactgrial 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 releaée rate.

The total recycling rate ot 16.9‘mg—at Nm?2dalis quite large comparéd to

the measured phytoplankton ammonium uptake rate of 7.5 mg-at w2 d~l. Thus



the total recycling rate of all of the trophicflevels‘répresents 2252 of the
phytoplankton ammonium requiremeant and produces large concentrations 6f ammo~-
nium nearshore (Fig. 6). Thié 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 phytoplanktoa uétake rate
due to poor in situ light conditions is most likeiy the causal factor for thé
large observed ammonium concentrations (Huntsman and Barbér, 1977).

The outer shelf region near the position of Station "0" has one of.the
_ lowest zouplaukton biomasses of the transect and contaiﬁs a mixture of 1arge
and small organisms. The zosplankton regeneration rate is about 70% of the
inshore value. The nekton rate, however, is nearly twice as large as the in—
shore estimate as a result of the large pelagic nekton biomass in ihisAregion.
The release of nitrogen from the sediments has been decreased to 33% of the
inshore value based largely on the lower sediment bacteriai biomass estimates
offshore (Watson,tl978). Nutrient pore water concentraﬁions decreased off-
shore also. 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 ng-at m 2 ¢l phytoplankton uptake rate

estimates.

PERU

Several sets of data have been collected in‘thé Peru upwelling-ecosystem
during the years 1966, 1969, 1976, and 1977.' Most of the descriptions have
been taken from the years.l976 and 1977 when zooplanktdn rate measuremeﬁts
were collected. Unfortunately in thése latter years the anchoveta biomass‘had
been reduced drastically to about 10Z%Z of its previous amount. This decrease
in biomass has probably been accombanied by other ;hanges'in the nekton stocks
such as increases in the biomass of sardine and hake. There'are also probable
increaées in the zooplankton biomass after the decline of anchoveta biomass

(Walsh et al., in press).




Zooplankton

The zooplankton stocks were détermined for the Perﬁ upwelling ecosystem
at 10°S and 15°S using vertical bongo net tows (Dagg et al., in press). The
zoopiankton 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 in-—
nermost stations because of phytoplankton contamination (Fig. 7). The numeri-
cal counts were dominated by Paracalanus spp.,AQEEgg spp., Oithona spb., and
Appendicularia (Judkins, in press; and.Geynfikh,'l973). Just offshore of the
shelf break which is located at about 100 km the >1050 Hm size class shows an
increased number of Calanus. Zooplankton dry weight biomass was larger on the
15°S transect where the shelf is only about 25 km wide (Fig. 8). AMore largérA
types of zooplankton were found at most stations'at 15°S such as Eucalanus

inermis, Centropages brachiatus and Calanus chilensis. These three species

. average 31% of the biomass on the 15°S tranéect'and 9.67% on the 10°S tran-

sect. The dry weights of zooplankton over the shelf was similar at 10°S and
15°S. The shelf is nearly 100 km wide at 10°S with a mean + standard devia-
tion dry weight biomass of 2.30 + 0.53 g m~2 (Table 8). At 15°S the shelf is
about 25 km wide and has a biomass of 3.76 + 2.23 g m’z,‘an increase of about
60%. In the offshore area beyond the shelf breék.there is an increased bio-
mass at 10°S to about 3.23 + 0.8l g m‘z, ﬁowever, at 15°S the mean dry.weight
is 9.53 + 5.36 ¢ m—z, an increase of 295%. In general this conforﬁs to the
distribution of zooplankton observed in the same aréa in 1978 (Timonin and
Flint, this issue).

An alongshore transect over the shelf at iS“S shows the range of the
alongshore variability in zooplankton biomass (Fig; 9). This range from 6.5
to 18 g dry wt m~2 is similar in distribution to alongéﬁore variations in
chlorophyll concentrations (Walsh et al., in press) which may vary by an'otder

of magnitude alongshore.




Time series stations were occupied for two days at 3 locations along}the
15°S across shelf transect to investigate the tempotal variability of zoo—
plankton biomass. The inshore time'series statioﬁ was occupied near the shelf
‘break in 118 m of water (Fig. 10). There is a suggestion-of vertical migra-
tion in the time series for the >1050 Mm size cétegory. The maximum fotal
zooplankton biomass measured on thié station was about 45 g dry weight w2,
Funther_offshqre the next time series was located in 480 m of water and fhe
>1050° im size zooplankton verf definitely exhibited diel vertical migration on
bo;h:niéhts just after midnight with identiéal maxima of about 20 g dry weight
w2 (Fig. 11). At the offshore end of the transect the time series station
had a re&uced zooplankton biomass of about 8 g dry weight nFZ with no'vértical
.migration (Fig. 12).

Zooplankton excretion rate measurements were collected on large sized or—
ganis@s that were being studied in inge;tion experiments (Table 9); The rate
of release r;nged from 4.4 to 29.9 ug N mg dry wt™l @71 for ammonium and 0.63
to 21.9 ug N mg dry wt™l d71 for urea. Both of thése‘ranges are gimilar to
measuremeﬁts collected in the Northwest Africa uﬁwelling expefiments. .The
size class exc;etion rates ﬁere also determined in 1976 at the samé locatiop
(Table 10). The rates are nearly identical to those for-Northwest Africa
(Table 2) with the exception of the smallest size class of 102-223 ym which

is about 50% larger than the same size range in Northwest Africa.

Nekton

The nekton stocks inhabiting the Peru upwelling ecosystem has been the
focus of attention since the decline in the anchoveta biomass and with the
introduction of acoustic surveys of the total pelagic . fish stocks. Séecula—

" tion exists on the quantity of anchoveta remaining and the possible increase

+
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of hake and sardine (Walsh et al., in press). Acoustié'methods'ﬁere used to
estimate the total pelagic nekton biomass in the study area at 15°S (Fig. 13).
Zig-zag mapping tracks were followed both day and night. In the area within
13 kﬁ of the coast (to about the 150 m isobath) there was an estimated mean of
127 g wet weight pelagic nekton biomass m 2 which was probably composed of an-—
chovy 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 weight w2
of pelagic nekton which were thought to be jack mackerel, mackerel and saury.
Theée"estimatés are subject to daily variations, but nevertheless represent a
composite of several runs.

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

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

side (Austromenidia regia regia) (Table 11) 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 on the silverside (5.2 pg N mg dry
wt™l a71) was comparable to the rate measured for Sardinella spp. off north-

west Africa while the sardine and anchoveta excreted 2.2 and 1.7 pug N mg dry

‘ we™l gL,

Nutrient Regeneration Budget

A nitrogen budget for the shelf and offshore Peruvian upwelling areas’at
15°S was coastructed using the nekton ammonium excretion rates co@bined with
mean nekton biomass estimates (Table 12). The calculation assumed all the in-—
shore nekton biomass was anchoveta since there is not a good estimate of sar-
dine biomass available.  The shelf nitrogen‘budget, which used the 3'stations
nearest inshore, estimated the zooplankton regensration rates to be 4.1l mg-at

n2 g1 (Table 8). The loss of ammonium from the sediments based on 35g

-9 —



experiments, estimated the quantity.of carbon utilized by‘the bottom community
to be ~180 g C w2 y"l (Rowe, personal communication). Converting to nitro-—
- gen using a C:N ratio of 5, aBout 8.3 mg-at N w2 d~! is released from the
sediments. The sediments are relatively rich in carbén, i.e. the C:N fatio in
sediments are greater than 5 so this could be an underestimate. The ammonium—
~N regeneration of 12.1 mg-at m2 g7l compares favorably with the measured am-
monium uptake rate of about 15 mg-at w2 a"! as estimated by N1 uptake mea-—

suremenis (unppblished.results of MacIsaac and Dugdale). The difference be-—

tweenftﬁése two estimates ( v2.9 mg-at m2 d~1) is about 19%, a value near the
expecééé.expérimental variability.

The fosﬁelf nitrogen budget used the offshoré pelagié nekton biomass
estimate and jack mackerel excretion rates. fhe demersal nekton regeneration
rate used an'esfimated standing stock for hake (Gullard, 1970) and excretion
rates for a‘starfy flounder (Wood, 1958). The resulting regeneration rate for
demersal stoéks»is very low (0.07 mg-at m‘z @ l) but the biomass estimate of
60,000 metric toms for the whole Peru upwelling area (V4.3 g dry wt mfz) may |
be low. The zooplanktpn ammonium regeneration rate, gaiculated using the five
offshore statiéns (Table 8), was 7.33 ng-at m 2 d¢~l. This rate was largefA
than the shelf value (Vv178%) mainly because of the lafge zooplankton biomass
just offshore of the shelf break.

.The“release of ammonium from the sediments wasamade the same.a; the shélf
value because there were no strong offshore gradieats in the 335 data used to
estimate the sediment release rates. The total quantity of 13.28 mg-at ammﬁ—
ﬁium—N m 2 47! regenerated in thé offshore region is 74% of the measured pﬁy—'
toplankton ammonia uptake rate of 17.88 mg-at m2 g1 (MacIsaaC‘and'Dugdale,

unpublished results).

_.10...




Distribution of Recycled Nutrients

As a result of the relatively large quantity of regenefated ammonium re-—
cycled by the resident biological population in the Peruvian upwelling ecosys—
tem the ambient concentrations of ammonium and other substances are ofﬁen
quite large (Fig. 14a-14b). The cross shelf distribution of ammonium and urea
at 15°S and 10°S (Figs. l4a-14d) each show a maximum concentration aboﬁt 50 to
100 km offshore. At 15°S the maximum for ammonium and urea is beyond the shelf
break located at 25 km énd is located at the surface. The elevated concentra—
tions of ammonium and urea occur 6ver the shelf at 10°S (shelf bréak at v 90
km) and are located mear the bottom of the'eﬁphotic zone. Careful examination
of the urea distributions at 15°S and 10°S reveal that the maiima are located
inshore -0of their respective ammonium maxima. This could be the resulf of dif—-
ferent utilization pattern for ammonium and urea. Previous measurements have
shown that urea may be utilized in primary'productivity almost ao rapidly as
ammonium and nitrate (McCarthy, 1972). An alternate explanation could be re-
lated to the relative rates of release of ammonium and urea by nekton and zoo—
plankton.populations. The percentage of urea in excreted nitrogen is larger
for nekton than for zooplankton (Table 5) and the nektoﬁ ammonium excretion
over the shelf is nearly the same as for zooplanktoa (4.11/3.86 = 1062), while
offshore thé zooplankton regeneration is comparatively much larger (7.33/1.72
= 4267%). So the urea maximum inshore is probably regenerated by the anchovy
and sardine populations while'the more offshore ammonium maximum is created by
zooplaunkton.

The distributions of total nitrogen (the sum of nitrate, nitrite, ammo—
nium, and urea) across the shelf at 15°S and 10°S (Fig. l4e and lhf) show the

dominance of the upwelling of nitrate laden water near the coast and decreas—

ing concentrations in the surface layers as the water mass moves offshore.
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The surface water nearshore at 15°S displays a relatively‘wide band -of watervr
containing more than 25 ug at l'; total nitrogen with a sharp gradient where
the: concentration decreases to less than 5 ug at l*l_at about 125 km offshore.
The nearshore area at 10°S doesn't appear to be upwelling as rapidly as at
15°s. vT'his may be a result of the much wider shelf at 10°S which would affect
the.reéidence time of the water‘ovef the shelf. Consequently the nitrogen

coul¢¢églthrough uptake-regeneration pathways more times while over the shelf., .
Thigggb;i& suggeét the upwelling area off 10°S might be more dependent on re-
gedéxéﬁé;,nitfogeh than the region off 15°S.

‘Thé reiéﬁi@e amounts of regeneration is demonstrated well in the percent
regenerated nitfogaq in the water column (ammopium plusAurea/total'nitrogen).
The nitrogen at 15°S is less than 10% regenerated nitrogen in the nearshore
area wheré theiﬁitrate concentrations are high (Fig. 14g), but the percentage
increases to greater than 50 beyon& the shelf break. In a similar fashion at
10°S the inshofe~wéter has a low percentage of regenérated nitrogen but ia—
creéses to greater than 907 in the surface la}er at the shelf break (Fig. 14h).

Dissélved organic unitrogen (DON) as measured by thé ultraviolet irradia-
tion technique.(Armstrong, Williams, and Strickland, 1966) exhibits a distri—
bution with uniformly high councentrations nearshore as if the séurce of DON -
was in deep water énd lower concentrations were observed offshore where uptake
may have occurred (Fig. 15). The distribution of DON is distinctly different
than ammonium or urea distributions so the source of DON must not be pelagic

organisms. The bottom sediments of the shelf could be a source, however, no

known measurements exist in this area.
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BAJA CALIFORNIA,

The upwelling off Baja California is seasonal with strong upwelling
starting in March or Apfil (Walsh et al., 1974). So the biologiéal popula-—
tions have adapted to an area where upwelling occurs for only part of theAyear
and is structured to withstand fluctuations in available food. In the upwel—

ling .area off Bajé California a peiagic red crab, Pleuroncodes planipes, is-

probably the dominant herbivore during the upwelling season (Walsh et al.,
1977). -During the nonupwelling time of the year the red crabs caa remain on

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

Zooélankton

The zooplankton biomass range during the two spring samplings in March

1972 and April 1973 was 0.2 to 1.0 g wet weight m3 and was composed princi-—

pally of stage V nauplii of Calanus helgolandicus the first year. The second
year consisted of 72% copepodites, 22% adult Acartia and 6% Calanus wifh‘an
estimated biomass of 1.15 g wet wt m 3, So it appears that the zooPIanktbn
biomass in the Baja upwelling system increases from about 1.15 to 6.38 g dry
wt w2 during the spinup of upwelling. Ammonium excretion rates for thié'pﬁp—
ulation of zooplankton was estimated to be 14.3 pg N mg dry wt—l g1 (Martin,

1968). and werc combined with the biomass to estimate ammonium regeneration.

Micronekton

The red crab, Pleuroncodes planipes, was estimated with acoutic gear
(Fig. 16) to have a pelagic wet weight biomass of 100 g w2 (Blackburn and
Thorne, 1974) although earlier in the cruise a series of net tows estimated

the biomass to be v 5 g wet weight m™3. The previous year biomasses as high
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"as 7 g wet Weighf m™3 weré observed (Walsh et al., 1977). The March bicmass
of the red crab is about 7 g wet weight w3 and the Aﬁril biomass is ~ 5 g wet
weight nf3. An excretion rate of 2.9 pg N mg dry wt™! 4~} was used (Wélsh.et
al., 1977) in ammonium regeneration rate calculatious. |

The red crabs also gather in large populations on the bottom, especially
those 3 years or older (Boyd, 1962; Smith et al., 1974).‘ Bottom photographs
were used to estimate a density of about 8.2 red crab 5—2 of bottom and the
mean weight of these benthic crabs Vere 5.58 g animal™l (Walsh et al.. 1977)

so there was about 8.06 g dry wt m 2.

Nekton

The net hauls used to calibrate the acoustic assessment surveys of nekton

and micronekton in the Baja California upwelling region found that Pleuroncodes

planipes and the nortbern 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 2.

Nutrient Régeneration Budget

A nitrogeﬁ budget for the shelf area of the Baja Caiifornia upwelling
system was constru;ted for the time periods éf Harch and April (Table 13).
The budget for March has a relatively small zooplankton ammonium regeneration
rate of 1.2 mg-at m 2 da-l. The pelagic red.crabs recycled 12.7‘and the ben-
thic réd crabs recycled 1.68 for a total of 14.38 mg-at m2 &'1. The regener—'
ation from the small biomass of anchovies was about 0.30 mg-at a2 d-l. The
carbon utilized by benthic respiration was estimated to be 200 mg m? al so
the nitrogen release rates from the sediments was 2.86 mg-at N a2 ¢l ifa

C:N conversion factor of 5 is used (Rowe, personal communication).
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The ‘April budget has a larger zooplanktdn régenefation rate (6.28 mg-at
m2 da"l) than March becauselthe biomass had incfeased almost'five fold; Tﬁe
pelagic red crab regeneration decreased to 9.1 and tﬁe'beﬁthic estimate re—
mained constant at 1.68 for a total of 10.78 mg-at ammoﬁium released m2 gL -

by all of the Pleuroncodes. The drop in red crab regeneration im April was

due to the loss of red crab biomass, possibly ro foraging tuna. The anchovy
biomass aund nitrogen release from the sediments remained the same as March.

A tetal of 20,22 mg-at ammonium-N m2 d! was regenerated eachr day. The phy-

topltankton uptake of ammonium at this time was estimated to be 17.5 mg-at m 2

d‘f (Whitledge and Conway, 1977), an excess of 16% of ammonium produced.

:iMPORTANCE OF REGENERATION IN'UPWELLING AREAS,

Nutrient regeneration in a sﬁable énviron@ent like the euphotic zone in
the middle oflén 5ceanic gyre has been considered vital to maintain low levels
of productiviéy; The regenerated nutrients are thoﬁght to éycle through the
nutrient—phytGbiankton—zobplankton cﬁain several times before they are lost
from the uppér ﬁixed layer in the. form of sinking or swimming particles. This
regeneration léngtﬁens the time and possibly the spatial scales of the orig-
inai nutrient iAput. The same process occurs in upwelling areas even though
4very'strong.upwelling bfings enormous quantities of new nutrients‘into the
eupnotic zone. At what space‘and time scale would all of the upwelled nutri-
- ents be st;ipped from the water column? Our experience sho&s that it woﬁld
not be many kilometers (perhaps 20-50 km) before the nutrieats would be con;
verted to plant material. So regeaeration of nutrients in an upwelling area
is an important process that extends the upwelling effect to longer spatial
and temporal scales. One'of the best exampies of this effect was observed on
the Anton Bruun cruise 15 to Peru in 1966. A drogue was placed near én upwel—

1ing center aad it was followed from the high nitrate~low chlorophyll water to
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low nitrate-high chlorophyll water kFig. 17). The ammonium increased during
the latter part of the drogue obseivation where it could bé measuréd in large
quantities. This ihcrease in ammonium was observed because dissolved silicon
was depleted, therefore the diatom population wés placed.under silica limita-
tion. On most occasions when dissolved silicon is not limiting, high cdncen—
trations of ammonium‘are no;Aobserved beéause it is used as rapidly as it is
recycled.

As the newly upwelled water enters the euphotic zone the priuncipal form
of nitrogen in the water is nitrate (Fig; 18a). With'some delay the phyto-—
plankton étaft'active uptake of the nitrate to increase'thg phytoplankton bio—
mass. As this occurs there is usually a stroang 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. 18b). This plume is in effect the iso—

lines of nutrient conceantrations as they decrease or phytoplankton as they in—

crease while they are being advected and diffused along. A large zooplankton
biomass appears at the fringes of the plume although some zooplankton are in -

the freshly upwelled water and they increase in numbers along with cﬁe chloro-

phyll content until the nutrients are reduced to low levels. This is when re- '

generation is important in maintaining phytoplanktonm growth. Eventually the
ecosystem loses all of the 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 wmimic nutrient—phytoplankton—zooplankton

relationship in various ccosystem (Dugdale and Whitledge, 1970; Dugdale and

Walsh, 1971; and Walsh, 1975) have incorporated ammonium uptake as an inter—

‘gral part of the nutrient-phytoplankton relationship. If ammonium is omitted
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and phytopl&nkton growth is simulated using only nitrate the resulting stand-
ing crop of phytoplankton never reaches observed concentrations. Sb.even in
areas with small concentrations of ammonium, phytoplankton growth is enhanced
by ammonium uptake. |

An additional aspect of zooplankton excretion in the ocean should be con-
sidered with regard to "water condifioning".- The loss of substances from zoo-
plankton mayAbe a potential factor that “conditions” water and makes it suit-
able for phytoplankton growth (Barber and Ryther, 1969). Although it is dc-
batable whether the substances chelate potentially toxic elements'and render
them harmless:or enhance the ability to gather needed trace constiﬁuents, it
appears that regeneration may have some secondary effects in'promoting primary
productivity.

In terms of the percentage of phyﬁoplankton production that utilizes re-
generated nitrogen upwelling areas have ratec vcry comparable to most othér
coastal and estuarine systems that do not have appreéiable upwelling. The
upwelling areas discussed previously have .42 to 72 percent of total nitrogen
productiQity being supplied By regeneration (Table 14). This rather narrow
range of values implies that regeneration must be a rather stable and constant
feature of upwelling ecosystems. The upwelling areas investigated are very
productivé and rank among the highest in terms of fish production.

The zooplankton ranks as the group of organisms which recycle the major»
fraction of nitrogen in upwelling ecosystems, although zooplankton were not aé

important in the Peru upwelling ecosystem when the anchoveta stocks were large

‘(Beers et al., 1971; Whitledge and Packard, 1971; and Dugdale, 1972). The

importance of zooplankton varies somewhat between the different regions which

+ is probably a clue to pathways of material flow through the different upwelling
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ecosystems. The largest percentage of zooplankton unitrogen recycling occurred
in the Cape Blanc N.W. African ecosystem and was slightly smaller in Peru,
Cape Timiris off N.W. Africa and Baja Californié, 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 vhile the loﬁvvalue in
Margh for Baja California was collected as the seasonal upweliinngas
startimg. This lag in time may be likened somewhat to the spatial lag that
prgddcésfa-plume downstream from an active upwelling center. So after upwel-
liﬁé cgq@itio;s have staﬁilized it appears that 20-307% of primary productivity
is driven by ammonium recycled by zooplankton. |

A contrary idea of the importanée of ammonium regeneration by zoopiankton
was presented by Jawed (1973) for the nearshore summer upwelling areas off
Washingtoﬁ and bregon. He concluded thatlamménium regeneration was not a
crucial niérogeﬁ source in the upwelled waters. Howaver no nityrugen uptake
rate studies Wéré'uhdertaken 50 the actual use of ammonium could have been
 substantial since large quantities of ambient ammonium were.observed in the
water column, Evidently ﬁé»pteSumed that large conceautrations of nitrate
reduces the importance éf ammonium in the ocean.

The regeneration of ammonium by nekton is most important in the two up-
welling systems where commercial quantities of small pelagic nekton exist.
Sinée the decline in the anchoveta biomass, Peru has‘slightly smaller regen—
eration rates than N.W. Africa while the clupeid population is very small of £
Baja Califorgia. Micronekton are important im the Baja California ecosysten
because the red crab has takea the herbivore—ompi&ore role of the clupeid in

the other two upwelling aveas. Demersal fish play an insignificant role in

the recycling of nutrients according to the best data, however a thorough




examination has not been reported for any areas with large benthic fish
. populations.

The regeneration of nitrogen from4the sediments appear to be most impor-
tant in N.W. Africa and Peru although the rates are only slightiy smaller for
Baja California. Large amounts of organic material are thought to sink to the
bottom in Peru where the sedimentS‘havé a high organic carbon coﬁtent. A sub-
‘stantial quantity of organic material may also sink in Baja California, how—
evef, the older beﬁthic red crabs are possibly usingvthat as a principal means
of support. More details of sediment-water column interactions can be found
in the chapter by Rowe ih this volume.

The zooplankton studied were mesoplankton so all protozoa, ciliafés‘ana‘
nauplii were excluded from the measurements. Theré are indications that
microplankton may be very important in upwelling ecosystems although there is‘
some difference of opinion of various investigétors. Energy budgets for
equatorial upwelling regions show heterotrophic respiration coastituted 90% of
the total (Sorokin, 1979) and in the coastal upwelling region constituted 30
to 90% of ghe total (Sorékin et al., this issue). So the focus of zooplankton
sampling may have missed a significant component in the upwelling ecosystem.

Regeneration studies in non-upwelling area have mainly focused their at-
tention on zooplankton (Corner and Davies, 1971). However, Harris (1959) in
his study on ang Island Sound found that zooplankton recycling was respon-—
sible for 43-66% of nitrogen utilized in primary production and the benthic
input accounted for 9-12%. Similarly Martin (1968) estimatea zooplankton in
Naragansett Bay regenerated 647% of nitrogen utilized by phytoplankton. Both

of these areas are often depleted of nitrate in the upper euphotic zone after
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the spring bloom, the sédiments are in close proximity to the euphotic zone
and circulation is relatively sluggish. In effect the zooplankton cannot
migrate to deep layers and particulate material which sinks in the shallow
water reaches the bottom quickly and can be rapidly returned to the euphotic
zone. Any recycled nutrients are in the immediaté vicinity of nitrogén lim-
ited phytoplankton cells so the effect is a closely coupled nutrient uptake-
regeneration cycle.

iTﬁe—iﬁportance of nutrient recycling in coastal shelf waters found that
recydliﬁg‘sgppprted 36% of the productivity off the N.W. Coast of the United
States (Jawed,‘1973). This value is comparable to the upwelling regi&n esti-
mates but only éooplankton were included. The overall amount for the conti-
nental shelf off Washington and Oregon may be somewhat smaller because fish
biomass is smallland nutrient release from thé sediments have not ﬁeen re—
ported. |

The impoytaﬁce of regeneration in the open ocean was studied in the north
Pacific gyre wﬁere zooplankton was found to produce 44-83 per cent of.phyto—
plankton nitrogen requirements (Eppley et al., 1973). This study used compar-—
able methods to those employed in the upwelling regions. The investigators
measured all the dissolved forms of inorganic nitrogen plus urea, phytoplank-—
ton biomass, uptake of ammonium, nitrate and urea using 15y techniques, zoo-
pianktdn.biomass and excretion rates. The turnover time for ammbnium-was
‘found to be 3-5 days and the phytoplankton crop was very small so it was con-
cluded that grazing was important in keeping the phytoplankton below maximum
possible leveis; The remaining 17-56 per cent of nitrogen needed to fulfill
phytoplankton réquirements was explained as possibly coming from micro-zoo-—
plankton smaller than 183 m or from vertical turbulent diffusion. Urea was

also considered to be an important nitrogen source.
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The importance of ammonium regeneration has not been measured directly
in the Sargasso Sea but an investigation in the temporal variation of ammonium
concentrations suggested that zooplankton were responsib;e for the variations
observed (Beers and Kelly,'1965). Preliminary computer simulations in the
Sargasso Sea also indicated the importancerf ammonium to productivity pro-

cesses (Walsh, 1977).
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-potential importance has been shown but not proven.

Future Directions

Our knowledge of nutrient recycling in the sea is very fragmentary. The
initial work on the excretidn of organisms was associated with physiological
studies investigating the type and amouat of excreted nitrogenous substances
and their importance to the biochemistry of the organism. The first ecosystem
approach to the importance of nutrient recycling b} organisms was the now
classic work of Harris (1959) in Long Island Sound. Since that time the‘numﬂ
bef;qé%studleé in various marine ecosystem examing zéoplanktén regeneraﬁion
hégﬁiﬁééeﬁse& @arkedly. Other organisms such as fish were ignored until

Dugdéle‘and Goering (1970) proposed that the anchoveta in Peru recycle large

" quantities of'nifrogen. Subsequently Whitledge and Packard (1971) presented

an estimate of relatively large nitrogen recycling rates by the anchoveta.
Similarly the -sediments as a source of recycled nutrients has only recently
been examined. (Rowe et al., 1977) and shown to be significant. Now that these

various elements in a few scattered upwelling areas have been examined their

The compreheansive exami-

nation of the pathways of nutrient recycling in marine ecosyétems has not been
attained. The lack of data is apparent in the partially filled Table 14,

which can be a starting place for assessing needs in terms of future resecarch

in nutrient recycling. A short comment will be made about each of the defi—

ciencies in Table 14 listed in their approximate order of importance.

1. Benthic sediments, bacteria and meiofauna.

These items are listed together hecause it is difficult experimentally

to separate them. Using standard bell jar techaiques a net composite rate is

measured. The problems that arise are not necessarily associacted with present

methods, but while present equipment is readily available it is cumbersome aund
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costly. A large number of in situ measurements is probably the best approach
rather than removal—-incubation techniques which are subject to difficult

systematic errors like temperature and pressure changes.

2. Microzooplankton.

Recycling, ingestion rate, and biomass measurements of microzooplankton
are missing from most oceanic areaé because of the difficulties of sampling
-and subsequent handling although their imﬁortance has been‘sqggested (Beers
and Stewart, 1969). Highly productive upwelling areas with large cgﬁcentra—
tions of phytoplankton make the problems iméossibly difficult using today's
techniques exept for hand-picking using a microscope.‘ The small number of
biomass and rate estimates that exist are often contradictory. Included in

this group are marine protozoa (Johannes, 1965) and the early stages of larger

zooplankton.

3. Jellies, crtenopnores and chaetognaths,

Recent work on the distribution, respiration and ammonium excretion of

oceanic jellies (Biggs, 1977) and earlier work on Sagitta hispida (Beers,
1964) indicateé that the importance of these predators cam be significant in
the'recycling of nutrients. Unusually large counceuatrations of those carni-
vores are oftea encountered in both coastal‘gnd open ocean eavironments but we

are seldom equipped to adequately study them.

4., Demersal Fish.

The importance of recycling demersal fish stocks.has not been addressed
in the open literature. BiO@ass assessment has been exhaustively taken but
there has beea an omission of their efféct‘dﬁ the ecosystem. Admitte&ly, most

large demersal fish stocks are being exploited to somé degree éo their biomass

is probably reduced from earlier times. However, fishing could increase .the

- 22 -



.
s

recycling rate as it does the growth rate because like growth, excretion is

exponentially related to body size. Macrobenthos such as crabs, starfish,

~ sea urchins, and lobsters should be included in this group.

5. Bacterioplankton.

Bacterioplankton ia the marine environment has been examined for a numberl
of'featé but an easy trouble-free techaique for measuring bacterial biomass
andf;etébolism has not been developed. In areas with large amounts of par-—
ticniéﬁé#ﬁatte? and high temperatures bacterioplankton may contribute signifi-

cantly ‘to the nutrient budgets.

6. Mollusks.
The population estimates of swimming mollusks like cephlalopods are often

large yet little is kuown about their feeding and excretion rvates. In areas

where the 1arges: populations exist, specimens should be collected, excretion

measurements made and budget constructed to assess their poteantial impact.
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Table 1.

Mean zooplaakton biomasstone standard deviatioan at buoy locations

(g dry wt m2),

Size Fraction pm

Location  102-223 223-505 505-1000 >1000 Total

Offshore 0.71#0.47  0.88+0.48  1.06+0.62  10.54+9.05  13.19+10. 62
G 0.5620.26  1.66+1.04  1.21+0.65  4.1042.90  7.53+4.85
0 1.06+0.50  0.86+0.40  0.24+0.14  0.62+0.14 2.78+1.18
U 0.58+0.58  0.98+0.18  0.5040.16  0.45+0.25 2.51+1.17
R 1.28+40.39  1.64+0.80  0.42+0.17  0.4440.33 3.78+1.69
D 0.7540.31  0.69+0.61  0.08+0.03  0.13+0.04 . 1.65+0.99




Table 2. Ammonia and urea nitrogen release rates and oxygen consumption rate measured
on four size fractions of zooplankton collected off Spanish Sahara.

Ammonia Urea
Nitrogen Nitrogen Oxygen
Description Mean size Released Released . consuned
(mg dry wt ind-1) (ug N mg dry wt™l Q) (pg 07 mg dry we™l d”
102-223 pm 0.002 19.82+20.162 (4) 5.38+3.02 (6) 180.9179.9 )
223-505 um-- 0.003 32.26+26.88 (6) 4.03+4.03 (7) 286.8+93.7 (6)
Pleuromam@é:sp.' . 0.304 8.74+47.06 (36)  2.35#+2.35 (30) 9.98+71.4 (27
Euphausiida- . 5,040 1.68+1.34  (6) ' 0.6740.34  (6) 49.9+31.9  (3)

dMean + one standard deviation; number of observations in parentheses.




Table 3.

Size Fraction pm

Ammonia regeunerated by size fractions of zooplaakton at buoy
locations (mg-atoms N m~ 2 a1y (Smitwh and Whitledge, 1977).

Location 102-223 223~505 21000 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 1 0.27 7.82
D - 1.93 1.93 0.01 0.08 3.95




Table 4. Nitrogen and phosphorus release by selected species of fish
collected over the shelf off northwest Africa. The nundber

of organisms in each experiment is shown in parenthoses
(Smith and Whitledge, in press).

Species. Condition- Ammonia—N Urea—NN Phos§hate-P
(pg mg dry wt™ '
Diplodus senegalensis (12) Fresh 1.44 0.76 0.23
Diplodus senegalensis (9) Starved—1 day 0.90 0.26 0.15
Diplodus senegaleansis (6) Starved-2 days 0. 64 0.35 0.22
Glyphis glaucus (2) Fresh 0.44 0.55 0.08
Octopusvulgaris (4) Fresh 0.78 0.11 . 0.42
Sardineila sp. (5) Fresh 4.61 4.78 1.68
Pomaaas;s"lnclsds (1) & 4
Diplodits senegalensis (9) Fresh 1.22 0.33 - 0.18
Pagellus- couperi (2) & ~ : ‘
Cantharus caatharus (1) " Fresh 0.91 ~ 0.12
Pagellus couperi {2) & . -
Cantharus cantharus (1) Starved-1 day 0.64 0.08 0.05




Table 5. Nutrieat regeneration by zooplankton and nekten and nutrient ugrake by phytoplankton in the
upwelling system off northwest Africa. Uhits are mg-at w2 dl, (after Smith and Whitledge,

in press)
Ameonia-N UreaN ' Phosphate—? Sicicate-Si

Location

' Uptake Zooplankton Nekton Zooplankton Nekton Zooplankton Nekton Uptake Zooplankton
P - 7.46 - 0.41 - - ~ - -

T - . 7.0 - 0.5% - - - -~ -

orF 15,52 10.80 - 2.20 - 0.8 = - - 3.01

G 5.6 8.41 7.1 2,95 7.22 0.89 .34 17480 1,78

0 16.2 5.35 6.45 1.35 6.54 0.53 - 1.04 15.36 1.13

u 1.9 5.35 6.78 1.53 6.88 0.51 1.09 - 0.9%

S - 1.30 - - 0.9 - - - - -

R 7.5 7.8 3.48 2.79 3.48 0.79 0.5 - 6.77 1.31 -

D 8.3 3.9 3.15 0.97 3.14 0.37 0.50 2.08 0.55

A mpublished data from J.J. MacIsaac and R.C. Dugdale. :
bConverted from Nelson acd Goering (1977) assundrg a 12-hour day.




Table 6.

Mutrient fluxes out of bottam surface sediment. Calculations based on bell jar volume,

area of bottcm covered and duration in tours over vhich the observed changes in

concentrations occurred.

(Rowe, Clifford, ard Smith, 1977)

Sta. 162 21°20'N x 17°05'W, 25m depth

2077 $i03 N3 107 NHy,
Initial bottom water corcentrations 0.26 1.9 251 0.16 0.76
12-h incubation concentrations 4.48 35.6 40,9 2.7 1.6 :
Fluxes (ug-atars w2 ht) '3 290 330 2 110 IN = 450
Sta. 171 21°00'N x 17°05'W, 25 m depth

Initial bottom water corcentrations 3.1 24, 4.47 0.33 6.64
3.5h incubation 3,86+ 34.4 3.15 0.44 - 19.8
5 incubation 8.20 87.2 5.% .70 23.2
Fluxes (ug-atoms m2 hl) 22 300 -39 3.2 39

105 1300 2 7.6 340
Sta. 171 averages 64 &0 -8 5.4 360 IN = 360
Fluxes at Stas. 162 and 171 averaged S0 550 160 14 IN = 410




Table 7. Ammonium budget for northwest Africa upwelling ecosystem.

Units are mg-at m2 g1,

Aomonium Phytoplankton
Regeneration Uptake -
Shelf (40m water depthn)
Zooplankton 7.82
Nekton ‘ ' 3.48
) Sediments © 5.64 .
-: Total 16,94 7.5%
" Outer Shelf (150m water depth)
* “:Zooplankton . 5.35
- - .Nekton 6.45
- “:‘Sediments 1.88

.. Total 13.68

16.2%

# Unpublished nitrogen uptake data of MacIsaac aund Dugdale.




Table 8. Zooplankton dry weight and 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 m2) - (wgat n d 1y

: Depth 102-223 223-505 505-1050 1050 Total 102-223° 223505  505-1050 >1050 Totz
Station m pm Hm Hm Hm : wm pm Hm Hm
10°S ' : ' o
T182 60 408 3.047 752 5.008% 9,215% 91 . 7.01 .53 L~ 8.4
183 %0 .383 1.308 1.058  2.5%% 5,343 .85 3.01 Jh - 4.6
184 100. .. 171 . .558 419 1770 2.918 .38 1.28 .29 67 2.6
185 00 0 123 .586 660 1114 2.483 27 1.35 .6 L2 2.5
186 10070 . 092 676 431 895 2.09% 21 1,55 .30 - 346 2.4
183 1007 -7+.120 . W45 .376 645 1.686 27 1.25 °  .% 25 2.0
189 0o .03 .655 598 2,619 3.975 23 1.51 42 1.00  3.1¢
190 100 -7 7105 L458 432 1.363 2.358 .23 1.05 . .30 52 2.XC
191 100 - 072 405 S L1740 2,692 3.343 Jd6 0 93 J2 .02 2.7F
15°5 ,
T192 35 175 443 1.020 J19 2.357 .39 1.02 JL 27 2.39
193 60 J0 Y 1.7%0 1.517 2,291  6.338 1.74 4,03 1.06 .87  7.70
194 00 75 - 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 A48 1.256 280 7.845 9,829 1.00 . 2.89 .20 2,98 7.07
197 100 611 1,748 .33 1,174 - 3,871 1.36 4,02 24 45 6,07
198 100 1046 .875 1.357 6.189  8.525 23 2.0L .95 2.35  5.54
236 85 L2641 1.838 1.326  3.765 7.170 A 4.23 I 143 7.13

* phytoplankton. contamination in 'sampl‘e.




Nitrogen excretion rates of 200
In April 1977. after Dagg et al. (in press).

plankton measu

red in the Peru ypwelling system at 15°S

Excretion (Ug N rg dry wtl al)

* Numbar of observations

Species Locaticn Amoniun Urea Primary Amiges Total Body N(ug)
Eucalanus 14°52's (5)* ) %) : 6.7
inermis 75°52'y 29.88 ' 7.31 2.09 39.28 ’
Eucalanus 15°06's ) 3) 3) 6.7
inermis 75°28' 7.31 0.63 0.42 8.36

Eucalams  15°10°S () 3) @) 8.8
Inermis 75°36'W 18.77 9.07 5.09 32,93

Calanus 15°06's 4) 3) @) 15.0
chilensis: 75°28'y 4,39 1,03 ' 0.65 6.07 ‘
Calamus 15°36°s (1 (D @) 5.4
chilensis  76°07' 19,5 1.04 2.59 18.15
Centropages  15°3%'s @ 3) ) . 3.2
brachiatus 76°07 'y 19.69 21.88 0] 41.56




Table 10, ‘Nitrogen release (ug N mg dry wt™! g1 by zooplankton off Peru.
Values are means +1 standard deviation, with numbecr 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 31.25423.86 (27) 38.98+19.15 (5)
223 - 505 | 0.006 ' 32.26+17.14 (29) 22.18+19.15 (5)
505 ~ 1050 0.042 9.4739.41  (25) -
>1050 ; ' o
(Eucalanus inermis) 0.128 5.38+6.38 3) -
>1050 ‘ :
(Euphausia sp.) 4,955 0.07 (1) . -
<505 - 31.92+1.34  (56)  27.22+16.13 (10)

>505 - 8.40+47.39  (27) -




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

: NH, exretion rate
Mean dry wt : + std dev

(g) (pg N mg dry w1 a1y
Engraulis ringens (7) 1.70 1.74+1.48 ° ref 1
Sardinops sagax (4) ' 1.52 _ - 2.19+0.24
Trachurus symmetricus (1) o 47.5% ' - 1.26 ref 2
Austromenidia regia regia (14) 3.26 o . 5.174+1.78

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




Table 12. Ammonium bud§et for Peru upwelling ecosystem. Units

mg-at m? 4-

are

Amnonium Phytoplankton
Regeneration Uptake

Shelf

Zooplankton 4.11

Pelagic Nekton ' . 3.86

Sediments 4.16%

Total 12.13 ' - 15.0%%

Zooplankton 7.33
“Peizgic Nekton 1.72

Demersal Nekton 0.07t%

Sediments . 4.16% o :

Total: s 13.28 17.88%%*

* From S3° estimate (Rowe, personal communication).
*#*Unpublished N1° data of MacIsaac and Dugdale.

T Based on 1970 stock estimate (Gulland, 1970) and flounder excretion

rates (Wood, 1938).




Table 13. Ammoaium budget for Ba
Units are mg~at m 2 d~

fa California wvpwelling ecosystem.

Ammonium 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 14. Percent regenerated productivity in marire ecosysters and percentage of total nitrogen uptake
originating from different animal groups.

Regenerated Prod

Zoo-

Micro~ Danersal Benthos &

Reference

N. Pacific Gyre

(% of total Prod) plaokton  Nekton  Fektoa Sedireats
Upwellin&Areas
NV Africa
Cape Blanc Shelf 72 33 15 - 24
Cape Blanc Outer Sheif ol 24 29 - 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
N United States
Marragansett Bay 64 64 - - - Martin, 1968
Long Island Sound . 5575 4366 - - %12 Harris, 1959
MW United States A _
Shelf 36 36 - - - Jawed, 1973
Columbia River Plume <0 0 - - -~ Jawed, 1973 .
. -Open Ocean
-44-83 4483 -~ - -

Eppley et al.,
1973
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Figure

FIGURE LEGENDS

Station locations on JOINT-I cruise off NW Africa. G,0,U,R and D
are locations where experiments were rua and biomass Samples were
collected.

Biomass of zooplankton (g dry Wt m2) collected on a transect near.
21° 40'N off northwest Africa (after Smith énd Whitledge, in
press).

Tank concentcations of ammonium, urea and total excreted nitrogen

measured during an excretion experiment with Diplodus senegalensis

off northwest Africa.

Station locatious where sediment pore water nutrient

conceuntrations were measured. Contours are of amnonium gradients

between water aand sediments. Units are pg-at 17! cal.  (Rowe,

Clifford and Smith, 1977)

Ammonium and nitrate concentrations (ug ét 1’1) in pore waters.
Opén circles are nearshore ammonium and open triangles are
offshore ammonium., Solid circles are nearshore nitrate an& solid
griangles are offshdre nitrate (Rowe, Clifford and Smith, 1977).
Concentration of ammonium (pé—at 141) on a cross éhelf transeqt
near 21° 40'N off northwest Africa.

Biomass of zooplaunkton (g dry wt m2) for size classes 102-223 pm,
223-505 pm, 505-1050 ym and >1050 ym collected on a cross shelf
transect near lOBS‘off Peru.

Biomass of zooplankton (g dry wt m~2) for size classes 102-223 ph,
223—505‘um, 505-1050 vm and >1050 hm collected on a cross shelf

transect near 15°S off Peru.
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Figure 10,

Figure 11.

- Figure 12,

Figure 13.

Figure l4.

Figure 15.

Biomass of zooplankfon (g dry &t m2) for size classes 102~223 um,
223-505 ¥m, 505-1050 pm and >1050 pm cpllectéd on an alongshore
transect near 15°S off Peru.

Biomass of zooplankton (g dry wt m~2) for size classes 102-223 pm,
223-505 um, 505-1050 pm and >1050 pm collected on an inshore times
series station near 15°S off Peru.

Biomass of zooplankto# (g dry Qt mfz) for size classes 102-223 yn,
223-505 ym, 505-1050 pm and >1050 pm collected oa a shelf break
time series station near 15°S off Peru.

Biomass of zooplankton (g dry wt m—z) for size classes 102-223 yn,
223-505 pm, 505-1050 um and >1050 um coliectéd on an offshore time
series station near 15°S off Peru.

Distribution of nekton biomass (g wet .wt m—Z) from acoustic
integrations for 2 June 1976 near 15°S off Peru (Lee, Mathisen gnd
Thorune, 1979).

Concentrations of dissolved nitrogen nutrients.(ug—at 1_1) in
cross shelf traansects. a) ammonium at 15°S; b) ammonium at
10°S; ¢) wurea at 15°8; d) wurea at 10°S; e) Total nitrogen
(No3+>zo'2ﬁ\m1,+UREA) at 15°5; £) Total nitrogen (NO3HVO,-+HIH4+UREA)
at 10°s; g) Pér cent regenerated nifrogen (NH4+UREA/Total
nitrogen) x 100 at 15°S; h) Percent regenerated niﬁrogen
(NH4+UREA/Total nitrogen)’x 100 at 10°s.

Concentration of dissolved organic nitrogen (ng-at 1"1) on a cross

shelf transect near 15°S off Peru.
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Figure 16.

Figure 17.

Figure 18.

Mean nektqn biomass (g.wet wt m”z) estimated from acoustic
integrations for the depths 17-47m near 27°N off Baja ¢alifornia
(Blackburn and Thorane, 1974).

Integrated concentratioas (mg—at w2) of nitrate, silicate and
ammonium in the euphotic zone along drogue ttack‘of AntonABruun'15
near 1§°S of f Peru.

a) Nitrate concentrations (uz—at 171) at 3m and b) chloropﬁyll
conceatration (ug 11y integrated from 100% to 10% light depths on

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