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ABSTRACT

The obzerved distribution of oxvgen and phosphate was used to ealeulate the net
biologrieal rates of change of these elements on o scasonal basis.  With the aid of
experimental data and some arbitrary assumptions, the net ehanges were converted
to estimates of tolal plant production and utilization of organic matter by various
components of the marine association.

The total annual fixation of carbon by photosynthesis is estimated to be about
470 gim®, Owver half of it is consumed in phytoplankton respiration.  Of the esti-
mated 205 g Cfm?® available for the remainder of the population, 269, appears to be
used by that part of the sooplankton taken with a No. 10 net, 439 by microsoo-
plankton and bacteria in the water column, and 3197 by the benthic fauna and flora.

Although plankton concentrations are large, Long Island SBound does not appear
to be superior in total produetivity to adjacent open coastal waters. Comparison
with Harvey (1950) indicates that phytoplankton production in Long Island Sound
is at least twice as large as that in the English Channel, but it appears to be used leas
efficiently by the animal population,

324

1956 Riley: IX. Production of Organic Matler 325

INTRODUCTION

The 1952-1954 survey has been concerned primarily with deserip-
tions of the standing plankton erop in the eentral part of Long Island
Sound and of accompanying environmental characteristics of the
water. Some information on the more difficult subject of biodynamics
has been provided by experiments in the preceding papers of this
volume and by a previous study of Long Island Sound (Riley, 1941),
The distribution of nonconservative properties is also potentially
useful in assessing the rates of production and utilization of biologieal
materials. A preliminary analysis of the available information
appears to be warranted, although the subject will need to be re-
examined when the remainder of the survey has been completed.

Before taking up the problem in detail, some general prineiples
should be discussed briefly. It iz generally agreed that the local
time change in oxygen, phosphate, or other nonconservative con-
centrations is the sum of: (a) a biologieal rate of change attendant
upon plant growth; (b) an opposite change due to the katabolie
activity of the biological association as s whole; and (c) a physical
rate of change caused by admixture of water with a different concen-
tration. The study of productivity requires isolating and measuring
(a), (b}, or both. MHistorically this has been accomplished in several
different ways:

(1) During the spring flowering, phytoplankton growth is pre-
eminent. Katabolic processes are at a low ebb, at least in the begin-
ning. In shallow, turbulent water, where nutrients are reduced
from surface to bottom, wvertical diffusion effects may be ignored.
Therefore, the observed change in a nonconservative concentration
is a minimal but nearly accurate measure of phytoplankton pro-
ductivity.

(2) The experimental technique of light and dark bottles aims at
complete isolation. Enclosure in bottles eliminates (¢). The light
bottle measures (a) — (b). The dark bottle measures (b). Light
+ dark = (a). Agninst these theoretical advantages are opposed
certain technical disadvantages. There are experimental errors,
particularly with respect to growth of bacteria in enclosed samples.
Sampling errors tend to be extreme, for the amount of experimental
data that ean be acecumulated is a small fraction of the number
of routine deseriptive observations that can be obtained with an equal
amount of effort.
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(3) Physical oceanographic methods may be used to determine
advection and diffusion coefficients, and these may be combined
with observed gradients in nonconservative coneentrations to evaluate
{e). Then local time change — (¢) = (a} — (b). The significance of
this method from the standpoint of biodynamics depends upon the
fact that (a) is generally much larger than (b) in the surface layer,
while in deeper water (a) becomes negligibly small. Thus it may be
possible to derive an estimate of total productivity, but the complex
nature of the problem generally necessitates some arbitrary assump-
tions.

In this paper the net changes (a) — (b) of oxygen and phosphate
will be determined for a series of depths in the central part of Long
Island Sound according to method (3}, using observed distributions
of these elements and assuming that the coefficients of vertical eddy
diffusivity are equal to the conductivity coefficients caleulated in
a previous paper in this series (Riley: Pavsicar OceaNoGRAPHY).
Further, it will be assumed that lateral transport and diffusion can be
ignored. If this assumption introduces serious errors, the estimates
will be modified later when the survey of the Sound as a whole has
been completed.

ANALYSIS OF NET CHANGES IN PHOSPHATE

Allowing the simplifying assumptions listed above, the local time
change in phosphorus P is given in differential form by

ar a Aar

at % p o’ &

where 4 is the coefficient of vertical eddy diffusivity, z is depth, and R
is the net rate of biological change, equivalent to (a) — (b} in the
diseussion above. Written in terms of finite differences,

P 174, - = st
___R+_(4_,f.,_ﬁh2.}:u Ps) @)

P z p z

Here Py is defined as the phosphorus concentration at a given depth;
F_. and P, are the concentrations at a distance z above and below,
respectively, the vertical axis being directed positively downward.
A_.and A, are the corresponding average coefficients of eddy diffusi-
vity for the distances 2 above and below P,
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Equation (2) is suitable for determining the rate of change of phos-
phorus at intermediate depths. It is essential also to determine the
rate of biological events in the immediate surface and bottom layers,
For this purpose a flux equation is postulated,

2 g 0z ' (3)
which is analogous to the heat transfer equation in the earlier paper
on Prvsroan OceawocraPeY and which may be presented in finite
difference form similar to equation (2). It provides a method for
determining the amount of vertical movement of phosphate in unit
time through a square centimeter of horizontal area, and any difference
between the amount transferred and the observed change in eoncen-
tration may be interpreted as a biological transformation.

In applying equations (2) and (3), the following data are available:

1. Average coefficients of eddy conduetivity have been caleulated
for specific depth ranges and for periods of one to thres months.
The calculations cover all of the two-year survey period except the
autumn seasons, when, for reasons previously discussed, the method
was unsuitable,

2. The observed phosphate concentrations at the beginning and
end of each time interval will be used to calculate the rate of change
a Pylot.

3. Average vertical gradients during each time interval will be
determined, using all available analyses except a few that show
obvious and gross contamination,

As a numerieal example of the method of utilizing these data, we
shall estimate the biological rate of change of phosphate at the 5 m
level at Sts. 2 and 4 during the period of May 21 to August 19, 1952,
uging mean values for the two stations. On May 21 the observed
phosphate concentration at 5 m was 0.51 ug-at Pfl; it increased to
1.00 pg-at P on August 19. During the entire period, the average
vertical gradient in phosphate was 0.052 pg-at between 0 and 5 m
and 0.209 ug-at between 5 and 10 m. The calculated mean coefficients
of eddy diffusivity (conductivity) for the same depth ranges were 0.75
and 0.68 g em™! see!, respectively. The time interval was 7.78 x 10°
geconds. The density of the water was about 1.02. In accord-
ance with the rest of the egs notation, phosphate concentrations
are multiplied by 10-%. According to equation (2},
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(100 — 05110 1 /.68 209 X 10~
7.78 X 108 ﬁ(rm W andg

75 052 X 10

500

102
B = — 0341 X 10° gg-at P em— see!,

or a net utilization of 0.03 ug-at P/l in a day.

Suppose that in a column of water 20 m deep, sampled at 5 m
intervals, similar calculations are made for the 10 and 15 m levels.
A rough numerical integration may then be made, the simplest way
being to assume that the 5 m value is the average for the depth range
of 2.5 to 7.5 m, ete. The whole water column may thus be accounted
for, except the part above 2.5 and below 17.5 m. These require
the use of equation (3). In the depth range between 0 and 5 m,

. 75052 X 1079 b

s e 076 % 107° pg-at P em~? sec™?,

This is the average rate of upward (negative) movement between
F' and 5 m, and as in previous caleulations of eddy conduetivity, it
18 assigned to the midpoint in the stratum, namely 2.5 m.

_ During the same period, the surface concentration of phosphate
ncreased from 0.30 to 0.99 ug-at P/I, which is equivalent to an in-
crease of 0.022 X 10~* ug-at P/sec. in a column of water 2.5 m long
and with a cross section of 1 em®.  The difference between the ealeu-
lated flux into this column (076 10-%) and the observed increase
is assumed to represent net utilization of phosphate by the biological
association. It amounts to about 0.02 gg-at P/lin a day.

Within this general framework, which is fixed by the nature of
the problem and the available data, there is a choice as to whether
each station should be treated individually or whether some attempt
should be made to combine stations. The latter course seemed
desirable in order to minimize effects of lateral movements, to average
out sampling errors, and to obtain a single generalized result for
the central part of the Sound. However, variations in the depth of
water at the stations and in the depths sampled required a degree
of individual treatment and later combination. Offshore Sts. 3 and
9 were similar in that the total depth of water was 25 to 28 m, and
samples were generally taken at 0, 5, 15, and 25 m. One set of data
was calculated for these two stations, using averaged observations,
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The fact that some of the depth intervals were 5 m and others 10
required a slight alteration in the form of equation (2). A second
set was obtained from Sts. 2 and 4, which were slightly shallower and
were sampled at 0, 5, 10, and about 20 m. A third set comprised
inshore Sts. 1, 7, and 8. B3t. 6 was too shallow to be usable.

Thus all three sets were available for average estimates of the net
rate of change at 5 m and of the vertical flux between 0 and 5 m.
Sts. 2 and 4 were used for the 10 m estimate, Sts. 3 and 5 for 15 m.
All four offshore stations were averaged to determine vertical flux
in a gtratum 2.5 m above the bottom, and the latter was assumed
for purposes of generalization to be at a depth of 20 m, since that is
approximately the mean depth of the area under consideration.

TABLE I. Briouooican Bate or Cnancn or Prnoariare 8 upa-oT P/Day 1N A VERTIOAL
CoLusy oF Water One CexTiverer Sguans, Divioep into BeoumeEsTs oF
25 ok & m (ONE-gUARTER ok Oxp-upanr Lornre Haow)

0-2.5 2.5-7.5 7.5-12.5 12.5-17 .5 17, 5=20
Mar, G-May 21, 1952 AWy —. 013 ] =, (1 e
May 21-Aug. 19 — (e — i —.012 - (g aad
Nov, 17-Fuoh, 10, 19563 —. 003 001 L0 - (4 - Wy
Foh, 10-Mar, 16 R L L]] — D57 —. 023 — . (K26 02
Mar. 16-May 18 -.012 —, 004 Loz — . 00G 016
May 185-Aug. 25 L -, 0 L0005 —. 002 027
KNov, 16-Jan. 25, 1954 = .M R D4 MR D0
Jan. 25-Feb, 24 —. D05 = 050 —. 019 — 00T 000

Table I shows estimated net changes in phosphate in the water
eolumn and on the bottom. The method of ealeulation is such that
the 175 — 20 m segment includes regeneration from one square
centimeter of benthie surface at the base of the column. The early
sutumn periods are omitted from Table I because, as previously
mentioned, eddy conductivity could not be determined and presum-
ably had little application to the problem during these periods of
extreme convective cooling. During late autumn and early winter,
when temperature and phosphate gradients were slight and variable,
caleulations were possible but were subject to considerable statistical
error. To reduce the error as much as possible, data for both years
were combined,

Utilization of phosphate in the upper 2.5 m appeared to be relatively
uniform throughout the year. Elsewhere there were marked seasonal
variations. Maximum utilization oceurred during the spring flowering
periods, maximum bottom regeneration in summer. In autumn and
early winter, utilization exceeded regeneration only in the upper 2.5 m.
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An annual summation of net changes is presented in Table I1. Each
of the daily rates in Table I has been multiplied by the number of
days in the period, and the products have been summed for the seg-
ments of the column in which net utilization exceeds regeneration
and vice versa. Figures in parentheses are rough estimates for the
autumn periods. First, it was assumed that the net changes in the
upper ‘7.5 m during these periods were intermediate between the
pr:ecedmg summer season and the succeeding late autumn-early
winter period. Becond, the net change in the whole water column

TABLE IT. Summarion oF Ner Cminoes 1% PHORMIATE—po-AT Plom? or Bea Bunrace

Liiitization Regeneralion T erence
ol Depth wi-al I Diepith ug-al P Cale. s,
Mar. 5-May 21 0-17.5 -1.77  17.5-20 o
May 21-Aug. 19 0-12.5 —2.43 12,520 3.70 :.';: _1513
Aug. 10-Nov, 17 0-75 (-89 7.5-20  (2.83)  (1.84) 1.54
Nov. 17-Jan. 25 0= 2.5 —. B8 2.5-20 7 -D‘l r'-?l-!
Jan. 25-Feb, 24 0=17.5 —3.80 17. 520 07 —a'sé -‘12.38
19554
Mur, ﬁ—h‘ll]-' 21 0=17.5 =1.007F 17.5-30 1
! : : 01 =
May 21-Aug, 19 0 7.5 ~1.08  7.5-30 2. 1 g‘: 1'ﬂ
Aug. 19-Nov, 18 0- 7.5 (—.B2)  7.5-20 (2.68) (186 1.86
Nov. 18-Feb, 10 0- 2.5 —.54 2. 5-20 .61 o7 10
Feb. 10-Mar, 16 0-17.5 —2.43  17.85-20 00 -2.43 -2.32
Total
:052—3 —_— =8.77 — B.15 -1 .62 =.12
195%3;4 - —=5.95 — 7.28 1.31 1.08
— —=15.72 — 15.41 =.31 .0

18 known by direct observation, so that by difference one can obtain
the net change in the water column below 7.5 m.

: During any one period, utilization and regeneration were seldom
in balance, as may be seen in the next to the last column in Table 11
When any such imbalance exists, it should result in a change in tha:
average phosphate content of the water column. Furthermore
F]ZIE: accuracy of this caleulated result is readily checked by comparing,
it with observed changes in phosphate concentration in the Sound,
These are listed in the last column of Table IL The comparison
]}etwaen observed and caleulated values is useful in gauging the
internal eonsistency of the results.
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NET CHANGES IN OXYGEN

Oxygen concentrations are suseeptible to the same type of analysis
of net changes. However, any attempt to estimate short-period
biological effects in the surface layer is complicated by exchanges
of oxygen through the sea surface. Thus Table III omits the upper
2.5 m of the water column. Otherwise the caleulations duplicate
the phosphate procedure deseribed above.

Rather than attempt caleulation of the rate of exchange of oxygen
through the sea surface, the writer proposes a simpler alternative
method for dealing with the upper 2.5 m. It seems likely that over
a period of a year or two, the total production will approximately
equal consumption, although an imbalance is likely to exist during

TABLE I1I. BrovoGicat. Rate or Cnaxoer or Oxveen v MicLisirens ren Dar v &
Verticarn Corumn oF Warer One Cesmivmeren Squane, IMvioen iNTo SEGMENTS OF
26 0r 5 m. ParenTueses INpicaTe INTERFOLATIONS TO Fiun Gars 1w Tue INaTa.

E.5-7.5 7.5-12.5 12.5-17.5 I7.6-20
Mar, G-May 21, 1952 019 = 4 —.014 = . (M0
May 21-Aung. 19 JOZE 038 -, 028 -. 182
Aug. 19-Nov, 17 [ {005} [ =.0D28) {=.082)
Nov. 17-Feb. 10, 1953 =.010 =.028 - 027 - (a1
Feb. 10-Mar. 16 0G4 025 015 =. 028
Mar. 16-May 18 014 010 =026 =. 054
May 15-Aug. 25 030 - 027 -.028 -.071
Aug. 25-Mov. 18 (.010) [ —.028) { —.02B) { = .050)
Nov, 15-Jan. 25, 1954 —.010 —.028 —.027 —. 028
Jan. 25-Feb, 24 . Daa — . D04 —.024a —. 024

shorter intervals. If the figures in Table I1I are totalled, it becomes
apparent that consumption was considerably larger than production
in the water column below 2.5 m. Assuming that the difference is
equal to produetion in the upper 2.5 m, an average value for the latter
can be caleulated. It is found to be 0.27 ml Oufl in a day during
the first year of the survey and 0.31 ml the second year. By way of
comparison, a series of light and dark bottle experiments in the upper
meter of water, mainly during the second year (see 5. A. M. Conover
in this volume), gave an annual mean of 0.31 ml/day for total photo-
synthesis and 0.20 ml for the net increase in oxygen. A few experi-
ments at other depths or at otherwise reduced light intensity indicated
that maximum photosynthesis oceurred very near the surface at the
time of the spring flowering but frequently at greater depths in sum-
mer. In view of these ambiguities in the comparison, the agreement
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bletw_een experimental results and the physical oceanographie caleula-
tion 18 probably as good as can be expected.

OXYGEN PRODUCTION AND CONSUMPTION

Next an attempt will be made to determine not merely net changes
in oxygen but total production and consumption. Table IV brings

TABLE IV, Dany Oxvorn PRODUCTION AxD CoNSTMPTIoN—m] 01

Net change Erperimenis Estimated
af 15 m Phot, Resp,
ok . Fhyt, Rezp,
Mar. 5-May 21 = (28 —— - 047
May 21-Aung. 10 — .05 - — '115
Aug, 19-Nov. 17 -— — — IGEI]
Nov, 17-Feb. 10 —. 054 - — Iﬂﬂu
Feb, 10-Mar. 16 03 43 076 060
19534
Mar, 16-May 18 — 50 53 085
Nk % : D48
May 18-Aug. 25 —. 058 .33 178 110
Aug, 26-Nov. 18 —_ 20 <200 Il‘.m.*l
Noy. 18-Jan, 25 054 .11 3T 014
Jan, 26-Fab, 24 —.062 .34 (048 044

together pertinent information on this problem. First are listed the
net changes in oxygen at 15 m, as determined by the physieal oeeano-
graphic analysis. At this depth photosynthesis probably is negligibly
small during the winter months, so that the ealeulated net change
of about 0.05 to 0.06 ml Os/day may be regarded as synonymous with
total oxygen consumption. Also, these figures are probably applicable
to the water column as a whole, since there are no marked or consistent
vertical variations in the quantity of plankton.

The summer season presents a more difficult problem. In two sets
of experiments performed in June 1953, at u series of depths, measur-
able photosynthesis oceurred at 15 m or more. Moreover, one would
expect respiration to increase in summer, so that the uliiftrnnit}r of
the calculated net changes is suggestive of significant photosynthesis
at 15 m throughout the summer season.

The respiratory experiments listed in the third column of Table IV
are more or less in agreement with the ealeulated net changes in winter,
but they are much larger in summer. The experimental method is
open to eriticism of course because of the likelihood of abnormal
bacterial growth in the bottles. Thus the two types of measurements
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tend to set maximum and minimum limits around the true value for
oxygen consumption.

In a previous study of Long Island Sound (Riley, 1941) there was a
geries of 65 experimental determinations of oxygen production and
consumption in light and dark bottles over periods of three or four
days. The mean annual produetion was 0.33 ml/day, nearly the same
as that in the present series. The consumption averaged 0.17 ml,
as compared with an annual mean of 0.11 ml for the data in Table IV.
It is problematical whether this higher value was the result of a
longer exposure time or was due to the fact that most of the experi-
ments were performed with inshore water containing relatively large
amounts of detritus. A multiple correlation technique was used to
estimate phytoplankton and zooplankton respiration and to eliminate
unrelated bacterial effects. The statistical result was later shown
by Riley, ef al. (1949) to be in good agreement with the observed
respiration of pure distom cultures. Tt is also snitable for estimating
phytoplankton respiration during the present survey provided a
small correction is made for differences in the chlorophyll ealibration
(ef. Riley and Conover in this volume). The postulated relation
between chlorophyll and respiration is shown in Fig. 1A. Applying
observed temperatures and chlorophyll concentrations to this curve
and averaging the results, we obtain the estimates in the last column
of Table IV. It will be noted that these figures are lower than the
experimental estimates of total respiration, but they are not markedly
lower in the winter and early spring, when zooplankton and bacterial
respiration are presumably at a minimum. It is also evident that
the estimated phytoplankton respiration in summer exceeded the
net change in oxygen at 15 m.

These figures will be used later to determine the proportion of
photosynthetic production that is required for immediate use by
the phytoplankton. Total respiration remains something of an
enigma, but the body of evidence favors a compromise between
caleulated net changes and black bottle experiments. It will be
assumed provisionally that (a) the mean annual respiration is 0.106
ml 0u/l/day as determined by experiment; (b) gaps in experimental
data will be filled by substituting fizures for the eorresponding period
of the following year; (¢) the net change at 15 m will be adopted for
any pericd when it exceeds the experimental value; and (d) during
gther periods the experimental data will be reduced by a constant
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Figure 1. A. CoefMicientz of phytoplankton respiration. Dally oxygen consumption in
microliters per microgram of chlorophyll, B, Zooplankton respiratory coeMcients. Micro-
literz of oxygen per day consumed by one milligram (wet woight) or one milliliter {displace-
ment volume) of Zooplanlton,

fraction suitable for preserving the postulated annual mean. Nu-
merical results will be presented later, but there are other problems
to be discussed before the final summary is made.

In dealing with the 17.5 — 20 m stratum, an allowance will be made
for respiration in the water, as in the rest of the vertical column. It
will be assumed also that no photosynthesis occurs within this stratum.
The difference between the net change for the whole stratum and the
allowance for respiration in the water will then be allocated to bottom
organisms.

Any treatment more detailed than a simple annual mean will also
require further assumptions about net oxygen changes in the 0 — 2.5
m stratum: (a) The mean annual net changes are fixed at 0.27 ml 0yf
l/day for the first year and 0.31 ml for the second, as previously es-
timated. Adding 0.11 ml for respiration, the figures for total photo-
synthesis are respectively 0.38 and 0.42 mlfl. (b) Assuming that
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seasonal variations observed in experimental bottles are applicable
to the problem, the latter (cf. Table IV) are systematically raised
to adjust the annual means to the figures quoted in (a) above. Gaps
in the first year’s data are filled in with figures from the second year.

Results are shown in the first column of Table V. The remainder
of this table is derived simply by adding the estimated respiration
to the net change in oxygen, as given in Table IIL

A balance sheet of production and consumption is presented in
Table VI. The photosynthesis column is derived from Table V,
and the method of estimating phytoplankton respiration has been

TABLE V. Esriuarep Dany ProrTostsrmeas i ml Oyl, TABULATED A8 AvEnscEs
ror TuE Depra Ranaea LisTEn

0-2. 8 2.5-7.5 7.5-12.5 12.5-17.5
195623
Mar. 5-May 21 .04 [ 1 1] 03
May 21-Aug. 18 .40 17 25 .12
Aug. 19-Nov, 17 32 AT .15 .09
Mov, 17-Feb., 10 .13 04 .00 .00
Feh, 10-Mar, 16 .51 18 .10 .08
1953—t
Mar. 16-May 18 .72 i) 08 .01
May 15-Aug, 25 LAS 24 12 « 12
Aug. 25-Nov. 18 L3 .14 il .06
Nov. 18-Jan. 25 15 04 - .00
Jan, 25-Fuoh, 24 .48 .18 .04 .00
Means
19523 .38 .14 .12 R
10534 A2 L14 .07 05
1052-4 i .14 .o R

explained. The difference between the two, listed as net production,
represents material that is available for the production of ph:,rltu-
plankton cells and eventual nourishment of the animal population
and bacteria. Zooplankton respiration is derived with reference to
Fig. 1B, which is based on respiratory data for Acartia spp., the
dominant copepods in the Sound (see R. J. Conover in this volume).
Average zooplankton volumes (No. 10 net) and mean temperatures fc:r
each period are applied to the figure to obtain the mspimtur;r esti-
mates listed. The method of estimating the oxygen consumption by
bottom fauna and flora has been explained. The difference between
total oxygen consumption and the combined phytoplankton, zm?pla:nb
ton, and benthic fractions is listed in the table as “other” respiration.
Nominally this category is assigned to bacteria and to small zooplank-
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TABLK VI, Danance SHEET oF Oxveun PropucEp anp CoNsoMED I8
ml Dy/day 1w 4 Qovosme oF Warer One Bguane CorriMeTer 18 Oioss
SecTion anp EXTRNpiNG FROM THE 5B SUnracs To THE BoTTow,

AT 4 DErra or 20 m (ravs Toranuing Two Lierens or WaTeR)

Photo- Consumption sy
syrdhe- Nel Prie o Waler Colummn——. on
5is duction Py, Zoapl, hiker Bottom Total
19523
Mar, 6~May 21 - 240 . 152 LD 030 —.012 026 138
May 21-Aug. 19 A0 AT2 230 D52 072 .Das e 5
Aug, 19-Nov. 17 253 123 160 il L0T0 BIETH 4 1]
Nov, 17-Feh, 10 052 -, 008 0G0 L0 048 017 . 129
Feh. 10-Mar, 16 L3210 . 100 L 120 L0148 -, 034 015 119
1853—1
Mar. 16-May 18 i 170 g L0232 — . DoG .04 152
May 1h-Aung, 25 352 132 . 220 022 -112 D27 V381
Aug, 25-Mov, 18 228 LAy . 180 i 02a 2D _ 360
Nov, 15-Jan, 25 057 .29 028 00 RE ) 014 124
Jan, 26-Feb, 24 L0 142 088 018 —., 002 011 115
Means
1962-3 254 17 J157 036 B ] 2 J254
19634 . 236 O RE K0 052 024 1)
19524 245 ik - 138 028 ik LR 245

ton that escape the No. 10 net, but not without reservations. Dis-
cussion of this matter is relegated to a later section of this paper.

PHOSPHATE UTILIZATION AND REGENERATION

The ealeulation of net changes in phosphate was simple and straight-
forward compared with the oxygen analysis, but conversion to es-
timates of total utilization and regeneration requires further discus-
sion and additional arbitrary assumptions. Phosphate regeneration
differs from oxygen consumption in that it is primarily associated
with animal and bacterial metabolism. There is little reason to
believe that phytoplankton respiration is accompanied by significant
amounts of phosphorus exeretion except under relatively abnormal
conditions. Examination of the tabular material indicates that
phosphorus utilization is more nearly uniform with respect to depth
than oxygen production and that considerable utilization oeccurs
at depths where phytoplankton respiration exceeds oxygen production.
Thus the net change in phosphate in deep water is even less reliable
than oxygen as an indieator of the magnitude of katabolic processes.

There are no experimental data that can be used to set an aceurate
value for phosphorus regeneration. Nor is there a precise relation
between oxygen consumption and phosphorus regeneration. The
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normal O:P ratio by atoms appears to be between 250:1 and 300:1,
but extreme variations have been noted (Riley, 1951). It will be
assumed here that there is an atomic ratio of 300:1 between oxygen
consumption, exclusive of phytoplankton respiration, and phosphorus
regeneration. This is sufficient to equal four of the positive net
changes in Table I. It slightly exceeds four others and is exceeded
by only one. The estimate therefore appears to be of the right order
of magnitude,

TABLIE VII, BEesrimateEn Dainy UTILIEATION AND REaEnERATION OF PHOBPHATE
iy pa-AT Mou® oF BEA SURFACE

e LT il 2t D0 e R genEration ———

2.5 7.0 12 5-
o-£.5 7.8 12,5 I7.5 Tolal 0-20  Bollom  Total

19523
Mar, 5—-May 21 001 014 KT N 027 005 003 Rk
May 21-Aug. 19 Nl LG L0zl Rl Rt L i 0BG
Aug, 19-Nov, 17 .011 013 ] 005 038 038 023 L0681
Nov, 17-I'eb, 10 010 003 00D i O3 015 —.002 Rk

Teb. 10-Mar. 18 D08 05T 023 026 114 ) .oz 00
10531

Mar. 16-May 18 .13 005 —.001 SO0 D21 LD D15 D20

Muay 18-Aug. 26 .012 014 005 .oz .043 .40 021 NiTH!

Aug. 25-Nov. 18,010 D0 .00 R i) 006 02 L2
Nov, 158-Jan. 25 011 D05 002 002 Rii O35 =003 .02z

I

Jan. 25-Faeb, 24 G i1 020 BTk 085 005 =001 L0

Means
1952-3 L0082 L0154 0113 040 .D3BB (0221 01E8 0360
10834 L0110 L0118 .04 G L0324 0217 L0145 L3R
1952-4 G 0137 LD0ED M LD35E L0218 J0141 LOEGL

Mean O:F ratio (atoms)
i) 30 185 =104 262 5

Results of the caleulation are shown in Table VII. The last line
shows O:P ratios for the two-year period. The over-all ratio for
produetion is normal. Values for individual depth ranges are aber-
rant, indicating & marked lag between net phytoplankton production
and phosphate absorption.

DISCUSSION

In a previous study of Long Island Sound (Riley, 1941), experi-
mental determinations of oxygen production at the surface were
approximately the same as those in the present survey. On the
basis of transparency data then available, it was estimated that the
total photosynthetic production of earbon might be 10 to 15 times
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the surface value, or some 600 to 1000 g C/m? in a year's time. That
conclusion has not been borne out by the present work. The mean
annual production for the two-year period just completed is estimated
to be only 470 g C/m®. Over half of this production appears to be
utilized in phytoplankton respiration. Of the estimated 205 g C/m?
available to the rest of the biological association, 6997 appears to be
used by pelagic organisms, the remainder by the benthie population.
The phosphate analysis gives a slightly different pattern of utiliza-
tion—61%% by pelagic fauna and flora and 399 on the bottom.

The two physical oceanographic analyses and the experimental
measurements that have been used in deriving these estimates exhibit
a considerable degree of internal consistency. On the other hand,
the methods have been indirect and involved, eontaining a number
of assumptions that probably are not altogether valid. One major
possibility of error lies in an assumption about the nature of turbulence,
If coeflicients of eddy conductivity are larger than eddy diffusivity,
as some have claimed, then the biological rates of change are over-
estimated, particularly in spring and summer when maximum stability
exists,

There also remains the question as to whether or not a reasonable
set of assumptions has been made about the respiration of the plankton
association. In earrying out the assumptions as stated, the final
result was a production of about 88 g C/m? in excess of the demon-
strable needs of the phytoplankton and No. 10 zooplankton catches.
This excess was allocated in Table VI to “other” respiration in the
water column, namely bacteria and microzooplankton. The observed
numbers of tintinnids, early nauplii, ete., leave no doubt that this
is a significant category. Nor is bacterial respiration likely to be
negligible. Nevertheless, from the nature of the assumptions, it is
possible that part of the 88 g of carbon constitutes error in the black
bottle experiments,

Various aspects of the seasonal cycles and annual fluctuations
warrant further attention. The spring flowering did not exhibit
the excessive dominance over the rest of the seasonal cycle that is
observed in some other waters. The rate of net oxygen production
was more or less the same as the rest of the spring and summer season
and constituted only 10 to 159 of the total annual production. The
rate of phosphate utilization was approximately twice the highest
value obtained at any other time in the year. However, the O:P
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ratio was abnormally low, averaging about 150:1 for the total popu-
lation, and this suggests that the phytoplankton was absorbing
phosphate in excess of immediate needs, as it is known to do when
the supply is abundant (Goldberg, of al., 1951).

The ecaleulated carbon production during the spring flowering
exceeded demonstrable respiratory needs of the population by 34
g/m? in 1953 and 18 g in 1954. The state of anabolic dominance
continued through the spring months until, by mid-May, nearly
a third of the year's net carbon production existed in an unutilized
gtate in the water column and on the bottom. It was then gradually
used up during the remainder of the year, so that katabolic processes
were dominant from mid-May until the onset of the next spring
flowering. The same situation was found even more strikingly in
the phosphate analysis (Table IT), where the spring excess of utiliza-
tion over regeneration was nearly 509 of the estimated net yearly
utilization. Evidence of the same phenomenon in slightly varying
form has been found in studies of the phosphorus cyele in the Gulf
of Maine (Redfield, ¢f al., 1937) and in the English Channel (Arm-
strong and Harvey, 1950). There is no reason to regard it as ab-
normal, although the phenomenon may be exaggerated in shallow
watersa.

The spring zooplankton population did not expand in Long Island
Sound as rapidly as it did in the English Channel and in some other
areas that have been examined. The evidence pointed toward
consumption of little more than a tenth of the flowering, which then
terminated by rapid settling to the bottom. The reason for the
failure of the zooplankton remains obscure. The obvious result was
a summer and early autumn utilization of organic matter some 35%
greater than the amount provided by current production. Such a
system tends to smooth the adverse effects of fluctuations in available
food. However, the long lag between production and utilization
geems relatively inefficient from the standpoint of maximum use
of the reservoir of nutrient elements,

Examination of the estimates of net oxygen production and phos-
phate utilization in Table VI and VII indicates that the spring flower-
ing in 1953 was considerably more productive than that in 1954
This is not surprising, since cell counts and ehlorophyll concentrations
were also much larger. Of more ecological interest is the indication
that the summer of 1952 was about 20 to 309 more productive than
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the corresponding period in 1953. There was essentially no difference
in the total standing crop of phytoplankton as indieated by chloro-
phyll concentrations. However, there were more diatoms and
dinoflagellates in 1952 and possibly less naked flagellates and other
forms not ordinarily included in cell counts. The one striking dif-
ference between the two summers was that the 1952 zooplankton
volume averaged about two and a half times as much as the 1953
crop. Furthermore, the difference in net production between the
two years approximately equalled the difference in the estimated
food requirements of the zooplankton populations. In other words,
the 1952 zooplankton inereased sufficiently to use the extra production
and keep the phytoplankton crop at the same general level.

The dominant species in the summer zooplankton population was
Acartia tonsa. It is pointed out (see K. J. Conover in this volume)
that this species appears to be particularly well adapted to feed on
the larger phytoplankton forms and that both species of Acartia fed
more effectively on diatoms than on natural populations of small
summer flagellates. Thus the experimental work indicates that the
species composition of the phytoplankton in 1952 was particularly
favorable for the support of the larger members of the zooplankton
population. It appears to be this, rather than the slight difference
in productivity, that was primarily responsible for the vast difference
in zooplankton crops.

In the waters of Block Island Sound, a relatively open body of
coastal water east of Long Island Sound, a cursory one-year survey
(Riley, 1952) has provided enough data for a rough comparison of
the two areas. The ratio of annual mean surface phytoplankton
concentration was 2.3:1, the larger value being in central Long Island
Sound. The ratio of total crops was 1.5:1. Zooplankton displace-
ment volumes (No. 10 net) were 1.5:1 on a volumetrie basis and 1:1
in terms of quantity per unit area. With regard to oxygen production
and consumption, the net utilization in the lower half of the water
column in Block Island Sound totalled 41 mlfem?® in a year's time as
compared with 36 ml in Long Island Sound. The net increase in
oxygen at the surface appeared to be much larger in Block Island
Sound (68 ml/year), and it was postulated that the excess of phyto-
plankton production over utilization was dissipated offshore by
lateral diffusion. The total produetivity of Block Island Sound
was not determined. The correction factor for the respiration of
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the plankton population is presumably smaller, and tentative estimates
suggest that there is little difference in the total productivity of the
two Areas.

The extensive study by Harvey (1950) of production in the English
Channel provides material for comparison of two guite different
temperate water habitats. The area examined off Plymouth i:B deeper
than Long Island Sound, averaging some 70 m. The +nutm,-ut and
plankton concentrations are comparatively small, but 1t_appea.raf to
be a remarkably efficient system with respect to both nutrient utiliza-
tion and subsequent biological conversion.

TABLE VIII, Codmpamson oF MEan ANNUAL STANDING CRora AND
Onaante Propovcrion (£ organie matter/m?) v THE ExgLisn
Crassen (BEO) axp CenTRAL LoNa Ianawp Souno (LIS).

Respiratory Loss

Standing Crop Daily Production
ECQ LIS EC LIS EC LIS
_— -_— 1.8
toplankton 4 1] 3.2%
L 4= 5% 1.071
Zooplankton 1.5 2 .15 — . -'Eli
Pelagic fish 1.8 _— D06 — 25
Bacterin 04 = — —= 013 L461
Demersal fish 1-1.26 - 001 - 2l_]lg =
Epi- and in-fauna 17 o s - : 03 F
-1 —_ —_ —_ .

oy B4-44 1.07

Total, exclusive of phytoplankton respiration
* Photogynthetic glucose production and loss of glucose by respiration.

uirernent,
+ Phytoplankton production in excess of resplritory regq
{ In LIS this item also includes smadl gooplankton not sampled by the net.

Table VIII quotes part of the data from Harvey (1950: table 4)
and compares it with the two-year averages from Long Island Eou_nd,
The method of arriving at the figures for Long Island Bound requires
a few words of explanation. The mean standing crop of phytoplank-
ton has a chlorophyll content of 6 pgfl. The chlorophyll content
varies between 0.6 and 1.5% of the organic matter in surface net
phytoplankton tows (see Harris and Riley in this volume), the laf.ter
figure applying primarily to a short period in winter and early Spring.
A reasonable average for the year is about 0.75%. Hence the standing
crop of organic matter in a column of water 20m doe_p appears to be
about 16 g/m?. However, Harvey used a conversion factor only
half as large. If one or the other is in error, the ratio of abundance
in the two areas might be only 2:1 instead of 4:1.

In the ease of zooplankton, the organic content has averaged about
109, of the wet weight. This figure is applied to the mean annual
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displacement volumes of No. 10 tows. Data on bottom fauna (see
Sanders, in this volume) are measured dry weights less the weight of
shells and other obviously nonorganic materials. A precise estimate
of the gquantity is not possible at this stage of the investigation, and
the total population may be under-rated. There is an abundance of
nematodes and other microfauna that has not been included in the
measurements, and some of the largest animals have not been sampled
adequately. Harvey's estimate may be a little large, since the recent
survey by Holme (1953) gave an average value of 11.2 g dry weight/m?.

Total photosynthesis and phytoplankton respiration are listed as
glucose equivalents of oxygen data in Table VI. With regard to
other data on production and respiration, one milliliter of oxygen
18 approximately equivalent to one milligram of organic matter of
average carbon content. Therefore, the data in Table VI require
no change except in the position of the decimal point. The figures
for total oxygen consumption on the bottom in Long Island Sound
properly include all three of Harvey's categories of bottom organisms.
The pelagic fish constitute a blind spot in the Long Island Sound
balance sheet. No allowance has been made for them in ealculating
total oxygen consumption, and if they utilize a significant amount of
organic matter, the estimates of total production will need to be
increased a corresponding amount.

These two bodies of water are not very different with respect to
potential nutrient supply if the latter is rated in terms of the amount
of essential elements underlying a unit area of surface at the time of
the winter maximum, Long Island Sound has more phosphate and
glightly less nitrate. In terms of nutrient concentrations, which
are important in determining the rate of absorption, the Sound is
superior. This, together with the efficiency of recirculation of re-
generated nutrients in shallow turbulent waters, is presumably
responsible for the high net production in the SBound.

The dominant members of the zooplankton population have been
shown (R. J. Conover in this volume) to be relatively inefficient
feeders with high respiratory requirements, and their inefficiency
is reflected in a standing crop only slightly larger than the English
Channel population, despite the large concentration of phytoplankton
that is available. The latter appears to be mainly utilized by small
organisms in the water column and by the benthic population. The
benthic productivity is large, and the number of organisms is enormous,
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ince fauna consists primarily of small herbivores and detritus
?::;;:m Pelagic fish eggs and larvae are a]:unda,nt (see Wh‘ea.tlnnd
in this volume). The Sound may be an important spawning and
nursery ground, but commercial ﬁshcr?* statistics indicate that the
adult population is smaller than that in the open coastal waters to
the east. In general, Long Island Bound appears to be rel_a,twely
‘nefficient in the production of both groundfish and earnivorous
invertebrate epifauna, as compared with both Block Island Sound
lish Channel.

an'tll‘hﬂe]ia]g:gns for this inefficiency are not ulea._r, although some of the
symptoms are obvious: in spring an excessive plunt,‘ growth that
cannot be used immediately by the am{m?.l p?pulatlun and that
probably is largely wasted in bacterial n-:tt:v:tt-}.rr; in summer & h&a;ry
growth of small algae that appear not tolpmvlde adequate food for
4 mature zooplankton population. Pmlhl;,r the $0u11d represents
an intermediate point between a normal marine IEIIVIILOIIII}EIH. and t],]he
highly aberrant situation described by Ryther {19:_14:] u; I‘l-‘!llaniea
Bay and Great South Bay, Long Island. There, f.-,xccsswe ert:jmahl_o;
and reduced salinity promoted the growth of “small fc_rrms W 1!20
not only out-competed the larger ph:,rtupla?ktnn gpecies but a
were useless or harmful to the animal population.
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