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Abstract

g’ldmm gized ecosvstern cultures were attempied in concrete ponds simulating fome principal
7 types found on the Texas Coast: {a) the reef-plankton brackish bay, (b} the grassy bottom, and
the blue-green algal flats. Processes and successional changes within the engineered systems were
aitored with dimrnal eurve methods. Some general aspects of photosynthesis, community respira-
ign, and organismal dominance were similar to those of the bay prototypes.

“The relative role of respiration and reaeration was delimited in several experiments. In a sequence
of cxtreme salinity shocks, one oyster reef-bay system exhibited rapid metabolic recovery and sue-
wasive diatom blooms like that in San Antonio Bay.

ame experimental means for partial replication of artificial ecosystems were tested with conerete
‘ponds in riplicate, High alkalinity regimes at controlled salinity were developed with evapo-
and freshwater inflow sequences like that in some Texas river estnaries. pH control was
b demonstrated with carbon dioxide gas injections from tanks. Over a six-month period a semi-
itrobic system replaced an aercbic system. It was shown that a pollution-resembling syndrome could
tdually emerge from a more normal aerobic system where there was initial inorganic nutrient ferti-
ion. The graphs resembled some bazed on data from upper Galveston and Nueces Bays. The low
hittime oxygen regime was a climax for the summer weather regime, Pyrheliometer data were used
mpute efficiencies of gross photosynthesis (0B — 3% ), in utilizing the visible wave lengths
ewhat less than in the bay prototypes.

8 2 large concrete pond, a grassy botlom system without stratification provided populations of
tome, zooplankton, and foraminifera with diurnal variations, trace element concentrations, and
h]ic quotients like those in Hedfish Bay and Aransas Bay,

nvery shallow ponds, heavy blue-green algal mats once transplanted, were maintained with large
mul oxidation and reduction changes and high metabolic quotients like those in parts of the
una Madre,

ome similarity of processes and concentration levels maintained in these artificial ecosystems
y Justify their use for controlled experimental study of the bays.

Introduction

{' Previous papers measurements of gross photosynthesis and system respiration were
ted for various bays along the Texas coast (Odum and Hoskin, 1958; Odum and
i 1962; Odum, 1963; and Odum, Cuzon, Beyers, and Allbaugh, 1963). The
Mbolic measurements indicated the functional state of these ecosystems under in-
°s of seasonal change. pollution, dredging, and other experimental changes. In
“Arge hﬂ}’ﬁ, the investigations were restricted to the natural experimental situations
E usly provided. For further study of these bays, some smaller models were needed

1eontrolled experimental manipulations might be feasible.
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In 1960 and 1961, to meet the need for experimental ecosyslems, plastje and mn{
ponds were built. Attempls were made to develop formulae for culturing emsmmﬁ-.
ecological engineering methods. By selection of depth, salinity, and mechanism of
culation, conditions in several bays were simulated and these ponds were th:’:‘»‘ilg,r 366
with water, muds, and organisms from the several bay prototypes. This is 3 report g
metabolic patterns which resulted in 4 types of ecosystem cultures in these ponds,

Condilions in the pond systems were devised to simulate three important hay
system types. The first type was the low salinity, turbid bay conlaining oyster bars i
which a biogeochemical eycle was maintained that included the }'Ih}'mp!a.nktun.prﬁ %
ing waler circulating over the concentrations of sessile reef consumers, ﬁlturﬁfﬁeding'is' ;
releasing nutrients from the reefs. Copane, San Antonio, and Matagorda Bays
examples. A plastic system (Fig. 1A) in 1960 was continued with concrete systems iy
1962 (Fig. 1B). The second Lype was the shallow grassy bottom bay at about 308, wif
much of the photosynthesis by benthic plants such as parts of Redfish and Aransas Bay
The large pond (Fig. 1C) was used, The third type was the system of blue.green alg
mats carpeting the thin-water flats of part of the Laguna Madre often under hypersali
conditions. Shallower, smaller ponds were used for these (Fig. 1D},

EcosysTEM CULTURING, EcoLocioal ENCINEERING

Experiments with small microcosms have been useful in showing some of the uhslriiq%#fﬁ;
general patterns of succession, climax, population structure, and hiogeochemical -::]H:Iﬁiiﬁ' e
that are obscerved in larger natural ecosystems. Because of their small size they Uﬁ&i:_;
be replicated and manipulated in controlled experiments at the ecosystem level of :.tl:tﬂ
{Odum and Hoskin, 1957; Beyers 1962, 1963a, 1963b).

A logical continuation was the culture of somewhat larger experimental euus}rslcmsﬁ;, 5
concrete tanks so that some of the larger-scale processes might be included such a5 .

larger animals, larger genetic reservoirs, water current systems, natural lighting fie 1_
larger geochemical reservoirs, and sea-air exchanges. Such larger microcosms may:

serve as simulators of the expansive natural systems where enough of the dominant oF-
ganisms and controlling processes can become established. The culture of ecosystes
thus may provide:means for study and eventual management of larger ecosysiems. Far
example, can species of commercial interest be most simply managed by 4;u][|.1rlng1_11,_E~
ecosystem in which they are dominant? ;

In a previous commentary (Odum, 1962), ecological engineering was defined as £
vironmental manipulations by man using small amounts of supplementary energy 10
control systems in which the main energy drives are still coming from natural 5@1_.3,1‘::9-?5:-
Formulae for ecological engineering may begin with natural ecosystems as & Pﬂ’::i:_
departure, but the new ecosystems which develop may differ somewhat since bounda!
conditions established in the engineering process are different.

Thus attempts to_culture some marine ecosystems in ponds are also expe
ecological engineering of new systems because of such special conditions a3 P“]“Ea:
circulation, tank walls, constant salinity, and diminished imigration from larger P"F_'

riments 18

Lon reservoirs.
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Methods

MEASUREMENTS

Diurnal curve methods for study of photosynthesis and respiration were followeq a
described in other papers on oxvgen (Odum and Hoskin, 1958; Odum and Wilson,

1962) ; on pH-CO. (Beyers and Odum, 1959; Beyers, ef al., 1963). Diurnal CliTves
were very uniform and regular without the complication of diurnally VArying curren;
velocities found so often in field measurements. However, reaeration constants in Rt

reef ponds were a function of the stirring rates in the ponds with pumps.

Reaeration constants for the plastic pond and the grass pond were estimated from
the graphs on the limiting premise of constant nighttime respiration. This older pro.
cedure overestimates the diffusion constant because it includes any change in nighttime
respiration rates as part of changes in reacration rate.

-

i) Ll b Ao ke sl LR R N SR

In the Lrip[i:‘.ate reef pnnu:]s an experiment was conducted to infer the reacration con.

stant comparing a plastic covered pond with one not covered as reported in Fig. 2. Fol-
lowing a winter shut-down period, new oysters and other reef components were added
and the ponds interpumped for two days. After ponds were again izolated on May 34,
a heavy polvethylene transluscent sheet was placed on top of the surface of pond number

1 with less than 195 of the water surface exposed to air. Pond 2 was left uncovered. Evi- -

dence that the oxygen patterns of the ponds were similar was obtained May 6-T with
both ponds uncovered. Since insolation was less that day as indicated by the pyrheliom-
eter the May 6-7 data are not a perfect control on the plastic experiment May 3—4.
The two May 3-4 diurnal oxygen curves (covered and uncovered) were plotied to-
gether for comparison (Fig. 2). The rates of oxvgen decrease at night were grealer in
the covered pond. The difference between the rates of night decline in the two ponds
divided by the saturation deficits provided a reaeration coefficient that was used for

computing oxygen metabolism values in these ponds {0.5g 0./m*/ hr at 1007 &eﬁ:mt]'- g
That this coefficient led to oxygen data in agreement with pH-CO, method with a night:

: i : ; . TP ion
time RQ of 0.7 to 1.1 was a check on the approximate accuracy of the reaeratio!

: ; Jire i-
constant used. Rate of change graphs corrected with this constant show a decline of resp
ration between sunset and sunrise as already studied extensively by

1963b) in other systems. When the constant respiration assumption 1s made Id'
15C1

procedure, a reaeration constant between 1 and 2 g oxygen per m’ results. As A
12

elsewhere {Odum, Bevers and Armstrong, 1963) the respiration decline at 1
expected to be maximal in a system like that of the reef ponds in which nanop bile
are important and less important in systems with more plant storage capacity f‘“]’: tlhe
new photosynthetic products like the benthic systems including the grass P"“d o
blue-green mats. 5 s 100%%
For the shallow blue-green mat ponds, a reaeration constant of 1 g/m’/ B
deficit was used based on studies of other shallow environments with benth
munities {Odum and Wilson, 1962). . pﬂ“dE
Application of the Ohle (1953} test for Winkler interference was made in NE -
with results similar to findings in the bays. Winkler results were not more lhaf:ei
tenths of a mg/1 off in aerobic conditions, but larger errors 1 mg/1 or more de
during the low oxygen periods late at night. Thus, as indicated in Table 1.

lankm‘n x

iﬂl:ﬂ“:..

Ohle corTeE™ "~

e e bl T R R

4l

o
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Reef Ponds— Reaeration Experiment 15.6 %
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EJI TN, oxvgen graphs in interpumped triplicate ponds with and without
lgu!.m"“ resticting reaeration, May 3-6, 1963, pH records are for uncovered ponds. The diurnal

wtip '0tal insplation were made by an Eppley pyrheliometer and the visible fraction computed by
E e values when covered by an RG-B Schott filter which transmits in the infra-red.



378 Experiments in Engineering Marine Ecosystens

TarLe 1

Ohle Analvses

Winkler Winlklar Ohle Correctod 3 ik
e oo e e i e oy - .._P'Fuu ﬂlllf_ only {2-1) *'mr; {-
Reef Pond, Sept. 12,1962 Pond 1 0600 0 2.72 1.99 B T
0 260 144 T
0 265 1.9
e P P S P G o
0 266 180 86 g
Pond 2 1830 11.37 14.21 255 5
11.37 14.11 252 :
11.47 14.06 255 iz
1140 1413 254 1150 _gpi-
Mat Pond, July 3, 1962 Pond1 1500 1414 13.52 017 i
13.49 14.95 { :
13.81 1444 0.22 14.22 —N41
Mat Pond, Sept. 4, 1962 Pond1 1845 7.38 G.02 0.08 ;
7.3 .82 0.14 i
735  B92Z 011 881  —146 .
Pond 2 0540 0.0 0.28 0.0 diily
0.0 0.50 0.0
0.0 0.44 0.0 -
Mat Pond, Sept. 3, 1962 Pand 1 1904 (.93 342 1.35
288 4.24 1.13
490 3.83 1.24 259
Blue-green Mat Transplanted
to fuhDrH!Dij Cylinder,
Sepl. 5, 1962 Q600 12.4 144 1.03 i
10.6 12.2 1.80
1150 133 L4 g 0¥
Sept. 5, 1962 1800 9.20 1110 0.0 sl
14.70 1@ 135 =
12.40 1540 2.39 g
TTi2a | 149 125 136 M
H . 3= . = B . 2 ine syslems wﬂhﬂﬂt
tions are required in the night periods. That this occurs in fertile manne s} e
d as changes: ¥%5

pollution is of considerable interest. Since metabolic rates are compute ; _
effect on computations of rates becomes significant mainly in the computation dtbe
corrects for reaeration, In this paper the original Winkler analyses are shown aqﬁaﬁ}' ;
Ohle correction also indicated where known, but the metabolic rates are made With 2.
Ohle correction. Further evidence for a diurnal change in Winkler interference 1511_'1*

vided in a paper on abnormal bays (Odum, et al., 1963). R

i
interference

Since the pH-CO, method involves neither reaeration correction nor oo
rection, comparizon of the metabolic results of the two methods concurrently Fra
portant. Metabolic quotients are computed where data are available (Table2). = :

Gross photosynthesis and 24 hour respiration rates are related on 7 m’uht 16

anted stralg

(€0O,/0,). As indicated in the several examples in the figures, a sl s
drawn from pre-dawn respiration to post-sunset respiration for this pur Pu?errhe symf?

The Mancy-Okun lead-silver membrane electrode for oxygen was used :]ﬂmnﬁrnl.i';g@
with near-anaerobic conditions to show the presence of some oxygen 3% ute”

b
3 ) : 3 i = 2 horug E
interference with the Winkler analyses indicating zero at that time. Phosp ;

.
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TasLe 2

Metaholism, Metabolic Quotients, and Efficiencies of Gross Preduction based on
509 of pyrheliometer records.

Metabaolic
Ohxvgen Carbon qualient Eficiency
Fond g/m? day g/m% day Co3/o, 0, %45
g number P R 14 R Ay B T of visible
esf Ponds (See also Fig. 6) ~
March 23-25, 1962 1 03 11.5 28 31 0.80 072 2.1
; 2 125 114 - = 23
: 3 16.7 14.6 ; : 3.3
March 25-26, 1962 1 . - 19 28 !
March 26, 1962 1 ; 16 1.7
April 18-19, 1962 1 5.8 116 - 0.9
June 7-8, 1962 11 6.0 6.8 1.0
i 2 0.4 10.8 16
i 6.7 73 1.0
- July 19-20, 1962 1 7.7 122 : 1.4
2 58 87 2.6 25 1.22 0.78 1.0
i 3 6.6 iy R 1.2
-August B-8, 1962 1 7.8 9.5 A 0.8
= 2 8.9 10.7 3a 3.5 1.1 0.88 e
3 5.8 10,0 i 06
Sept. 11-12, 1962 1 13.7 13.7 2.2
i 2 15.2 19.2 24
" 2 4.7 0.5 0.7
Sept. 12-13, 1962
< Y% covered with plastic 1 14.0 17.0 22
. Uncovered 2 13.2 14.1 23
May 3-4, 1963
# With plastic cover 1 .6 7.4 i 0.7
i Uncovered 2 5.1 58 22 20 12 0.7 0.6
May 6-7, 1963 1 5.1 7.1 25 24 1.7 1.1 1.05
e 2 21 4.8 E. 1.05
ibriss Pand (Also see Fig. 11)
B, 1961 33 4.8 1.7 19 1.3 1.06 0.5
=4 June 15-16, 1961 2.8 3.8 1.2 0.72 1.1 0.5 0.7
¢ July 12-13, 1961 48 38 40 15 22 10 0.6
i iﬂ‘tan Mat Pond
- July 34, 1962 5.2 5.4 5.2 52 2.7 25 5
et July 22,93 1962 13 13 .
oo Aug. 6-7, 1962 B ; 123 120
¢ itic Pond {See aleo Fig. 4)
. ov. 6, 1960 1.5 0.1 12 07 2.1 1.9

e were made with perchloric acid digestions following Zwicker and Robinson
';:."}' Iron analyses were made by Miss Lorna McGough and Dr. Patrick Parker using
',-.'P}{E“ﬂnthrnlint method of Lewis and Goldberg (1954). Alkalinites were titrated
Pthdilute HCL 1o an end point of pH 5.0 indicated with a glass electrode.

Xeept during August, 1961, and August, 1962, continuous recordings with a 50
---_t":'“ Eppley pyrheliometer were taken using an amperometric recorder of Yellow
. Instrument Co. Calibration was made using the electrical voltage equivalent of

A E']ﬁrg’}' supplied by the Eppley Co. and by means of amperage measurements
g 11“’¢Slun-caiihraled microammeter. To obtain the fraction available to photo-
: 15, the pyrheliometer was covered with a box made of RG-8 Schott filters which
_":"_ ded the visible rays available for photosynthesis but transmitted the infra-red rays
:I"s’lnhl'* in photosynthesis. The difference between the two was taken as available
..:h;“f Primary production. See the example in Fig. 2. To compute efficiency where

T Was not ysed, visible light was taken as 50% of total pyrheliometer record.

. Much of the field work reporled in previous papers, a hand light meter with an
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approximate foot-candle scale provided by the manufacturer was used (Genera) F.lr:u:[ri..-
Golden Crown Exposure Meter, Type PR3, with an incident light attachment) The
eaze of use, sensitivity, portability, and low cost made the meter useful in he field
Whereas it is not possible to convert approximate foot-candle data to Energelic dat;

without detailed analysis of the spectral composition, in practice where there are some

similarities in spectral composition of incident insolation it may be possible 1o ohtaip
some empirical relations between the foot-candle data and the pyrheliometer daty e
some representative sunny conditions such as clear sky and broken cumulus. Foot-candle
and pyrheliometer graphs were plotted as overlays in several diurnal graphs in this
paper. A graph of foot-candle estimates with the GE meter is plotted as a function of
pyvrheliometer readings in Fig. 3. This graph provides a rough method for converting
one type of data to the other where only one was available in similar circumstances e
the south Texas area. The abscisza is 507 of total insolation so that foot-candle estimates
can be converted to available energy for photosynthesis. The dashed line is extremely

&
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i

sroximate. Use of the Schott filter indicated that percentages of total insolation in the
ble were from 45 to 80%% depending on clouds.

fotal organic matter in water samples, and the organic matter in millipore filtrates
e analyzed according to the persulfate digestion and infra-red CO, method of
on (1962).

er the experience with cracking of the large pond in Hurricane Carla, later ponds
« constructed with enough reinforced steel and basic foundations on creosote pilings
ted 12 feet into the sand to prevent damage {rom undermining of the sand by hurri-
. waves and currents.

DiusnaL SamrprinG Buoy

T 1 ith the help of Dr. Marcel Gres and Tracor, Inc., of Austin, Texas, a floating fiber-
: buoy was developed for filling 125 ce glass stoppered bottles over a 24 hour period.
ing molor operating from a storage hat[ery Dperﬂlﬁd a solenoid valve and a
ctor switch allowed the bottles to fill every three hours by gravity fill. Originally, the
oy was designed to take samples for later measurement of oxygen and pH, but no
sfactory method was found for preservation since all of the preservatives and poisons
tested either changed oxygen contents or interfered with the Winkler method. Curves
tich duplicated those in the outside water were obtained only in turtle grass beds in
h the plankton was negligible and the waters entering the buoy were thus effectively
ed from the metabolism of the community. Although designed with a chamber for
,tests of the buoy operating with ice indicated inadequate preservation. The mechani-
system of the buoy was found to work adequately in the experimental ponds. and the
0y may become useful with diurnal sampling studies involving sampling for radio-
and other chemical entities not subject to metabolic change while in the bottles.
or Corp. manufactured the buoy for $500.

A Poxps anp SEEDING SEQUENCES

$\_ith the reasoning applied in the microcosm studies, organic biomass and essential
“BrEnic constituents were transferred from the environmental prototype to the tank so
2 ““" release of chemicals from respiration and decomposition would provide the
Banic ratios most suitable for the plants of that system and inversely so that the
.-15]:"35'195 thus competing with that inorganic composition would have the proper
_-lI’"E ratio for the consumers normally in that system. Then the dominant boundary
21005 of the prototype were sel with respect to water depth, circulation rate, and
“*0L type. Finally species from the prototype environment were added in quantity
versity including micro-organisms, plankton, benthic animals, and small fishes.
¢ replications were desired, ponds were intermixed with inter-pond pumping. The
ElEmg which emerged in a few days were the result of organizational influences
'-5 Matural selection and behavioral responses of species within the system. A
& 3 af“i}' large metabolic rate resulted in each of the experimental sequences.
hi e R’f"l"f Pond. In July, 1960, a pond ecosystem simulating a low salinity bay
b |ovised by laying a black sheet of polyethylene in an excavation in the sand
B 'l'eef]? as si:mwn in F‘Iig. 1A. A small island was arranged at one end, and a live
1 b :'{?:m San Antonio Bay was introduced into the narrow channel 0.6 m wide
b g . £ lls]and. A pump was arranged to draw water from the broad part of the
.- '2Ing across the reel at about .2 m/sec. Thus the pond water was being

il
-|I
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moved from bay area to reef simulating bay-reef relations of the oligohaline Texas ba i
In several diurnal curves, oxygen sampling was done just above and helow e ra;::
current zone of the reef and the values reported separately (Fig. 5). Fresh wape, by
added to balance evaporation. The area of reef to total photosynthetic surface wag | i g
20 like that in a diagram for the Copano Bay area given by Hedgpeth (1954, T“"Ent],r" A
eight grams of nitrogen and phosphorus fertilizer were added. There were immediate
blooms of diatoms with a rich brown color. Then the patterns were followed thmugh the
summer and during the fall. In this period, there were interruptions due to hf‘a‘v}r i
floods which overran the pond decreasing the salinity and covering the pond bottom -
with sand and sediments from outside. In this pattern of events, conditions in the upper
bays were simulated. '
After one such flooding all the oysters were killed and replaced. It was obvious dlll‘ing
the fall experiments that the plastic had been punctured, and the pond was in Elthangc

with the ground water. At the end of the experiment, the system was allowed 1o become
entirely fresh.

Triplicate Reef Ponds in Concrete. In the [all of 1961, the arrangement [or the reef- L3

1960 | | ! ! | 1961 |
. . ; f ' i -
Salinity r/’\\
k] o 1 N
L (—‘ ,1 |
s 20} / l \ 4 %3
> / '-.
e f \
1wk .I1 ]
- =
| |3 ju = J g i
5rur!—1 ol 2 ‘ PJ| — [} R iy o hﬁl
0 Lis 1_5 | = ;T T e
HH = a2 |2
10 E ot 3 i el 3 |& Rains, Floads f"-'""""’"-:“
=la 1 = 1 2 o8 (= Oysters killad an ree |
pBiE OB P BNt —_—— ]
. |
-~}
= "1
- | H
o=
E & -.':]|
o )
3 !
= |
R 4
i i
0 ' : : . ; o
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reef ¥
ini K - H yaler- =]
Fic. 4. Seasonal graph of salinity, metaboliam, and the sequence of events in the plastic oF :
pond system (Fig. 1A).
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. Fiy : i -
‘Hl'qm U diurnal curves of oxygen in the plastic oyster reef systems, Measurements were made

L *d downstream from the reef assemblage.
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island-bay plankton system in the plastic pond was constructed in triplicate in Concrele -
as shown in Fig. 1B. Sea water, sediment, and reef materials were introduced and .
seeded as before. Depth was adjusted to 0.52 m and salinity to about 16 €. The areq of
water in each pond was 11.4 m® and the volume was 5.87 m® The three ponds wers
hemogenized by interconnecting intake and discharge hoses of the 3 pumps. Then [heu :
pumps were returned to their single pond function of circulating water from the broad -
area to the reef. Metabolic patterns were compared between the three ponds. In selting
up the three ponds the first time 5 pounds of nitrogen and phosphorous fertilizes Wi
added on March 19, 1962, (6% N, 12% P.,0;, 6% K, Wonder Gro Fertilizer Ca.,, San.
Anton 142, Texas] . Vcry hn—:avy nanup[anklun blonms were sustained and anemones, Zam- AT
marids, mud crahs, barnacles, and other animals on the reef hecame very numerous, Few S
oysters survived, however; rotifers dominated the zooplankton. After a period of 6 weeks
without intermixing, differences became noticeable in the ponds. Interpumping was con-
tinued every few weeks. Later in the summer when the pumps became fouled so that -
circulation stopped. some stratification and the excess of respiration over photosynthesis :
produced an almost anaerobic nighttime condition. Then when the pumps were retumned
to adequate function, the ecosystems continued to maintain a near anaerobic nighttime
phase. With declining light in the fall, metabolism in the pond and densities of animals

on the reef declined alzo. il

Salinities were adjusted by adding tap water to balance evaporation to a mark pre.
viously established on the wall. The alkalinity of the tap water used was 2.1 milli- -
equivalents per liter on May 5, 1962, this water being derived from Corpus Christi -~
water mains and ultimately the dam on the Nueces River. A study of alkalinities was °
made in these ponds under the arrangement of adding high alkalinity fresh water to

balance evaporation. B
Twice in May after sediments were added, carbon dioxide gas froma tank was Iﬂjmﬂd _.7 5
for several hours into the pump intake lowering the pH. The carbon diexide bubbles s
entering the pump were completely disszolved in passing through the pump system. AE
A diurnal study of total and filtered organic matter was made by Ronald Wilson on- <
March 24, 1962. i
For economy reasons, the interchangeable pump units in these experiments WISy
15 horsepower “Mitey Mites” with the disadvantage of a bronze impeller which W
doubtedly contributed copper to the systems. Dicharge rates were 62,5, 63.4, and 609
liters per minute on May 7, 1963, o
Grass Pond. In the spring of 1961, a concrete pond 13 m by 11 m and 1.3 m deep W85 .4
constructed with rounded cr.arncrs as shown in Fig. 1C. In early June turf of turtle gr‘ﬂﬂ 1
bottom and associated animals and sediments were brought from Redfish Bay ﬂnmn:}f _
the bottorn with grass beds in many places and with a layer of sediment 1!11‘0":‘:'}'“:{____
Water to a depth of 0.4 meters was pumped from the inlet nearby. Thcreaftet. tap w!lm_
was added as needed to balance evaporation to a mark thus simulating a similar Prﬂc+n'g
in the bays where addition of river water tends to balance evaporation. Plankton s¢°
was continued from many bays during the month. The pond was seined during th
and components of the nekton smaller than about 4 inches were allowed to rematn. oS
nal curves of metabolism were taken with oxygen and pH-CO. methods. Class projfe.
were done on the ecosystem, including a study of foraminilera by Warren [,Im:mweé;
attached diatoms by Alice E. Sharp. Diurnal measurements of a number of variables W53

AT
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S YT -w.-;a-‘.:)gl

:';naﬂ'-‘-- The effectiveness of mixing.under wind stress was studied with duplicate oxygen
md |emperature measurements. Studies were terminated by Hurricane Carla which
ﬂmdgd and broke the tank September 9, 1961. The cracks have since been repaired and
the system 15 again in use.

U plue-Green Algal Mat Ponds. In spring, 1962, additional small concrete ponds were
.‘.'.-Imi“ as shown in Fig. 1D. The bottorm was covered with a layer of sand. Then on June 28,
:_-"_-'lgﬁgr par[ia”}' dry, leathery blue-green algal mats from heavy beds near a bleed-water
r-"-:}.ulfall in the Laguna Madre 3 miles south of the Flour Bluff Causeway Toll Station were
- collected, stacked, and transported in a station wagon like sheets of burlap. The mats had
-:-Hi;rrﬂt‘ﬂﬂ?ﬂse. Lyngbya and other genera as interwoven filaments.

These mats were placed over 909 of the bottom sands of the ponds. Sea water was
- gdded to a depth of about 10 cm simulating the conditions on the blue-green flats. There-
"5"mgr the water levels were allowed to rise and fall with rain and evaporation. Diurnal
* measurements were made for comparison with similar measurements in the blue.green
:'_:"mat systems of the bays such as reported by Odum, Cuzon, Beyers, and Allbaugh (1963).

Ly

o Results

©" Metabolic rates for all pond experiments are given either in the tables or in the
“seasonal graphs.

Reer Ponp SysTEMS

i The sequences of salinities, metabolism, and events are given for the plastic pond
Z.-:tf‘IIJEI'iment in Figs. 4 and 5, and for the triplicate concrete ponds in Figs. 6-10.
- PMlastic Reef Pond. The system was exposed to an alternating sequence of sharp
-_:'ﬂ“nity changes like that in the bay prototype. The graph (Fig. 4) shows a rapid re-
;:-';'?w“}’ of community metabolism following salinity shocks even when the salinity changes
_taused death of the oysters and other dominant populations as on August 11 and Oec-
: ober 20, The ability of the system to substitute new populations with little interruption
;__-nf phm“]-’m}l"-b‘is or respiration was also noted in field measurements in Nueces Bay
-,_.mdum et al., 1963). The decline of metabolism during the latter part of the season
- ¥rompanied decline in insolation and resembled the decline in metabolism in the bays.
Tlle slight metabolism on August 11-12 wasz associated with heavy rain clouds during
m“::;} The E'i;agmratim: rate was 8 to 12 cm per week, Daily temperature sequences
5w tom 28°C at dawn to 39°C before sunset.

”.h the pump then being used, there was some injection of bubbles, The reacration
4 :‘;:::3 > "l_t:Le'fmined from tl].ti diur:lml curves (subject to tllm assumption of constant
flﬁ!ﬂip, Hmlli‘-‘.fplralmn] were variable, in part due to .1|'u=: variahle L"J-fﬁl.‘:-tt‘.-'ﬂnﬂﬁﬁ -;_::f the
,Er_fﬂl'rm-p_; r.mgo:d from 0.8 r.nLH.'IJI gm oxygen per m? per 1009 dehcit. The diurnal
o Were all without anaerobic nighttime phases. P and R were out of phase more than
;M‘Wﬂt CXperimental ecosystems in which irregular boundary fluctuations were elimi-

_\hd TE?}’EI‘H, 19G3a).
g Bl i i -
e ightly different oXygen concentration was sometimes found below the reef stream

gy - i i ; i
: Pared with 1hay above (Fig. 5) the difference representing the metabolic and reaera-

b1 (1) [ i 2 s :
P ® of the reef under the adaptcd conditions. Possibly significant differences

s " points not overlapping) were present in two of the four graphs, {July 27-28
3 et 34

{ eel

AR



386 Experiments in Engineering Marine Ecosystems

Reef Ponds
e T T T T
L Metabolism = Pord |
L 0 35:“_'_. Pand 2
15t Som 2
o / g P '-E . Pand3
i ri O - on, P Y
. A m— _._x.‘_
-
s
L Ry N
1ot £ T ) .
i p— ~S,
- L Z
i I g
5..
o_ i i I i 1 t :
Salinty
2o}~ 5, BY
%o O O M—« ooy
-
s 4
a g
8. = B -
e M B
z g £3f 2 2 3 3
: jEie il 7 2 ; :
3 ; 238§ %3 s B ik §
£ : ¥ 231 £ g oA L
} } bR b W |
: | ' : : - :
Alkalinily
Al |
meq i
liter o
4
2 =
i
)
o
i
4
3
= |
i
% i
3 | | | ! g 1 3EPT
=) TMaR. T&PR. Tnar TJUHE [T TAUG é
1962

. o s ents T the
Fic. 6. Scasonal record of metaholism, salinitics, alkalinities, and the sequence of E;;Peﬂm.:ntﬁ
triplicate reef ponds in 1962, The pH record during the carbon-dioxide gas injection ‘

iz given as an insel.

w3 A T R T



——

k. 7.y
- Ly
Petat, rnal

b
i
I p
~
2
!_ B

Experiments in Engineering Marine Ecosystems

Reef Ponds March 24-25, 1962
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record ol oxygen content, total insolation, carbon and oxvzen metabolic rate,
"€, and organic carbon concentration in the triplicate reef ponds March 24-25, 1962.
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TR A

(e

" [n the upstream and downstream data in Fig. 4, the changes in oxygen concentration
?;'rungﬂ from values too small to be significant to changes of 1.0 mg/1. With a flow of
0.2 m/sec. through a reef cross sectional prism of 0.6 by 0.1 m or less, the reef metabolism
“ranges from 0 to 2 g/m* per hr as prorated over the 22m? of the total bay-reef system.
‘Z:-:-'.Thus the reef at times may have had a metabolic rate dominating the total metabolism,
Cpot at other times the metabolic contribution of the reel was minor. Some photo-
f"_';i'_-fnﬂlclic contribution from reef algae to the system may be detectable in these upstream-
;%-J]nwmtrﬁam curves as indicated by oxygen increases in daytime July 27-28 and Au.
E“H' 4-5. The changes on July 23-24 suggest aeration. Large variations in the respira-
 tion of an oyster reel may be consistent with the findings of Collier (1959) that oysters
E,-‘::P"mp at widely varving rates in relation to the food concentration.

<= On November 1, 1960, after the reef had been removed, diurnal metabolic measure-
" ments were taken in which the oxygen ranged from 90 to 150 per cent of saturation.
”-‘:Thcn, on November 2, a new reef of oysters and barnacles was placed in the island
f:.'.'_t_ﬂumnel and another diurnal oxygen curve was taken on November 3 in which the
i oxygen ranged from 70 to 125 per cent. Whereas photosynthetic rates were similar
“(November 1, 1.4 g/m*/day; Nov. 3, 1.6 g/m?/day) the respiration rates increased
2.'_.fmm 0.3 g/m*/day on Nov. 1 to 1.9 g/m?/day on Nov. 3. However, a low respiration
_,j:l_'lte of 0.3 g/m*/day was obtained again on Nov. 6.

ﬁ At peak population the reef held 123 Crassostrea virginica, 410 Brachiodontes exusta,
’35 small mud crabs, and many Balanus eburneus and bryozoa. The spectacular diatom
Moom contained numbers up to 1300 Pleurosigma sp. and Amphora sp. per square
millimeter of bottom ooze. The same species were present in six oyster stomachs in con-
;;_mnl'ratinns 9 to 10 times greater than outside. Although the water remained relatively
:'d"aﬂdiﬂtmus were being transported from their prevalent position on the bottom ooze of
the system 1o the stomachs of the reef organisms via the current system. Increases in the
.Ihmwn blooms were observed after each influx of fresh or salt water.

- On the evening of August 10 a large number of the heteronereis form of Nereis

:‘:ﬂer!ﬁ was found swarming on the water surface of the tank, the congregation lasting
= nnurs,

s

L1

:~1- Triplicate Reef Ponds. The results of the zalinity, alkalinity, and circulation manipula-
Sang aT_E graphed in Figs. 6-10. Whereas the plastic pond experiment simulated
::T;:;:lﬂlum Pnpu]atiuns of the moderately fertile low salinity reef containing bay,
et populations developed in the triplicate ponds resembling most the heavily
i::r:dhs?stemﬁ of upper Galveston Bay and Nueces Bay. Most of the oysters did not
=4 y there was a very heavy reef growth of other consumers, Balanus eburneus,
§ 'marids, mud crabs, and sea anemones, The extremely productive plankton was
i “Mnated by small green nanoplankters and rotifers. The swarm of small animals on the

.~ "85 very much like that observed on reefs between Corpus Christi and Nueces Bays
2 ® fame season,

= An : . shs .
ﬂng;hf_ﬂprmg and carly summer the diurnal range of oxygen was within the aerchic
i *uitable for most larger animals (Figs. 7-8), but by the end of the summer the

implity ;
U pigp de ":’f oxygen range had increased so that oxvegen values near zero were reached
: E:ﬂtt“ql!;& 9-10). Temporary pump failures caused temporary stratifications and

] 1 4 aa . p -
; rest nighttime bottom conditions during several days in July. When pump functions
o tored, the fystem continued Lo develop near-anaerobic nighttime conditions even
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with sustained mixing. This sequence demonstrated that an enriched bay coyld folloy o
succession towards an anaerobic nighttime oxygen condition where radiation and m[xin: ;'_3'_:_
conditions were sustained. Such oxygen regimes provided limits to the number ﬂﬂdtvp:
of participating animal and plant populations. This experiment indicated that 5 '-\:illu
oxygen range pattern once stimulated by some enrichment such as from pollution inflyy
could be self maintaining. Recovery of ecosystems to normal patterns from bay enrick:
ment may not be possible without fushout.

The three ponds set up in a similar manner, seeded, and then interpumped did pmdm'
rough replicates with similar dominant plankton, animal populations, salinities and 7+
alkalinities. Replication of metabolic rates was not as good since conditions in the pak
gradually drifted apart over a several-week period. As indicated in Fig. 6, interpumping
was arranged several times during the 6-month sequence, The degree to which the repli.
cations were maintained can be observed from the graphs of ponds 1, 2, and 3. Whereas -
interpumping momentarily makes the fluid uniform, the nekton, benthos, and reef com-
ponents are sufficiently different to keep metabolic patterns somewhat apart. .

A study was made of the alkalinity changes that accompanied the high rates of pond - -
metabolism. Tn March when metabolism did not get an effective start in the bare tanks, -
fertilizer and a sediment floor was added, followed by tremendous blooms in which the
alkalinity was lowered as pH levels became very high. What contribution alkali from
new concrete was making at this time is not known. Later, as in all the concrete experi-
ments, the walls became heavily coated with a biological encrusting layer thus making
the walls similar to the bottom sediments as living biogeochemical exchange surfaces.

Then, in April, more seeding with organic matter containing muds contributed to
respiration lowering pH levels somewhat. To control the alkalinity range upward and
the pH range downward, an experiment was twice made with injecting carbon dioxide
into the ecosystem as an ecological engineering technique. As indicated by the graphin
Fig. 6. pH was immediately lowered, rising again in several days with increased alka-
linity as the free carbon-dioxide added was neutralized by carbonate solution from the
sediments.

During much of the summer, salinities were held fairly constant by adding the ha..l'd
tap water to maintain a constant water level of 0.5 m. That little further rise in ﬂjk*‘]in'f:'r_
developed indicates an equivalent deposition of calcium carbonate in the ecosystem asif
the rapid growth observed in barnacles and mussels on the reel. .

The increase of alkalinities over that of sea water due to the use of high alkalinity
fresh water to balance evaporation apparently duplicates the situation in zome Texas .
hays, Park, et al. (1958) showed the increase in alkalinity to chlorinily ratio in I!hf.'.baff'E'
A series of 22 alkalinities [rom the Aransas Pass inlet into Baffin Bay via the Corpts

Christi and Laguna Madre ranged from 2.9 milliequivalents/1 at Port Aransas d:;?-;%h .
58).

values above 3.0 in the upper Laguna Madre to 4.0 in Baffin Bay (Park et al. | s
This system of high alkalinities is favorable for a regime of calcareous d‘-*i"”‘““f;"it_“ :
etw

biological components reefs and sediments so that a steady state can develop b :
evaporation-inflow and losses from deposition and Gulf exchange. Thus the general E:: -
bonate geochemical patterns of the pond sequences were similar to the h“l"_Pmmw :
Wilson (1963) was able to demonstrate direct changes in organic matter in dar.k Mal
light bottles containing plankton with direct organic matter determinations. The diurt
measurement sequence on March 24, 1962 (Fig. 7) suggests the diurnal pattert "
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experted although the method was not sensitive in this situation. Organic matter levels in
the waler on Fehruary 12, 1962, just after the ponds were started, were 5-11 mg/1, not
much above that of the Gulf water used to start the ponds. By March, however, the
ecosystem was maintaining levels of 19 to 30 mg/1 like those in some of the isolated
bays like the Laguna Madre and Baffin Bay. It may be postulated that with restricted
di,ir'erﬁiliﬁs among the consumer networks, the organic levels in the pond must rise, thus
dimulating micro-organism metabolism adequate to balance photosynthesis just as in the
hays.

It may be suggested that there is a general inverse relation between dissolved organic
matter and diversity of consumer circuits among higher organisms. The low nighttime
oxygen regime favors restriction of species and increase of organic matter. In this
sequence the organic matter is entirely self-generated and iz not controlled by import or
pollution.

The energetic input to the triplicate ponds during the summer was from two sources,
the sunlight and the circulatory energy supplement supplied from man’s civilization as a
power supplement. In the absence of this circulatory energy, the processes of photo-
synthesis and respiration, each dependent on recirculation of products 61 one to the other,
would have been limited to those circulatory mechanizsms paid for [rom the systems own
“energy as with fishes, diurnally moving zooplankton, migrating dinoflagellates or pump-
ing of reef animals. The pumping rate of 62.2 liters per minute from electrical power
supplement contributed 4.2K Calories kinetic energy per square meter per day to the
system as compared to 4200K Calories per m? of visible light received. If, in the ahsence
of such circulation, the ecosystem were circulating nutrients by supporting large nekton
al the herbivore and carnivore levels, the transfer of visible light energy through the
traphic levels, thus concentrating power enough to provide movement independent of
ﬂ?ﬁ medium, would result in the same order of magnitude of power for nutrient circula-
bon. In the Laguna Madre, Hellier (1962} found a conversion of gross plant production
Wofish praduction of 0.0749%.

Ina number of graphs replicate Winkler analyses showed irregularities in the diurnal
L'Iu!v(- of oxygen at a time when the pump-driven reaeration was unchanging and the
hghtlﬁﬂlds were unchanging. These variations appeared, for example, in Figs. 2, 9, and

: m'“_’ﬂ"ﬂ changes observed in field work have often been attributed to wind variations
¥ ling reaeration and differences in local trajectory, fish schools, ete, In the tanks they

P_pﬂ”””}' repregent large changes in the system metabolism such as might be provided
u'r:::;';]::f;'nﬁ of the reef.1pumping or not pumping. The rise in oxygen :lhof_u midnight
e, _awn trnhservtd in sewrull eurves may represent cessation or decline of some

: *y [unctions such as pumping.

(rrass Powp

gy T]rﬁ}_‘-'ﬁ";urds of metabolism and events in the grass pond are given in Figs. 11-13.

; “i; ler lranzf.p]anting and seeding of the large pond a moderately high photo-
ﬁsH Hanﬂ respiration developed which was similar to that in parts of Aransas and
_ ¥s {Odum and Wilson, 1962; Odum, 1963). During the summer, animal and
-D'i Populations developed like those in the bay prototype. Thalassia testudinum,
g Te wrightii and Ruppia maritima continued to maintain new growths. Benthic
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B millip
Satory pI”P'UIﬂﬁUnS were ohserved in sediments and water, especially Nitschia closterium
Emﬁ‘:rtﬁ*:”fﬂ grfmviﬂe I{iqi_:ntiﬁf:cf by E. J. Ferguson T_"}"mdj. The dominant vcrt.ir:a.l mi-
: Acartia was verified on August 23,1961, (Fig. 13) . Brown shrimp, Bairdiella,
TPrinodor, vartegatus, Fundulus similis, and Menidia beryllinia were common. When
mﬂ'::::as examined after drainin_g on September ‘_J., 5-inch oysters and heavy barnacle
g £ri olm_seri'ﬂd on the walls Jusl as on the solid substrates of the pr_ntu:it}rpe ha}'&.

F _p‘:'l""u]ﬂhﬂll of bottom foraminifera was observed and studied by Wayne Horton.
ang rﬂrl; llﬂ;asurements of memhul_ism per individual with the pH-CO, m::r}.md in vials,
bottom counts, he estimated that 5% of the total metabolism (0.030g O,/
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Grass Pond Aug.31-Sept. 1,1961 085m
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the hare sand between the transplanted mats zo that there was a continugus carpe't.
heavy population of corixid water bugs developed. Metabolic curves with an ang. %
nighttime phase with low redox potentials were observed just as in the enviranmen
prototvpe. A vertical structure of filaments and black organic ooze was Maintaingd 'W‘.
that analyzed by Sorensen and Conover (1962). In November, 1962, with the onzet '
cold weather, the hlue-green algae disappeared and the heavy black ooze helow the i i
declined. Microscopic examination during the winter showed only diatoms. Then 'li'l.ﬁ :
March, 1963, the ponds turned bright yellow as the blue-green algae again bloomeg H’"
bottom carpet, Although salinities ranged from oligohaline to hypersaline, the Wi:t%'.
hl-lf_,-‘,'!i were abundant in the water over the bottorn throughout the summer, ‘-\-‘inier, s
EpTIng. e
In Figs. 14-16 are the diurnal properties observed in the blue-green algal mat p.}ﬁ :'
which may be compared with those in the environmental prototype {Odum et al., 195@:1’&1 '_
The low level of the water allowed the heat and metabolic reception of the sun’s Ené,&i"f i
Lo be concentrated so thal very wide daily ranges of temperature, oxygen, redox PUlentia_'i_, J.
and pH were observed {Fig. 14) as in the prototype. Salinity was initially 154, hufE.ff'
increased to 20-30 %, by evaporation when the metabolic pattern was recorded in [n‘jsiif
14. Alkalinity ranged between 2.1 and 2.6 milliequivalents per liter. By July 22 when -
metabolism was again measured {[Fig. 15) the salinity had reached 74.4 %, These wsﬁfk
ranges precluded the development of many kinds of organisms. The persistence of LI'I‘ |
mats and metabolic patterns in these ponds through the summer confirmed the role of;
the shallow depth as a mechanism controlling biota. The role of the anaerobic nightti_r'l‘_f
phase in restricting consumers and thus favoring the deposition of organic matter ST-H!&
able for oil petrogencsis was proposed earlier (see abstract, Odum and Vick, 1952}
The feasibility of culturing the blue-green mat system in ponds and smaller mic ¢

cosms has implications for experimental study of sedimentary diagenesis. The diurnal

variations in potential and the significance of electrochemical power take off from this.
=

ecosystem is explored in a manuscript by Armstrong and Odum (1963). A
The comparison of metabolic rates computed for carbon are compared with thﬂﬁﬂfﬂ“
oxygen in Figz. 14. As in the blue-green mat ecosystems in the bay prototypes, & WEP
large molar metabolic quotient {C0./0.) developed. The discrepancy exisls avﬂﬂ_'ﬂ_i:f‘_?ﬂ'
over-corrections are made for Winkler interference and reaeration. The I:Uﬁ-f:l'ﬂi'“if_ll‘“-_fg.r
between carbon and oxygen were particularly large after dawn when it may be pnatu_h} )
that oxygen dehicits accumulated in the mat during the low oxygen perinds of the night
were oxidized thus masking the gross photosynthesis. The metabolic patterns
in Figs. 14 and 15 were not greatly asymmetrical and were similar to those in 8619
systems. P
The record on August 5-7 in Fig. 16 indicates the rizing salinity w ith f"'af“rai:';%
during a two day period as well as the normal metabaolic rise and fall of pH. With . :
pH values and carbonate equilibria shifted mainly toward the earbonate stal® Pd s
synthesis in this system is apparently operating directly on carbonate [ractions 3551 ;
cated by the variation in alkalinity.

The steady rise in salinity charted in Fig. 16 reflects the evaporation rate.

Discuszioy |
s allowes

" : " : i 01t
In these examples, control and morphometry, circulation, and seeding In P i
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productive ecosystems to develop with many properties like those of the bay PrOLotypeg
heing simulated. Not all the properties and components were like the hays, however, 4
in the instances of rotifers in the reef ponds or the water-bugs in the blue-greey mat
ponds. The systems cultured were zimilar but not the same as the prototypes,

Nighttime low oxygen conditions were developed according to the water depth ang
nutrient concentrations without contributions or organic pellution, especially whey
tespiration exceeded photosynthesis following periods of high productivity. In vepy
shallow waters, low nighttime oxygen tension was apparently a necessary CUHEEI.'EIIE“(;
of appreciable productivity.

Discrepancies between carbon and exygen rates by these methods apparently exjst
even when potential artifacts such as Winkler interference and inadequate reaeration
corrections are eliminated, In the shallow blue-green mat system photosynthetic oxidanis
apparently go for oxidation of system substances without appearing as dissolved 0xYgen
s0 that the diurnal oxvgen underestimates the metabolism as measured by carbon. 4
similar process may have heen involved in the sequence in the triplicate ponds in which
respiration seemed to be exceeding photosynthesis through much of the summer. Diver.
sion of some plus charge “holes” in photosynthetic receptors into some processes other
than releaze of oxygen causes the P/R ratio to be too low and the assimilatory quatient
to be too high. Whereas P/R and A7) are objective parameters of the ecosystem, regard
less of the diversions of electrons or holes to other processes, the P/R and AQ under
these conditions are representing only part of the basic oxidation and reduction processes
driven by light. The circumstances resernble those in the Black Sea as studied by
Kriss {1963,

Considering all the pond experiments, metabolic rates were mostly less than 6 g oxygen
per m? per day without outside pumping energy and somewhat higher in the triplicate |
reef ponds with auxiliary power supplement through the pump. These values involve |
photosynthetic efficiencies 0.5 to 3% of visible enerzgy received and were generally some- |
what less than the bect developed prototype bays.

Considering the cost of marine field work, the pond methed for experimental and
replicated study of the bay prototypes is attractive for intensive controlled study of
metabolism and marine biogeochemistry. For example, radiotracer experiments it
ecosystems of known metabolism and populations can be safely followed in the }'H:'"d
systems and used to interpret bay phenomena with some justification.

The pond systems were less diversified than the bay prototypes as expected due to their
isolation from large population reservoirs. Total metaholism was also less than in sem®
prototypes. Formulae for ecological engineering such as those tested in this study may be
useful in channeling energies into particular food chains in ecosystem culture,
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