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INTRODUCTION

The large artesian springs of Florida are
lectively a giant laboratory for the study
atural All are main-
d at constant temperature and rela-
Y constant chemical condition by the
from underground. Although
tnperatures of about 23°C are similar,
emical conditions of each spring are
What different (see Ferguson et al.
ince many properties are similar
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of primary production in these spring communities.
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chlorophyll and oxXygen
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ABSTRACT

primary production measurements were made in eleven

'y in the Florida Keys by

Diurnal measurements of oxygen and carbon dioxide
he main springs were used in estimatin
_production and community photosynthetic quotients. These curves sho
“course of production hour by hour under various conditions in whol
- The primary production values obtained r
heavily shaded, anaerohic Spring on a rainy
‘in an aerobic spring where the plant beds trailed at the water sur

€ gross primary
w in detail the
e natural communities,
anged from 0.7 g oxygen/m?*/day in a small,
day to 64 g oxygen/m?/day on a sunny day
face. A comparison of
studied suggests that oxygen, phosphate, nj-
determining the magnitude
Light as influenced by cloud cover,
Approximate efficiencies found were
reaching plant level. Downstream in-
suggested a steady state in 7 km of longi-
of benthie algae of 1.5
the rate of bubble release into funnels

method closely in Silver Springs, Florida,
are reported elsewhere (Odum 1957). In
this paper similar studies are reported for
eleven other Florida Springs, as well as a
marine turtle-grass community whose tidg]
waters flow over the benthje community in g,
way that suggests comparison with the
freshwater Spring communities. Some prop-
erties of these thermostatic and chemo-
static communities are given in Table 1,

The diurnal curve method of measuring
production as applied to springs consists of
measuring  oxygen and carbon dioxide
throughout a day at a station below the
spring outflow (boil). Since the boil is
constant in properties, the action of the
community on the water is indicated by the
downstream differences. By subtracting
the night values from the day values and
applying a correction for diffusion differences
between day and night, one ohtaing the
gross primary production.

In some streams the changing degree of
saturation at night permits an estimate of
diffusion and respiration to be obtained
from the diurnal curves themselves (Odum
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TaBuk 1. Characterisiics of the communities studieds
Depth gf Shabciing Oxygen? fj'_a.ri:r%n NOs-N PO4-P I\‘{)/’P
Name of spring and location plants trezsb dioxide atoi)s
m %o ppm ppm ppm ppm
Anaerobic Springs
Beecher Springs, Welaka, Put- 1 80 0.8 4.5 0.11 0.112 2.3
nam Co.
Blue Springs, Volusia Co. 1 50 0.25 7.9 — 0.123 —
Aerobic Springs
Weekiwachee Springs, Hernando 2 10
Co. L 4.8 0.12 0.018 15
Manatee Springs, Levy Co. 0.5 60 1.8 132 — 0.037 —
Silver Springs, Marion Co. 1 10 2.6 9.7 0.46 0.054 23
Green Cove Springs, Clay Co., 0.05 50 2.8 1.8 0.09 0.005 42
zone below pool
Chassahowitzka Springs, Citrus 0.1 10 3.8 9.2 — 0.013 —
Co., oligohaline side boil
Blue Spring, Alachua Co., small 1 90 3.9 7:5 — — —
side boil with “Utricularia’
Blue Spring, Alachua Co., main 0.2 70 4.2 6.8 0.85 0.092 21
boil
Homosassa Springs, Citrus Co., 0.1 30 4.3 4.9 0.080 0.008 23
fish-bowl spring, oligohaline
Rainbow Springs, Marion Co. 1.5 10 5.2 4.9 0.080 0.008 23
Marine Turtle Grass,
Long Key, Fla. 0.5 0 4.2 — - - —

* The springs are arranged in order of increasing oxygen concentration of the water |

values).
5 Visual estimation.

¢ From boil to downstream measurement station.

1956a). However, in springs with their
constant outflows, diffusion must be deter-
mined independently. In this paper a
value of the diffusion correction obtained in
work in Silver Springs (Odum 1957) is used.
The diffusion estimate itself, however, is not
crucial for the determination of gross
primary production. Diffusion is sub-
tracted along with respiration when the
night values are subtracted from the day-
time values. It is only the change in
diffusion resulting from the change in
saturation deficit for which correction must
be made. Judging from studies on Silver
Springs, the correction for changing dif-
fusion apparently amounts to only about 10
to 15% of the total production in spring
communities.

In this paper as in previous papers small
letters designate metabolic rates on a water-
volume basis and capital letters metaholic
rates on a community-area basis.

CHEMICAL METHODS

Oxygen was measured by the ur
Winkler method, the samples be
in the field. Carbon dioxide w:
mined from pH and methyl purple ¢
by means of an alkalinity nomogran
1945: 288). Because of the low
matter content of the water (lesf
ppm) it was possible to bring tt
back to the laboratory for pH de
tions. These were made within
hours of the time of sampling. CH
determinations of the plankton we
from 3-liter samples. After the W
passed through millipore filters, !
was then dissolved in acetone and
ment concentration estimated with
man Spectrophotomster following
cedure of Richards y-ith Thompsot
THE DIURNAL CURVES OF OXY¢

CARBON DIOXIDE

In Figures 1-10 are given F-he.
curves made in 10 springs at statio

e e ———
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Fre. 1. Diurnal curves of oxygen and carbon
dioxide at a downstream station marked z in
- Bescher Springs, Welaka, Puotnam County,
- Florida, August 2, 1955. This spring is anaerobic
~and characterized by blue-green algae and white
“sulfur bacteria.

t
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di[i:gé ? Dimnal_curves of oxygen and cal‘bqn

Blye g Fom a station 450 meters downstream in

1955 Prings, Volusia County, Florida, August 9,

Y blye. € Spring is anaerobic and characterized
Ereen algae,
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Fra. 3. Diurnal eurves of oxygen and ecarbon
dioxide at a station marked = downstream from
Weekiwachee Springs, Hernando County, Florida,
July 26, 1955. The spring is very deep and
floored with Sagitiaria and algae, especially
Hydrodictyon.

in each case a short distance below the
main boil. For reasons of economy coms-
plete 24-hour series were not obtained, but
the field work was planned so that a rep-
resentative night value was obtained either
late at night or early in the morning. All
sampling was done in duplicate or triplicate.
The shaded areas between the mean curves
and the horizontal lines representing the
night values are a measure of the 2ross
production. The lower part of the hori-
zontal black bar graph indicates the dura-
tion of light. The upper margin of the
black bar is straight and horizontal when
the sun was shining directly without inter-
ference from clouds as indicated by deserip-
tive notes made in the field. Tt should
be realized that the curves are records of the
hour to hour changes in production, which
reflect the weather and ecloud changes
intimately. No clear cut evidence was
found of a midday depression in production
as known for isolated land plants.

As also reported in the Silver Springs



38

0,
PPM o
4\@
e
13
CO,
PP 12

TIME IN HOURS

100 M
’_‘_‘-—-_|

Fie. 4, Diurnal curves of oxygen and carbon
dioxide at 4 downstream station marked ¢ in
Manatee Springs, Levy County, Florida, August
15, 1955.

work, the oxygen and carbon-dioxide curves
are not entirely symmetrical in that the
carbon-dioxide curves show irregular be-
havior after Sunset.  Whereas the oxygen
release by the Community ceases at sunset,
the carbon dioxide uptake seems to continue
longer as indicated in the graphs for Rajn-
bow, Homosa.ssa, Beecher, and Blue Springs
(Figs. 1, 2, 9, and 10). In contrast, the
Alachua Blue Springs (Fig, 7) show some
kind of Over-compensation after sunset;
with the carbon dioxide rising temporarily
to a higher valye than typical of the night-
time. Tt ig pot certain  whether these
effects represent the behavior of the plants
OF are an artifact due to some differences jn
mixing that oceyr along the shores as some
of the backwaters coo].

In Green Cove Springs (F 1. 5) the water
from the boj] flows in part into a SWimming
pool and gver 5 falls before flowing over the
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community of organisms ip the

‘Stream.  In-this situation the larg,
of the swimming pool relative tq the
troduces complex lag factors affect
water that enters the downstrear 0
such a situation where the Propertig
Water entering the zone are not o
the two-station analysis mugt be regy
As shown in Figure 5, diurnal Curyg
obtained at hoth ends of a short segn)
the stream. The upstream Valuyes
then subtracted from the duwnstream
to get the rate-of-change curves for
and carbon dioxide.

In Figure 11 are bresented data for,
turtle grass off Long Key, "lorida, ofy
by the modification of the diurng]
Previously gag the.

method  (Odum 1956a). The thick
characteristic beds of Thallassiq were oy
in 3 ft of flowing water which was epy
ally changing in direction ang vely
because of the tide, The procedure y
here was for the wading observer to il
a 5pot of fluorescein dye in the waly
about ten to twenty minutes, usite
fashlight at night.  The enormously
production rate of this denge grass o
munity produced significant oxygen chay
in short time intervals, Duplicate sam
of water were taken adjacent, to the dyes
at the start and completion of a run.
fluorescein spot s renewed periodic
from a dropping bottle as the dye dispe :
The oxygen values obtained are gives:
Table 2. An OxXygen rate-of-change Lt
(Q) was computed ag given in Figue 4
Respiration and diffusion were then obtaitf
using the methods given previously (Odz:;.
1956a). When these estimates of mpes,:_
respiration and diffusion are svhlbtmcffff‘f!I i
the oxygen rate-of-change curve the prit
production curve obtained js shown at
bottom of F igure 11. Because d}ﬁ.ﬁ\
degrees of

compute the diffusion coefficient. k
not possible in the case of the SpIIngs

T ye—
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(ma:f{"da- ‘Dilll‘na.i curves of oxygen, pH, and carbon dioxide as computed from pH at two stations
gl‘ﬁphfd Lhan the run below Green Cove Springs, Clay County, Florida, July 7, 1955, In the lower

S are

Statiog. Dlt_)tted curves of oxygen and carbon dioxide change between the upstream and downstream
"5. This shallow brook ¢ontains Vallisneria beds.
COMPyp oy
COMMYNy
In Ty
“Omputeq

ON OF PRIMARY PRODUCTION AND  and carbon-dioxide curves. The compu-
TY PHOTOSYNTHETIC QUOTIENTS tation consists in multiplying the area under
€3 is listed the primary production the diurnal oxygen curve (Figs. 1-11) in
for each pair of diurnal oxygen ppm-hrs/day by the discharge in m*/hr and
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Fia. 6. Diurnal curves of oxvgen and carbon
dioxide at the mouth (marked z) of the first of
the smaller oligohaline springs that flows into the
main Chassahowitzka Springs run from the
North a few hundred feet below the main fish-
camp area, August 3-4, 1955. The water is filled
with heavy beds of Potaniogefon pectinatus, Val-
lisneria, and algae, which trail at the surface.

dividing by the area of the community
between the boil and the dowustream
station 1n m?% For example, in Weeki-
wachee Springs 14.5 ppm-hrs times 10,7 %
10° m?/day divided hy 16 x 108 m2is 9.7 g/
m*/day oxygen production. In the Silver
Springs study the oxygen production was
shown to be more closely proportional to
the energy storage than was the dry weight
or ash-free dry weight because of the possible
shift from glucose to protein production
with changes in light intensity. Conse-
quently production values are reported as
oxygen measured. Based on Silver Springs
a 10% uniform correction for change in
diffusion rate between night and day was
added to obtain the production values in
Table 3. Since the range in saturation
deficit of oxygen during night and day is
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Fic. 7. Diurnal curves of oxygen and carhon -

County, Florida, July 28, 1955.

5
OE
PPy 4
?--
Co, 1
VIS

Fic. 8. Diurnal curves of oxygen 3% )
dioxide at a station marked z in the .ﬂlaiﬂ Iy
Blue Springs, Alachua County, _Fl@rld‘%
1955. The spring contains mixed
Vallisneria, Najas, Ceratophylhen,

vegetation.
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dioxide at the mouth (marked z) of a small shaded i

boil full of Utricularia at Blue Springs, Alachus
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Fic. 9. Diurnal curves of oxygen and earbon
dioxide at the statjon marked z in Homosassa
Springs, Citrus County, Florida, July 19, 1955,
Most of the discharge comes from the main fish-
bowl boil as indicated by the heavy arrow in the
sketch. The area of the small springs to the
right is mostly shaded and covered with floating
Only the area of the main fow is used
!0 computations. This main spring is oligohaline
and Perpetually o place of milling about for
Tarine fisheg,

Similar in each spring, the diffusion effects
are likely 6 be gimilar.

The ealeulation of carbon-dioxide assimila-
100 was made in the same way as described
Of Oxygen. Then the ratio of the oxygen
Elrﬂ‘duction to the carbon-dioxide production
38 "Ported as a community photo-
hyn.thetm quotient as already donefor Silver
Prings (Odum 1957).

Fy
CT0RS ARPRoTING TRIMARY PRODUCTION

In Table 1 are listed some of the main

e the community that might
H *Pected 1o modify the primary produc-

1oy ;
tre; the degree of shading of the stream by

2t the APproximate depth of the water

® Main leve] of photosynthesis in the

o :
AUG, 17, 1955 ALG, 16, 1955
4 )
Oz
8
7T 4
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Frc. 10. Diurnal curves of oxygen and carbon
dioxide at & downstream station marked 2 on g
clear day in Rainbow Springs River, Marion
County, Flerida, August 16, 1955.

plant beds, the nitrate-nitrogen, the phos-
phate-phosphorus, the N/P ratio, the car-
bon-dioxide concentration, and the oxygen
concentration. ‘

It is clear from the diurnal curves and the
computed production values in Table 3 that
there is an enormous range of production
within the springs studied. In considering
the factors responsible for these differences,
one should think of these communities as
being in steady-state equilibrium due to a
thermostatic, chemostatic, and remarkably
constant biological environment. Thus the
productions that are reported represent, the
productivity of the stabilized steady state
and presumably represent the maximum
production possible under the conditions
of the particular outflow. Hypothetically
communities will adjust to the maximur
production that can be sustained since such a
community may be expected to have
maximum survival value following Lotka's
maximum power principle (Odum  and
Pinkerton 1955).
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Fre. 11. Rate of oxygen change (§) and pri-
mary production (P) on an ares hasis in masses
of water moving over beds of turtle grass along
the causeway on Long Key, Tlorida, August 14,
1955, The oxygen curve (middle graph) is used
to correct for diffusion loss during the day so as
to derive the production curve (P) from the OXY-
gen rate-of-change curve (Q). Parcels were
followed with fluorescein dve by a wading ob-
server. Points are the mean differences between
duplicate samples (Table 3). Current velocity
varied from 0 to 0.22 m/sec.

TasLe 2. Ozgyen changes (mg/L) near moving dye
spots over Thallassia grass fats dug. 14, 1958,
Long Key, Fla.

e Time Rate of
Time of % Depth Oxygen Oxvgen Oxygen  oxygen
start XEnSe I m  atstart at end change  change
minutes gra/m2/hi

2:35 pm 7 0.9 6.85 7.05

G.81 7.10 0.25 1.86
3:50 pm 14 0.9 7.24 7.49

7.20 7.44 0.25 0.94
6:41 pm 5.5 0.9 7.79 7.80

8.04 7.682 —0.21 —2.1
10:24 pim 10.4 0.75 §.67 5.45

§.80 5.40 —0.32 —1.4
7:63 am 4.8 1.08 4.47 4.43

4,48 4.52 0 0
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An examination of the carbon-dioy;
nitrogen, and phosphorus values in Tabj
suggests no correlation with the Primg
production. That the nutrients which Iy
production under transient conditions
not important in steady state seems regg
able since the large and continuous Hows
continually renewing the aquatic mediy
80 that no real deficit of nutrients g
develop, If nutrients are not limiting, o
next looks to light as the limiting factor, }
previous papers Odum and Pinkerton (1953)
and Odum (1856h) presented s theory thy
in steady state when light is the limiting
factor an adaptation for maximum power
output (production) is developed at a
moderately low efficiency. This efficiensy
is lower than the maximum possible o-
ficiency. These springs may provide rel
cases to test the operation of this principle
It is not unreasonable that the springs repre:
sent the maximum power adjustment to the
available light. The efficiencies may repre-
sent the optimum efficiency postulated i
the aforementioned theory as a requirement
of Lotka’s principle and the second law
thermodynamics, o

An examination of the data in Table!]
shows that the light reaching the communit -
is the main factor controlling producio?
In Silver Springs the maximum cloudine$;
in rainy swumer days lowered the prmafkt.
production by half. Whereas this effect !
clearly indicated and the effect of the trees?
also clearly apparent in the Beecher {.‘ﬂd
Alachua Blue Springs, the cloud effects &%
tree effects cannot account for the
ferences in the productivity of fela?;ﬁ :
unshaded springs studied on suniy el
An examination of the depths of the \rh
over the plant beds, however, reveB_Jﬂ
the springs with maximum productﬁ?ltl ;
long streamers of rooted plants _ﬂm’
port Aufwuchs within a few celit-i.ﬂfiasi
the surface, such as in Chassahomt-f _
Boil and Homosassa Springs. It alf:;
possible that the anaerobic Sp'ﬂlr::"iiﬂ.'
lower efficiencies, as in Blue VOIS
Beecher Springs, Welaka.

Starting with an insolation_ 171
of about 7000 kCal /m?/day (Kenn*¥ ;
some rough estimations of light M

b

for Aug
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Tasie 3. Production measurements during July and August
_ e PR R s .
il }Cotn1muztI__it}"
i Date ¢ Discherge ]‘Ox_,yggn a C,Mb—on-]dipﬂge pé?wotei:é]n]rnbe;c
KR g S Te
1.37)
Beecher Aug. 2 broken to over- 0.44 0.68¢ 1.2¢ 0.9
cast, rain
Blue, Volusia Aug. 9 sc?ttered cumu-  11.7v 5.4¢ 14.1¢ 0.5
us
Weekiwachee July 26 broken clouds 10.70 10.7¢ 9.4e 1.5
Manatee Aug. 15 scattered clonds  15.0v 19.4e 51.7¢ 0.5
Silver Mean of 3 68.0¢ 18.0 17.4 1.4
measure-
ments during
July-Aug.,
195455
(Odum, 1957)
Green Cove July 7 broken clouds 0.494 15. 21.2 1
Chassahowitzka Aug. 3-4 broken clouds 2.74 26.7¢ 28.5¢ 3
Side run
Blue (Utricularia) July 29 broken clouds 0.664 2.0 35.20 0.8
Blue, Alachua July 28 broken elouds 3.7d 5.2¢ 0. 1€ 0.8
Homosassa July 19 broken clouds 18.6% 63.8e 95.0e 0.9
Rainbow Aug. 16 clear 70.0° 23.9e 18.0= 1.8
Long Key Aug. 14 almost clear —— 34.0 — —
e e - B o _
* (ppm-hrs from graphs) (discharge)

area
* Ferguson et al. (1947).
o Courtesy, U. S. Geological Survey.
! Measured with dye

and watch at a cross section.

¢ Includes 109% addition for diffusion difference between day and night.

Dlant leve] gan be made. The following are
the factors yseq for calculating the light
Energy reaching the plants relative to the
18t energy, reaching the ground on a clear
‘lﬁ_Y- Half is considered of wave length
:é‘rg&bie for photogynthesi_s, L7 s cgnsideyed
eredOIEd for broken cloudiness, 14 is con_mdﬁ
cmoved by 1009, heavy tree shading,

¢ firn % is consider:ed removed for
FeHer-ﬁ? Mmeter of water (includes surfac_e
“Uon ang refraction). From the esti-
shagly - l_wa.ter' depth, cloudiness, and tree
ﬁsmmli' 1St‘ed I Tables 1 and 3 _a,nd the
the vig; S?Hé_ gtgted above, an estimate of
5 1 light energy reaching the plant
0 egch SPring at the time of the

1 measurement was  computed.

€ 12 the production measurements
Computed Jight intensities are
55 e distrjbu'tion of points.indi—
Ugh correlation of gross primary
slion With visible I.ight intensity as
Mated. The efliciencies seem to be

Categ

about 4%, with little sign of decreasing
efficiencies at the higher production rates.
Ten measurements made in every season in
Silver Springs (Odum 1957) showed g sim-
ilar correlation of production and light,
Intensity at about 5% efficiency. That so
many varied communities with high produe-
tion should have so similar efficiencies under '
conditions of continuously renewed medium
supports the theory of an optimum and
moderate efficiency requirement for maxi-
mum production under naturally adapted
and competitive conditions, These results
are similar to the seasonal correlations of
production with light in naturally adapted
lakes found by Verduin (1956).

The absence of light saturation effect in
Figure 12 suggests that these permanently
fixed benthic algal communities like pine
trees on land (Rabinowitch 1951) are sun
tolerant at high light intensities, and thus
differ from plankton communities studied
(Ryther 1956a). Manning, Juday, and
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HOMOSASSA)

5¢ 4

PRODUCTION

oM
2
M Bay

OXYGEN

LONG KEY \

CHASSAHOW!TZKA\ ]

RAINBOW
SILVER
GREEN COVE L}

WEEKMAGH?

@ ALACHUA BLUE

VOLUSIA BLUE
e®_
"___,.———UTRICULARJA BLUE
___——BEECHER i ;

1 t T
3000

=)

o
S MANATEE

N

A

LIGHT
KCA%%M

Fia. 12. Gross primary production on an area
basis as a function of visible light intensity reach-
ing the level of main plant beds. The production
values in Tables 1 and 3 are obtained from areas
under oxygen curves in Figures 1-11. A 4%-
efficiency line has been drawn on the basis of 3.4
Calories production per gram oxygen released.

VISIBLE INTENSITY

Wolf (1938) showed a similar sun tolerance
in lLittoral Cladophora.

The range in photosynthesis due to
changes in light intensity is apparently
greater than that found in plankton com-
munities (Edmondson 1956). The larger
range in the spring communities may be due
to the absence of a light saturation effect
in the normal range of light intensities.

COMMUNITY PHOTOSYNTHETIC QUOTIENTS

The photosynthetic quotients (0»/CO:
by atoms) as estimated from the areas under
the diurnal curves in Figures 1-10 are pre-
sented in Table 3. Tike the quotients re-
ported for Silver Springs, the quotients in
these varied environments show a correla-
tion with the magnitude of production,
suggesting a greater per cent protein pro-
duction at times of maximum light intensity.

That the quotients are as close to 1 as they
are is in one sense a rough confirmation of
the order of magnitude of the production
values. IHowever, the guotients below 1
easily accounted for. Ryther

are mnot

(1956b) summarized data on photosynthe;,
quotients in populations which resemp),
those in nature and found that values
about 1.25 were wusual. Schmassmapy
(1951) using diurnal oxygen and carhop.
dioxide curves in a Swiss stream obtaine ,
community quotient greater than one,

One possible factor that could Jower the
community guotient in some springs js a
diurnal shift from anaerobic metabolism gt
night to aerobic metabolism during the -
daytime, as a result of slight daytime rises
in oxygen tension in microenvironments.

Variation in type of nitrogen source can
also produce differences in community -
photosynthetic quotients. As  previously
suggested on the basis of some nitrate in- -
creases observed in two springs, there may
be some nitrogen fixation where nitrate- -
nitrogen is scarce (Odum 1957). More
oxygen is released where the nitrogen source |
is of the nitrate type. DBurstrom (1956) |
summarizes the complex effects on the .
photosynthetic quotients due to variations |
in nitrogen metabolism. :

HOMOSASSA SPRINGS i

The Homosassa Springs s a very pe_cuhﬁ-r 5
environment. That the enormous primaty 4
production in Table 3 is valid seems likely *
from some large upstream-downstream 05
gen increases observed on two other ooed
sions. The area in Figure 9 to the right of |
the main outflow contains some minor Sprne:
inflows which were not included in £1%:
computation. If this area had been!
cluded, the production per m? would be?
been lower and more like those in the ot
springs. However, it was visually ?b‘!lgh
to the observer that the water passié
downstream station did not inclu 3,:0
preciable quantities of water from the mll Gl
spring. The strong flow through the (: :
plant tresses marks its passage becauSﬁN :
plant blades form stream lines. T}.}uh ;
must search for some other expmm"]?nﬂ‘
the very high efficiency and pI‘Od“CtIO "
this spring.

The Homosassa Springs
another respect that may be relal®
high production. Large popul
marine fishes mill about in the
where they form the basis of a very
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gy SATURATION

i 2 3 a 5 5

DISTANCE FROM THE BOIL AREA IN KM

h " tream increases in chlorophyll and oxyvgen in the water of Rainbow Springs River,
€ stations at which chlorophyll samples were made on August 16, 1955, are indicated by z's. Two

?iizn S?mgles were made at each station on May 16, 1954, between 1 and 2 p.m. with scattered cu-

: clouds,

e The temperature downstream was 25.5°C.
dtterized by beds of

Idity, These dut

7
Fie. 13, Downs

The spring in its upper zones is
Sagittaria, shifting to Chara and other beuthic algae, and visibly increasing
a were obtained with Dr. 1. J. Marchand

tourist 5
Neentya :
estet;1 ti)ations has been previously sug- pearance.
For e(ﬁ um 1953).  An enormous number
tEf' shes, far more than are functionally CALCTULATIONS BASED ON STEADY STATES
e ¢ ity ssibly d
& ore vmmunity (possibly 1000) are IN LONGITUDINAL SUCCESSION
Seut in the hojl,
18hes coy)

ttraction. A cause for the fish  The water has a green color in gross ap-

The wastes from

d coneeivably provide an In a previous paper (Odum 1956a) the
% Nutrient souree of heterotrophic concept of excess of production over respira-
Supplement op important organic  tion in the spring headwaters was described,

ementg

1 Another peculiarity is the with the implication that particulate organic
O¢culang, :

reddish, iron precipitate. matter was exported from this zone. Fur-
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ther downstream the increasing organic con-
tent of the water was thought to increase
respiration until a balance of production and
respiration was achieved, In Figure 13 are
plotted a longitidinal series of chlorophyll
determinations made in Rainbow Springs
River. The boat floated downstream with
the water during sampling so that the values
obtained represent the change in the water
mass in its passage. A suggestion of leveling
off at something over I mg/m?® chlorophyll is
observed 6 km downstream as the character
of the river shifts from a predominantly
benthic type community to a planktonic
one,

Another type of temporary steady-state
balance that was observed was the daytime
pattern of oxygen from the boil downstream.
The water emerging from the boil area
during the day receives oxygen at first by
production and diffusion. Then as the
water attains and exceeds the saturation
value a balance develops between produc-
tion, respiration, and loss by diffusion.
This is reached on a sunny day about 5 km
below the boil area as observed in Figure 13.
If leveling off of the chlorophyll means that
exports balance imports at this station, it
may be inferred that production balances
community respiration at this point also.

The downstream distribution of oxygen on
a sunny day in the Rainbow Springs river
(Fig. 13) makes possible a rough computa-
tion of production, respiration, and dif-
fusion. Consider the zone about 1.8 km
downstream from the boil (Fig. 13) where
the water is approximately saturated with
respect to the oxygen of the air. If the
rate of flow is about 0.2 m/sec, the oxyeen
is increasing at a rate of about 1.2 ppm,hr.
Since there is no diffusion in this zone, the
following relationship holds:

1.2 ppm/hr

p—r=

where p is the production and » the respira-
tion on a volume basis,

From the chlorophyll graph (Fig. 13) the
rate of export of organic matter may be
calculated on the assumption that the
pseudoplankton has a ratio of chlorophyll
to organic matter of 0.002 as in Silver
Springs. Twelve hours of photosynthesis

HOWARD T. ODUM

BUBBLES
ML
5 4
o 1 12 | 2
TIME OF DAy
Frc, 14. Bubble production in Orang

Springs, Putnam County, Florida. The typed
apparatus used to collect bubbles is shown
right. TLetters A-D indicate locations of fum
apparatus in the map of the springs headwte
avea atb the top. The graph shows the bublkf
readings at the tip of the apparatus on a sumy ]
day, August 1, 1955. Stations B and D weres
0.6 m depth; Stations 4 and ¢ were at 097
depth.

and 24 hours of respiration are apparentf
producing an export of 1.4 mg chlorophyl
m?/6 km, as estimated from the upper gl'?Ph
in Figure 13. At a flow of about 0.2 m/®}
and a depth of 2 m the export is estimat®!
as 0.17 g/m?/hr dry organic matter, The®
fore over a 24-howr period

12P — 24 B = 24(0.17)g/m*

where P and R are production and .1'esp113
tion on an area basis. By combinig ;d
relation with the equation above lffer
from the oxygen graph in Figure 13, &t
calculated to be 0.28 g/m*/hr and Thl
g/m?/hr during the middle of the day- e
value is similar to the app}‘OXln?H't%'a-‘
g/m*/hr (23.9 g/m*/day) obtained i
3 with the diurnal curve method b{lié
Figure 10. The use of data Ubt&;.
different times here is justifie 13’ j
chemostatic nature of the _D-‘i}’gz 4
chlorophyll  conditions. E"ldel?; o
chemostatic conditions exist in SW 7195
is given for Silver Springs by

Odum U




PRODUCTION IN

<RT PRODUCTION MEASUREMENTS OF BOTTOM
I\LGAE IN AN ANAEROBIC SPRING BY MEANS
©oF BUBBLE ACCUMULATIONS IN FUNNELS

In Orange Spring, Putnam County,
Florida, the head pool is partially enclosed
yya wall and dam so that the clear anaerobic
water emerging from caverns is held tem-
porarily above a sandy bed about one meter
below the surface. This sand is a dusky
olive-brown due to a heavy flm of
Cladophora, Gomphonema, Lyngbya, and
Mierospora (Whitford 1956).  As shown in
Figure 14, funnels (230 ¢m?® in area) were
placed upon the bottom ooze with extension
tubes to the surface terminating in graduated
enfrifuge tubes. Four such funnel devices
were placed on the sand at 10:00 a.m. on
August 1, 1955. During the first two or
three hours the oxygen produced dissolved
nthe 275 ce of water in the funnels, and no
aubbles appeared. By 1:00 and 2:00 DT
wwever, a steady release of bubbles was
eeurring. The curves of Figure 14 for
water 0.6 m deep indicate a rate of gas
elease 5 times that at 0.9 m depth. The
vater initially contains about 1 ppm H.S
wd 1 ppm free CO,. The rate of gas re-
fase into the shallower funnels in sunlight
%8s 0.15 g/m?/day, which is similar in
tagnitude to the low estimates for the two
ther anaerohie springs reported in Table 3.
Phﬁs the several methods for measuring in
&%tu. tommunity production in nature vield
milar estimates,

®%¢ measurements establish the range
g;d Magnitude of primary production in
litiegar?m under unusually well defined con-
Heaqus. It is hpped that many more such
ete;ﬂf?ment; i the futu.re may help
ol ine which are the main factors con-
€ energy flows in trophic systems,
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