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Composition of Thalassia testudinum and Ruppia maritima
GeRALD E. WaLsa AND THOMAS E. GROW

LrrTeE is known at present about the nutritive value of aquatic
plants, especially in relation to annual variations in their chemical
constituents. Turtle grass (Thalassia testudinum) and widgeon
grass (Ruppia maritima) are common in the inshore waters of
Florida (Phillips, 1960). They are important constituents of estu-
arine nursery grounds for marine animals and many forms of plant
and animal life are associated with them (Hudson et al., 1970).
The seagrasses are eaten by fishes, turtles, and other aquatic ani-
mals (Randall, 1965), and birds (Olney, 1968). Detritus derived
from seagrasses is eaten by small marine animals (Menzies and
Rowe, 1969; Fenchel, 1970. Also, T. testudinum and its epiphytes
are important in biogeochemical cycles in estuarine areas (Parker,
1968).

Both T. testudinum and R. maritima have been used successfully
in preliminary experiments as fertilizers for tomatoes (van Breed-
veld, 1966) and as feed supplements for Sheep (Bauersfeld et al,
1969).

Because of the importance of T. testudinum and R. maritima to
estuarine ecosystems, we investigated seasonal distributions of pro-
tein, carbohydrate, trace elements, and energy content of their
leaves and rhizomes. Also, the potential nutritive value of the sea-
grasses was evaluated.

METHODS

Thalassia testudinum and R. maritima were collected between 6
June 1969 and 27 May 1970 from a mixed bed at the western edge
of Sabine Island in Santa Rosa Sound near Gulf Breeze, Florida.
They were taken in the morning to avoid possible diel variation in
the factors measured. Abundance of R. maritima was greatly re-
duced in February 1970 and enough plant material could not be
collected for all tests.

After collection, plants were taken immediately to the laboratory,
where the epiphyton was removed. The leaves were separated from
the rhizomes and all were washed quickly in a stream of distilled
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water. Leaves and roots were dried to constant weight in an oven
at 100 C and ground in a Wiley mill to pass the 40-mesh sieve. The
pulverized material was stored in vacuo over anhydrous calcium
carbonate until tested.

Ash content was determined by combustion in a muffle furnace
at 55 C for five hours.

Total protein was measured by the method of Strickland and
Parsons (1965) using acetonylacetone (2,5-hexanedione) reagent
and the procedure was standardized against the Kjeldahl-Nessler
method. We report protein content as percentage of dry weight and
of ash-free dry weight.

Total carbohydrate was measured by a variation of the anthrone
method for particulate carbohydrate (Strickland and Parsons, 1965).
Fifty mg of each sample were suspended in 50 ml of 0.2 N H,SO, in
a 125-ml Erlenmeyer flash. The sample was hydrolysed at 100 C for
90 min. with mixing every 15 min. The hydrolysate was passed
through a glass-fiber filter of 0.45x porosity and 0.2 ml of the filtrate
was pipetted into a test tube. To this was added 10.8 ml of anthrone
reagent (0.2 g anthrone, 8.0 ml 95 per cent alcohol, 30.0 ml distilled
water, and 100 ml concentrated H,SO,). The solution was heated
at 100 C for five min. and brought quickly to room temperature in
an ice-water bath. After 15 min. the extinction was measured
against distilled water at 6200 A in a one-cm glass cell in a Beckman
DU spectrophotometer. Glucose was used in preparation of stan-
dard carbohydrate solutions. The data are expressed as percentage
carbohydrate in dry weight and in ash-free dry weight.

Concentrations of sodiurn, potassium, magnesium, iron, man-
ganese, and zinc in leaves and rhizomes were measured by atomic
absorption spectroscopy, using a modification of the method of
David (1958). Approximately 0.01 g of dried plant material was
placed in a 30 ml Kjeldahl digestion flask with two ml of a 1:7
sulphuric acid-perchloric acid mixture and 10 to 12 ml of nitric
acid. Digestion was continued until organic matter was completely
destroyed. Four glass beads were added to each flash to prevent
bumping,

After digestion, the flash was cooled to room temperature and
three ml of distilled water added. After gentle shaking, the contents
were transferred to a 25-ml volumetric flask. This washing pro-
cedure was repeated twice with five ml of distilled water and the



WaLsa aNp Grow: Composition of Sea Grasses 99

hydrolysate taken to 25 ml with distilled water. The hydrolysate
was analyzed on a Beckman Model 1301 atomic absorption unit
equipped with a Beckman DB-G spectrophotometer. Concentra-
tions of the elements are reported as parts per thousand (ppt) of
dry weight.

Caloric contents were determined on a Parr Series 1200 adi-
abatic calorimeter. Fuse wire and acid corrections were made for
each determination and results are expressed as kilocalories per
gram of ash-free dry weight.

REsuLTs AND DiscussioN

Ash. Annual mean values and ranges of values for ash, protein,
carbohydrate, and energy are given in Table 1. Annual variation in
ash content was not found and analysis of variance indicated that
all mean values were significantly different at the 0.05 level. The

TABLE 1
Annual means for ash, protein, carbohydrate, and energy contents of Thalassia
testudinum and Ruppia maritima between June 1969 and May 1970.

Component Annual Range
mean
Ash, % dry weight
T. testudinum leaves 24.5 20.6-26.9
T. testudinum rhizomes 23.8 21.4-254
R. maritima leaves 18.8 15.8-23.8
R. maritima rhizomes 22,4 18.6-24.8
Protein, % ash-free dry weight
T. testudinum leaves 25.7 13.6-37.1
T. testudinum rhizomes 11.0 7.7-147
R. maritima leaves 23.2 13.5-32.6
R. maritima rhizomes 20.0 14.1-26.9
Carbohydrate, % ash-free dry weight
T. testudinum leaves 23.6 18.3-35.8
T. testudinum rhizomes 72.1 54.5-80.3
R. maritima leaves 27.0 24.3-34.3
R. maritima rhizomes 63.6 52.0-73.3
Energy, Kcal/g ash-free dry weight
T. testudinum leaves 4.68 447479
T. testudinum rhizomes 4.88 4.76-5.16
R. maritima leaves 444 428-4.69

R. maritima rhizomes 4.25 4.09-4,38
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values obtained for ash contents were similar to those for most other
aquatic plants (Westlake, 1965) and for leaves of T. testudinum
(Burkholder et al,, 1959 ).

Protein. There was considerable annual variation in the amount
of protein in ash-free dry weight of leaves. The highest value found
for T. testudinum leaves was 2.7 times that of the lowest, while that
for R. maritima leaves was 2.4 times greater. Annual variation in
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Fig. 1. Annual variation of protein in Thalassia testudinum and Ruppia
maritima.
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protein in underground parts was less. In both T. testudinum and
R. maritima, the highest concentration in the rhizomes was 1.9 times
that of the lowest.

During the annual cycle, the protein content of the leaves of T.
testudinum was always greater than that of the rhizomes (Figure 1),
the annual mean concentration in leaves being over two times
larger (Table 1). Concentration of protein in the leaves of T. tes-
tudinum increased in the late winter and spring between 9 January
and 16 April Concentrations decreased rapidly thereafter, and
were lowest in summer on 2 July 1969. In the rhizomes, however,
concentrations of protein increased only slightly between 26 Febru-
ary and 16 April 1970, and fell less precipitously than did those of
the leaves.

The annual mean concentration of protein in the leaves of R.
maritima was slightly greater than that in the rhizomes, but concen-
tration was greater in the rhizomes in the summer months of May,
June, and July. Concentrations in the leaves reached a peak on 8
April 1970, and fell rapidly thereafter. Lowest concentration was
found in the summer on 4 August 1969. Concentration of protein in
the rhizomes of R. maritima rose slowly in the nine-month period
between 4 August and 14 May, with lowest concentrations occuring
in summer in June and early August.

The above findings are related to the functional aspects of leaves
and rhizomes. Leaves generally have a greater amount of protein
than rhizomes because they are largely concerned with biosynthesis
and, consequently, contain large amounts of enzymes and many
membranes. However, rhizomes are storage organs and contain
relatively large amounts of carbohydrate, as will be shown later.
Leaf protein is greatest in spring when biosynthesis is rapid, where-
as concentrations of carbohydrate in rhizomes are greatest in fall
and winter.

Bauersfeld et al. (1969) suggested that T. testudinum may be of
value as a feed additive for domestic animals. They reported that
the leaves of T. testudinum, after a single washing with distilled
water, contained between 9.0 and 14.1 per cent protein on a dry
weight basis, whereas the rhizomes contained 15 per cent. Burk-
holder et al. (1959) reported that the dried leaves of T. testudinum
contained 13.1 per cent protein. Neither study, however, reported
the dates on which samples were taken.
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On a percentage dry weight basis, the protein contents of our
samples were: T. testudinum leaves, 10.3-29.7; rhizomes, 5.8-12.2;
R. maritima leaves, 10.9-28.5; rhizomes, 10.4-18.1. These values are,
in general, higher than those for many other plants. Among the
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Fig. 2. Annual variation of carbohydrate in Thalassia testudinum and
Ruppia maritima.
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aquatic plants, Myriophyllum sp. contained approximately 7.8 per
cent protein in dry weight (Oelshlegel, 1969) and Spartina alter-
niflora 8.9 per cent (Hall et al., 1970). Boyd (1970), in a study of
the protein content of 11 freshwater species, reported a range of
from 4.0 per cent (Typha latifolia) to 21.6 per cent ( Nuphar ad-
vena). Yee (1970) reported 17.5 per cent protein in Hydrilla sp.
and 30.5 per cent in Pistia stratoides. Among foodstuffs, 114 lines
of corn contained 9.8-16.3 per cent protein ( Davis et al., 1970), 49
varieties of grain sorghum contained 8.6-16.5 per cent (Virupaksha
and Sastry, 1968) and wheat grain between 8.3-12.4 per cent ( Chro-
minski, 1967).

Though high in protein, it is doubtful that these seagrasses could
be used directly as food by humans. The unanimous consensus of
a taste panel at the Gulf Breeze laboratory was that dried leaves
and rhizomes are gritty, and have a strong, unpleasant odor and
flavor.

Carbohydrate. In contrast to protein contents, carbohydrate
contents of rhizomes were greater than those of leaves (Table 1)
because rhizomes are storage organs for starch. Fig. 2 shows that
the carbohydrate contents of rhizomes, as percentage ash-free dry
weight, began to rise in July due to production and storage in sum-
mer, and attained peak concentrations in October and November.
Decrease in spring was probably due to utilization of stored carbo-
hydrate for biosynthesis and respiration.

The carbohydrate contents of the seagrasses tested were similar
to those of other plants. As percentage dry weight, T. testudinum
leaves contained between 12.5 and 25.5 per cent carbohydrate,
whereas the rhizomes contained between 41.5 and 62.9 per cent.
Leaves of R. maritima contained between 20.0 and 27.2 per cent
and rhizomes between 35.8 and 55.1 per cent carbohydrate. Re-
ported values for other plants, as percentage dry weight, are: al-
falfa, 13-25 (Raguse and Smith, 1965, 1966; Grotelueschen and
Smith, 1967); red clover, 14-21 (Raguse and Smith, 1966), and tim-
othy, 48 (Grotelueschen and Smith, 1967). Most of the values for
seagrasses were within these ranges.

Energy. The energy contents (Table 1) of all samples were
very similar to those reported for most other plants (Cummings,
1967) and no annual trends were observed.

Elements. Annual variations in concentrations of sodium, potas-
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sium, magnesium, iron, manganese, and zinc are shown in Figures
3 and 4. The variations appear to be associated with age and func-
tional aspects of the materials analyzed.

In several aquatic macrophytes, concentrations of some elements
decline with age. For example, concentrations of nitrogen, phos-
phorus, sulfur, calcium, and potassium decline with age in Typha
latifolia and in the bulrush Scripus emericanus (Boyd, 1970). Con-
centrations of zinc, manganese and iron are lowest in mature
Spartina alterniflora (Williams and Murdock, 1969), and the
authors suggested that the decrease may be due to dilution of
actively growing tissues by structural material which contained
little of the elements measured.

Table 2 gives concentrations of the elements found in the leaves
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Fig. 4. Annnal variation of some elements in Ruppia maritima.

and roots of selected plants. Concentrations in the seagrasses were
always within ranges given in the table, even though annual varia-
tion was found for each element. Concentrations of zinc, manganese,
and iron were also similar to those reported for S. alterniflora by
Williams and Murdock (1969).

We cannot yet explain why the observed variations occurred be-
cause little is known about the multiple roles of each element dur-
ing the year. For example, magnesium is a structural component of
chlorophyll, but it was often in higher concentrations in rhizomes
than in leaves. This was probably related to the fact that it is also
a. specific cofactor for many enzymes involved in carbohydrate
metabolism and its concentration depends upon age and seasonal
variation in physiology of the plant part.
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TABLE 2
Concentrations, in parts per thousands, of some elements in the leaves and
roots of selected plants.

Plant KX Mg Fe Mn Zn
Carrot

leaves 13.3 2.8 0.36-0.77 0.02-0.20 0.03

roots 16.8-59.2 1.2-2.4 0.04-0.49 0.01-0.09 0.01
Soybean

leaves 8.0 7.9 0.34 0.03-0.19 0.10

roots 14.4-15.6 10.7-31.8 - 0.02-0.15 -
Sunflower

leaves 16.2-19.0 11,0 - 0.07-1.27 -

roots 13.6-38.0 1.3-12.7 0.03 - 0.02
Sweet potato

leaves 16.1-23.7 4554 - - -

roots 6.8-17.4 0.6-2.1 0.01-0.14 0.01-0.03 0.01
Tomato

leaves 5.2-37.6 6.2-15.5 0.28-0.54 0.05-4.93 0.03

roots 8.0-34.1 4.6 - - -

From Altman, P. L. and D. S. Dittmer (eds.), Biology Data Book, 1964.

Tn summary, in relation to other aquatic plants and food. crops,
T. testudinum and R. maritima contain significant amounts of pro-
tein, carbohydrate energy, and minerals. The nutritive value of T.
testudinum has been established (Bauersfeld et al., 1969) and that
of R. maritima is implied from the work reported here. Annual
variation in chemical composition, however, implies that the nutri-
tional value of seagrasses varies throughout the year.
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In vivo Binding of p,p’-DDE to Human

Serum Proteins
by W. P. ScHoor!

Department of Pharmacology, Louisiana State University
Medical Center, New Orleans, La. 70112

Although it is convenient to estimate chlorinated hydrocarbon
pesticide levels in man by determining the amount present in
serum, few investigators have questioned possible interactions of
these compounds with serum proteins and the resulting consequences.
DALE et al. (1965) suggested that the binding of pesticides to
serum protein was the cause of incomplete pesticide recovery from
human serum by hexane extraction, and GUNTHER et al. (1954) pro-
posed molecules were held by proteins with consequent inhibition
of the normal function of these proteins. Binding of dieldrin
and telodrin to serum proteins has been demonstrated by MOSS and
HATHWAY (1964), but the concentrations of these pesticides were
considerably greater than those normally encountered in man and
pH ranges during the separation deviated too far from the physio-
logical norm to allow much speculation on the results. HATANAKE
et al. (1967) attempted to recover pesticides from protein frac-
tions after Sephadex G-50 treatment, but met with inconsistent
results. Careful review of these reports emphasizes that direct
evidence of serum protein binding under physiological conditions
should be obtained.

METHODS

Serum was prepared from the author's blood by allowing it to
clot for 2 hr at 0°C, then removing the liquid portion. Two-ml
samples were kept at -15°C for not more than 10 days.

Ten g of Sephadex G-200 was soaked for 3 days in 1.0 liter
of 0.9% NaCl solution at pH 7.35. This material was placed in a
2.5 cm x 46 cm glass column and allowed to settle under flow.
Two ml of serum were diluted to 10 ml with 0.9% NaCl (pH 7.35),
placed on the column, and eluted with the same solution. Ten-ml
fractions were collected at a flow rate of 2-3 ml/min at constant

1
Present address: Environmental Protection Agency, Gulf Breeze

Laboratory, Sabine Island, Gulf Breeze, Florida 32561.
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pressure., Protein concentrations were determined with a Zeiss
Model PMQ-II spectrophotometer at 280 mp.

The pooled protein fractions, usually about 150 ml, were ex-
tracted with 200-ml portions of hexane. When a 2.0-ml serum sam-
ple was diluted to 150 ml and extracted in this way, more p,p'-DDE
was recovered and reproducibility was greater than when the serum
was extracted directly by the method of DALE et al. (1965, 1970).
Since further experimentation showed that a reduction in the vol-
ume of the diluted serum from 150 ml to 50 ml caused no significant
reduction in p,p'-DDE recovery, the following procedure was adop-
ted for the routine serum extractions:

Two ml of serum, diluted to 50 ml with 0.9% NaCl solution
(pH 7.35), and 75 ml hexane were shaken vigorously in a 250-ml
separatory flask: for 10 sec and the flask inverted and vented.

The shaking and venting process was continued for 1 min, after
which the phases were allowed to separate. The process was re-
peated three times., Any interphase emulsion was broken by centri-
fugation, The extract was reduced to an appropriate volume by
evaporation under a gentle stream of air at 35°C. The p,p'-DDE
was detected by means of a Microtek MBT-220 gas chromatograph,
using an OV-17/QF-1 column for quantitation and a SE-30/QF-1
column for confirmation at 195°C and a tritium-type electron-
capture detector at 205“C. Further confirmation was achieved
with thinlayer chromatography on silic acid with heptane as sol-
vent.

RESULTS

Only p,p'-DDE was quantitated because it was present in large
enough amounts to be confirmed by thin-layer chromatography. The
p,p'-DDT present was in such low amounts that reproducibility be-
tween chromatograms was very poor. No polychlorirated biphenyl
derivatives (PCB's) were present. Table 1 shows that compared
with the method of DALE et al. (1965, 1970) the extraction method
gives almost a twofold increase in p,p'-DDE recovered as well as
less variability (F-test; p<0.0l). Protein recovery after
Sephadex G-200 chromatographic treatment was 95%, and the protein
fractions contained approximately 80% of the original amount of
p,p'-DDE. When p,p'-DDE in hexane was placed on the column and
the hexane was allowed to evaporate, elution under the conditions
described for serum chromatography did not yield any p,p'-DDE in
the effluent in the range of the protein fractions. Preliminary
data indicate that very little p,p'-DDE is found in the gamma
globulin fraction. Precipitation of serum proteins with ammonium
sulfate and subsequent hexane extraction of the supernatant and
the precipitate yielded no p,p'~DDE in the former and only trace
amounts in the latter. Serum samples kept at -15 C for more
than 10 days showed a decrease in recoverable p,p'-DDE (e.g.,

20% less was recovered from a sample stored for 21 days). Both
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observations indicate that the degree of binding of p,p'-DDE to
the proteins changes as the conformation of the protein changes.

DISCUSSION

The importance of the binding of drugs to serum proteins and
the concomitant effects on their pharmacological activity cannot
be overemphasized (SELLERS and KOCH-WESER 1969, MEYER and GUTTMAN
1968, CONN and LUCHI 1961, DOLLERY et al. 1961, MACREGOR 1965,
BRODIE 1965, CUCINELL et al., 1965). BRODIE (1965) states,
"Actually, almost all drugs are reversibly bound to. proteins in
plasma or tissue. The bound drug, often a high percentage of
the total, acts as a reservoir, preventing wild fluctuations
between ineffective and toxic levels of the biologically active
unbound fraction.' It is believed that the same type of mechanism
can explain the behavior of p,p'-DDE and, very likely, all
chlorinated hydrocarbons, including the PCB's, in the blood.

Although microsomal enzyme induction is usually cited as
cause for the reduced serum levels of pesticides, the following
interpretation should be considered: (1) Serum concentrations
of chlorinated hydrocarbon pesticides normally encountered in
human beings reflect 'bound" levels that are relatively inert.
(2) Any compound that can interfere with the binding of the
pesticide may free it for adsorption at a site of toxic action,
metabolic breakdown, or storage, depending on the distribution
constant. (Large amounts of inertly bound pesticides upon libera-
tion could in this fashion become available for binding at the
site of toxic action). (3) The enzyme system responsible for the
breakdown of the pesticides is always present, but camnot function
because the substrate is tightly bound to the serum proteins.
Pesticide metabolism is strictly governed by the difference in
the distribution constants between the two sites.

This hypothesis would explain why aldrin enhanced the reten-
tion of p,p'~DDT and p,p'-DDE in the blood of dogs (DEICHMANN
et al. 1969), the reduced paroxon binding capacity in rat
plasma on oral pretreatment with tri-o-tolyl phosphate (LAUWERYS
and MURPHY 1969), and the lowering of serum-bound iodine by
0,p-DDD in humans (MARSHALL and TOMPKINS 1968). It would also
explain the low levels of chlorinated hydrocarbons found in
persons treated with anticonvulsant drugs by DAVIES et al,

(1969) and SCHOOR (1970).
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TABLE 1

Comparison of recovery of p,p'-DDE in human serum by different
analytical methods.?

Method of DALE Present method
et al. (1965)

Combined protein fraction after
G-200 treatment

Serum Serum Serum
ppm ppm ppm
0.019 0.036 0.025
0.022 0.037 0.028
0.024 0.037 0.026
0.012 0.034 0.029
0.012 0.030
0.017 0.034
0.019 0.035
0.015 0.033
0.019 0.034
0.019 0.034
0.034
0.036

a
Two ml of serum were extracted in each analysis
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Reprinted from BioScience

Research Reports

Effects of Herbicides on Seedlings of the Red
Mangrove, Rhisophora Mangle L.

“Mangrove” is a general term applied
to a community of shrubs or trees that
grow below the high-tide mark along
tropical shores. The term is also used
with reference to individuwal plant
species which occur within that com-
munity (Davis 1940, Macnae 1968). The
mangrove community is highly produc-
tive (Golley et al. 1962) and supports a
wide variety of animals which depend
upon plant detritus as a source of food
(Heald 1971; Odum -1971). In Florida,
many commercially important animals
such as pink shrimp (Pengeus duo-
rarum), blue crabs (Callinectes sapidus),
striped mullet (Mugil cephalus), and
spotted seatrout (Cynoscion nebulosus)
use the mangrove for food and as
nursery grounds (Idyil 1965, Idyll et al.
1968, Tabb 1966).

Susceptibility of mangrove to herbi-
cides was first investigated by Truman
(1961). who treated the grey mangrove,
Avicennia maring, with the auxin-type
herbicides 2,4-dichlorophenoxyacetic
acid (2;4-D) and 2,4,5-trichloropheno-
Xyacetic acid (2,4,5-T). A concentration
of only 1 percent in diesel oil distillate
killed all trees when applied to the bark,
and Truman concluded that the grey
mangrove is very susceptible. The con-
cept of high susceptibility of mangrove
to herbicides was extended by Tschirley
(1969) and "Orians and Pfeiffer (1970).
They stated that forests in Vietnam
dominated by Rhizophora conjugata,
Bruguiera parvifiora, and B. cylindrica
were destroyed after application of
either a combination of 13.8 kg/ha of
the n-butyl ester of 2,4-D and 14.8
kg/ha of the n-butyl ester of 2,4,5-T or
6.72 kg/ha of the triisopropanolamine
salt of 2,4-D in combination with 0.61
kg/ha of the triisopropanolamine salt of
4-amino-3,5,6-trichloropicolinic acid
(picloram). Westing (1971) found that
treated mangrove areas in Vietnam re-

Publication No. 143 from the Gulf Breeze
Laboratory, Environmental Protection
Agency, Gulf Breeze, Florida 32561,
Associate Laboratory of the National Environ-
mental Research Center, Corvallis, Oreg.

June 1973

mained uncolonized by plants 6 years
after treatment and suggested that
plants of the intertidal zone are highly
sensitive to hormone-type herbicides.
Recolonization of mangrove in
denuded areas must depend upon estab-
lishment and growth of seedlings. If
herbicide residues remain in the soil,
development of seedlings could be in-
hibited. The purpose of our research
was to describe effects of a commercial
formulation of 2,4-D and picloram on

- seedlings of the red mangrove, Rhizo-

phora mangle L.

The genus Rhizophora is circum-
tropical in its distribution. Rhizophora
mangle is common along the shores of
the Gulf of Mexico, Caribbean Sea, West
Africa (Chapman 1970), and Hawaii
(Walsh 1967). The tree is vivaparous
and, in southern Florida, produces seed-
lings throughout the year. The seedling
consists of an elongated hypocoty! up
to 30 cm long, with a short plumule
approximately 0.5 cm long. The
plumule is composed of the first leaves
covered by the cotyledonary stipules.
Leaf development does not occur until
roots become established in the soil.

METHODS

Seedlings 18.2 to 26.5 cm long were
picked from trees near Coral Gables,
Florida, and planted in estuarine mud in
plastic boxes in the laboratory. Salinity
of the water which covered the sedi-
ment was 30 parts per thousand, and pH
of the sediment ranged from 6.4 to 6.7.
Room temperature was maintained at
27°C, and light was from gro-ux
flourescent tubes beside the boxes. The
lighting regime was alternate 12-hour
periods of light and darkness. The herbi-
cide formulation used was Tordon®!
101, which is a combination of the
triisopropanolamine salt of 24-D

I®Registered trademark, Dow Chemical
Company, Midland, Michigan. Reference to
trade names in this publication does not
constitute endorsement by the Environmental
Protection Agency.

(39.6%) and the triisopropanolamine
salt of picloram (14.3%). This formula-
tion is similar to that of Agent White,
which was used in Vietnam. The formu-
lation was added to the surface of the
water so that the amount of each
herbicide within the seedlings after up-
take by the roots could be measured.
Groups of seedlings were treated 3 days
after planting when no leaves were
extended. Later, other groups were
treated after one pair or two pairs of
leaves were extended. Seedlings were
tréated at rates of 1.12,11.2,and 112.0
kg/ha (1, 10, and 100 Ib/acre) of the
commercial formulation. These rates
were equivalent to active ingredient
concentrations of 0.44, 4.40 and 44.0
kg/ha 2,4-D and 0.16, 1.60, and 16.0
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Fig. 1. Effects of Tordon 101 on seedlings of
R. nmungle treated when no leaves were
present. A. 30 days after treatment; B. 40
days after treatment; C. 80 days after treat-
ment.
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kg/ha picloram. Each test was per-
formed three times and 45 seedlings
were treated at each rate. Forty-five
seedlings were maintained as controls
for each experiment.

For quantitation of residues, herbi-
cides were extracted from plant material
with an acidified mixture of petroleum
ether and ethyl ether (1:1). The acid
salts were removed from the mixture
with a basic aqueous wash. The aqueous
solution was acidified and the free acids
extracted with chloroform. After
evaporation to dryness, the acids were
esterified with diazomethane and the
methyl ester quantitated by electron-
capture gas chromatography. The limits
of quantification were 0.01 parts per
million (ppm) for picloram as picolinic
acid and 0.02 ppm for 2,4-D. Residues
are expressed as the averages for each
treatment.

Sections of at least six leaves and
roots from each experiment were fixed
in formalin-aceto-alcohol, dehydrated in
dioxane, embedded in paraffin, and cut
to a thickness of 10 microns on a rotary
microtome. They were affixed to slides
with Haupt’s adhesive and stained with
safranin and fast green (Sass 1958) for
histopathological studies.

RESULTS

Results -are summarized in Table 1.
In the first experiments, seedlings were
treated while the first pair of leaves
were enclosed in the cotyledonary

stipules. In Fig. 1A, which shows seed-
lings 30 days after treatment, the leaves
can be seen emerging from the hypoco-
tyls of untreated seedlings and from one
of those treated with 1.12 kg/ha. Seed-
lings treated with 11.2 kg/ha showed
normal root development but were high-
ly chlorotic on the upper one-half of the
hypocotyl. Those treated with 112.0
kg/ha exhibited wide areas of chlorosis
on their upper halves and were dead
after 30 days. Some of these seedlings
had longitudinal splits in the epidermis
and cortex, and callosities protruded
from the surface of the hypocotyl.
After 40 days (Fig. 1B) growth of
untreated seedlings had progressed
normally, with further growth of roots
and extension of the first pair of leaves.
Seedlings treated with 1.12 kg/ha were
alive, but root development was not as
extensive as in the untreated group. The
plumules of most were slightly ex-
panded as before normal leaf extension.
All seedlings treated with 11.2 kg/ha
were dead. As with seedlings treated
with 112.0 kg/ha, these seedlings were
chlorotic, and the plumules of some had
fallen from the hypocotyl. After 80
days, untreated seedlings had three pairs
of leaves and appeared healthy. Those
treated with 1.12 kg/ha were still alive,
and some had as many as two pairs of
leaves (Fig. 1C). However, stems and
leaves were smaller than those of the
untreated groups and root development
was poor.

TABLE 1. Summary of responses of Rhizophora mangle to Tordon 101

Pairs of leaves Rate of application, kg/ha
when treated
1.12 11.2 112.0
0 Retarded development Retarded root Same as with 11.2 kg/ha
No deaths development treatment, except
Chlorosis of hypocotyl death 30 days after
Death 40 days after treatment
treatment
1 Positive phototrophic  Positive phototrophic Chlorosis of leaves and
response response hypocotyl
No other effects Chlorosis of leaves Histological abnormali-
noted and hypocotyl ties of leaves
Histological abnor- Defoliation
malities of leaves Death 15 days after
and roots treatment
Death approximately
30 days after treat-
ment
2 Same as when 1 pair  Same as when 2 pairs  Same as when 1 pair of

of leaves present

of leaves present,
except death with-
in 40 days

oeaves present, except
death within 10 days
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Residues of herbicides in the
hypocotyls are given in Table 2. Tissue
concentrations were related to applica-
tion rates, but residues, although
present, were too low to quantitate in
seedlings exposed to 1.12 kg/ha. Clear-
ly, such low concentrations of herbi-
cides in the hypocotyls caused impaired
development of seedlings which were
treated before emergence of leaves.

When seedlings with one pair of
leaves were treated with Tordon 101,
those which received 112.0 kg/ha
became chlorotic and died within 1§
days after treatment. Within a few days

TABLE 2. Concentrations of 2,4-D and
picolinic acid, in parts per million (= 20%), of
wet tissue in the hypocotyls of R. mangle
seedlings treated with Tordon 101 before
emergence of leaves. Residues were detected
in every analysis of seedlings treated with
1.12 kg/ha but were below the level of
quantification.

Days after treatment

30 40
Treatment Picolinic Picolinic
kg/ha 24-D acid 24-D acid
11.2 0.81 0.14 2.26 <0.01
112.0 4.10 0.58
A
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Fig. 2. Effects of Tordon 101 on seedlings of
R. mangle teated when one pair of leaves was
present. A. 10 days after treatment; B. 30
days after treatment; C. 60 days after treat-
ment.
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TABLE 3. Concentrations of 2,4-D and picolinic acid, in parts per milion (+ 20%), of wet
tissue in organs of R. mangle seedlings treated with Tordon 101 when a single pair of leaves was

present. Residy
below the level of quantification.

were detected in every analysis of seedlings treated with 1.12 kg/ha but were

leaves of R. mangle have a well-
developed cuticle on both surfaces. Im-
mediately below the upper epidermis is
a single or double layer of cells which

Roots Hypocotyl Stem 1st leaves contain tannin. These are underlain in
Treatment Picolinic Picolinic Picolinic Picolinic turn by several layers of hypodermal
kgha Day 24D  Acid 24D Acid 24D Acid 24D  Acd s palisade parenchyma, spongy
112 10 <002 <001 023 004 017 004 <0.02 <0.01 g:ﬁ:“c::dm:;waﬁx:'e;‘i‘g:’ of ;aimm‘“e’
s rmis.
30 <0.02 <0.01 0.10 0.04 0.27 0.08 0.05 0.05 4A shows the normal histology of the
112.0 10 1.04 0.23 155 0.41 091 0.19 0.46 0.10

after treatment, the hypocotyls of seed-
lings treated with 1.12 and 11.2 kg/ha
became markedly bent toward the light
source (Fig. 2A), a reaction that would
be expected after treatment with
hormone-type herbicides as concentra-
tion of auxin generally is greater on the
dark sides of stems. Greater growth or
elongation of cells on the dark side
would cause bending of the stem toward
the light. Thirty days after treatment,
the seedlings had returned to the up-
right position. Table 3 shows that the
amount of 2.4-D in the hypocotyls of
seedlings treated with 11.2 kg/ha
decreased after 30 days. However, this
group was moribund at that time, with
chlorosis of the leaves and hypocotyls
and with callosities along most of the
length of the hypocotyl. After 60 days,
seedlings treated with 1.12 kg/ha ap-
peared normal.

-

L1e e f
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UNTREATED B
Fig. 3. Effects of Tordon 101 on seedlings of
R. mangle treated when two pairs of leaves

were present, A. 20 days after treatment; B.

40 days after treatment.

June 1973

Concentrations of herbicides in
various plant parts are given in Table 3.
Residues were present in seedlings
treated with 1.12 kg/ha but were too
low to quantitate. Response to such low
tissue concentrations of the auxin-type
herbicides was indicated by bending of
the hypocotyl toward the light. At
other application concentrations,
highest tissue residues were usually in
the hypocotyl, which may explain why
effects were greatest in that organ.

When seedlings with two pairs of
leaves were treated at the two higher
concentrations, chlorosis appeared on
the hypocotyl at 10 to 20 days after
treatment (Fig. 3A). Soon thereafter the
leaves became dry and brittle, turned
brown, and curled inward (Fig. 3B). The
signs were those of desiccation and
defoliation (Bovey et al. 1969). Seed-
lings treated with 112.0 kg/ha were
dead within 10 days after treatment.
Those exposed to 11.2 kg/ha were dead
within 40 days. Bending of the
hypocotyl toward the light occurred in
all seedlings treated with 1.12 and 11.2
kg/ha, but this condition lasted less than
30 days. Residues were again usually
greatest in the hypocotyls (Table 4), but
were considerably greater in the leaves
than they were in the previous tests.

Studies were made of histological
abnormalities of leaves and roots as-
sociated with herbicidal treatment. The

leaf near the midrib. Figure 4B shows
early effects of treatment with 11.2
kg/ha Tordon 101 in the same area. Cell
wall continuity has begun to break
down in the hypodermis, palisade paren-
chyma, and spongy parenchyma. The
normal leaf structure in the region
centrally located between the midrib
and the margin is shown in Fig. 4C. This
is the final stage in leaf degeneration
before it falls from the seedling. A total
loss of structural integrity is shown.

Cortical cells of the root were also
affected by treatment with 11.2 kg/ha
Tordon 101. Histology of the normal
root is shown in Fig. 4E and of the
treated root in Fig. 4F. The figures
demonstrate destruction of the cortex
after treatment with herbicide.

DISCUSSION

Amounts of herbicides required to
kill mangrove appear to be smaller than
those required to kill other species of
tropical trees. In our experiments, a
combination of 4.4 kg/ha 2,4-D and 1.6
kg/ha picloram killed all seedlings.
Bovey et al. (1969) treated a mixed
upland tropical forest in Puerto Rico
with 6.72 kg/ha 2,4-D and 1.68 kg/ha
picloram and obtained 90 percent
defoliation after one month, but
reforestation began after that time.
Truman (1961) reported that complete
defoliation of the grey mangrove in
Australia was caused by application of 1
percent 2,4-D to the bark. The same

TABLE 4. Concentrations of 2,4-D and picolinic acid, in parts per million (z 20%), of wet
tissue in organs of R. mangle seedlings trested with Tordon 101 when two pairs of leaves were
present. Residues were detected in every analysis of seedlings treated with 1.12 kg/ha but were
below the level of quantification.

Roots Hypocotyl Stem Ist leaves 2nd leaves
Treatment Picolinic Picolinic Picolinic
kgyha Dsy 24D Acid 24D Add 24D Acd 24D Acid 24D  Acid
111 30 <002 <0.01 010 003 002 001 <002 <001 0.13 006
40 <0.02 <001 023 010 023 0.10 0.29 010 0.35 0.10
1120 10 1.23 039 168 049 102 043 0.63 024 0.87 041
363



Fig. 4. Effects of Tordon 101 on microscopic anatomy of R. mangle. A. Section through
untreated leaf near midrib (t=tannin cells, h=hypodermis, p=palisade parenchyma, s=spongy
parenchyma); B. Section through leaf near midrib in seedling treated with 11.2 kg/ha; C.
Section through center of normal leaf; D. Section through center of leaf of seedling treated
with 11.2 kg/ha; E. Section through cortex of normal root; F. Section through cortex of root
of seedling treated with 11.2 kg/ha. Magnification of all sections: 100X.

application rate caused only 9 percent
defoliation of Eucalyptus maculata in
the highlands.

The reasons for this apparent great
sensitivity of mangrove to herbicides are
not clear. Westing (1971) suggested that
susceptibility is related to physiological
attributes that permit growth in the
tropical tidal environment. Scholander
et al. (1966) showed that Rhizophora
regulates ion uptake by a salt-exclusion
mechanism in the roots. Our research
demonstrated destruction of roots by
herbicidal treatment, and it is possible
that, in addition to direct effects of
herbicides, death of seedlings was
caused by disruption of their osmore-
gulatory ability. Further, physical con-
ditions in the tidal environment could
cause greater herbicidal uptake and
activity than in upland regions. The
mangrove environment is very fertile
(Macnae 1968), and it is well known
that high fertility coupled with
abundant water increases the suscep-
tibility of plants to herbicides (Ham-
merton 1967).
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Our experiments incidate that rela-
tively low concentrations of auxin-type
herbicides inhibit mangrove develop-
ment. Reclaimation of the mangrove
forest may be difficult if low residues
from previous sprayings persist in soil.
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Some fishes can avoid certain pesticides in water. Green
sunfish, Lepomis cyanellus, was repelled by chlordane but not
lindane (SUMMERFELT and LEWIS 1967); shegpshead minnows, Cyprinodon
variegatus, avoided DDT, endrip, Dursban\y , and 2,4-D (BEE) but did
not avoid malathion or Sevin (HANSEN 1969); and mosquitofish,
Gambusia affinis, avoided DDT, Dursban, 2,4-D, malathion and Sevin
but not endrin (HANSEN et al, 1973).

Crustaceans are usually more sensitive to pesticides, par-
ticularly insecticides, than are fishes, but little is known
about their ability to avoid pesticide pollution. The purpose of
this study was to evaluate the capacity of the euryhaline grass
shrimp, Palaemonetes pugio, to avoid DDT, endrin, Dursban,
malathion, Sevin and 2,4-D. This shrimp was selected because of
its importance in the food web (WOOD 1967) and its abundance in
local waters.

Experimental Procedure

Grass shrimp, 10-40 mm rostrum-telson length, were seined
from brackish-water ponds on Sabine Island. They were acclimated
for at least 5 days in the laboratory at 20% salinity and 20 C
before they were used in experiments.

The avoidance response was tested in a black plastic apparatus
designed to allow the shrimp to move from a holding area either
into a section which contained water with pesticide or into one
whigh contained water without pesticide (HANSEN et al. 1973). A gate
was lowered at the junction between the two sections and the
holding area to trap shrimp for counting. When a test was in
progress the apparatus was covered with black acrylic plastic to
exclude light. Filtered sea water diluted with aerated tap water
to 20% salinity and maintained at 20 C entered the upper end of
each of the two sections at a rate of 400 ml/minute and flowed to

1
Gulf Breeze Contribution No. 147

Registered trademark: Dow Chemical Co., (Dursban) and Union
Carbide Corp. (Sevin). Reference to trade names in this publi-
cation does not imply endorsement of the products by the
Envirommental Protection Agency.
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the drain in the holding area. Pesticides dissolved in acetone
were metered through stopcocks at 0.5 ml/minute into the water
entering one of the two sections. The same amount of acetone
without pesticide was metered into the water entering the other
section. The two upper "Y's' served no specific function in
these tests.

Pesticides selected for avoidance testing included five
insecticides and one herbicide (Table 1). Concentrations of these
chemicals were selected so that one was higher and two or three
were lower than the concentration that flowing water bioassays
indicated would kill 50 percent of the shrimp in 24 hours (LC50).
Concentrations were not checked by chemical analysis.

TABLE 1

Description of chemicals tested and 24-hour LC50's for grass
shrimp, Palemonetes pugio.

Percentage

active 24 -hour
Pesticide Type ingredient LC50 (ppm)
DDT Organochlorine 99 0.0007
Endrin Organochlorine 97 0.0015
Dursban Organophosphate 99 0.0032
Malathion Organophosphate 95 0.032
Sevin (Carbaryl) Carbamate 98 0.038
2,4-D (butoxyethanol Herbicide 70 (acid ©No effect at
ester) equivalent) 10 Ppmz

1
Personal communication, Jack I. Lowe, Environmental Protection
Agency, Sabine Island, Gulf Breeze, Florida 32561, May 8, 1972,

2
Static bioassay.
The avoidance response was tested in two phases:

1. The ability of grass shrimp to choose between water that
contained a pesticide and water free of pesticide was tested.
Response to each concentration of pesticide was tested at least
four times; twice with the pesticide entering one section of the
apparatus and twice with the pesticide entering the opposite
section. For each of the four replications, 50 shrimp were
placed in the holding area with the gate lowered. After 30
minutes, the gate was raised to give the shrimp access to both
sections. One hour later, the gate was closed and the number of
shrimp in each section was recorded. This procedure was repeated
when additional data were required to verify the conclusions.

2. The capacity of shrimp to discriminate between concen-
trations of pesticide avoided in the first phase was tested.
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Experimental procedure was the same as in the first series of
tests except that the shrimp were given a choice between two
concentrations of the same pesticide.

The ability of grass shrimp to avoid pesticides in both
phases was evaluated statistically by the chi-square test on the
assumption that if there was no response to the pesticides, the
shrimp that left the holding area would enter each section with
equal frequency. Preliminary tests without pesticides indicated
that this assumption was correct. Lack of any preference for the
right or left section in avoidance tests (49 vs. 51%) further
corroborated this assumption. Avoidance or preference was con-
sidered significant if the probability that observed distribu-
tions would occur by chance was 0.05 or less, Shrimp remaining
in the circular area after a test was completed were not included
in the statistical analysis because stationary shrimp may not
have been exposed to the two choices and moving shrimp may have
been in transit between areas.

Avoidance

Grass shrimp avoided 1.0 and 10.0 ppm of the butoxyethanol
ester of 2,4-D by seeking water free of this herbicide but did
not avoid any of the five insecticides (Table 2)., The avoidance
response of two fishes, sheepshead minnows and mosquitofish, to
these same pesticides was tested identically and 2,4-D was the
most readily avoided (HANSEN 1969, HANSEN et al, 1973). Fish in
TVA reservoirs were apparently repelled by application of 2,4-D
at 40-100 pounds per acre (SMITH and ISOM 1967). Concentrations
of 2,4-D in reservoir water one hour after application reached
0.16 ppm; slightly less than amounts avoided by shrimp in our
tests. Although statistical analysis indicated that grass shrimp
preferred 0.0001 ppm of DDT, this was probably not valid because
preference was observed in only one of three replications, and
shrimp did not respond to greater or lesser concentrations.

Grass shrimp given a choice between two concentrations of
2,4-D selected the lower concentration (Table 3). Up to 78 per-
cent of the shrimp that left the holding area avoided the higher
of the two concentrations. Only 2,4-D was tested in this manner
because it was the only pesticide that shrimp avoided by seeking
water free of toxicant.
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TABLE 2
Capacity of grass shrimp to seek water free of pesticides

2
N.S. = not significant. - P(3.84 = 0.05; 6.63 - 0.01; 10..s - 0.001.
X

Concentration Number of Number of Shrimp* Percentage 2
Pesticide (ppm) tests In pesticide In water in water X value
DDT 0.01 4 60 80 57.1 N.S.
0.001 4 46 55 54.4 N.S.
0.0001 12 218 165 43.1 7.334
0.00001 4 78 84 48.1 N.S.
Endrin 0.01 4 60 77 56.2 N.S
0.001 4 79 64 44.8 N.S
0.0001 4 76 66 46.5 N.S
Dursban 0.001 4 63 70 52.6 N.S.
0.0001 4 76 88 53.6 N.S.
0.00001 8 133 105 44,2 N.S.
Malathion 1.0 8 137 117 46.1 N.S.
0.1 4 62 61 49.6 N.S.
0.01 4 71 77 52.0 N.S.
Sevin 0.1 4 66 61 48.0 N.S.
0.01 4 62 51 45.1 N.S.
0.001 8 129 102 44,2 N.S.
0.0001 4 57 65 53.3 N.S.
2,4D 10.1 4 44 91 67.4 TTT16.363 7
1.0 4 51 76 59.8 4,921
0.1 4 57 59 50.9 N.S.

*Does not include shrimp in holding area at end of test.



TABLE 3

Response of grass shrimp exposed to twozdifferent concentrations
of the butoxyethanol ester of 2,4-D. -); = P(3.84 =z 0.05; 6.63 =
0.01; 10.83 z 0.001.

Number of shrimp* Percentage 2

Concentrations (ppm) In high In low in low X
High Low conc. conc. Concentration value
10.0 1.0 43 90 67.7 16.61
10.0 0.1 24 85 78.0 34.14
1.0 0.1 43 67 60.9 5.24

*Does not include shrimp in holding area at end of test.

Our study indicates that grass shrimp are less able to avoid
and are more readily affected by pesticides than were the fishes
used in earlier experiments (HANSEN 1969, HANSEN et al. 1973).
Similarly, the European brown shrimp (Cragon cragon) did not avoid
DDT (0.1 ppm), azinphos-methyl (1 ppm), atrazine (10 ppm) and
aminotriazole (1,000 ppm) and were more sensitive to these com-
pounds than were fishes (PORTMAN In press). These data suggest
that shrimp may be extremely vulnerable to pesticide pollution
because they are (1) extremely sensitive to pesticides and (2)
generally are unlikely to avoid water polluted by pesticides.
Consequently it is important that pesticides destined for use in
and near estuaries be tested to determine their toxicity to
shrimp and the capacity of shrimp to avoid them.
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“The beaches on that coast I had come to visit are treacherous and sandy
and the tides are always shifting things about among the mangrove roots...A
world like that is not really natural.. Parts of it are neither land nor sea and so
everything is moving from one element to another, wearing uneasily the queer
transitional bodies that life adopts in such places. Fish, some of them, come
out and breathe air and sit about watching you. Plants take to eating insects,
mammals go back to the water and grow elongate like fish, crabs climb trees.
Nothing stays put where it began because everything is constantly climbing
in, or climbing out, of its unstable environment.”

INTRODUCTION

The quotation above from Loren Eisley’s eloquent book, “The Night
Country,” portrays in poetic terms the fascination of the tropical mangrove
forest for those who have studied and researched that “not really natural”

1 publication No. 154 from the Gulf Breeze Laboratory, Environmental Protection
Agency, Gulf Breeze, Florida 32561 Associate Laboratory of the National
Environmental Research Center, Corvallis.
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world. In the mangrove ecosystem, where tides and coastal currents bring
unremitting variation to the forest, plants, and animals adapt continuously to
changing chemical, physical, and biological characteristics of their
environment. Many species use the environment dominated by mangrove
trees for food and shelter during part or all of their life cycles. There is
constant movement of living and non-living matter into and out of the
mangrove swamp, and the effects of such movement may be felt miles away
(Heald 1971, Odum 1971). Of course, not all tropical coasts are lined with
mangrove forests; often a mangrove stand is small, or only an occasional tree
dots the shoreline.

The factors which determine development of coastal forests, the ecological
roles of mangroves in estuaries, and their utilization by man have been
studied at length. The references at the end of this review give over 1,200
published accounts on mangroves. I am certain to have missed many
publications in my search, but the number gives testimony to the importance
of mangroves in estuaries. For an historical sketch of published works on
mangrove, see Bowman (1917), who traced the mangrove literature back to
325 B.C. and the chronicle of Nearchus, commander of the fleet of Alexander
the Great. Additional information is given in the reports of Walter and Steiner
(1936) on East African mangroves, Davis (1940b) on the ecology and
geologic roles of mangroves in Florida, and Macnae (1968) on the flora and
fauna of mangrove swamps in the Indo-West-Pacific region. See also the
excellent discussion of ecology of the Rhizophoraceae by van Steenis in Ding
Hou (1958).

Davis (1940b) described “mangrove” as a general term applied to plants
which live in muddy, loose, wet soils in tropical tide waters. According to
Macnae (1968), mangroves are trees or shrubs that grow between the high
water mark of spring tides and a level close to but above mean sea level. They
are circumtropical on sheltered shores and often grow along the banks of
rivers as far inland as the tide penetrates. Chapman (1939, 1940, 1944a)
described silt, sand, peat, and coral reefs as mangrove habitats. On the reef,
seedlings develop in holes and crevices in the porous coral rock, but the trees

are usually stunted and the area occupied by the stand is not large. The reef
may be a habitat only in those areas where tidal height is not great, because
total inundation for extended periods of time can be fatal to seedlings
(Rosevear 1947). Another mangrove habitat, the sand beach, described by
Chapman (1940) supports Rhizophora mangle L. Later, van Steenis (1962)
stated that R. stylosa Griffith is often found in sand in the Indo-Pacific
region. Hathaway (1953) and Moul (1957) reported stands of R. mucronata
Lamk., Sonneratia caseolaris (L.) Engler, and Bruguiera conjugata
(gymnorhiza?) Lamk is sand on several atolls in the Pacific Ocean. I saw R.
mangle growing in sand in Hawaii.

Boughey (1957) described mangroves which grew in two types of lagoons
on the west coast of Africa. In open lagoons, some of the mud around the
margins was exposed daily at low tide. Rhizophora racemosa G.F.W. Meyer
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and R. harrisonii Leechman grew on the exposed mud. Rhizophora species
grew only in open lagoons which were flooded daily. In closed lagoons,
Avicennia nitida Jacq. was the dominant form in association with Conocarpus
erectus L., Laguncularia racemosa Gaertn., and Dodonea viscosa L.

Burtt  Davy (1938) classified tropical woody vegetation types according to
“mature” or “apparently stable” communities. Two of his classes apply to
mangrove vegetation and are given here because much of the nomenclature is
in common usage today.

1. Tropical Mangrove Woodland
Name Suggested for Adoption: Mangrove woodland.
Synonyms: Mangrove, Mangrove swamp, Tidal forest.
Brief Definition: Woodland formation below high-tide mark; sometimes
forest-like. Nearest in form to dry evergreen forest. A subformation of the
littoral swamp forest.
Habitat: Soil flooded with water either permanently or at high tide; water
usually more or less brackish; on estuarine mud.

2. Tropical Littoral Woodland
Name Suggested for Adoption: Littoral woodland.
Synonyms: Strand vegetation, Beach forest, Dune forest.
Brief Definition: Woodland formations in situations mentioned below;
somewhat resembling semi-evergreen forest; open herbaceous vegetation.
General Description: The most characteristic species of this formation in
India and Burma is the evergreen but very light-foliaged Casuarina, which
often forms an almost pure fringe on sandy beaches and dunes along the sea
face. Scattered smaller evergreen trees occur, with fewer deciduous trees, and
these, in the absence of Casuarine, form the dominant canopy. On the east
coast of Tropical Africa are such species as Heritiera littoralis Dryand,
Barringtonia recemosa L., Terminalia catappa L., Phoenix reclivate, and
Diospyros vaughaniae; species of Pandanus and Cocos nucifera L. are
characteristic of this formation, which naturally includes several species
whose seeds or fruits are current-bome. Ipomea pescaprae commonly occurs
as a surface creeper on exposed sand dunes. Xerophytic herbs such as
Sansevieria, Opuntia, Kalanchoe, and Euphorbia are common.
Habitat: Sandy and gravelly seashores; not subject to immersion, but under
constant maritime influence. All around the ¢oast wherever a fair width of
sandy beach occurs, including sandy bars on the sea face of river deltas.

In this discussion, I shall follow Macnae (1968) and use the word
“mangrove” with reference to individual kinds of trees, and the word
“mangal” with reference to the swamp forest community.

It has been estimated that between 60% and 75% of the tropical coastline
is lined with mangrove trees (McGill 1958) though some stands are more
extensive than others. There seem to be five basic requirements for extensive
mangal development. They are:

1. Tropical temperatures. Well developed mangals are found only along
coastal areas where the average temperatures of the coldest month is higher
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than 20°C and the seasonal temperature range does not exceed 5°C (West
1956, van Steenis 1962). .

2. Fine-grained alluvium. Mangrove stands are best developed along deltaic
coasts or in estuaries where soft mud comprised of fine silt and clay and rich
in organic matter, is available for growth of seedlings. Quartzitic and granitic
alluvia are generally poor substrata, whereas volcanic soils are highly
productive of mangroves (Schuster 1952, West 1956, Haden-Guest et al.
1956, Macnae and Kalk 1962, Macnae 1968).

3. Shores free of strong wave and tidal action. Mangroves develop best
along protected shores of estuaries because strong wave and tidal actions
uproot seedlings and carry away soft mud (Young 1930, Cockayne 1958).

4. Salt water. Salt water per se is not a physical requirement of mangroves
(Bowman 1917, Warming and Vahl 1925, Rosevear 1947, Egler 1948, Daiber
1960). Mangroves are faculative halophytes that occupy tidal areas where
fresh-water plants, which are intolerant to salt, cannot live (West 1956).

5. Large tidal range. A wide, horizontal tidal range has been cited as
requisite for extensive growth of mangrove (Foxworthy 1910, West 1956)
and Chapman and Trevarthen (1953) stated that a universal scheme for
comparison of different shores can be based only on the tides as a universal
controlling factor. Although the tide per se is probably of little importance in
determining the extent of mangal development, on a shore of gentle gradient
and large tidal range, a wide belt of alluvium will be formed, and with it, a
wide belt of mangrove. Deep tidal penetration would also cause saline water
to be distributed far inland. Davis (1940) described the action of wind in
driving salt water inland in Florida.

These five factors can determine the occurrence of mangroves, the species
present, and the area occupied by a mangal. Once established, mangals
throughout the tropics have many ecological similarities. In the following
pages I attempt to summarize from accounts available to me, what is known
about mangroves and mangals.

GEOGRAPHICAL DISTRIBUTION

Geographical distribution of mangroves is similar in many ways to that of
sea grasses (Den Hartog 1957) and marine angiosperms in general (Good
1953). The main difference is that some mangrove species occur on both sides
of the Atlantic Ocean and on the Atlantic and Pacific coasts of the Americas.

Fig. 1 shows the general geographic distribution of mangroves. Among
individual genera and species, distribution is undoubtedly influenced by
whether or not the plant is viviparous, and the ability of the seedling to
survive in sea water for an extended period of time. Dispersal of resting
seedlings by drift in the open ocean and by alongshore surface currents
permits wide geographic range, and temperature and geomorphological
characteristics determine distribution along individual coasts.
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Geographical distribution is restricted, in general, to the tropics, but
Oyama (1950) reported a small stand of mangrove on the southern tip of
Kyushu Island at 35°N latitude. Later, van Steenis (1962a) identified the
species there as Kandelia kandel (L) Druce. Vu Van Cuong (1964) reported
the Ryukyu Islands (about 279N latitude) to be the northern limit of R.
mucronata, B. gymnorhiza, Avicennia marina (Forsk.) Vierth., Xylocarpus
moluccensis (Lamk.) Roem., X. granatum Koenig, Lumnitzera littorea (Jack)
Voigt, and Lumnitzera racemosa Willd. In the southern hemisphere van
Steenis (1962a) reported the southernmost stand to be on North sland of
New Zealand at “less than 40° south.” Chapman and Ronaldson (1958)
reported that dwarfed A. marine grew in abundance in Auckland Harbor at
3708 latitude.

Mangroves are present on the Pacific coast of South America only to about
498 latitude due to lack of sedimentation below that point. It was once
thought that atmospheric drought caused absence of mangroves from that
and other areas. Van Steenis (1962a) pointed out, however, that drought is
not a factor in distribution as mangroves grow in the Arabian Gulf, the delta
of the Indus River, southern Timor, and western Australia, where large silt
deposits are found on arid coasts. The major differences between mangals on
arid coasts and those on humid coasts is the paucity of the epiflora in the
former.

Every mangal is composed of two classes of plants: (a) genera and higher
taxa which are found only in the mangrove habitat and (b) species that
belong to genera of inland plants but which are adapted for life in the swamp
forest. World distribution of genera that occur in mangrove swamps is given in
Table 1. For a detailed listing of many forms in class “b> above, see Vu van
Cuong (1964). The fern Acrostichium aureum appears to be a circumtropical
associate of mangroves since it has been reported in mangles of Ceylon
(Abeywickrama 1964), India (Biswas 1927), Africa (Bews 1916, Boughey
1957), and the West Indies (Borgesen 1909).

Geographically, mangrove vegetation may be divided into two groups: that
of the Indo-Pacific region and that of western Africa and the Americas. The
Indo-Pacific region is comprised of East Africa, the Red Sea, India, Southeast
Asia, southern Japan, the Philippines, Australia, New Zealand, and the
southeastern Pacific archipelago as far east as Samoa. The West
Africa-Americas region includes the Atlantic coasts of Africa and the
Americas, the Pacific coast of tropical America, and the Galapagos Islands.
Mangroves are not native to Hawaii, but R. mangle, B. sexangula (Lour.)
Poir., S. caseolaris, and Conocarpus erectus have been introduced.

Distributions of several species found only in mangrove swamps are shown
in Fig. 2-8. These figures, with Table i, show that (a) the greatest number of
genera and species occur along the shores on the Indian and western Pacific
oceans, (b) there are no species common to East and West Africa, and (c) the
species of the Americas and West Africa are related taxonomically. Species
found on both the eastern shores of the Americas and the western shore of
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Table 1. Distribution of plant gemera that occur only in mangrove swamps

(Chapman 1970).

Families and Genera Total Indian Ocean  Pacific Atlantic West
species W. Pacific America America Africa

Rhizophoraceae

Rhizophora 7 5 2 3 3

Bruguiera 6 6 0 0 0

Ceriops 2 2 0 0 0

Kandelia 1 1 0 0 0
Avicenniaceae

Avicennia 11 6 3 2 1
Myrsinaceae

Aegiceras 2 2 0 0 0
Meliaceae

Xylocarpus 710 78 ? 2 1
Combretaceae

Laguncularia 1 0 1 1 1

Conocarpus 1 0 1 1 1

Lumnitzera 2 2 0 0 0
Bombacaceae

Camptostemon 2 2 0 0 0
Plumbaginaceae

Aegiatilis 2 2 0 0 0

Con't on next page
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Table 1 con't

Palmae

Nypa 1
Myrtaceae

Osbornia 1
Sonneratiaceae

Sonneratia 5
Rubiaceae

Scyphiphora 1
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Figure 1. World distribution of mangroves (after Chapman 1970). @ ® @ @ less than
five species present; — @ — e — e five to twenty species present;
more than 20 species present,
90 60 30 [:) 30 60 90 120 150 180
T ; M : M

Figure 2.

World distribution of Rhizophora species (after Ding Hou 1960, Vu Van
Cuong 1964, and Chapman 1970). — - — R, mangle L.; AAA R,
racemosa F.F.W. Meyer; @ @ ¢ R, harrisonii Leechm.; e R,
mucronata Lamk.; OOO R. apiculata Blume; + + + R, stylosa Grif-
fith; @ @ R. lamarckii Montr.
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Figure 3. World distribution of Avicennia species (after Vu Van Couong 1964 and
Chapman 1970). + + + A, nitida (germinans?) Jacq.; AAA A, schauerana
Stapft; XXX A. bicolor Standl.; @ @ @ A. tonduzii Moldenke;
— o — o— A, africana P. Beauv.; A, manna (Forsk.)
;’ier!t!t.; ;;‘00:“0:1( officinalis L.; — — — A. alba Blume; X X A. balanophora
-Stapft an enke; OO0 A. eucalyptifolia Zipp; VM= ﬁ
lanata Ridly. YP PP

30 60 90 120 150 180

30 6 90 120 50 80

Figure 4. Distribution of Bruguiera species (after Vu Van Cuong 1964).
B. gymnorhoza Lamk.; ® ¢ ® e B, sexangula (Lour.) Poir.; — — — B.Cy-.
findrica (L) Biume; Q00 B. gamﬂora (Roxb) W.and A; +++B.
hainesi C. G. Robers; A A A B. exaristata Ding Hou,
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Figure 5. Distribution of Sonneratia species (after Vu Van Cuong 1964 and Chap-
man 1970). S. alba J. Smith; ¢ e @ e S, caseolaris (L.) Engler
+ + + §, ovata Backer; A AA -S. griffithii Kurz.; — ¢ = o — 8§,
apetala Buch.-Ham. - - T -

. . . . L
30 60 90 120 150 180
Figure 6.  Distribution of ems——me—eLeriops (Perr.) C.B.Rob.; — — - C
decandra (Griffith) Ding Hou; ¢+ Kandelia Kandel (L.) Druc =
Vu Van Cuong 1964). 2acel (L) Druce (after
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Figure 7. World distribution of Xylocarpus species (after Vu Van Cuong 1964).
X. granatum Koenig; — — — X. moluccensis (Lamk.) Roem.; X X — X.
gangeticus Park; AA A X, minor Ridley; Q& X. parvifolius Ridley;
wwa X, australasicum Ridley; ¢ o X guianensis; ® ® ® ® X_ benadirensis
Moll.

Figure 8. Distribution Of e—————efConocarpus erectus L.; + + + ngr_lcularis. racemosa
Gaertn.; ® @ e Lumnitzera racemosa Willd.; and — — — Lumnitzera littorea
(Jack.) Voigt.
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Africa are R. mangle, R. racemosa, R. harrisonii, Laguncularia racemosa, and
C. erectus. Pelliciera rhizophorae Planchon and Triana, a member of the tea
family (Theaceae), is found only on the Pacific coast of tropical America. It
occurs in small communities on exposed areas such as the seaward tips of
point bars in estuaries or in spots having hard, clay soils (West 1956). Fuchs
(1970) reported pure stands of P. rhizophorae on firm, sandy ground of low
salinity. Pelliciera was associated with Rhizophora on low, muddy ground but
in this habitat, trees of both genera were small.

There is confusion concerning taxonomy and distribution of Avicennia
species on the shores of the eastern and western Atlantic Ocean. It was
commonly held that a single species, A. nitida, occurred on both sides of the
Atlantic Ocean. Moldenke (1960), however, recognized A. nitida in the
Americas and A. africana Moldenke in West Africa. Vu van Cuong (1964)
discarded the species nitida and recognized A. germinans in the Americas and
A. africana in West Africa. Both Chapman (1970) and Vu van Cuong (1964)
recognized four species in the Americas and only one, A. africana, in West
Africa, and toxonomists at this time seem to agree that the American and
West African species are closely related. Chapman (1970) speculated that the
reason for confusion is that.speciation is now occurring within the genus on
both sides of the Atlantic. *

There is also confusion in the common names of some mangroves. Those of
the genus Rhizophora are called ‘“red” mangrove in both the Americas and
Africa. Avicennia, called the “black”™ or “honey” mangrove in the Americas,
is known as the “white” mangrove in West Africa. Laguncularia is called the
“white” mangrove in America.

From taxonomic and distributional considerations, Ding Hou (1960) and
van Steenis (1962) concluded that Rhizophora, Avicennia, Xylocarpus,
Lumnitzera, and Laguncularia arose in the Indo-Malaysian region and spread
westward to East Africa and (except Laguncularia) eastward to the Pacific
coast of the Americas. The genera reached the Caribbean Sea sometime
between the Upper Cretaceous Period and the Lower Miocene Epoch, when
the Isthmus of Panama was an open seaway. After establishment on eastern
American shores, the trees reached West Africa when seedlings were carried
across the ocean by surface currents.

To explain why the mangrove floras of East and West Africa are separate,
van Steenis (1962a) postulated that the climate of South Africa during the
Upper Cretaceous Period was not tropical and that mangroves could not have
been distributed from east to west around the Cape of Good Hope.

As an interesting sidelight to the problem of distribution, Ding Hou (1960)
pointed out that broad areas of the Pacific Ocean, to which favorable currents
flow, do not contain mangrove. He attributed this to lack of suitable coasts
for successful implanting of seedlings. He also described R. mangle, a native
of the Americas, as present in New Caldonia, Fiji, and Tonga (see Fig. 2).
Chapman (197Q) speculated that early man carried seedlings from Pacific
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America to those islands for growing trees to serve as a source of tannin.

ECOLOGY
. Ma_ngrove swamp forests are complex ecosystems that occur along
intertidal accretive shores in the tropics. Dominated by estuarine trees, they
draw.many of their physical, chemical, and biological characteristics from the
sea, inflowing fresh water, and upland forests. Mangrove swamps serve as
ecotones between land and sea, and elements from each are stratified both
horizontally and vertically between the forest canopy and subsurface soil.

The canopy is inhabited by floristic and faunistic elements from the
tropical rain forest, including epiphytes, insects, reptiles, birds and mammals.
Phytotelmata, filled with rain water, support a variety of algae, protozoa, and
immature insects. Below the canopy, portions of tree stems are immersed, in
relation to the tidal cycle, for various periods throughout the day. An
extreme example is Inhaca Island in southeastern Mozambique where stems
are often immersed for 8 to 12 hours per day at depths up to 2 m (Mogg
1963). The surface soil of swamps is alternately inundated and drained. It
supports animals such as crabs, amphibians, reptiles, air-breathing fishes, and
mammals, whose distributions are governed by degree of tidal penetration
and by the nature of the substratum. At the landward edge of the swamp,
typically fresh-water forms such as frogs, monitors, and crocodiles may be
found (Macnae 1968), and I have observed the toad Bufo marinus in salinities
up to 10 ppt (parts per thousand) in a mangal in Hawaii.

At the seaward edge, the mud surface is often a truly marine mid-littoral
soft-bottom environment (Rutzler 1969) and supports crabs, shrimp,
shellfish, etc. Numerous permanent and semi-permanent pools contain
insects, shellfish, amphibians, and fish. Throughout the mangal is a network
of rivulets, creeks, channels, and often rivers which change in depth with tidal
ebb and flow. These contain numerous sessile forms such as algae, fungi,
tunicates, sponges, and shellfish which live on mangrove prop- and
aerial-roots. Mobile forms such as worms, crabs, shrimp, and fish migrate
within the waterways in relation to the tidal cycle and nature of the
substratum.

Jennings and Bird (1967) gave six environmental factors which affect
geomorphological characteristics in estuaries and, therefore, the flora and
fauna. The characteristics were: (1) aridity, (2) wave energy, (3) tidal
conditions, (4) sedimentation, (5) mineralogy, and (6) neotectonic effects.
All have been cited as factors in mangrove establishment. Troll and
Dragendorff (1931) stated that water, salt, and oxygen contents of the soil
are also important. On a short-term basis, tropical storms are very disruptive
to mangals (West 1956, Alexander 1967) and are the greatest single sources of
repeated set backs to the vegetation (Exell 1954). On the other hand, storms
may carry propagules further inland than would normal tides (Egler 1952),
and Mullan (1933) stated that seeds of mangroves are dispersed widely during
the monsoon in Malaya.
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Tides and type of substratum are probably the most important factors that
govern the nature of intertidal communities (Chapman and Trevarthen 1953).
In the case of mangroves, salinity of the surface and soil waters are also very
important (Davis 1940), as are temperature, rainfall, rate of evaporation,
topography, and geomorphology.

Surface Water

One of the distinctive features of mangrove vegetation is the ability to live
in salt water as faculative halophytes. In such situations as reefs, lagoons, and
the Florida Everglades, the surface water environment of mangroves is fairly
stable in terms of physical and chemical composition. In mangals, salt and
nutdent concentrations of surface water, whether in waterways or covering
the swamp floor at high tide, is regulated by (1) inflow of fresh water from
upland areas, (2) inflow and outflow of seawater with.each tidal cycle, (3)
precipitation, and (4) humidity.

Chemical and physical data on the surface waters of mangrove swamps
have been reported from the Great Barrier Reef (Orr and Moorehouse 1933);
Inhaca Island, Mozambique (Macnae and Kalk 1962); Cananeira, Brazil
(Teixeria and Kutner 1963, Teixeria et al. 1965, Okuda et al. 1965); Tabasco,
‘Mexico (Thom 1967); Hawaii (Walsh 1967); and Trinidad (Bacon 1968,
1971). Davis (1966) reported salinities up to 43 ppt and temperatures to
39.5°C in a mangrove salt-water pool in Jamaica. Examples of extreme
conditions in a single swamp were given by Walsh (1967) who analyzed the
water at six stations located between the landward and seaward edges of a
swamp in Hawaii. At the landward edge, tidal effect was minimal or
non-existant between August 1961 and November 1962, and the water was
always fresh. Oxygen content of the water was that of a dystrophic body,
averaging 0.67 ml/L throughout the sampling period. None of the factors
measured were subject to large diel, monthly, or annual changes. Proceeding
from the landward to the seaward stations in the swamp, diel changes became
greater. At the seaward edge, water chemistry at high tide was similar to that
of open bay water with great varations in relation to the tidal cycle. At low
tide the water was fresh, whereas at high tide salinity was always greater than
25 ppt. In spite of such great differences in physical and chemical properties
of the surface water, R. mangle grew in a dense stand between the landward
and seaward edges of the swamp.

Bacon (1968) gave similar data for a mangrove swamp in Trinidad. In
addition, he reported diel variations in concentrations of dissolved nitrate,
phosphate, silicate, and suspended solids. Increased concentrations of nitrate
and silicate occurred at low tide. Bacon suggested that either the inflowing
fresh water was richer in nutrients than tidal water or that nutrients were
released from the mud at low water. Walsh (1967) found a similar
phenomenon for both nitrate and phosphate, and ascribed this to greater
solubility of the substances in fresh water than salt water. He also
demonstrated the affinities of the various types of swamp substrata for
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nitrate and phosphate. In addition, nitrate and phosphate contents of swamp
waters at low tide were greater than those of inflowing water. All of this
indicates a dynamic system in which nitrate and phosphate are released from
or taken up by sediments covered by surface water.

Watson (1928), DeHaan (1931), Walter and Steiner (1936), Macnae and
Kalk (1962), and Macnae (1966) proposed schemes for classification of
zonation of vegetation within mangals based upon tidal inundation and
salinity. The details of these proposals were reviewed by Macnae (1968). In
each scheme, vegetation of southeastern Asia was related to salinity of the
water and Macnae (1968), using the data of Watson (1928), showed the
general preference of Avicennia intermedia for coastal seawater and of A. alba
_for less saline water around the mouths of rivers. Rhizophora mucronata lived
in water of greater salinity than R. apiculata. Bruguiera sexangula occurred in
water of greater salinity than B. cylindrica, B. parviflora, and B. gymnorhiza.
The three species of Xylocarpus lived in the less saline areas of the swamp.

Davis (1940) related salinity of surface water to distribution of trees in a
swamp in southern Florida. American swamps are simpler floristically than
those of Malaya and Davis demonstrated the relationship between tidal
penetration and salinity to horizontal zonation. In Florida, R. mangle and
Luguncularia racemosa are mixohaline, but the former is the pioneer species
on seacoasts. Rhizophora mangle was found by Davis to grow in salinities that
ranged from fresh water in the Everglades to 34.9 ppt along the seashore.
Laguncularia grew in “nearly fresh water” to water of 45.8 ppt, and was
usually found in association with the other mangrove species. Davis stated
“no particular habitat is definitely most suitable for Laguncularia.” This
concept was extended by Thom (1967), who observed that Laguncularia
racemosa in Tabasco formed communities with other mangroves and had less
stringent habitat requirements than they.

Davis (1940) reported A. nitida growing in the field in salinities between
36.8 ppt and 38.6 ppt although it can grow in fresh water in the laboratory.
This species seems to be adapted for survival in swamp areas with great
salinity fluctuations. The community is not flooded deeply by tidal water and
salt is concentrated by evaporation during dry periods. During periods of rain,
the surface water is diluted greatly so that the Avicennia zone has a greater
range of salinity than any other. Conversely, Conocarpus erectus grew only
where salinity was low and the ground covered only occasionally by tidal
water. Many Conocarpus localities had no surface water; where there was
surface water, salinity averaged less than 2 ppt. An important factor for
survival of C. erectus seemed to be high salinity of the soil water. This will be
discussed in the next section.

Sedimentation and Soil

According to the nature of the substratum, mangroves may be classified as
reef, sand, mud, and peat types (Chapman 1940, Rutzler 1969). Also, some
are found occasionally among boulders, having roots within cracks or other
niches, and use tidal water as the source of nutrients. The typical sediments
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of swamps are composed of peaty, soft, sandy or clayey mud. They are
similar to the sediments of salt marshes, which occupy the same
sedimentological position at higher latitudes. Mineralogy of mangrove
sediments is concerned mainly with clastic detritus from rivers and calcareous
debris formed either biologically by shelled organisms or by inorganic
precipitation. Algae and bacteria can also function in precipitation and pyrite
is often abundant in swamps, usually embedded within or attached to plant
remains. Along some shores, where tidal and alongshore currents control the
character of the sediments, siliceous and quartzitic sand may predominate.

Mangroves advance seaward only where sedimentary processes prepare
shallow water areas for growth of seedlings Mangals often are associated with
lateral accretion of sediment along tropical shores, and location, size, and
shape of swamps are influenced strongly by the pattern of coastal
sedimentation. Hagen (1890) and van Steenis (1941) stated that natural
coastal accretion by mud-silting is the major factor responsible for
development of large mangals. Although the trees do not aid appreciably in
lateral extension of shores, they do aid in accumulation of sediment with
subsequent build-up of soils (Curtiss 1888, Vaughan 1909, Watson 1928,
Holdridge 1940, Egler 1952, West 1956, Boughey 1957, Vann 1959, Stoddart
1962, Scholl 1963, Thom 1967, Macnae 1968). During high tide, brackish,
sediment-laden water overflows the numerous creeks and channels of the
swamp. Alluvium is deposited on the swamp floor and, with autochthonous
organic and inorganic detritus, aids in land elevation. Freise (1938) stated
that the black color of mangrove mud in Brazil was due to the presence of
iron sulphide. The black mud was often covered by a 1-5 cm deep layer of
grey-brown mud which was either deposited during tidal inundation or
affected chemically by oxygen in tidal waters.

Accretion of sediment along alluvial coasts is regulated mainly by
physiographic-geomorphic processes such as (a) the rate at which sediment is
brought into an area by rivers.and tides, (b) the angle of slope of the shore,
(c) sedimentary distributional patterns, (d) subsidence or emergence of the
coast, (e) other factors associated with changes in sea level, and (f) tidal-river
channel development. As in other estuaries, the coarser sediments of
mangrove swamps are generally in the channels, the finer sediments along the
shores of the channels (Walsh 1967). Also, when a river reaches the estuary
the heavier particulate elements have been sorted out above the mangal, 50
that the predominent sediments within the swamp are of fine-grained alluvium.
Near the mouth of the estuary, coarser sediments may again be found. These
originate from tidal and alongshore currents which have enough energy for
deposition of small sand particles and calcareous detritus. The contribution of
inorganic detritus from seawater is usually small, however, because strong
currents do not allow seedling development. River-bome sediment is the
greatest source of allochthonous material in most waamps and appears to be
especially important in the Indo-Malayan region (Watson 1928, Schuster
1952, Macnae 1968).

66



ECOLOGY OF HALOPHYTES

Sedimentation of autochthonous matter is an important factor for
mangroves which are not influenced greatly by fresh-water inflow. Davis
(1940) stated that the authochthonous mangals of Florida develop over three
primary soil types; namely, (1) siliceous sands, (2) calcareous sands, and (3)
calcareous mud marls. Mature R. mangle trees are thus sometimes found on
nearly bare rock with only small pockets for rooting, but more often grow on
deep peat soils. Although the general physical and morphological features of
soils vary greatly between mangals, the halotropic peats so often found with
mangroves are composed mainly of calcium compounds from shells,
biologically precipitated calcite and aragonite, and organic matter of floral
and faunal origin.

Extensive autochthonous mangrove swamps have developed along the
western side of Andros Island in the Bahamas where the rate of carbonate
mud precipitation is great. Burkholder and Burkholder (1958) described the
autochthonous sediments of Bahia Fosforescente in Puerto Rico. The
sediments contained large amounts of mangrove roots, stems, and leaves, and
the authors stressed the important influence of mangrove detritus on the
chemistry and biology of the bay. At the present time, autochthonous peat
swamps are developing along the southwestern coast of Florida because of the
paucity of sediments from rivers and streams.

In southeast Asia, where large numbers of rivers drain uplands of volcanic
origin, large allochthonous swamps form in deltas, estuaries, lagoons, and
along sheltered open coasts. These allochthonous swamps are the most highly
developed mangals in the world (Watson 1928, Macnae 1968).

Mixed authochonous-allochthonous swamps occur along the Pacific coast
of Colombia where there is low to intermediate supply of river-borne
sediment (West 1956).

Several systems have been proposed for the classification of mangrove
swamp soils. Aubert (1954) and Dubois (1954) classified mangrove soils in
relation to hydromorphic characteristics and salinity. Bonfils and Faure
(1961) related halomorphic soil types to the degree of salt-and fresh-water
flooding and to the relative concentrations of chlorides and sulphates.
D’Hoore (1963) typed mangrove swamp soils as ‘“‘juvenile soils on marine
alluvium” and called them <“weakly developed soils.” This general
classification was accepted by Giglioli and Thornton (1965), who suggested
further subdivision for agricultural purposes according to soil texture, water
regime, degree of gleying and/or mottling, amount of oxidizable sulfur, and
relative amounts of chlorides and sulphates.

Grant (1938), Davis (1940b), Chapman (1940), Thom (1967), Walsh
(1967), and Giglioli and King (1965) discussed the evolution of mangrove
swamps in relation to silting and plant succession. Davis (1940b) listed three
main factors which promote soil accretion: (1)molar, (2) physicochemical,
and (3) biotic.

Molar factors are mainly tides, littoral currents, and winds. The first stages
of accretion consist of marine and estuarial sedimentation, resulting in
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formation of shoals, bars, and flats in the shallow water. At the same time,
deposition of sediments and physico-chemical precipitation of dissolved
substances occurs when fresh and salt water mix (Jackson 1958). This adds
carbonates, phosphates, nitrates, and other substances to the developing soil.

Hesse (1961b) reported that R. racemosa swamps in Sierra Leone were
comprised of fibrous mud, whereas A. germinans swamp soils were
non-fibrous. Also, Rhizophora swamps had higher pH values, C/N ratios, and
contents of oxidizable sulfur, nitrogen, phosphorus, and carbon. Giglioli and
Thornton (1965) described the early phases of swamp evolution in the
Gambia, West Africa, where R. racemosa pioneers in virgin alluvia composed
of soft, silty soil. Proliferation of fibrous roots at the soil surface produces a
“felt-like” layer which entraps sediment and increases the rate of deposition
of both alluvium and leaf litter. Rosevear (1947).suggested that the fibrous
mat formed by R. racemosa prevents further establishment of that species
and conditions the soil for colonization:by Avicennia, which requires a more
consolidated and elevated substratum (Jordan 1964). As the soil surface
becomes elevated, the rhizophoretum dies and A. germinans replaces R.
racemosa (Giglioli and Thornton 1965). The many pneumatophores of
Avicennia further accelerate deposition and the forest floor becomes even
more elevated. According to Giglioli and Thornton, if the amount of drainage
from higher ground is large and the swamp near the main river or a tributary,
a balance occurs between erosion and drainage of the swamp and land
elevation.

Zieman (in press) found that in Biscayne Bay, Florida, circular beds of
Thalassia testudinum Koenig and Sims laid over depressions in the bedrock.
The depressions were over 5 m deep and filled with mangrove peat dated to
be 3,680 years old. Wharton (1883) suggested that living mangroves and their
peat produce organic acids that dissolve bedrock. Zieman suggested that
bedrock was dissolved under mangrove hammocks and hypothesized that as
the mangrove shoreline receded and sea level rose, Thalassia colonized the old
mangrove areas. Dodd and Siemers (1971) described a very similar. situation
on Bahia Honda and Big Pine Keys in the lower Florida Keys. They stated
that the topography developed during the lowered sea level of the Pleistocene
strongly controls Holocene sediment thickness and present biotic
distribution. They said, however, that the depressions were sinkholes and
thick sediment in underwater sinkholes promoted growth of Thalassia,
whereas depressions in shallow water or in the tidal zone supported growth of
R. mangle and A. nitida.

Schuster (1952) reported deposition of sediment on the mangrove forest
floor at every spring tide in Java, the processes of land elevation and soil
formation being accelerated by growth of beach thistles (Acanthus sp.) which
produced large quantities of organic matter.

Soil derived by sedimentation from river water is often poor in calcium
and potassium and, in mangrove swamps, tidal water is the main source of
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salt. In the early stages of mangal development, the clay particles absorb
calcium and potassium salts from seawater and a fine-grained soil, rich in
minerals, results. As evolution of the swamp continues, shelled animals invade
and grow on the trees and substratum. The organic content of the soil
increases and in the moist environment, decay processes are rapid and
calcareous particles are dissolved (Abel 1926). Wharton (1887) reported rapid
corrosion of CaCo3 in mangrove swamps at Aldabra. Fairbridge and Teichert
(1947) concluded that pools on reef flats at Low Isles (Marshall and Orr
1931) were caused by solution of CaCO3 by mangrove swamp acids. Reville
and Fairbridge (1957) suggested that the principal agent for destruction of
CaCO3 in mangrove swamps is carbonic acid produced by decomposition of
organic matter. They also suggested that tannic acid from mangrove bark and
“humic acids” aid in decomposition.

Very little is known about the factors that form and condition mangrove
mud, which may lie in an unconsolidated state to a depth of 1.5 m. Schuster
(1952) discussed breakdown and modification of the substratum by bacteria,
fungi, actinomycetes, and myxomycetes. He mentioned the occurrence of the
bacteria Clostridium sp. and Azobacter sp. and the algae Nostoc sp. and
Anabena sp. in mangrove swamps and speculated that those organisms are
important in nitrogen fixation.

Most of the organic debris on and within mangrove soils is authochonous.
Because of the saline water, relatively high pH of surface soil water (often as
high as 7.8) and anaerobic conditions at low tide, plant detritus is only
partially broken down by bacteria, fungi, and algae. This causes formation of
peat, which is composed mainly of plant remains.

The role of birds in composition and fertility of mangrove soil has not
been investigated adequately. Birds in mangrove have been desciibed by
Cawkell (1964), Haverschmidt (1965), Ffrench (1966), Parkes and
Dickerman (1967), Nisbet (1968), Field (1968), Dickerman and Gavino T.
(1969), Ffrench and Haverschmidt (1970), Dickerman and Juarez L. (i971),
and Ricklefs (1971). Large numbers of birds (Ffrench reported 94 species in
mangrove i Trinidad), including egrets, ibis, herons, spoonbills, anhingas,
pe]icans, storks, ospreys, and cagles, roost in mangrove trees but feed
elsewhere. In this way, nutrients are brought into the swamps and the
functions of'such nutrients should be investigated.

Analyses of mangrove peat have been reported by several workers. Davis
(1940) gave: detailed accounts of soil profiles in the swamps of southern
Florida and, classified them according to their general composition, i..
homogeneous, heterogeneous, or layered: He also clzssified them on the basis
of the type of vegetation which covered the soil and the probable types of
vegetation that formerly were present and centributed most to the
accumnulated materials. Davis reported various types of soil profiles, some of
which indicated progressive soil accretion, while others did not. Giglioli and
Thornton (1965) gave soil profiles from the Gamhia River basin in West
Africa. The profiles indicated typical aliuvial soils in the process of silting.
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The composition of mangrove swamp substratum is dependent upon its
source, age, position in the swamp, organisms present, and scouring by water
flow in the channels and over higher ground at high tide. Walsh (1967)
reported that up to 74.6% of the substratum in the center of the channels of
a swamp in Hawaii was composed of shells, pebbles, and gravel with diameter
greater than 3.35 mm. All of the alluvial particles, however, were less than
0.23 mm in diameter, and most sediments in mangrove swamps are of small
grain size.

Scholl (1963) compared grain-size distribution of clastic sediments in two
mangrove swamps in southwestern Florida, where R. mangle was the
dominant " species. In the swamp of the Ten Thousand Islands area, the
sediment was composed of fine to very fine calcareous-quartzitic sand and
coarse silt. The quartz content was approximately 70%, carbonate mineral
10-20%, and organic matter usually less than 10%. Isopleths of grain size
showed a zone of coarser-grained sediment (approximately 0.100-0.200 mm
diameter) along the shore flanking a belt of finer-grained sediment
(0.062-0.125 mm) inland. Another belt of coarser sediment (0.125-0.250
mm) lay landward of the finer-grained belt. In contrast, the sediments of the
Whitewater Bay area swamp were composed mainly of mollusc shells and
shell fragments. Less than 15% of the sediment was quartz and “little organic
detritus” was present. The grain sizes of surface sediments fell between 0.054
and 0.540 mm in diameter. Distribution of grain size was variable throughout
the swamp. Scholl attributed the differences in sediment characteristics
between the Ten Thousand Islands and the Whitewater Bay areas to
differences in patterns and strengths of the tidal currents. Strong tidal
currents which washed the former were lacking in the latter. Tables 2 and 3
give grain-size distributions in several swamps.

There is a paucity of data on physical and chemical characteristics of
mangrove soil. Values for physical and chemical factors from forests
dominated by different trees with different substrata overlap (Doyne 1933;
Davis 1940; Bharucha and Navalkar 1942; Chapman 1744a, b, c; Navalkar
and Bharucha 1948, 1949; Schuster 1952; Wyel 1953; Hesse 19613, b; Scholl
1963; Giglioli and Thornton 1965a; Giglioli and King 1966; Clarke and
Hannon 1967; Kassas and Zahran 1967, Walsh 1967; Lee and Baker 1972a).
The ranges of some factors reported are: pH 5.0-9.0, Chloride 1.9-87.0 ppt,
carbon 0.05-11.9%, loss on ignition 3.0-72.8%, and C/N ratio 0.4-36.0. Diel
and seasonal variations occur in relation to the tide, rainfall, and rate of
evaporation (Navalkar 1941; Navalkar and Bharucha 1948, 1949, 1950;
Barucha and Navalkar 1942; Clarke and Hannon 1967, 1969; Jiglioli and
Thornton 1965a, b) and at this time, it is impossible to relate plant
distributional patterns to specific physical or chemical propertiss of the soil.
In a study of the plant communities of the Sydney District, Australia, Clarke
and Hannon (1967, 1969) found that variations in the physical and chemical
properties of mangrove soils -were similar to those of other plant stands.
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Table 2. Percentage grain-size distribution (mm diameter) in mangrove

swamp surface sediments.

El Salavador (Wyel 1953) Brazil (Friese 1937)
>1.0 mm 0.0-5.2% >0.2 mm 4.7-7.0%
1.0-0.5 0.0-4.2 0.2-0.06 7.2-11.8
0.5-0.4 0.0-8.0 0.06-0.03 6.7-10.1
0.4-0.3 0.0-6.0 0.03-0.006 6.6~10.4
0.3-0.2 0.0-18.0 0.006-0.003 22.1-24.5
0.2-0.1 0.0-18.0 <0.003 43.6-46.6
0.1-0.06 0.0-16.6
0.06-0.03 22.0-43.8 India (Navalkar 1941)
0.03-0.017 7.0-32.0 2.0 3.9-4.0%
0.017-0.007 3.0-27.0 0.2 38.2-38.6
0.007-0.003 0.5-8.0 0.02 29.5-33.1
<0.003 0.5-5.0 0.002 3.9-4.3
Java (Schuster 1952) Florida (Scholl 1963)
2 mm 0% Median grain-size from 10
2.0-0.1 2 stations varied between 0.006
0.1-0.05 5 and 0.700 mm.
0.05-0.01 30
0.01 63

Jamaica (Chapman 1944)

Coarse sand 39.9%
Fine sand 26.5
Clay 5.1
silt 15.7
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Table 3. Grain-size distribution in surface sediments of swamps dominated by
Avicennia alba (Navalkar 1941) and A. marina (Clarke and Hannon 1967).
Coarse sand = 2.0 mm diameter, fine sand = 0.2 mm, silt = 0.02 mm, clay =
0.002 mm.

Species Percentage of Dry Soil
Coarse sand Fine sand §£ %}_'
A. alba 4.0 38.4 31.3 4.1

A. marina 752 3.8 1.7 4.8

However, Avicennia marina and Arthrocnemum australasicum occurred only
where high salinity of the soil water endured for long periods of time or
where there were wide variations in salinity. Giglioli and King (1966) pointed
out that A. germinans grew in old soils of high salinity and that this high salt
content was a function of time. Avicennia was apparently able to exclude
Rhizophora racemosa because it was better adapted to high concentrations of
salt. Avicennia, unlike Rhizophora, absorbs large quantities of salt through its
roots and excretes them through the leaves (Scholander et al 1962). As shown
above, the fibrous nature of the substratum also appears to be important in
colonization, and it is most likely that combinations of factors, including soil
salinity, regulate species distribution.

Clarke and Hannon (1969) concluded that tidal action, as modified by
microtopography, was the major factor which affected soil salinity over long
periods of time, and that succession was mainly allogenic rather than
autogenic. This concept was shown to be true by Thom (1967), who
demonstrated that although biotic and geomorphic processes are effective in
short-term changes on actively accreting shores, physiographic processes of
sedimentation and subsidence are more important over a long period of time.
Physiographic changes influence salinity of the soil, degree of water
saturation, soil type, and drainage, and therefore greatly influence the species
present.

Zonation and Succession

In general, in areas of large mangals, five geographic belts can be
distinguished (West 1956): (1) a belt of shore water and mudflats along the
coast, (2) a series of discontinuous sand beaches, variable in size, which are
interrupted by tidal inlets and mudflats, (3) a zone of mangrove forest,
usually one-half to three miles wide, (4) a fresh-water swamp, and (5)
equatorial rain forest. Although the beach zome is frequently absent, this
zonation was described in the Malay Peninsula (Watson 1928), western Africa
(Grew 1941), the Congo (Pynaert 1933), and in Guiana (Martyn 1934).
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Within the mangrove belt, there is usually a seral succession of vegetation in
relation to hydrological and climatic conditions. Day et al. (1953) held the
salinity gradient to be of great importance to distribution in South Africa,
and described correlations between rainfall, evaporation, upflow of salt water
from the sea, and seral change.

There have been several attempts to classify mangrove vegetation
according to physical characteristics of the environment. Watson (1928)
described two general classifications: (1) mangroves that grow on accretive
shores and (2) those that grow on sand. Watson also related species to the
tidal cycle and described five classes: (1) inundated by all high tides, (2)
inundated by medium high tides, (3) inundated by normal high tides, (4)
inundated by spring tides, and (5) occasionally inundated by exceptional or
equinoctial tides.

Stevenson and Tandy (1931), working at Low Isles in Australia, described
the mangrove habitat as (1) dense woodland, (2) muddy glades, and (3)
shingle tongues. At present, mangrove types are sometimes considered to be
related to the type of soil present. Troll and Dragendorff (1931) and Walter
and Steiner (1937) described mud and reef mangroves; Chapman (1944a)
added the categories of sand and peat mangroves. These four types are
generally recognized today.

Tansley, Watt, and Richards (1939) suggested that mangrove vegetation be
considered as a formation type on a world-wide basis. They recognized two
subformations: (1) the New World subformation, including western Africa,
and (2) the Old World subformation. Chapman (1944a) recommended that a
third subformation, the Australasian, be recognized because the species of
Avicennia are very distinct in their distribution and segregate into these three
geographical regions.

Davis (1940) said that the mangrove formation is composed of seral
communities. Although reef and sand communities appear to be climax
stages, the statement of Davis is generally true. The order of zonation varies
-considerably-even -in-geographically -related -areas.-For- example; in -the-©0ld-
World subformation, Rhizophora is the pioneer species along river banks and
in the more protected regions along oceanic shores, whereas Avicennia or
Sonneratia pioneer on shores of greater wave and tidal action. In Jamaica, R.
mangle pioneers along protected shores, while Laguncularia racemosa
pioneers on sand spits where wave action is greater (Chapman 1944a).

Chapman (1940) pointed out that the presence of sea grass in submerged
areas accelerates the seaward extention of mangrove because it raises the
height of the sea bed, allowing R. mangle seedlings to grow.

The seral nature of mangrove vegetation in the Indo-West-Pacific region
was described in detail by Macnae (1968), who recognized succession in every
mangal he visited. Macnae stated that variation in development was often
found, succession being complete only where the amount of available fresh
water exceeded that lost through evaporation and transpiration. When losses
through evaporation and transpiration exceed income from rain and rivers,

73



GERALD E. WALSH

the soil becomes hypersaline and zonation is interrupted.

Macnae described the effects of fresh-water imbalance in a zone of Ceriops
tagal (Perri} C. B. Rob. This zone was located between a seaward fringe of
Bruguiera gymnorhiza and a landward fringe of 4. marina. Where fresh-water
loss exceeded gain, C. tagal became stunted. With increasing excess of
evaporation, the Ceriops bushes died, forming a bare area which expanded
both landward and seaward until only a few bushes grew near the Avicennia
and Bruguiera fringes.

In Florida, Davis (1940b) was the first investigator to give a detailed
account of succession in a mangal. He recognized seven principal
communities: (1) The pioneer Rhizophora mangle zone. This seaward stage
was composed of mangrove seedlings of various age growing in marl soil
below the level of low tide in shallow undisturbed water. Thalassia
testudinum Koenig and Sims and Cymadocea manatorum Aschers grew in
shoal areas near this zone, and Spartina alterniflora Loisel was present in
some parts of Florida. (2) Mature Rhizophora consocies. This stage was
composed of mature R. mangle with well-developed prop roots growing in
mangrove peat. (3) Avicennia-salt marsh consocies. This stage was composed
of the tree A. nitida and the salt marsh plants Batis maritima L.; Salicornia
perennis Mill, Spartina alterniflora, S. spartinae (Trin.) Merv, Monanthochloe
littoralis Englem., and Sporobolus virginicus (L.) Kunth. This mangrove salt
marsh consocies grew on peaty soil and accumulated large amounts of organic
and inorganic detritus. During dry periods, soil salinity was very high, whereas
salinity was very low during rainy periods. In some places, Avicennia was
more than 30 cm in diameter, but in other places was a small gnaried bush.
(4) Mature mangrove associes. This stage consisted of large trees of R. mangle
and A. nitida growing together on peat soils in water of low salinity at
approximately the mean high tide mark. (5) Laguncularia racemosa consocies.
This stage did not occupy a specific habitat, but was found with both the
mature mangrove associes or between the Avicennia-salt marsh associes and a
Conocarpus associes when the natural mangrove associes was not present. (6)
Conocarpus erectus transition associes. This was the final stage of mangrove
succession in Florida, as it was bordered on its landward edge by sand dunes,
upland tropical forest, or fresh-water marsh. Davis considered the Conocarpus
associes to be an ecotone, not a definite seral community. This was disputed
by Chapman (1944a) who reviewed the work of Borgeson (1909) and
concluded that Conocarpus formed a true seral stage. Chapman later (1970)
considered the Conocarpus community to be an ecotone between saline and
fresh-water communities. West (1956) described the final stage in seral
succession in Colombia as dominated by C. erectus in the drier and less saline
areas. (7) Dwarf-form mangroves. Davis recognized a scrub-mangrove facies of
dwarfed Rhizophora, Avicennia, and Laguncularia, which grew above the high
tide mark in fresh water. This dwarfed form was common in the Everglades
region.
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Thorne (1954) listed many other plants in the mangals of Florida.
Holdridge (1940) gave an extensive description of the vegetative characters
and general characteristics of R. mangle, Langucularia racemosa, C. erectus,
and A. nitida, and reported Petrocarpus officinale Jacq., Anona glabra L.,
Bucida buceras L., and Drepanocarpus lunatus G.F.W. Meyer living in the
mangals of Puerto Rico.

Chapman (1944a) compared succession in the swamps of Jamaica with
that in Florida (Figs. 9 and 10). In both cases, Rhizophora was the pioneer
form, with Avicennia, Laguncularia, and Conocarpus iniand. Asprey and
Robbins (1953) stated that there were few associates with mangrove in
Jamaica, a pattern similar to mangals in other parts of the world. Batis
maritima, Salicornia ambigua Michx., Acrostichium aureum L., Alternanthera
ficoides, and S. virginicus occurred in the swamps of Jamaica. In other parts
of the world, other genersf and species occupy similar positions. For example,
Taylor (1959) described the mangals of Papua, New Guinea, as follows:

JAMAICA
PROTECTED EXPOSED
1
rBsys and cays Rivers L Bays
Thalassia-Cymodocea associes Thalagsia-Cymodocea associes
Rhizophora consocies
(consoclation on reefs) Rhizophora consocies
Avicennia consocies o Laguncularia consocies

consociation on cays)

(sand, mud, or peat) (¢
\ it otara locles

Laguncularia consocies
(sand, mud, or peat) (pools and wet depressions)

01d Avicennia consocies
+ Acrostichum

Salina associes

Conocarpus assocles
l (bare, Batis or Sesuvium)
Dune-Strand vegetation Thorn serub Reed-swamp congocies

(Typha domingensis)

Figure 9. Succession in the mangrove swamps of Jamaica (Chapman 1944a).
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FLORIDA
Marine 'grasses'
Open water Rhizophora family

Mature Rhizophora consocies

Scrub mangrove
facies

Avicennia, salt~marsh\associes
marsh locies

Laguncularia

Mature mangrove consocies

associes

! \
Beach associes Conocarpus l:rnnsll:tun associes Marl prairie
associes

Rhizophora, fresh
marsh locies

Fresh-water marsh
agsocies

Dune "“Cies Pineland, edaphic
subclimax association
L 4

Tropical Forest €

Figure 10.  Succession in the mangrove swamps of Florida (Chapman 1944a).

1. Salt water swamps

a. Tidal mangrove sequence

b. Mangrove marsh sequence
2. Brackish water swamps

a. Brackish swamp sequence

b. Estuarine sequence.

In the tidal mangrove sequence, each succeeding community occurred at
sites with successively longer periods of tidal inundation. The shore pioneer
species was C. tagal, followed by a broad zone of R. mucronata and B.
gymnorhiza. The final stage was dominated by Heritiera littoralis. The
boundary between the H. littoralis zone and the rain forest was dominated by
Intsia bijuga (Colebr.) O. Kunz. and was very sharp. All of the mangrove
species occurred as scattered individuals in all of the communities, although
the dominant species comprised over 50% of the number of species, and there
were sharp transitions between the zones.

In the mangrove marsh sequence, there was a fringing area of A. alba trees
up to 12 m high, which changed gradually to a thicket of the same species up
to 6 m high. The thicket was bordered by swampy soil devoid of vegetation
and Taylor suggested that the sequence from tall trees to bare swampy
ground was regulated by soil salinity.
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Brackish water swamps occurred where mangrove forest was bordered
inland by fresh-water swamps. There were only two sharply-defined zones:
(1) a zone composed predominantly of A. alba and B. gymnorhiza, with a
dense ground cover of the fern Acrostichium speciosum Thunb.; and (2) a
zone dominated by Parinari corymbosum (Bl.) Mig. Hibiscus tiliaceus L. was
present in small numbers. Acrostichium speciosum was generally abundant in
this zone, but Acanthus ilicifolius L. sometimes made up 50% of the ground
cover.

The estuarine sequence was similar to the tidal mangrove sequence, except
the palm Nypd™ fruticans Wurmb. dominated the zone which bordered the
fresh-water swamp.

In West Africa (Nigeria), Jackson (1964) recognized six groups of
mangrove on the dual basis of range of habitat and dispersal of seeds.

Group 1. Species restricted to the tidal areas and with specialized seed
habits. This group included R. racemosa, the pioneer species at the water’s
edge and on the storm beach, and A. nitide dominant along the inner edges of
closed lagoons. Boughey (1957) found Rhizophora only in open lagoons and
Avicennia only in closed lagoons in West Africa. Bews (1912) reported B.
gymnorhiza from lagoons in Natal. In the case of Rhizophora species, Keay
(1953) considered R. racemosa to be the pioneer species, with R. mangle
following on drier ground and R. harrisonii on wet ground. These were
followed inland by A. nitida, Laguncularia racemosa, and C. erectus. Gledhill
(1963) pointed out that the propagules of R. racemosa are between 30 and
65 cm long and, by virtue of their length, are suited for establishment in
flooded mud. The seedlings of R. mangle are approximately 20 cm long and
those of R. harrisonii 30 cm long. Gledhill felt these were adapted for
establishment on less heavily silted soil under more vigorous water current
conditions.

Group II. Species found normaily in tidal areas and with specialized fruits
but normal seeds, or with buoyant seeds. Genera in this group were
Drepanocarpus, Dalbergia, Ormocarpum, and Hibiscus. The seeds of these
groups germinate in the water.

Group I11. Species widely distributed along water courses and in swampy
areas, usually with unspecialized fruits. The genera here were Pterocarpus,
Cynometra, Lonchocarpus, Phyllanthus, and Phoenix. Seeds of the first four
are buoyant and are found floating in water. Seeds of Phoenix have never
been found in the drift.

Group IV. Species not restricted to water courses in the forest areas and
with no marked specializations. These species are associated with high or
well-distributed rainfall. The fruits and seeds are not associated with dispersal
by water. This group included Anthocleista, Elaies, Combretum, Aichornea,
and Paullinia.
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Group V. Cultivated plants. These are plants which occur in strand
vegetation and have floating fruits which are dispersed by water. Genera
include Cocos, Terminalia, and Anacardium.

Group VI. Species whose seeds and seedlings are found in the swamp but
with few or no mature individuals present. These include Lonchocarpus,
Halomosia, Spondias, Cleistopholis, Dioclea, and Entada.

It is clear that mangrove swamps are not the simple communities some
writers thought them to be. Macnae (1966) described in detail a complicated
succession in the swamps of Queensland, Australia. There, the pioneer tree
was A. maring where there was a large amount of fresh-water inflow, or
Sonneratia alba where the influence of saline water was strong. The Avicennia
zone was composed of a row of mature trees, two or three trees deep, with
thickets of seedlings and saplings extending out onto a beach. Often, where
the influence of fresh water was strong, Aegiceras corniculatum Blanco

occurred in large numbers in the seedling and sapling thickets. On the other
hand, where S. alba fringed the shore, the pioneer belt was well-developed.
The alga Catenella nipa Zanard colonized the pneumatophores of both
Avicennia and Sonneratia. Macnae found no other algae there. This was
exceptional as large numbers of algae are present on the pneumatophores of
both genera in southern Australia and eastern Africa. The substrata of
shoreline fringes were considerably firmer than either the foreshore in front
or the Rhizophora forest behind because both Avicennis and Sonneratia have
a mass of intertwining absorptive roots which lie 20 to 40 cm below the
surface.

Behind the ocean fringe, there occurred an ocean shore sub-fringe
composed mainly of R. stylosa and occasionally of R. mucronata.
Rhizophora formed the fringing zone along creeks. Ding Hou (1958) and van
Steenis (1962) held that R. stylosa was found only on sandy shores and coral
terraces. Macnae stated that both R. styloas and R. mucronata grew in mud
sand, and on coral debris, and speculated that the two forms are actually’~
variants of a single species. Whatever the taxonomic position may be, it is
clear that in contrast to the New World genera the southeastern-asiati(,: and
eastern Africa forms of Avicennia are better adapted for pioneering than
Rhizophorous forms (see Watson 1928; Macnae 1963, 1968).

In contrast to the pioneer fringe, the substratum in the well-developed
Rhizophora forest was always very soft and muddy due to entrapment of
sediments between the prop roots.

Landward of the Rhizophora forest lay broad areas of either (1) thickets
dominated by C. tagal, where the amount of rainfall was intermediate, or (2)
forests dominated by Bruguiera, where the amount of rainfall was large. In
the thickets, C. tagal was ordinarily the only species present, but Bruguiera
exaristata Ding Hou was sometimes subdominant. Occasionally, 4. marina, B.
gymnorhiza, R. apiculata, R. stylosa, Xylocarpus granatum Konnig, and X.
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australasicun Ridley were present. In areas of much rainfall, the Ceriops
thickets were narrow and bordered by very dense forests dominated by either
B. parviflora or B. gymnorhiza. In B. gymnorhiza forests, scattered specimens
of X. australasicum occurred and the fern A. speciosum grew between the
trees. The Bruguiera forests were the tallest of the Australian mangrove.
Height of the trees appeared to depend upon the amount of fresh water
available, with tallest trees in areas of highest rainfall.

The landward fringe of the Queensland mangals was the most diverse of all
seral stages. Avicennia marina was the most abundant tree, but B. exaristata
Ding Hou was common, and C. tagal, C. decandra, Lumnitizera agallocha, L.
littorea, R. apiculata, and Exocoecaria agallocha L. were present. Xylocarpus
granatum and X. australasicum were present occassionally, Where the
landward fringe bordered a rain forest, many of the forest epiphytes grew on
the mangrove trees. These included the orchids Dischidia nummularia R. Br.
and Dendrobium sp., the ant plant Myrmecodia (beccari Hook.?), and the
ferns Drynaria rigidula Bedd., Platycerium sp., Polypodium acrostichoides
Forst., and P. quercifolium L.

The above description by Macnae of seral succession in a mangal is, in
general, typical of the large swamps of the Indo-Pacific region. This author
(1966, 1968) described characteristics of large mangals in detail, and
concluded that zonation of mangrove trees was due to the interaction of (1)
frequency of tidal flooding, (2) salinity of the soil water, and (3) water
logging of the soil. All three are modified by the presence of creeks, gullies,
channels, and rivers. The second and third depend upon rainfall and/or the
supply of fresh water, evaporation, transpiration, and the nature and quality
of the soil. Chapman and Trevarthen (1953) stated that on muddy or sandy
shores, distribution of organisms is related to the nature of the substratum
which controls drainage, aeration, and penetrability.

The possible role of tidal flooding in relation to succession of Jamaican
mangroves was shown by Chapman (1944b), who related vegetation types to
the number of tidal submergences per year. His data showed decreasing tidal
influence between the seaward R. mangle stand and the landward C. erectus
stand (Table 4).

Tidal flooding alone does not determine species composition, zonation, or
succession in mangals. Clarke and Hannon (1967, 1969, 1970, 1971) studied
the physical habitat of mangroves in Australia in great detail. They concluded
that soil did not play a major role in control of plant distributional patterns
and that plant reaction on the soil did not regulate seral change.Microclimate
was important in providing conditions necessary for seedling development,
determining soil characteristics, and influencing competition between species.
Clark and Hannon showed that the holocoenotic complex (Fig. 11) was
intricate and that variation in any of the components affected species
distribution. The main factors were degree of tidal flooding, elevation of the
land, and salinity of the soil water. Plant zonation was associated closely with
elevation above mean sea level, seasonal patterns of soil salinity, and small
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Table 4. Number of tidal inundations in a mangrove swamp in Jamaica (Chapman,
1944b).

Vegetation Inundations per year
Rhizophora swamp 700+
Rhizophora/Avicennia boundary 524
Avicennia swamp 432
Asicennia/Laguncularia boundary 213
Center of salina 150
Laguncularia/Conocarpus boundary 4

differences in microtopography. Also, light and water-logging of the soil
were important to distribution, and a comparison of environmental
requirements of coastal halophytes was made (Fig. 12). The authors stated
that the sharpness of zonation depended upon the intensity of species
interaction at ecotones. Slight environmental changes related to topography
produced intense competition which made significant factors that were
normally of secondary importance. Generally, the severity of the
environment, including covering by mud and tidal scouring, determined the
success of a species in advancing seaward, whereas landward extension was
governed by ability to compete with other species in relation to salinity,
availability of fresh water, temperature, light, and humidity.

Macnae (1966) criticized the Watson (1928) scheme of classification based
on frequency of tidal flooding (described above) because it applied only to
ever-wet forests in Malaya. Instead, Macnae proposed that zonation be based
on the dominant tree. Dansereau (1947), in a phytosociological study of
mangrove in Brazil, described three natural associations: Rhizophoretum

manglei, Avicennietum tomentosae, and Laguncularietum racemosa.
Cuatresasas (1958) described the mangrove associations of South America as
Rhizophoretum  brevistylse, Rhizophoretum manglease, Brugieretum
gymnorrhizae, Sonneratietum albae, and Avicennietum nitidze. Schnell
(1952) described five “edaphic” associations in West Africa: Rhizophoretum
racemosae,  Avicennietum  nitidae,  Drepanocarpeta-Rhizophoretum,
Ecastophylletum (Dalbergiaetum) brownei, and Cyperteum articulati.
Chapman (1970), in a very important paper on mangrove phytosociology,
compared succession in mangals throughout the tropics and gave eight
schemata that depicted zonation (Figs. 13-21). Chapman concluded that
there is great similarity in the vegetational communities and suggested an
extensive classification of natural associations according to the
Braun-Blanquet system. The classification consisted of 8 alliances, 15 orders,
and 40 associations, but must be considered tenuous at this time because of
lack of taxonomic and systematic data from many localities.
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The holocoenotic complex in mangrove swamps and salt marshes of the Sydney

District, Australia (Clarke and Hannon 1969).
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Succession in the mangrove swamps of South America (Chapman 1970, Schema 2).



Rhizophora racemosa

+ R. harrisomii

R. harrisonii Paspalum
Avicennia nitida
+ Laguncularia
racemosa
R. mangle Avicennia
Acrostichum Laguncularia + Pandanua
aureum Conocarpus Raphia
Figure 15.  Succession in the mangrove swamps of West Africu (Chapman 1970, Schema 3).
North South
RED SEA Avicennia marina Avicennia marina
Arthro’:’ne\mm Avicennia‘
Rhizophora mucronata
Ceriops tagal
Bruguiera gymnorhiza
(sand) (md) salt flat
(rivers)
CENTRAL Avicennia marina Sonneratia
(seaward) \ alba Rhizophora mucronata
Rhizophora micronata ‘/
+ Bruguiera gymnorhiza
\ Bruguiera
. gymorhiza
Xylocarpus obovatus kCeriags tagal /
+ Acrostichum
Avicennia marina
(landward)
(Coast) (Rivers)
Avicennia marina e/ Rhizophora mucronata
SOUTH Ceriops tagal Bruguiera
Bruguiera gymnorhiza gymmorhiza
{INHACA) *
Avicennia Rhizophora
Lumnitzera Thespesia
Xylocarpus populnea
Avicennia
Salt wmarsh
Figure 16.  Succession in the mangrove swamps of East Africa (Chapman 1970, Schema 4).
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Figure 17.  Succession in the mangrove swamps of India (Chapman 1970, Schema 5).
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Sonneratia Rhizophora mucronata

+ Rhizcghnrn apiculata

Mixed mangrove

(Rhizoghoru » Brugulera,

Xylocarpus, Sonneratia caseolaris)

Salt water /

Heritiera minor Fresh water
Heritiera minor

1 (Brackish) l

Heritiera Heritiera

+ Ceriops tagal + Pandanus
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Figure I8.  Succession in the mangrove swamps of India (Chapman 1970, Schema 6).
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Figure 19.  Succession in the mangrove swamps of Malaysia, Indonesia, and Borneo (Chapman
1970, Schema 7).
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Figure 20.  Succession in the mangrove swamps of Australia (Chapman 1970, Schema 8)
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Figure 21.
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Succession in the mangrove swamps of Papua, New Guinea, the Philippines, and

Oceania (Chapman 1970, Schema 9, part 1).
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Figure 21.  (Continued). Succession in the mangrove swamps of Papua, New Guinea, the

Philippines, and Oceania (Chapman 1970, Schema 9, part 2).
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ECOLOGY OF HALOPHYTES

ADAPTATIONS

Warming (1883) stated that mangroves have adapted to their environment
through (1) mechanical fixation in loose soil, (2) respiratory roots and
aerating devices, (3) viviparity, (4) specialized means of dispersal, and (5)
development of xerophytic structures in relation to soil salinity. Walter
(1931a, b; 19364, b) and Walter and Steiner (1934) concluded from studies in
East Africa that zonation was related to the capacity of mangroves to
compete and survive in saline soils. Thus, they distinguished zones of
Rhizophora, Avicennia, and Sonneratia and stated that Rhizophora and
Avicennia bore great fluctuations in soil salinity, whereas Sonneratia required
a constant chloride content. It is clear, however, that zonation depends also
upon mbrphological and physiological adaptations. Wenzel (1925) gave
detailed descriptions of the anatomy of R. mucronats, R. mangle, B.
gymnorhiza, C. candolleana, A. officinalis, and X. granatum. Chapman
(1944c¢) described functional morphology of A. nitida in detail and presented
data on physiology of the pneumatophores. The gross morphology of most
species is described in many manuals of tropical trees.

Anatomical

Marco (1935) described the anatomy of the woods of rhizophoraceous
species from both mangals and upland forests of the Indo-West-Pacific region.
He divided the family into three groups and stated that the mangrove genera
formed a well-defined, natural aggregation that was readily separable from all
other members of the family. He suggested that Rhizophora, Bruguiera,
Ceriops, and Kandelia be placed in an independent family. Marco placed the
four genera in the anatomical division Rhizophoreae, characterized by (1)
‘heavily barred, exclusively scalariform perforation plates, (2) characteristic
scalariform intervascular pitting, (3) little vasicentric parenchyma, (4)
numerous fine-celled multiseriate rays and very few uniseriate rays, (5)
libriform fibers with inconspicuous pits, and unilaterally and bilaterally
compound pitting between rays and vessels. These features segregated the
four genera from all other groups of the Rhizophoraceae, but their
significance as adaptive features has not been determined.

Reinders-Rouwentak (1953) stated that, in the Sonneratiaceae, the mature
wood of species from more saline environments contained a larger number of
smaller vessels than species from less saline areas. For example, S. griffithii
from the seashore of Bengal had 34-50 vessels/mm?2 and the diameter range
was 85-100 u. Sonneratia apetala from the river had 18-32 vessels/fmm2 with
diameter range of 135-150 u. Heiden (1893) gave a detailed account of

anatorpy of the Combretaceae, including the “genera Conocarpus,
Lumnitizera, and Laguncularia.
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Macnae (1968) reviewed adaptations of mangroves with regard to growth
in ill-consolidated mud, specializations of stems and leaves, relationships
between root and shoot systems, and vivipary. Robyns (1971) considered
mangroves to be the only truly viviparous plants. He defined vivipary as the
process in which the seed remains attached in the fruit to the mother tree,
germinates into a protruding embryo with a long hypocotyl, and finally falls
from the tree. Genkel’ (1962) speculated that mangroves evolved in the
ancient tropical forest from xerotic plants in which the seeds had no dormant
period and loss of fruit from the tree was delayed by chioride in the soil
water.

The roots of mangroves are not deep and tap roots are not present. For
descriptions of mangrove root systems see Goebel (1886), Schimper (1891),
Troll (1930), Troll and Dragendorff (1931), Uphoff (1941), and Macnae
(1968). Zieman (in press) found that height of R. mangle was related to root
length. In Rhizophora, the primary roots of the hypocotyl function fer only
a short period of time and root functions are assumed by secondary roots
which extend from the main trunk. The cause of cessation of growth of
primary roots is not known, but Warming (1877), Johow (1884), and
Schimper (1891) suggested that they are injured mechanically by crabs and
snails. There are two kinds of roots in Rhizophora: (1) aerial roots that arise
from the main trunk and form arched stilts which penetrate the ground (prop
roots) and (2) subterranean roots that arise from the prop roots. Aerial roots
also arise adventitiously from the lower branches of trees. The prop and aerial
roots function in aeration and ventilation of the tree in general and of the
subterranean roots in particular. Most mangroves have schizogenous lacunae
in the cortex of the roots. The main function of the subterranean roots is
absorption of water and nutrients.

The anatomy of aerial roots has been described by Warming (1883),
Schenck (1889), Karsten (1891), Leibau (1914), Bowman (1917), Mullan
(1931, 1932, 1933), and Gill and Tomlinson (1971). According to Gill and
‘Tomlinson, aerial roots first appear on the hypocotyl or lower internodes. of .
seedlings after 1 to 3 first-order branches have been produced. Later, they
arise on higher internodes and lower branches. Aerial roots also develop on
the high branches of mature trees. In general, the aerial roots originate on the
shoot in acropetal sequence. Gill and Tomlinson (1971) gave a detailed
account of root growth and anatomy.

When aerial roots reach and penetrate the ground, they undergo marked
changes which relate to subterranean function. According to Bowman (1917),
the absorptive subterranean roots are thick, spongy, and gas-filled due to
great development of the primary cortex. The primary cortex of absorptive
roots is composed of large cells and very large intercellular spaces in which
idioblasts, trichoblasts, and root hairs are lacking (Bowman 1921). The
periderm of the absorptive root consists only of cork cells, whereas that of
the aerial root consists of both cork and “‘parenchymatic” tissue (Bowman
1921). Bowman also reported stone cells and idioblasts in all parts of R.
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mangle except the flower. These were trequently associated with tannin cells.
Sclerenchymatous tissue occupies a large portion of the stem and hypocotyl
of mangrove and makes anatomical study very difficult.

Two other rhizophoraceous genera, Bruguiera and Ceriops, do not have
aerial roots. Instead, they have subterranean cable roots which differentiate
into knee roots that penetrate the soil surface, and absorptive roots (Marco
1935).

Troll and Dragendorff (1931) gave an extensive account of the cable root
system of Sonneratia, and similar roots systems are present in some species of
Avicennia, Lumnitizera racemosa, X. australasicum, and X. moluccensis
Roem. For an extensive study of anatomy of respiratory roots of mangroves,
see Ernould (1921).

Chapman (1944c) showed that the composition of gas in the roots of A.
nitids was similar to air and that there was no fundamental difference
between composition of gas in the pneumatophores and in the horizontal
roots. He stated that the large cortical air spaces allowed longitudinal gas flow
between organs. Scholander et al. (1955) studied respiratory gas exchange in
the roots of A. nitide and R. mangle. The radial roots of A. nitida send
numerous pneumatophores up to 30 cm above the ground. There is a direct
gas connection between the radial roots and the pneumatophores. When the
tide covered the pneumatophores, there was a decrease in the oxygen content
of the whole root system. At low tide, oxygen comprised between 15 and
18% of the gas content. At high tide, oxygen content was about 7%. At high
tide, the oxygen content dropped until the pneumatophores were again
exposed to air at low tide. There was little change in carbon dioxide content
of the roots over the tidal cycle.

Gas in the subterranean roots oof R. mangle contained 15 to 18% oxygen
and there was always a direct gas connection between these roots and
lenticels on the prop roots. The high oxygen tensions in the roots were
maintained by means of ventilation through the lenticels on the prop roots
(Scholander 1955).

Macnae (1968) gave diagrams of the cross sections of leaves of Rhizophora,
Avicennia, and Sonneratia. Schimper ( 1891, 1898) showed that the leaves of
most mangroves contain water storage tissue. This is initially in the form of a
hypodermis in Rhizophore and Avicennia and a centrally located layer of
cells in Sonneratia. Stace (1966) made a detailed study of leaf anatomy of
seven genera (Tables 5 and 6) and also the epidermal characteristics of
Bruguiera spp. and Avicennia spp. He concluded that the leaf and epidermal
characteristics of mangroves are similar to most xeromorphs. All species had
common epidermal features, notably a thick cuticular membrane, straight
epidermal cell walls, and the presence of water-storage tissue, hydathodes,
cork warts, and water stomnata. See Artz (1936) for descriptions of the
cuticula of S.. alba, C. candolleana, R. mucronata, B. gymnorhiza,
Lumnitizera racemosa, X. obovatus, and 4. officinalis. In the study of Stace,
almost all of the species studied had sunken stomata or stomata surrounded

89



Table 5.

(Stace 1966),

Characteristics of the leaves of rhizophoraceous mangroves

Venous system on

upper epidermis

Venous system on

lower epidermis

Epidermal cells
of non-venuous

areas

Stomata

Subsidary

cells

Rhizophora

Ceriops

Bruguiera and
Kandelia

Midrib only, very
broad and conspic-
uous; cells broader

than long

Midrib only, very
broad and conspic-
uous, or lateral
veins also discer-
nihle

Straight- or curved-
walled, not second
divided, mostly ca.

11-25 p across

Sunken, ca. 30-55
X 20-35 p; outer
stomatal ledge con-
spicuous, single or
with minute second

lip

5-8, cyclocytic

Con't on next page
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Midrib only, nar-
row and inconspic-
uous; cells broader

than long

Midrib only, very
broad and conspic-

uous

Straight- or cur-
ved-walled, not
second divided,
mostly ca. 15-35

B across

Sunken, ca. 36-46

X 22-34 pn; outer sto-
matal ledge conspic-

uous, consplcuously

two-1lipped

6-8, cyclocytic

Midrib only,
narrow but

consplcuous;
cells broad-
er than long
Midrib only,
very broad

and conspic-

uous

Mostly straight-
or curved-walled,
not second divi-
ded, mostly ca,
15-40 p across
Sunken, ca. 30-
44 x 16-28 p;
outer stomatal
ledge conspicuous
in some spp. con-
spicuously two-

lipped

4-6(8), cycloecytic



Water stomata,
hydathodes and

cork-warts

Hypodermis, in-
cluding extra epi-

dermal layers

Mesophyll

Water-storage

tissue

Table 5 con

Large conspicuous

cork-warts on lower

't

epidermis, sometimes

also on upper epi-
dermis; water-like
structures on both

epidermides

Upper three-to five-

layered, sparsely

chloroplasted; lower

usually absent
One to three layers
of palisade and ca.
eight to ten layers
of spongy below

upper hypodermis

Upper hypodermis ?

91

Cork-warts + absent;
frequent water-sto-
mata-like structures

on both epidermides

Upper two-layered,
sparsely chloro-
plasted; lower
usually absent
Usually one layer
of palisade and
ca. elght to ten
layers of spongy
below upper hypo-
dermis

Upper hypodermis ?

All apparently

absent

Upper and lower
one-layered,
densely chloro-
plasted

Usually one layer
of palisade and
ca. eight to ten
layers of spongy
below upper
hypodermis
Absent, or ?
sometimes in

spongy mesophyll



Table 6.

Characteristics of leaves of combretaceous mangroves (Stace 1966).

Venous system
on upper epider-

mis

Venous system on

lower epidermis

Epidermal cells
of non-venous

areas

Margin

Stomata

Lumnitzera
Absent, or midrib
only very inconspi-
cuous; cells longer

than broad

Midrib only, broad

and conspicuous

Straight~walled, not
second divided, most-

ly ca. 25-40 p across

Of several regular
rows of rectangu-
lar cells with
angular lumina
Sunken or not, not
protected by hairs,
always more frequent
on upper epldermis,
absent only from

margins, randomly

Laguncularia
Midrib only, broad
and conspicuous to
very incomspicuous;
cells longer than
broad
Midrib only, broad

and conspicuous

Straight- oxr slight-
ly curved-walled,
many second divided,
mostly ca. 15-30 p

across

0f small cells with
rounded lumina not

arranged in rows

Scarcely sunken;Anot
protected by hairs,
usually more fre-
quent on upper epi-
dermis, absent only

from margins, oriem-

Con't on next page
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Conocarpus

At least midrib
and lateral

veins distinct;
cells longer than
broad

Midrib, lateral,
secondary and
lesser veins
distinct

Mostly curved

or straight-
walled, not se-
cond divided, most-
1y ca. 15-35 q
across

O0f several regular
rows of rectangu-
lar cells with
angu}ar lumina
Not sunken, pro-
tected by dense
hairs or not,
usually slightly
more frequent on

lower epidermis,



Subsidiary cells

Trichomes

Water stomata,
hydathodes and

cork-warts

Domatia

Table 6 con't

oriented, ca. 24~
32 x 19.5-24.5 p;
outer stomatal ledge

consplcuous, single

(3)4~5(6), cyclo-

cytic

Compartmented hairs
only, often extreme-
ly sparse to absent

on botﬁ epidermides

Large water-stomata
present on both
epid.; hydathode-
like areas pre-

gent, mostly on mid-

rib of lower epildermis

and on margin

Shallow pits along

margins may be

rudimentary domatia

tated at right
angles to midrib on
upper epidermis, ca.
25-35"x 20-26 p;
outer stomatal

ledge conspicuous,

single

(3-)4(-5), cyclo-

cytic

Compartmented hairs
and apparently ses-
sile deeply sunken
glands on both
epldermides

As in Lummitzera

but very sparse

Absent

Con't next page
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absent from mar-
gin and lower
epidermal midrib,
randomly orienta-
ted, ca. 25-30 x
17-25 p; outer sto-
matal ledge fair-
ly conspicuous,
single

3-6, not differ-

entjiated

Compartmented
hairs and stalked
superficial glands

on both epidermides

Usually apparent-
ly absent, rare-~
ly a few water-

stomata present

Large, primary-
axillary lebeti-
form domatia on

lower epidermis



Mesophyll

Water-storage

tissue

GERALD E. WALSH

Table 6 con't

Two layers of pali-

sade below each epi-

dermis; spongy absent

ca. six to twelve
layers of centrally
placed + isodiamet-
ric cells, not

chloroplasted

Two layers of pali-
sade below upper
epidermis; one to
two layers of
spongy, palisade

or mixed above
lower epidermis

ca. sixto twelve
layers of centrally
placed + isodiamet-
ric cells, very

sparsely chloro-

One or two layers
of palisade below
upper epidermis,
one layer of pali-
sade above lower
epidermis;

spongy absent

ca, four to six
layers of cen-
trally placed +
vertically elon-

gated cells,

lasted sparsely chloro-
P

plasted

by dense trichomes. All genera, except Avicennia and Conocarpus, lacked
lateral and lesser epidermal veins, a condition associated with development of
water-storage tissue. Stack also gave a key to the genera based on epidermal
characters of the leaves.

Bowman (1921) observed that the water-storing hypodermis and
tannin-containing cells of R. mangle were much larger in trees that grew in
seawater than in trees from brackish water. Possible reasons for this will be
discussed under “Physiological” in this report.

Sidhu (1962, 1968) reported chromosome numbers of mangrove species
from India (Table 7). He concluded that most species from the mangrove
habitat possess higher chromosome numbers than other species of the same
genera from mesic habitats. However, among the mangroves, the size and
number of chromosomes did not show any correlation to habitat conditions.
Physiological

Most research on physiology of mangroves has stressed halophytic
adaptations. Halophytes are ordinarily distinguished from other plants by
their ability to grow in high concentrations of salt. They complete their entire
life cycles and compete successfully with other plants in saline environments.
Genkel” and Shakone (1946) classified halophytes as (1) Euhalophytes (salt
accumulating), (2) Crynohalophytes (salt excreting), (3) Glycohalophytes
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Table 7. Chromosome numbers (n) of mangroves and related species from India (Sidhu 1962, 1968).

Family and Species Chromosome Number Family and Speciles Chromosome Number
Rhizophoraceae Chenopodiaceae
R. mucronata 18 Suaeda nudiflora 18
R. conjugata 18 S. momoica 9
B. parviflora 18 S. maritima 9
B. gymnorhiza 18 Euphorbiaceae
C. candolleana 18 Exocoearia agallocha 65
C. roxburghiana 18 Palmae
Sonneratiaceae Nypa fruiticans 8
S. apetala 12 Sterculiaceae
Duabanga sonneratioides 12 Heritiera littoralis 19
Myrsinaceae Meliaceae
Aegiceras corniculatum 24 Xylocarpus moluccensis 21
Salvadoraceae Xylocarpus granatum 21
Salvadora persica 13 Papilionaceae
Acanthaceae Derris uliginosa 10
Acanthus ilicifolius 24 Rubiaceae
Verbenaceae Ixora parviflora 11

Avicennia alba 16
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(salt impermeable), and (4) those in which salt is localized in special
structures. Depending on the species, mangroves may be placed in (1), (2), or
(4). Tt is doubtful that mangroves are intolerant or obligate halophytes,
although Stern and Voight (1959) and Connor (1969) have shown that R.
mangle and A. marina grow best when salt is present in the soil water. Some
mangroves (e.g. R. mangle, C. tagal, N. fruiticans) adapt to glycophytic
conditions and may be considered to be faculative halophytes. Mangroves
species have been reared in fresh water in the laboratory, and Stocker (1924,
1925) proposed the term “miohalophytes™ for such plants.

Barbour (1970) suggested that ability to reproduce, rather than short-term
growth, should be the ultimate criterion of salt tolerance, but this has not
been studied with regard to mangroves. In the field, Bowman (1917), Davis
(1940), and Stern and Voight (1959) in Florida, and Pannier (1959) in
Venezuela reported that R. mangle grew and reproduced in fresh water, but
height of trees and area covered were greatest in brackish water.

In the laboratory, Winkler (1931) reported that Bruguiera eriopetala and
R. mangle grew and flowered in pots of sand watered only with fresh water.
Davis (1940) grew R. mangle in fresh water in the laboratory. Pannier (1959)
grew the same species in rain water and in salinities up to full strength
seawater. Although seedlings grew in the rain water, root growth was optimal
at 50% seawater and shoot growth was optimal in 25% seawater. Stern and
Voight (1959) reported that height, dry weight, and survival of R. mangal
increased with increasing salinity in the laboratory. They used artificial
seawater, and plant dry weight was approximately three times as great in the
highest salinity than in the lowest. Maximum growth occurred at salt
concentrations equivalent to seawater. Patil (1964) grew R. mucronata, K.
candel, B. parviflora, C. tagal, A. ilicifolius, X. moluccensis, E. .agallocha, and
Heritiera fomes in salt concentrations between 0.3 and 1.2%. All species grew
at all salinities, but growth was best at 1.2%. Clarke and Hannon (1970)
found that A. marina at the 0-2 leaf stage maintained optimal growth in 20%
seawater. Concentrations above 60% seawater retarded growth. Seedlings at
the 2.-4 leaf stage were more tolerant, and optimal growth occurred at 40%
seawater. Connor (1969) reported that the optimal concentration for
laboratory growth of A. marina from Australia was approximately 1.5%, or
half the concentration of seawater. Connor reported that suppression of
height by higher salt concentrations was more marked than suppression of
dry weight production. An important aspect of Connor’s work was that while
growth appeared normal when sodium chloride was the main component of
the salt mixture, potassium chloride and calcium choloride suppressed growth.
Connor suggested that high concentrations of calcium caused nutrient
imbalance leading to iron deficiency and speculated that the responses of
mangroves to specific ions reflected the physiological ability of the plants to
adapt to concentrations in the root-environment.

Temperature asa factor in seedling establishment of A. germinans was
shown by McMillan (1971). Exposure to temperatures of 39-40°C for 48
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hours was lethal to stemless seedlings, but not to seedlings with stems and
roots.

Bharucha and Navalkar (1942) reported the chloride content of leaf cell
sap of A. alba in relation to that of seawater and soisalinity (Table 9). They
concluded that seasonal variations in the chloride content of leaf cell sap were
dependent directly upon climatic conditions of temperature, rainfall, and
humidity. It will be shown later that such high sap concentrations are
common in mangroves that possess glands for salt excretion.

Table 9. Chloride content of seawater, soil water, and leaf cell sap of A. alba
(Bharucha and Navalkar 1942).

Percent Chloride

Seawater 0.77-3.24
Soil Water 0.55-3.47
Leaf cell sap 1.59-5.05

- Blum (1941) reported osmotic pressures in the leaves of several mangrove
species from Java (Table 10). Awgenma had the highest osmotic pressure,
whereas Rhizophora, Bruguiers, 'and Sonneratia, genera which possess
mechanisms for salt exclusions and/or dilution, had relatively low osmotic
pressures.

Bole and Bharucha (1954) reported data on osmotic relationships in leaves
of A. alba (Table 11) and concluded that higher rates of transpiration brought
about higher accumulation of osmotically active substances in the older
leaves. The osmotic pressure did not vary directly with the water content, but
older leaves always had higher water contents and higher osmotic pressures
than younger leaves.

Chapman (1968) stressed that research on saline vegetation must
emphasize the roles of different ions upon plant metabolism. He stated that
the interrelations of sodium and potassium are particularly important hecause
the amount of potassium absorbed is influenced greatly by the presence of
sodium. There is evidence that temperature and light affect the responses of
halophytes to salinity (Tsopa 1939), but tolerance of plants depends mainly
upon the type of soil salinity (C1°, SO4~, etc.), the species or variety of plant,
and the stage of plant development (Chapma'l 1966).
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Table 10. Osmotic pressures in the leaves and soil of mangroves from Java
(Blum 1941).

Species Osmotic Pressure, Atmos.
Leaf Soil Diff.
A. officinalis, High tide 45 23 22
A. officinalis, Low tide 40 18 22
Sonneratia acida, High tide 27 6 21
Sonneratia acida, Freshwater 20 0.3 20
Rhizophora conjugata, Seawater 31 23 8
Bruguiera gymnorhiza, Freshwater 25 03 25

Table 11. Osmotic relationships in young and old leaves of A, alba (Bole and
Bharucha 1954).

Leaf
Young old
Osmotic pressure, atmos. 38.8-47.7 51.5-574
Water content, percent 69.5-72.9 57.5-62.7
Total carbon, percent 37.1-40.8 37.9-42.2
Total nitrogen, percent 1.1- 14 1.0- 1.6
Water loss/mz/hr, grams 0.56-0.74 092-1.00

Jennings (1968) demonstrated positive correlations between the sodium
and water contents and the phosphorus and water contents of halophytes.
Potassium had no appreciable relationship to succulence. Jennings stated that
increased succulence produced by high light intensity, aridity, and sodium
ions was brought about by essentially the same mechanism. Jennings also
suggested three mechanisms used by halophytes to cope with toxic
concentrations of ions. The first was export of the jons from the shoots and
leaves. This could occur in either of two ways: (a) transportation of ions
through the phloem to the roots ahd extrusion back to the soil or (b)
extrusion through specialized glands in the leaves. The former has not been
reported for mangrove, but salt excretion through epidermal glands occurrs in
A. alba (Walter and Steiner 1936), A. nitida (Biebl and Kinzel 1965),
Aegiceras (Areschog 1902a, b; Schmidt 1940a), and Aegiatilis (Ruhland
1915), Mullan (1931a, b, ) reported salt-excreting glands on the petioles and
upper and lower epidermis of A. alba, A. ilicifolius, and A. corniculatum. The
glands were most numerous on plants from hypersaline areas. They were
absent from A. ilicifolius from fresh water.
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The xylem sap of salt-excreting species is composed of approximately
0.2-0.5% sodium chloride. This concentration exceeds that of non-secreting
mangrove species by 10 times, and that of ordinary land plants by about 100
times (Scholander et. al. 1962)

Scholander et. 3l. (1962) also reported salt excretion by A maring, A.

corniculatum, and Aegiatilis annulata. In Aegitalis, secretions from salt glands
contained between 1.8 and 4.9% sodium chloride, with highest values during
the day. Diel variation in rate of secretion occurred in Aegiceras, the average
sodium chloride content of salt gland secretions being 2.9% during the day
and 0.9% at night. The sodium chloride content of the xylem sap of
Avicennia was very high, ranging from 4 to 8 mg/ml; one sample of gland
secretion contained 4.1% sodium chloride. Jennings (1968) reported that the
secretion process selects sodium over potassium, the Na/K ratio being 13 in
the exudate, but only 3 in the leaves of Aegialitis. Atkinson et. al. (1967)
reported that in Aegiatilis, input of chloride to a mature leaf was
approximately 100 u-equiv./day and this was balanced by secretion, mainly
of sodium chloride, from the salt glands. Secretions from the salt glands
contained 450 u-equiv/ml of chloride, 355 u-equiv/ml of sodium, and 27
u-equiv/ml _ of potassium, Rate of secretion varied betwveen 93
p-equiv/cmZ/sec during the day and 3 p-equiv/cm?/sec in darkness. Atkinson
et. al. suggested that because the water potential of the secretion is similar to
that of the leaf, the secretory process involves active transport of salt
and movement of water by local osmosis. Atkinson also presented light and
electron microscope studies of the salt glands.

Rains and Epstein (1967) studied preferential absorption of potassium by
leaves of A. marina in the presence of high concentrations of sodium chloride.
They ‘demonstrated that A. marina could (1) absorb and concentrate
potassium within its tissues in excess of the concentration in the substratum
and (2) preferentially select potassium when in the presence. of high
concentrations of sodium, a closely-related ion. The ability to select
potassium over sodium is an extremely important adaptive character in the
marine environment.

Another significant adaptation is the ability to tolerate, without injury,
high internal concentrations of salt. Avicennia marina, unlike other
mangroves such as Rhizophora, Laguncularia, and Sonneratia, absorbs salt in
substantial amounts. The concentrations of ions in leaves examined by Rains
and Epstein (1967) were 30 mM potassium, 210 mM sodium, and 245 mM
chloride. The authors concluded that the effect of preferential absorption of
potassium was not to exclude sodium, but rather to raise the concentration
ratio of potassium to sodium from the value in seawater (1/40) to 1/7
within the tissue. The tissue did contain a high concentration of sodium
chloride (1.8 mM/g dry weight), but excretion by salt glands prevented higher
and possibly deleterious concentrations from developing.

Genkel’ (1962) suggested that viviparous species of mangroves utilize
seedlings for exclusion of salt. He found that the chloride content of seedlings
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increased in proportion to size and were adapted to high salt content in the
soil before dropping from the tree. This was shown to be true for R mangle
by Lotschert (1968). Excess chioride in soils delayed loss of _seedhngs from
the tree and Genkel’ concluded that vivipary is an adaptation to the salt
regime in tidal areas. o

The second mechanism suggested by Jennings (1968) was limitation of
transfer of ions to the shoot by some mechanism located in the roots.
Scholander et. al (1966) showed that R. mucronata, Laguncularia racemosa,
and S. alba are efficient in salt exclusion. Atkinson et. al (1967) showed the

same for R. mucronata. Scholander et. al. (1966) stated that the
desalinization process in the root system produces a sap of fairly constant
concentration that is independent of rate of transpiration. Salt glands, when
present, eliminate salts left behind by transpiration.

Concentration of the soil solution, rainfall, tide, humidity, temperature,
transpiration, nature of the organisms, leaf age, water content, nitrogen
content, and carbon content have effects upon osmotic relationships of
mangroves (Blatter 1909; Cooper and Pasha 1935; Navalkar 1940, 1942,
1948; Bharucha and Navalkar 1942; Bole and Bharucha 1954). Gessner
(1967), however, found that water which passed from the stems to the leaves
of R. mangle was nearly salt-free.

Scholander et. al. (1965) reported that halophytes such as Rhizophora,
Osbornia, Salicornia, and Batis have strong negative sap pressures, ranging
from -35 to -60 atmospheres, whereas the osmotic potential of seawater is
approximately -25 atmospheres. The activity of water in the marine
environment is always higher than that of water in the roots, xylem sap, and
leaves. In R. mangle, Laguncularia racemosa, and C. erectus, the xylem sap
content of sodium chloride was only 1.2-1.5 mg/ml. At night, when
transpiration by Rhizophora and Osbornia was nil, sap tension was the same
as the osmotic potential of seawater but the solute pressure in the leaves was
10 to 20 atmospheres higher than seawater (Scholander 1971). In
Rhizophora, Laguncularia, and Conocarpus only about 50-70% of the
freezing point depression in leaf cells was produced by sodium and chioride
ions, most of the remaining solutes being organic (Scholander et. al 1966).
Benecke and Arnold (1931) demonstrated that osmotic pressure of S. alba
was lower under glycophytic than halophytic conditions. These pressure
differences give mangrove such as Rhizophora, Laguncularia, Sonneratia, and
Conocarpus, which do not possess salt-excreting organs, the ability to obtain
fresh water osmotically from seawater by transpiration and by diffusion at
the roots. Scholander (1968) concluded that Rhizophora, Sonneratia,
Avicennia, Osbornia, Bruguiera, Ceriops, Exocoecaria, Acrostichum,
Aegiceras, and Aegialitis separate fresh water from the sea by simple
nonmetabolic ultrafiltration of the seawater combined with ion transport.
The negative xylem pressure is produced by high salt concentration in the
cells, resulting in a solute pressure which exceeds that of seawater.
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The third mechanism proposed by Jennings (1968) for coping with toxic
concentrations of ions was production of increased succulence. High
concentrations of ions in the leaf may be prevented because of the dilution
effect brought about by increased water content of cells. Bowman (1921)
reported greater succulence in R. mangle from seawater than from fresh
water, a phenomenon which gives support to the third mechanism.
Reinders-Gouwentak (1953) found that succulent leaves were common in
Sonneratia and were due to the presence of a distinct hypodermal aqueous
tissue layer. In leaves that were immersed in tidal water, the hypodermal layer
was three to five times as thick as leaves at higher levels of the same tree. The
same author stated that the hypodermal layer was almost absent in trees
grown in fresh water in botanical gardens. Reinders-Gouwentak believed that
succulence in Sonneratia was related to the chloride content of the water.

Jennings (1968) related succulence in halophytes to sodium metabolism.
He postulated that an outwardly-directed sodium pump exists in halophytes
and that this pump is related to cation-activated ATPase in the cell wall. This
same pump would drive potassium ions into the cell against an
electrochemical potential gradient. Jennings admitted that the evidence for
such a pump must be viewed with caution, but stated that there are no
reasonable arguments against its existence and suggested a relationship to
ATPases. In relation to succulence, Jennings proposed that sodium-activated
ATPases might be involved in the synthesis of new wall material or in
increasing cell wall extensibility. In a similar way, succulence is also induced
by increased amount of light which increases the rate of
photo-phosphorylation and production of ATP. Also, aridity causes
succulence because increased rate of transpiration causes the ration of
potassium to sodium in the shoot to change in favor of sodium. The
concentration of sodium in the xylem sap reaches such a level that the
sodium-activated ATPases in the plasmalemma bring about synthesis of ATP.
It should be stated that these proposals of Jennings are highly theoretical and
have yet to be tested.

Kylin and Gee '(1970) presented evidence that the leaves of A. nitida
possess ATPases that are dependent upon the ratio of sodium to potassium.
Enzyme activities were directly related to ionic strength of the growth
medium. Unlike animal systems in which synergistic effects of sodium and
potassium yield a peak at only one ratio, A. nitida yielded three peaks. At 50
mM total concentration (NaCl + KC1), activity peaks occurred at Na:K ratios
of 2:8, 5:5, and between 8:2 and 9:1. These results were interpreted as
indicating that either several enzymes functioned in the membrane system, or
else structural changes allowed more than one ion to activate a transport site.
Whatever the mechanism, the report of Kylin and Gee gives credence to the
hypothesis of Jennings that sodium-activated ATPases are present in
halophytes. Their role in succulence has yet to be established.

Salt exclusion, salt excretion, and succulence are not the only physiological
mechanisms whereby mangroves adapt to their saline environment. Metabolic
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processes of photosynthesis, growth, and respiration are also important in
adaptation of mangrove, but little work has been reported. Chapman (1966)
pointed out that little is known about respiration and photosynthesis by
mature mangroves, but speculated that high concentration of salt in the soil
would cause slower rate of water uptake, slower rate of upward water
movement in the trunk, and slower transpirational loss as compared with
many other tropical trees. He suggested that the net result would contribute
toward a slow growth rate as compared with trees from mesophytic habitats.

Bharucha and Shirke (1947) stated that the respiratory activity of a
plant is influenced by food reserves. In the case of A. officinalts, the intensity

of respiration of seedlings increased from a minimal to a high rate and then
gradually declined. As the seedlings grew, there was an increase in water
content and fresh weight, but dry weight decreased, indicating that the
growing plant utilized reserve material for growth. Also, the authors showed
that in germinating seeds, respiration rate increased during the period of
absorption of water and gain in fresh weight.

Bharucha and Shirke also studied the respiration of seedlings of A.
officinalis from germination to the eighth day of growth in both air and
under seawater. Their data, some of which are given in Table 12, showed that
the rate of respiration increased with growth under both aerial and submerged
conditions. However, respiration rate was much slower under water and this
was ascribed to the limiting influence of oxygen in water. Chapman (1962b)
reported minimal respiration rates in “medium sized” seedlings of R. mangle.
He also reported that the cotyledonary body of R. mangle and the fruit wall
of A. marina (both structures function in transport of food from parent to
embryo) had very high respiration rates. On a dry weight basis, seedlings of
Avicennia had a higher respiration rate than those of Rhizophora. Chapman
suggested that this was related to differential development of aerenchyma.

Table 12. Respiration rates of A. officinalis in air and submerged in seawater
(after Bharucha and Shirke 1947).

Respiratory Index

Stage of Growth Air Submerged
1-Day seedlings 2.79 1.21
2-Day seedlings 285 1.48
3-Day seedlings 2.94 1.45
4-Day seedlings 3.09 1.46
5-Day seedlings 334 1.50
6-Day seedlings 3.67 1.51
7-Day seedlings 384 1.62
8-Day seedlings 3.92 1.66
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Bharucha and Shirke (1947) also reported increase in the respiration rate
of seedlings when the fruit wall was removed. Chapman (1962a, b; 1966b)
reported that the fruit wall caused a marked inhibition of respiration in A.
marina, A. nitida, R. mangle, R. epiculata, and B. gymnorhiza and speculated
that mangroves are capable of anaerobiosis, although the amount of energy
released under anaerobic conditions was inadequate for growth. Anaerobiosis
is apparently important during the periods when seedlings float in seawater
and no growth occurs. Brown et al. (1969) demonstrated anaerobic respiration
in A. marina, B. gymnorhiza, and R. apiculata.

Lotschert (1968) showed that chloride accumuiates in the seedlings of R.
mangle before they fall from the tree. Conversely, Chapman (1944c) reported
that a salt exclusion mechanism operated in A. nitida. He stated that when
the seedlings fell from the tree, there was an immediate uptake of salt and a
sudden reduction in respiration rate. Successful colonization of Avicennia was
related, therefore, to the capacity of seedlings to respond to sudden changes
in internal salt content, whereas this was not necessary for Rhixophora
seedlings.

Arnold (1955) showed that the transpiration rates of mangroves are very
much lower than those of mesophytes. Because of this, Chapman (1962a)
suggested that mangroves are lacking in dry tropical areas, such as the west
coast of South America, because low humidity reduces respiration rate to the
point where seedlings cannot grow.

Lewis and Naidoo (1970) reported that the apparent transpiration rate of
A. marina in South Africa rose in the morning as light intensity increased and
humidity decreased. Maximum transpiration occurred at mid-morning, after
which the rate progressively decreased, regardless of atmospheric conditions.
Tidal inundation after the mid-morning maximum caused increase in
transpiration rate and a second maximum. The authors speculated that
decrease in rate at mid-morning was caused by incipient wilting following
excessive transpiration.

Chemical Composition

The chemical composition of mangrove trees has been studied by Sokoloff
et. al. (1950), Sidhu (1963), Morton (1965), and Golley (1969), but little is
known in relation to environmental factors and age of the trees. Sidhu (1963)
stated that concentrations of ash and sodium in leaves of species of
Rhizophora, Avicennia, and Aegiceras which grew near the sea were lower than
from species which inland, but gave data only for Avicennia (Table 13).

Table 13. Ash and sodium contents of three species of Avicennia (Sidhu 1963).

Species Ash, percent Sodium, percent
Sea A. officinalis 14.8 2.3
A. alba 15.8 3.3
A. alba 19.4 3.7
Inland A. marina 30.4 5.0
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Sidhu (1963) also divided species into three catagories based on sodium
content of the leaf:

A. Species with more than 5% sodium: A. marina, Salvadora persica.

B. Species with 3-5% sodium: A. alba, Lumnitizera racemosa, Ceriops
candolleana, and A. ilicifolius.

C. Species with 1-3% sodium: A. officinalis, R. mucronata, S. Apetala, B.
Caryophylloides, A. Corniculatum, Eleopodendron inerme, Exocoecaria
agallocha, D. uliginosa.

Atkinson et. al (1967) reported concentrations of some ions in leaves of
various ages in R. mucronata and Aegiatilis annulate R.Br. Measurements
were made on successive leaf pairs of shoots (Tables 14 and 15).
Concentrations of sodium and chloride in the leaves of R. mucronata
increased with age, but in relation to amount of leaf water, chloride content
was constant, sodium concentration increased, and potassium concentration
deceased.

In contrast, there was a decrease in concentrations of sodium, potassium,
and chloride with age of A. annulata. Atkinson et. al. ascribed this to
excretion of salt by epidermal glands, an adaptation lacking in Rhizophora.

Table 14. Concentrations of Nat, l(+, and C1” in the leaves of R.
mucronata (after Atkinson et al. 1967). Leaves in Sample 1 were

youngest in the sequence of increasing age.

Sample Number

1 2 2 4 2 5
Dry weight (g) 0.16 0.50 0.50 0.61 0.57 0.63
Water (% fresh weight) 56 65 66 65 67 69
Nat (n-equiv/leaf) 61 290 420 480 520 645
Na+ (p~equiv/ml HZO) 305 313 431 435 461 461
K+ (p-equiv/leaf) 25 81 57 48 69 45
X" (u-equiv/ml H,0) 124 88 59 4 61 32
Cl™ (p-equiv/leaf) 74 520 510 585 580 730
Cl” (u-equiv/ml Hy0) 370 562 522 530 515 522
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++ -
Table 15. Concentrations of Na",-, K+, Mg , and C1 in the leaves of

A.

annulata (after Atkinson et al. 1967). Leaves in Sample 1 were

youngest in the séquence of increasing age.

Sample Number

I Z 3 e =
Dry weight (g) 0.32 0.45 0.45 0.50 0.44
Water (% fresh weight) 72 60 60 59 60
Nat (p-equiv/leaf) 420 325 275 280 235
Na* (u-equiv/ml H,0) 518 480 411 388 356
K (n-equiv/leaf) 155 106 87 93 70
K" (n-equiv/ml H,0) 191 157 130 129 106
Mgt (n-equiv/leaf) 108 330 440 590 530
g™ (n-equiv/ml K,0) 133 488 659 819 802
€l (n-equiv/leaf) 415 290 270 361 386
Cl™ (u-equiv/ml H,0) 512 429 405 361 386

There is a paucity of literature data concerning elemental composition of
mangroves. Most studies of which I am aware have not been published. Values
given in Tables 16 and 17 were personal communications from F.B. Golley
(Univeristy of Georgia, Athens), S. S. Sidhu (University of Western Ontario,
London, Canada), and T. F. Hollister (U. S. Environmental Protection
Agency, Gulf Breeze, Florida). The samples were collected in Panama
(Golley), India (Sidhu), and Florida (Hollister).

There are wide differences in concentrations of each element between
species. For example, Avicennia species contain relatively high concentrations
of sodium and potassium in all organs. Also, the roots of Laguncularia
racemosa contained very high concentrations of all elements, except
magnesium.

Sidhu (personal communication) found no correlation between the mineral
status of soils and the elemental content of 16 mangrove species. It is clear
that research which relates species and habitat to elemental composition is

needed.
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Table 16. Concentrations of various elements in mangrove leaves (personal communications: + Siddhu,
* Golley, # Hollister).
Species Concentration, ppm dry weight
Ca Co Fe K Mg Mn Na P Si In

Acanthus ilicifolius (+) 7800 - - 8200 8600 - 30000 3200 30000 -
Aegiceras corniculatum (+) 6800 - - 8400 10200 - 23100 2500 4600 -
Avicennia alba (+) 10400 - - 12100 10000 - 35000 2300 4000 -
Avicennia marina (+) 11200 - - 15200 13500 - 50600 2300 5000 -
Avicennia nitida (#)

Overstory 12430 - 147 21000 3600 - 4590 - - 154

Understory 6680 - 300 29400 2320 53 6500 - - 24
Avicennia officinalis (#) 11600 - - 19100 12200 - 23300 4000 20800 -
Bruguiera caryophylloides (+) 24800 - - 6100 10000 - 27700 2400 17200 -
Ceriops candolleana (+) 20400 - - 5300 11700 - 36600 2500 11000 -
Conocarpus erectus (#)

Overstory 13350 22 305 4100 - 50 5500 - - 160

Understory 7600 24 251 21600 - 88 4110 - - 142
Derris ulginosa (+) 17600 - - 25800 12400 - 12300 2600 18000 -
Exocaria agallocha (+) 14200 - - 12900 14700 - 4800 4100 18800 -
Laguncularia racemosa (#)

Overstory 6510 12 125 17700 4440 74 10520 - - 92

Understory 7600 32 149 25000 4740 116 8620 - - 84
Lumnitizera racemosa

India (+) 24200 - - 22400 15600 - 43100 2500 5800 -

Florida (#) 9100 - 169 19900 3940 - 9370 - - 170
Rhizophora brevistyla (*)

Overstory 12200 46 82 8400 4700 387 9800 9000 - 11

Understory 7800 56 672 8500 5000 125 8300 8000 - 15
Rhizophora mangle

Hollister 10760 9 132 16400 4320 92 11130 - - 146

Morton (1965) 13500 52 152 6500 8000 30 - 1400 - 43
Rhizophora mucronata (+) 19800 - - 21600 14500 - 22800 3300 6000 -
Sonneratia apetala (+) 11200 - - 3100 10500 - 14900 3100 4800 -
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Table 17. Concentrations of various elements in organs, other than leaves, of mangroves (persomal

communications: * Golley, # Hollister).

Species Concentration, ppm dry weight
Ca Co Cu Fe K Mg Mn Na Zn

Avicennia nitida (#)

Overstory stems 7430 - - 282 14700 3080 - 3730 227

Understory stems 7100 16 10 580 27800 3650 48 9340 28

Roots 3930 40 13 465 29200 3700 34 9000 121
Conocarpus erectus (#)

Overstory stems 3930 15 13 329 4100 3400 47 412 180

Understory stems 5600 36 15 648 27300 2400 83 1260 112

Roots 21200 25 40 979 - 7160 75 3560 162
Lapuncularia racemosa (#)

Overstory stems 3100 18 9 49 10000 1880 92 4590 89

Understory stems 6850 16 - 516 9200 1220 46 4120 38

Fruit . 8590 - 15 332 35000 2920 123 4120 79

Roots of seedlings 19390 54 - 1000 81000 1990 - 14100 514
Lumnitizera racemosa (#)

Stems 11000 25 10 99 13200 3405 - 618 25
Rhizophora brevistyla (*)

Overstory stems 12900 52 7 36 3000 1000 168 5500 11

Understory stems 5700 83 8 1000 3900 2900 255 9500 12

Overstory fruits 5900 81 6 82 10100 2900 191 9600 11

Understory fruits 6900 56 4 45 7100 3400 164 9700 7
Rhizophora mangle (#)

Overstory stems 8936 - - 252 2200 2820 74 8370 120

Fruit (2-10 cm long) 2350 58 12 155 4000 3050 121 8890 2

Fruit (11-20 cm long) 1260 - 15 113 2990 2460 69 10250 152

Roots of seedlings 600 36 12 422 13800 1070 71 12840 12

Prop roots 4850 - 11 253 13800 2540 - 10660 74

Rhizophora mucronata (#)
Fruit 932 20 - 346 13860 2620 46 8620 6
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Sokoloff et. al (1950) and Morton (1965) gave data from chemical analyses
of leaves of R. mangle from Florida (Table 18.) Their values for vitamin
content vary greatly but cannot be compared because methods of treatment
of leaves and assay procedures were not given. Sokoloff et. al. suggested that
leaf meal could replace alfalfa in chicken rations and Morton recommended
its use as cattle feed.

Golley (1969) compared the caloric content of R. brevistyla in Panama
with trees from tropical moist, premontane, and gallery forests. The energy
values of the mangrove (Table 19) were generally greater than those of the
other tropical trees.

Tannin is an important constituent of all parts of mangrove trees. Bowman
(1921) showed that tannin is usually stored in solid masses in cells, but is
frequently in solution in cytoplasm. He considered the tannin cells and water
storage tissue of R. mangle to constitute a true hypodermis.

The function of tannin in mangrove is unknown. Tannins have a strong
protein-binding capacity and, therefore, are able to inhibit enzymes. In the
living plant it is possible that tannins aid in resistance to fungi, as fungi have

been shown to cccur in large numbers in mangals (Swart 1958; Kohlmeyer
1965, 1966, 1968a, b, 1969a, b; Kohlmeyer and Kohlmeyer 1971; Ahern et
al. 1968; Rai et al. 1969, and Ulken 1970). Lee and Baker (1972a, b)
identified 52 species of soil fungi from a Hawaiian swamp. Swain (1965)
suggested that the presence of tannin causes resistance of dead organic matter
to attack by fungi and other decomposers. Crossland (1903) stated that the
Arabs of Zanzibar used mangrove wood for houses and furniture because it
was not attacked by termites, and suggested that the high tannin content
repelled the termites. The ability of tannins to inhibit enzymes probably
affects the rate of decay of plant detritus and, therefore, is important in
relationships within the detritus based food web. In most plants,
hydrolyzable tannins are usually present in leaves and fruit, whereas
condensed tannins occur in the bark or heartwood. This implies that leaves
and fruit of mangroves are less persistant as particulate detritus than woody
parts.

Most research on mangrove tannin has been done on samples of bark.
Drabble (1908) illustrated distribution of tannin in R. mangle and
Laguncularia racemosa. Trimble (1892) reported the empirical formula a
Co5Hy5011 for tannin from the bark of R. .mangle. Baillaud (1912) found
that 30% of the dry weight of bark from Rhizophora and Bruguiera in Africa
was comprised of tannin. Dry bark of Xylocarpus contained 26% tannin.
Dried bark of R. mucronata from Africa contained between 41.3 and 42.8%
tannin (Anon. 1904). Brown and Fisher (1918) pointed out that tannin
content varied greatly between species from the Indo-West-Pacific region. In
Malaya, Buckley (1929) reported the following percentages of tannin in fresh
bark: R. Mucronata 20.7-30.8, R. congugata 7.9-17.6, B. gymnorhiza
14.5-25.6, B. eriopetala 17.3-23.0, B. caryophylloides 15.8, B, parviflora
4.7-7.6, C. candolleana 19.0-30.8, Carapa obovata 29.8-41.6. The fruits and
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Table 18. Chemical analysis of dry leaves of R. mangle from Florida (after
Sokoloff et al. 1950 and Morton 1965).

Total protein, percent 12.1-14.3 7.5
Crude fiber, percent 139 13.9
Crude fat, percent 2.9 3.6
Calcium, percent 1.6 14
Sulphur, percent 0.6 —
Ash, percent 6.7 10.1
Iodine, percent 0.8 0.5
Manganese, mg/kg 0.3 0.03
Thiamin, mg/kg 1.56-2.03 130
Riboflavin, mg/kg 4.5:5.6 190
Folic acid, mg/kg 0.60-0.67 320
Niacin, mg/kg 20.3-28.0 2,400
Pantothenic acid, mg/kg 4.04.5 53

Table 19. Mean caloric values and standard errors of R. brevistyla from Panama
(Golley 1969).

Energy, g cal/g dry weight

Compartment Mean SE
Canopy leaves 4182 22

. Canopy stems 4337 11
Understory leaves 4299. 132
Understory stems 4204 12
Canopy fruit 4298 29
Understory fruit 4360 20
Epiphytes 4585 11
Litter 4141 13

Rots 4034 48
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leaves contained least tannin. Buckley concluded that K. mucronata was the
best source of tannin because the yield of bark per tree was good. Carapa
obovata contained the highest concentration of tannin, but its bark was-thin
and the yield per tree was small. Drabble and Nierenstein (1907) reported
that older R. mangle trees contained more tannin than young trees.

Although mangroves are not used extensively as a source of dyes, when the
bark of R. mangle is treated with copper or iron salt, brown, olive, rust, and
slate-colored dyes are obtained (Fanshaws 1950, Morton 1965). According to
Morton, a boiled concentrate of the bark may be used for staining wood in
floors and furniture, dyes for textiles may be obtained from the roots, and a
red dye from the shoots may be used for coloring leather.

Energy Relationships

Except for a few reports on yield of wood (see “sfiviculture” section of
this report), little is known about production of organic matter in mangrove
swamps. The first detailed study of photosynthesis, respiration, biomass, and
export of organic matter was made by Golley et al. (1962) in a Puerto Rican
R. mangle forest in May. Gross photosynthesis was 8.23 g C/m?/day; total
resplratlon was 9.16 g C/m2/day. The greatest rates of photosynthesis (7.33 g
C/m2/dayO and respiration (4.31 g C/m2/day) occurred in the upper canopy
of leaves Shaded leaves accounted for gross photo synthesis of only 0.40 g
C/m?/day and respiration of 0.48 g C/m2/day. Seedlmg photosynthesis was
0.12 ¢ C/m2 [day and respiration was O. 36 g C/m2 /day. At the soil surface,
respiration by prop roots was 2.03 g C/m2/day. At and below the soil surface
respiration was 1.64 g C/m2/day. Gross photosynthesls and respnratlon above
ground was related to dry leaf biomass (1017 gm/m?2), leaf area (4.4 m 2/m2),
and chlorophyll a content of the feaves (1.19 g/m ). The trees were
approximately 8 m tall, and the factors measured attained their greatest
values at between 4 and 6 m height. Unfortunately, the subterranean algal
flora was not studied. This might have been important as Marathe (1965)
showed 12 algal species in the soil of mangals near Bombay. Another source
of primary production was algae on the roots and mud. Dawson (1954)
described many attached algal species from roots and mud in Vietnam. Golley
et al. stated the R. mangle community was more fertile than most marine and
terrestrial communities. It was not, however, as efficient as the montane rain
forest or coral reefs of Puerto Rico in conversion of sunlight into organic
matter under similar light regimes.

Miller (1972), using a model, calculated gross photosynthesis, net
photosynthesis, and respiration of R. mangle in Florida (Table 8). He
contrasted these data with those of Golley et al. (1962). Using Miller’s model
the estimates of Golley et al. corresponded to 9.4 g organic matter/m2 /day
for gross photosynthesis, 3.4; f organic matter/m#/day for net photosynthesis,
and 5.9 g organic matter/m</day for respiration. Miller ascribed differences
between his data and Golley’s to different leaf areas.

Miller’s model predicted that maximum photosynthesis occurrs at a leaf
area index of approximately 2.5 if no acclimation to shade within the canopy
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Table 8. Gross primary production (Pg), net primary production (Pn)’ and
respiration (R) of R. mangle leaves in Florida (after Miller 1972). Data

are expressed as grams organic matter/mzlday.

Sunny Cloudy
June

ige @ Rn R R ®

1,75-2.00 0.08 0.03 0.05 0.07 0.03 0.04
1.50-1.75 0.31 0.12 0.19 0.29 0.12 0.17
1,25-1.50 2.17  0.93 1.24 2.02 0.92 1.09
1.00-1.25 30.8 1.48 1.61 2,59 1.13 1.46
0.75-1.00 3.39  1.64 1.75 2.48 0.84 1.65
0.50-0.75 2.16 0.87 1.33 1.61 0.35 1.26
0.25-0.50 0.97 0.31 0.66 0.73 0.10 0.63
0.00-0.25 0.67 0.17 0.51 0.51 0.02 0.49
Total 12.83 5.55 7.34 10. 30 3.51 6.79

January

1.75-2.00 0.09 0.05 0.03 0.09 0.05 0.03
1,50-1.75 0.34 0.21 0.13 0.34 0.21 0.12
1.25-1.50 2.14  1.32 0.82 2.08 1.28 0.80
1.,00-1.25 2.43  1.33 1.10 2.52 1.45 1.07
0.75-1.00 2.15 0.91 1.24 2.41 .19 1.21
0.50-0.75 1.31 0.36 0.95 1.55 0.62 0.93
0.25-0.50 0.57 0.10 0.47 0.70 0.23  0.46
0.00-0.25 0.3%9 0.03 0.37 0.49 0.13 0.36
Total 9.42 4,31 5.10 10.18 5.16 4,98
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is present and predicted that production decreased with increase in leaf area
index and leaf width. Also, the environmental variables with the greatest
influence on primary production were air temperature and humidity.
Increase in solar radiation up to a point, increased primary production as did
increasing amounts of diffuse energy. Infrared varation decreased
production.

Gill and Tomlinson (1971) reviewed phenological phenomena associated
with growth of R. mangle in Florida. Although the general progression of
development appeared to be mediated endogenously, climatic factors were a
strong governing influence. Environmental control of growth was through
effects on development of the apical bud. Vegetative branches, inflorescences,
and axillary buds are developed within the apical bud of R. mangle. The
rates of leaf expansion and fall were highest in the summer when temperature
and radiation were maximal. Throughout the year, leaf fall was closely
correlated with leaf expansion so there was a fairly constant number of leaves
on a shoot. Flower buds appeared in greatest abundance between May and
July, open flowers between June and September, and fruit between
September and March. The hypocotyl appeared in March and greatest fall of
propagules was between June and October.

In some swamps, phytoplankton in the water contribute appreciably to
synthesis of organic matter. This was the subject of extensive studies by
Teixeira and Kutner (1962), Teixeira et al. (1965, 1967, 1969), Watanable
and Kutner (1965), Tundusi and Tundusi (1968), and Tundusi and Teixeira
(1964, 1968) in Brazil. Tundusi (1969) summarized the work in a Brazilian
mangal. Gross primary production of surface water ranged between 2.10 and
91.3 mg C/m3/hr. Respiration values were between 1.0 and 21.3 mg C/m3/hr.
Nannophytoplankton (size range 5-65 u) accounted for 61.8% of the total
carbon uptake. Diatoms were the numerically dominant unicells, a
phenomenon also reported by Mattox (1949) in Puerto Rico, Walsh (1967) in
Hawaii, and Bacon (1971) in Trinidad.

An important finding in the work of Golley et al. (1962) was that tidal
export of particulate matter was 1.1 g C/m2/day. Heald and Odum (1971)
reported production, consumption, and export of organic detritus in a R.
mangle stand in southern Florida. Heald and Odum pointed out that many
commercially important finfish and shelifish live in the mangrove
enyironment and that vascular plant detritus is the primary source of food for
many estuarine organisims.

Heald (1971) estimated that production of mangrove debris averaged 2.4 g
C/mz/day, oven dry weight. This was equivalent to almost nine tons/ha/yr.
Annually, plants other than mangrove accounted for less than 15% of the
total organic debris. Rate of degredation of mangrove detritus was related to
conditions of the environment. Breakdown was most rapid in brackish water
The amphipods Melita nitida-Smith and Corophium lacustre and the crat;
Rithropanopeus harrisii Gould were important consumers of detritus in
brackish water.
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The actively photosynthesizing leaf of R. mangle was reported by Heald to
contain 6.1% protein, 1.2% fat, 67.8% carbohydrate, 15.7% crude fiber, and
9.2% ash. During abscission, protein and carbohydrate contents were 3.1 and
59.6%, respectively. After falling into brackish water, the carbohydrate
content of leaf detritus,fell to approximately 36%, but protein content rose
to approximately 22%. Heald speculated that increase in protein was due to
growth of bacteria and fungi on the detritus particles, and stated that the
food value of detritus, which was in the water for one year, was more
nutritious than that in the water for one or two months.

Odum (1971) studied the use of mangrove detritus as food by many animal
species. He concluded that vascular plant detritus which originated from R.
mangle leaves was the main source of food for the aquatic animal community.
As the detritus decomposed into finer particles, it became covered with
bacteria, fungi, and protozoans. The caloric content rose from 4.742 Kcal/g
in ash-free fresh leaves to 5.302 Kcal/g in ash-free remains of leaves which
were submerged for two months.

There were at least four pathways by which mangrove leaves were utilized
by heterotrophs: (1) dissolved organic substances from the leaves ~
microorganisms + higher consumers, (2) dissolved organic substances -
sorption on sediment and aged detritus particles » higher consumers, (3)
particulate leaf material + higher consumers, and (4) particulate leaf material
+ bacteria, fungi, and protozoans » higher consumers. Odum believed the last
pathway to be the most important. He speculated that microorganisms
convert compunds such as cellulose and lignin into digestible protein utilized
by invertebrates and fishes.

SILVICULTURE

Mangrove is one of the most important sources of timber, fuel, posts,
poles, railroad ties, and tannin in the tropics. It also has resins which are used
as plywood adhesives, and the bark, leaves, shoots, and roots contain dyes.
Chatterjee (1958) gave the following uses for mangrove in India: Heritiera
(boat building, planking, fuel), Amoora cuculata (wooden pipes for hookahs
and wooden toys), Aegiatilis rotundiflora (extraction of high-grade salt after
hurning), Avicennia (fuel wood for brick burning), Exocoecaria agallocha
(match boxes), Xylocarpus granatum (pencils), and Salicornia brachiata
(source of sodium carbonate).

Because of their many uses, silviculture of mangroves has been practiced
for many years in southeastern Asia. Banerji (1958) reported that R.
mucronata and B. gymnorhiza were grown successfully on a plantation of 685
acres in the Andaman Islands between 1898 and 1908. Banerji stated that B.
gymnorhiza was an excellent source of poles for transmission lines and that
Rhizophora produced 30 cords of fuel wood per acre, whereas Bruguiera
produced 11 cords. The annual yield of firewood was estimated at 130,000
tons.
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In the Andamans, clearfelling and planting of B. gymnorhiza was the best
silviculture method. Because this species grows slowly, a rotation to 100 years
was recommended for an exploitable breast-height girth of 27 inches. On
some plantations, Bruguiera attains a height of 30-35 feet (9.2-11.7 m) and a
girth of 9-12 inches (23-30 cm) in 15 years. The tree provides one of the
strongest timbers in India, and has a durability life of 10 years after treatment
with creosote.

In Thailand, Walker (1937, 1939) reported that R. conjugata and R.
mucronata were the mangrove of choice for poles and firewood and have
been used on a large scale for planting. There was an abundance of seedlings
at all times of the year. Seedlings of R. mucronata were less susceptible to
attack by crabs, and their long radicle was an advantage in competition with
growth of A. aureum and B. parvifloraa. Seedlings were deep-planted at
six-foot (1.8 m) intervals and the maximum felling girth was eight inches (20
cm). The prescribed time for planting was two years after felling.
Unfortunately, Walker did not give production figures for the Thai
mangroves, He did point out that B. gymnorhiza was used for fuel, S.
griffithii for fishing stakes, and C. candolleana as fuel and tanbark.

Becking et al. (1922) divided the mangrove of southeastern Asia into three
classes based upon the diameters of mature trees: Class A, less than 20 cm, A.
corniculatum,, Scyphiphora hydrophyllacease Gaert., Ceriops spp.; Class B,
20-40 cm, A. marinaa, Lumnitzera racemosa, Bruguiera spp.; Class C, greater
than 40 cm., A. officinalis, S. alba, Rhizophora spp., Bruguiera spp.,
Xylocarpus spp. The authors showed that production of wood per unit area
by trees of larger diameter was greatest. Although Sonneratia was one of the
more productive genera, Backer and van Steenis (1954) stated that in Malaya
its economic usage was small. Small amounts were used for fuel and in boats
and houses. The young berries of Sonneratia can be consumed by humans and
pectin can be extracted from them.

According to l}anijbatana (1958), approximately 133,400 ha of mangrove
forests were available for silviculture in Thailand. The shelterwood system
was judged best, and for young forest with trees of 20 cm girth and under,
clearing and thinning was recommended. For forests in which the majority of
trees were 20-50 cm, heavier thinning was recommended with seedling felling
fomcontrol of C. roxburghiana and B. cylindricaca. The Rhizophoras reached
65-70 cm in girth between the ages of 39 to 43 years and a rotation system of
40 years was adopted. Yield was calculated at 50-60 cm per acre.

Approximate rates of growth in girth of several mangrove species in
Malaya were given by Durant (1941 (Table 22). The volume of wood per acre
of mixed Rhizophora forest increased from 1,375 cubic feet at 10 years to
5,600 cubic feet at 50 years. Durant recommended harvesting at 22-23 years
when the mean annual volume increment was at its maximum of 147.7. The
volume of wood at 22 years was 3,250 cubic feet per acre.

NoaI.(eS (1955) stated that the total area of mangrove forest in Malaya was
approximately 760 square miles. Of this, 460 square miles were under
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Table 22, Growth in girth of several mangrove species in Malaya (Durant 1941)

Girth, inches
B

YQE:s conjﬁ—éata nmcrk:_r'lata gm:_;:hiza hai.:_(;_si_i parvl_.flota caryop:_;(lloides candoi_ieana

5 2z 5 3 2 2 1 2

10 6 10 7 5 5 5 5

15 9 13 9 8 8 7 8

20 12 16 12 11 11 9 10

25 16 18 15 14 13 11 13

30 19 20 18 17 16 13 15

35 Z1 22 20 19 18 15 18

40 24 24 23 21 20 17 20

45 27 26 25 24 23 18 22

50 29 28 28 27 25 20 24

55 32 3o 30 30 27 22

60 35 32 32 33 29 24

65 37 34 35 36 26

70 39 36 37 40 27

75 41 39 45 29

80 42 41 30

sustained yield management. Rhizophora mucronata and R. conjugata were
the most important Malayan species, covering two-thirds or more of the total
area. Fuel was the main product of the mangrove forest, but poles for houses
and fish traps were also important.

According to Noakes, fruiting of Rhizophora occurred at the age of four
years, was annual and highly prolific. Full stocking by water-borne seedlings
occurred rapidly after clearcutting. As in Thailand, Rhizophora grew slowly.
The annual growth increment of boles was slightly greater than one inch in
the early stages of growth to just over one-half inch above 12 inches diameter.
The trees grew to a maximum height of 70-120 feet. Normal felling size was
50-60 feet in height and 1.5-2.5 feet in girth. Felling size was achieved in
20-30 years. The mean annual volume increment of mixed Rhizophora forest
culminated at approximately 25 years, allowing for a three-year regeneration
period. The yield was approximately 3,106 cubic feet of wood per acre.

Wadsworth (1959) reported silviculture of Laguncularia racemosa in
Puerto Rico. Undisturbed stands 22 years old attained an average diameter at
breast height of 5.0 inches and 2,680 cubic feet of wood per acre. Natural
regeneration by water-borne seedlings occurred within two years after
clearfelling. Holdridge (1940) recommended a cutting cycle of five years and
a rotatior cycle of 25 years for exploitation of mangroves in Puerto Rico.
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Golley et al. (1962) reported that in a R. mangle forest in Puerto Rico,
annual production of wood was 0.84 g/mZ2/day (0.42 g C/m2/day). This was
much less than that reported by Noakes in Malaya (14 g C/m2/day).

It should be pointed out here that in some areas, silviculture of mangrove is
practiced in the belief that the wood is resitant to marine boring organisms.
Southwell and Boltman (1971) tested resistance to marine borers by R.
mangle, R. brevistyla, A. marina, C. erectus, and Laguncularia racemosa. Only
C. erectus showed natural resistance to teredo, pholad, and limnoerid borers.
The Rhizophora species were almost completely destroyed after immersion in
Pacific Ocean water for 14 months.

HERBICIDES

_ Herbicides have been used for almost 20 years for control of mangrove. In
Africa (Sierra Leone), Ivens (1957) reported that application of the
auxin-type herbicides 2, 4-dichlorophenoxyacetic acid 2, 4D), 2, 4,
5-trichlorophenoxyacetic acid (2, 4, 5-T), and 2-methyl,
4-chlorophenoxy-acetic acid (MCPA) were effective in eradication of both R.
racemosa and A. nitida when applied to the bases of trunks at concentrations
of 4-20% in diesel oil. Frilled R. racemosa were killed by the butyl ester of 2,
4-D at concentrations between 0.5 and 1.0%, whereas 4% was required to kill
unfrilled trees. Avicennia nitida was slightly more resistant to 2, 4-D than R.
racemosa; concentrations between 2 and 4% being required to kill frilled
trees. 2, 4, 5-T and MCPA were not as effective as 2, 4-D. Recovery of trees
after treatment with 2, 4, 5-T was reported.

- The first signs of herbicidal effect were noted approximately three weeks
-after application, when the leaves turned yellow. Extensive defoliation
occurred by seven months after treatment, at which time:many trees of both
genera were dead. Seedlings and young trees were more resistant than old
trees.

Ivens also reported that 3-(4-chlorophenyl)-1, 1-dimethylurea (CMU)
killed all trees when applied to the pneumatophores of A. nitida at the rate of
20 lb/acre. Dalapon (2, 2-dichloropropionic acid) caused complete kill with
no regrowth at 40 and 80 lb/acre. There was a small amount of regrowth after
application of dalopon at 20 Ib/acre.

Truman (1961) reported total kill of treated A. marina in Australia by 1%
2, 4-D applied to the basal bark. Only 54% were killed by treatment with 1%
2, 4, 5-T. Spotted gum (Eucalyptus maculata Hook.), an upland tree, was
only slightly affected by the same treatment. Truman concluded that A.
Marinng was very susceptible to auxin-type herbicides.

The concept of high susceptibility of mangrove to auxin-type herbicides
was extended by Tschirley (1969), Orians and Pfeiffer (1970), and Westing
(1971a, b), who stated that mangrove forests in Vietnam were destroyed after
a single application of 6.72 kg/ha of the triisopropanolamine salt of 2, 4-D in
combination with 0.61 kg/ha of the triisopropanolamine salt of 4-amino-3, 5
6-trichlorophcolinic acid (picloram). The forests were composed mainly of S.’
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alba, B. parviflora, B. gymnorhiza, A. marina, A. intermedia, R. conjugata, C.
candolleana, and N. fruiticans. Westing (1971a) reported that treated areas in
Vietnam remained uncolonized by mangrove six years after treatment.
Westing (1971¢) also published a list of references to effects of herbicides in
Vietnam. For reviews of herbicidal effects in Vietnam, see Boffey (1971) and
Aaronson (1971).

Westing (1971a) pointed out that application of 2, 4-D in combination
with picloram both defoliated and killed nearly all trees in.the sprayed areas.
He also stated that herbicides seemed to prevent recolonization by mangrove,
although he observed rapid recolonization of an area cleared by cutting. It is
true, however, that a large portion of the denuded mud flats of Vietnam are
only occasionally inundated by tidal water and that sufficient numbers of
seedlings for regeneration are not carried in. Another possible reason for lack
of recolonization may be related to texture of the denuded soil. Natural
regeneration of mangrove is greatly retarded when soil becomes too stiff or
hardens after exposure to the sun (Banijbatana 1958).

We (Walsh et al., in press) have studied affects of Tordon® 101 on
seedlings of R. mangle from Florida. Tordon 101 is a mixture of the
triisopropanolamine salts of 2, 4-D (39.6%) and picloram (14.3%). Seedlings
that had no leaves and one or two pairs of leaves were treated with 1.12,
11.2,and 112.0 kg/ha (1, 10, and 100 Ib/acre). These rates were equivalent to
0.44, 4.40, and 44.0 kg/ha 2, 4-D, and 0.16, and 16.0 kg/ha picloram. A
combination of 0.44 kg/ha 2, 4-D and 0.16 kg/ha picloram caused stunted
growth of seedlings without leaves, but had no permanent effects upon
seedlings with one or two pairs of leaves. Higher concentrations caused death
of all treated seedlings by 50 days after treatment.

We were never able to quantify tissue residues in seedlings without leaves
that had been treated at the lowest concentrations. The limits of
quantification were 0.02 ppm (parts per million) 2, 4-D and 0.01 ppm
picloram. Even though tissue residues were very low, seedling development
was greatly inhibited. In seedlings with leaves, greatest herbicidal residues
occurred in the highest leaves and hypocotyl. Table 20 shows distribution of
2, 4-D and picolinic acid in the organs of seedlings treated when two pairs of
leaves were present.

At the tissue level, symptoms of. herbicide poisoning were desiccation of
leaves, plugging of vessel elements, and destruction of root cortex. Root
destruction probably impared the ability of seedlings to regulate salt and
water balance. For example, concentrations of sodium and potassium in
seedlings were directly related to application rate and time (Table 21). No
changes were found in concentrations of magnesium, manganese, calcium,
iron, or zinc. Strogonov (1964) said that symptoms of salt poisoning in plants
include bleaching of chlorophyll accompanied by browning of the leaves.
Both symptoms were observed in our treated seedlings.
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Table 20. Concentrations of 2,4-D and picolinic acid, in parts per million (+ 20%), of wet tissue in
organs of R, mangle eeedlings treated with Tordon 101 when two pairs of leaves were present. Residues
vere detected in every amalysis ot seedlings treated with 1.12 kg/ha but were below quantifiable

levels (0.01 for picolinic acid, 0.02 for 2,4-D) (Walsh et al. im press).

Treatment Day Roots Hypocotyl Stem lst leaves 2nd leaves
_kg/ha 2,4-D PA 2,4-D PA 2,46-D _PA 2,4-D PA 2,4-D PA
11.2 30 9.02 0.01 0.10 0.03 0.02 0.01 0.02 0.01 0.13 0,06
40 0.02 0.01 0.23 0.10 0.23 0.10 0.29 .10 Q.35 0.10
112.0 10 1.23 0.39 1.68 0.49 1.02 0.43 0.63 0.24 0.87 0.41

Table 21. Concentrations of sodium and potassium in the stems of R. mangle
seedlings treated with Tordon 101 when two-pairs of leaves were present; 50
days after treatment (Walsh, unpubl.)

Treatment ppm Dry Weight

Na K
Control 37,500 4,375
1.12 kg/ha 49,800 4,821
11.2 kg/ha 64,900 5,295
112.0 kg/ha 96,200 6,321
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Analyses of the 8,095 samples for 15 persistent organo-
chlorine compounds showed that DDT residues were ubiqui-
tous; the maximum DDT residue detected was 5.39 ppm.
Dieldrin was the second most commonly detected compound
with a maximum residue of 0.23 ppm. Endrin, mirex, toxa-
phene, and polychlorinated biphenyls were found only oc-
casionally. Results indicate a clearly defined trend towards
decreased levels of DDT residues, beginning in 1969-70. At
no time were residues observed of such a magnitude as to
imply damage to mollusks; however, residues were large
enough to pose a threat to other elements of the biota
through the processes of recycling and magnification.
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Part I. General Summary and Conclusions

Introduction

Initial investigations of the effects of pesticides on
estuarine fauna were undertaken at the Gulf Breeze
Laboratory in 1958 to determine if the pesticide lindane
might be safely used directly in estuarine waters to con-
trol crabs preying on shellfish populations. The un-
expected acute toxicity of this chemical, not only to
crabs but also to nontarget organisms, revealed by these
early experiments prompted a broad investigation of both
the direct and indirect effects of persistent synthetic
pesticides. The extent of the problem was not known,
and the investigators were concerned about the potential
harm to estuarine fauna exposed to drainage waters from
large river basins where significant quantities of pesticides
were used. Marine commercial fisheries were recognized
as being especially vulnerable since a major portion of
their catch, both in tonnage and dollar value, is made up
of estuarine-dependent species.

The acute toxicity of a broad spectrum of pesticides was
determined under laboratory conditions (/4-17). These
data, however, could be most useful only if there were
information on the actual levels of organochlorines
reaching the estuarine environment. Accordingly, a
search was undertaken for meaningful tools to measure
this type of pollution (6).

The decision to use mollusks as bioassay tdols was based
on the findings of laboratory experiments designed to
measure the uptake and flushing rates of an array of
organochlorine pesticides under controlled conditions.
Various species of mollusks, but primarily the eastern
oyster, Crassostrea virginica, were exposed to appro-
priate concentrations of pesticides added continuously
to a flowing seawater system. Results indicated that
oysters detect DDT in the ambient water supply at levels
as Jow as 10 parts per trillion (10—11). By the process
of biomagnification, residues of DDT as high as 25
ppm accumulate in oyster tissues within 96 hours at a
level of environmental contamination of only 1.0 ppb
(1). Oysters tolerate tissue residues of DDT at least as
high as 150 ppm without apparent ill effect provided
residues are accumulated slowly. However, as little as
0.1 ppm of DDT in the oyster’s water supply terminates
feeding activities and at summer water temperatures
(31°C) will cause death.

Organochlorine residues are flushed rapidly from mot-
luscan tissues when the water supply is no longer
contaminated. In one experimental series, for example.
DDT residues of about 25 ppb in oysters and soft
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clams, Mya arenaria, diminished by 50-90% after a
week of flushing in clean water. Consequently, it is
possible to learn much about the periodicity of organo-
chlorine pollution in estuaries from samples of sedentary
species collected at appropriately brief intervals.

As a result of these studies, it was possible for the
Bureau of Commercial Fisheries to undertake a program
for monitoring pesticide residues in estuarine mollusks
to determine the extent of organochlorine pollution.
The collection of samples was not begun immediately in
some areas, while in others, sample collection was
terminated at an early date. The program was continu-
ously operative, however, from July 1965 through June
1972. In 1971, the Gulf Breeze Laboratory and the
monitoring program became a part of the U.S. Environ-
mental Protection Agency.

The following report describes the 7-year (1965-72) data
collection and discusses, specifically, the well-defined
trends in the magnitude of DDT residues in estuarine
mollusks. Except where noted, the term DDT includes
the metabolites TDE and DDE. All residue analyses
are presented, by State, in Part II of this report. A report
summarizing the first 3 years of this program was pub-
lished in 1969 (3).

Data Interpretation

Although the eastern oyster has a wide distribution, it
was obvious that some other species might be more
available for monitoring in different geographical areas
or salinity regimes; thus, different species of mollusks
were tested in the laboratory to determine their relative
capabilities in the uptake and retention of organochlorine
pollutants (2). Such information is all important for
the understanding of these monitoring data.

In the tests, all species were exposed to the same
hydrographic conditions with low turbidity and a salinity
level about 80% that of seawater. It is probable that
species accustomed to different ecological conditions
would react more efficiently in nature than in the
Laboratory. Caution must be exercised in the extrapola-
tion of Jaboratory results to field conditions, and, at best,
such data serve only as guidelines for the interpretation
of residue levels in monitored samples.

In general, any of three species of oysters, four species
of mussels and two species of clams were found to be
reliable indicators of the magnitude of organochlorine
pollution (Table 1). In some areas it was necessary to
use the hard clam, M. mercenaria, although it is the least
satisfactory of the species evaluated. Under similar
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laboratory conditions, for example, hard clams ac-
cumulated pesticide residues less than half as large as
those in oysters. Moreover, the residues were flushed
from the clam much more quickly than from the oyster
when clean water was restored.

Sample Collection and Preparation

‘The management of estuarine molluscan resources is the
responsibility of the individual States; therefore, in
each coastal area there is a cadre of specialists who are
not only interested in estuarine pollution but who also
have the knowledge and equipment necessary to collect
shellfish samples. Without the continuing cooperation

TABLE 1.—Pelecypod mollusks used to monitor organo-
chlorine residues in 15 States—1965-72

ScrENTIFIC AND COMMON NAMES OF MOLLUSKS

Crassostrea glgas Pacific oyster
Crassostrea virginica eastern oyster
Ostrea lurida Olympia oyster
Modiolus demissus ribbed mussel
Modiolus modiolus northern horse mussel
Mpytilus californianus Californian mussel
Mytilus edulis blue mussel
Mercenaria mercenaria hard clam
Mya arenaria soft clam
Corbicula fluminea Asiatic clam, fresh water
STATE SpECIES COLLECTED

Alabama C. virginica
California C. gigas

O. lurida

M. demissus

M. californianus

M. edulis

C. fluminea
Delaware C. virginica

M. demissus

M. mercenaria
Florida C. virginica
Georgia C. virginica
Maine M. modiolus

M. edulis

M. arenarta
Maryland C. virginica
Mississippi C. virginica
New Jersey C. virginica
New York C. virginica

M. demissus

M. edulis

M. mercenaria

M. arenaria
North Carolina C. virginica
South Carolina C. virginica
Texas C. virginica
Virginia C. virginica
Washington C. gigas
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of these agencies (see Acknowledgment), this program
could not have achieved its objectives.

Estuaries with well defined drainage basins and bays that
could be considered “nursery areas” for estuarine fauna
were selected for monitoring.

Some sites were monitored because of suspected pollu-
tion problems. To insure continuity of data, permitting
detection of not only seasonal but yearly trends in
pesticide pollution levels, it was essential, too, that the
stations selected have shellfish populations large enough
for monthly collections over a number of years. Dupli-
cate samples of 15 or more mature mollusks were
collected and prepared for shipment at about 30-day
intervals. About 10% of all samples were analyzed in
replicate; the remaining duplicates were discarded after
satisfactory analysis of the sample. Sample collections
were interrupted by the loss of shellfish populations to
vandals, floods, and hurricanes, but the overall continuity
of the data was good.

Coverage of coastal estuaries was incomplete in this
program because other agencies were monitoring shell-
fish in some states, notably Alabama, Louisiana, and
Massachusetts. The number of sample collections by
State and year is tabulated in Table 2. The original plan
was to monitor each area for 5 years so that trends in
pesticide residue levels could be detected. The general
absence of residues in Washington estuaries, however,
prompted an earlier termination of monitoring in that
State. In addition to the samples tabulated, about 2,000
miscellaneous samples of other species of vertebrates and
invertebrates were collected and analyzed. These fre-
quently had more varied pesticide residues and at higher
levels than mollusks but are omitted from this report
because of difficulty in determining their source.

The analysis of all samples by a single laboratory to
insure uniformity seemed important in planning the
program. Various potential preservatives were examined
to find a method for shipping samples without resorting
to refrigeration. Eventually, it was discovered that by
dehydrating the homogenized tissues of mollusks or
other marine animals with a desiccant mixture, the dry
samples could be wrapped in aluminum foil and held
without refrigeration for 15 or more days without
degradation or loss of organochlorine residues (2). This
made it possible to ship the samples by regular mail.

In practice, samples of 15 or more mature oysters or
other mollusks were collected and taken to the cooperat-
ing agency’s laboratory. Samples not to be processed
immediately could be refrigerated for 2 or 3 days in the
shell. If longer storage was necessary, animals were
shucked and the undrained meats frozen in mason jars.
The shucked meats were homogenized in an electric
blénder, and approximately 25-g aliquots were blended
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with precisely three times their weight of desiccant to
yield a total sample weight of about 100 g. Alternate
blending and chilling (not freezing) of sample is re-
quired to achieve a dry, free-flowing product. The
amount of desiccant used depends on the moisture con-
tent of the sample. Less desiccant is required for fish
(two times body weight), while up to nine times as much
desiccant may be used with small samples, plankton
for example, to achieve a 100-g final weight of the
sample to be processed. The desiccant is made up of
about 90% sodium sulfate and 10% Quso (Quso G30,
manufactured by Philadelphia Quartz Co., Philadelphia,
Pa.}), a micro fine precipitated silica.

Analytical Procedures

Throughout the monitoring program samples were
routinely screened for the following substances: aldrin,
chlordane, p,p’-DDT, p,p’-TDE (DDD), p,p’-DDE,
dieldrin, endrin, heptachlor, heptachlor epoxide, lindane,
methoxychlor, mirex, and toxaphene. On the few oc-
casions when the o,p’ isomers of DDT were detected in
quantifiable amounts, they were included with the p,p’
residues.

On receipt in the laboratory, samples were extracted
for 4 hours with petroleum ether in a Soxhlet apparatus.
Extracts were concentrated and transferred to 250-ml
separatory funnels. The extracts were diluted to 25 ml
with petroleum ether and partitioned with two, 50-ml

portions of acetonitrile previously saturated with petro-
leum ether. The acetonitrile was evaporated just to dry-
ness, and the residue eluted from a Florisil column
(12). The sample was then identified and quantitated
by electron capture gas chromatography. Three columns
of different polarity (DC-200, QF-1, and mixed
DC-200/QF-1) were used to confirm identification
Operating parameters on Varian Aerograph gas chrom-
atographs were as follows:
Pyrex glass 6’ x ¥” (o0.d.) packed with 3% DC-200,
59 QF-1, and a 1:1 ratio of 3% DC-200 and 5%
QF-1, all on 80/100 mesh Gas Chrom Q
Temperatures: Detector—210° C

Injector—210° C

Oven—1%0° C
Prepurified nitrogen at a flow rate of 40 ml!/min

Columns:

Carrier gas:

A few samples were analyzed by thin layer chromatog-
raphy. All residues are reported on a wet-weight basis.
The lower limit of quantification was 10 ppb. Laboratory
tests conducted during the sampling period gave the
following recovery rates: p,p’-DDE, 80-85%; p,p’-TDE,
92-95%; p,p’-DDT, 91-95%. Data in this report do not
include a correction factor for percent recovery.

Toxaphene sometimes interfered with the quantification
of DDT residues which, in these cases, are reported as
approximate values. The lower limit of quantification of
toxaphene was 250 ppb. The presence of polychlorinated
biphenyls (PCB’s) also interfered with the quantifica-
tion of DDT residues. In most instances, DDT was
calculated as though PCB’s were not present. Acquisition

TABLE 2.—Summary of sample collections by State and year—1965-72

PRINCIPAL NuUMBER OF SaMPLE COLLECTIONS
STATE SPECIES

MONITORED 1965 1966 1967 1968 1969 1970 1971 1972 TOTALS
Alabama C. virginica 13 20 33
California C. glgas 136 180 167 139 45 5 30 772
Delaware M. mercenaria i6 101 9% T 287
Florida C. virginica 6 80 102 82 44 35 19 6 374
Georgia C. virginica 112 127 124 121 120 60 664
Maine M. arenaria 6 95 89 79 83 44 396
Maryland C. virginlca 18 20 26 9 15 88
Mississippi C. virginica 30 1 2 72 63 66 60 36 470
New Jersey C. virginica 23 44 45 39 33 27 8 219
New York M. mercenarla 148 183 175 174 148 143 88 1,059
North Carolina C. virginica 96 201 204 204 124 136 66 1,031
South Carolina C. virginica 72 142 143 145 108 610
Texas C. virginica 53 133 125 93 97 103 95 29 728
Virginia C. virginica 56 117 123 120 112 105 27 9 669
Washington C. glgas 40 218 223 214 695
Total 263 1,293 1,718 1,661 1,287 839 702 332 8,095

VoL. 6, No. 4, MArRCcH 1973



of the appropriate standards permitted the identification
of Aroclor 1254® in samples from California, Florida,
Georgia, Texas, and Virginia, and Aroclor 1242®
In samples from Virginia. Since 1970, PCB residues
have been approximately quantified in samples from
Florida and, more recently, from Virginia.

There is some question as to how much interference by
PCB’s exists in the sample analyses reported in the early
years of the monitoring program. At this time there is
no way of knowing with certainty. It is considered sig-
nificant that in the period 1965-70 there was a 3-8%
annual increase in the domestic sale of these chemicals.
and total domestic sales in 1970 were more than double
sales in 1960; however, PCB residues were identified in
samples fron relatively few estuaries in 1971.

During the course of the program, several States ex-
tended the monitoring of their estuaries and collected
more samples than the Gulf Breeze Laboratory was
equipped to process. Analytical equipment similar to
that used at Gulf Breeze was provided to these agencies
as well as a manual of operations (Prepared by A. J.
Wilson, Jr., Research Chemist, Guif Breeze Laboratory).
to insure similar methodology in analytical techniques.
For the first few collections under the new arrangement,
samples were split and analyses made by both the State
and Federal laboratories. Excellent comparability in data
was obtained (/3) and thereafter. the State agency sub-
mitted only the monthly data reports to the Gulf Breeze

Laboratory. Such arrangements were in effect during
portions of the monitoring program in California,
Georgia, Maine, New York, and Virginia.

Data Summaries and Discussion

DDT with its analogs was the most commonly identified
pesticide and occurred in 63% of all sainples analyzed
(Table 3). Dieldrin was the second most commonly
detected residue with an incidence of 15%. DDT and
dieldrin were detected in some samples from all States
monitored (Tables 4 and 5). Other organochlorine
residues were encountered infrequently and generally at
low levels, with the exception of toxaphene. The large
number of Georgia samples containing toxaphene re-
flects the direct contamination of the marine environ-
ment by the effluent from a single manufacturing plant.

The incidence of DDT residues varied markedly from
one drainage basin to another and was not correlated
with the magnitude of the residues. Only in New Jersey
and Alabama, for example, did all samples contain
detectable residues of DDT, but the size of DDT resi-
dues was greater in several other States (Table 4). It
is true that in both Alabama and New Jersey, monitored
oyster populations were exposed primarily to the runoff
from a single, although complex, drainage basin. In
other States, samples were collected from several distinct
drainage basins.

TABLE 3 -—Summary of organochlorine residues detected in estuarine mollusks by State-—1965-72

TofaL NUMBER OF SAMPLES WITH RESIDUES >S5 PPB (uG/KG) AND MAXIMUM
NUMBER ResipUE ( ) DETECTED IN PPB (uG/KG) -
STATE oF I —
SAMPLES DDT DIELDRIN ENDRIN MIREX TOXAPHENE PCPB’s
Alabama 33 33 (616) 6 (21)
California 772 712 (3,970) 194 (57) 14 (19) 4 (11,000) 121
Delaware 287 216 (205) 37 (25)
Florida 374 230 (5,390) 27 (28) 25 (3%0)
Georgia 664 96 (96) 141 (230) 128 (54,000) 116
Maine 396 72 (359) 14 (38)
Maryland 88 7t (70) 11 22)
Mississippi 470 285 (135) 19 Q0
New Jersey 219 219 (278) 52 (26) 16
New York 1,059 858 (596) 456  (132)
North Carolina 1,031 768 (566) 12 (19)
South Carolina 610 332 (154) 24 (154) 12 (540)
Texas 728 530 (1,249) 134  (87) 22 (32) 11 15
Virginia 669 585 (678) 112 (40) 19 (2,800)
Washington 695 78 (176) 1 (120)

L Present but not quantified.
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TABLE 4.—Listing of States in order of frequency and
maximum value of DDT residues in mollusks

TABLE 5.—Listing of States in order of frequency and
maximum value of dieldrin residues in mollusks

FREQUENCY MAxIMUM FREQUENCY MAxiMUM
STATE OF REsI- STATE VALUE STATE OF RESI- STATE 'VALUE
DUES (%) IN PPB DUES (%) N PPB
Alabama 100 Florida 5,390 New York 43 Georgia 230
New Jersey 100 California 3,970 California 25 South Carolina 154
Californja 92 Texas 1,249 New Jersey 24 New York 132
Virginia 87 Virginia 678 Georgia 21 Washington 120
New York 81 Alabama 616 Alabama 18 Texas 87
Maryland 81 New York 596 Texas 18 California 57
Delaware 5 North Carolina 566 Virginia 17 Virginia 40
North Carolina 75 Maine 359 Delaware 13 Maine 38
Texas 73 New Jersey 278 Maryland 13 Florida 28
Florida 62 Delaware 205 Florida 7 New Jersey 26
Mississippi 61 Washington 176 Mississippi 4 Delaware 25
South Carolina 54 South Carolina 154 South Carolina 4 Maryland 22
Maine 18 Mississippi 135 Maine 4 Alabama 21
Georgia 15 Georgia 96 North Carolina 1 Mississippi 20
Washington 11 Maryland 70 Washington <1 North Carolina 19

NOTE: These comparisons are limited in that the number of samples,
number of sampling stations, periods (years) of sampling, and
species of mollusks differ for each State.

The magnitude of all DDT residues was low compared
to residues reported in carnivores such as fish-eating
birds. By extrapolation from laboratory experiments, the
monitoring data indicate that, in most cases, estuarine
pollution with DDT was intermittent and at levels in the
low parts-per-trillion range. In only 38 samples (0.5% )
did the residue exceed 1.0 ppm. These samples were
collected in California, Florida, and Texas in drainage
basins having intensive agricultural development. The
single highest residue of 5.39 ppm (DDT-3.70 ppm.
TDE-0.76 ppm, DDE-0.93 ppm) was observed in
oysters from the Caloosahatchee River drainage basin in
Florida where the seasonal pattern of residue fluctuations
indicated an agricultural or at least a scheduled use of
the pesticide (Fig. 1). It is significant that extensive
acreage in this drainage basin was devoted to sugarcane
and sweetcorn that would be maturing and receiving
fairly heavy applications of pesticides during the peak
residue periods indicated in Fig. 1 (R. G. Curtis, 1972,
Florida Cooperative Extension Service, personal com-
munication). In controlled feeding experiments in the
laboratory, from 50 to 1009 mortality was observed in
small populations of commercial species of shrimp.
crabs, and fish fed exclusively diets containing less than
3.0 ppm of p,p’-DDT (4).

In a survey of 7,000 analyses of mollusk samples com-
pleted in the period [1965-71, the mean residue com-
pcs tirn was 24% DDT, 39% TDE. and 37% . DDE.
Exconuons to this average picture were Station 2 in
Ne+ Tf2r = where DDT comprised only 4% (mean of
47 ~.v . In 5 years) and Station 18 in Washington
where DDT made up 75% of the residues (mean of
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NOTE: These comparisons are limited in that the number of samples,
number of sampling stations, periods (years) of sampling,
and species of mollusks differ for each State,

36 samples in 3 years). Biotic recycling of persistent
residues is usually associated with the high percentages
of DDT metabolites found in dominant carnivores. It
is of interest that the metabolites were the only residues
detected in many of these analyses of filter-feeding
mollusks. Results of a study by Johnson er al. (10)
indicated that there are some animals, however, such
as aquatic insects, in which direct exposures to DDT
result in tissue residues that are more than 80% DDE.
The large percentage of the parent compound DDT in
residues from Washington mollusks does imply a direct
contamination of the estuarine environment, perhaps,
for insect control. But in general, the percentage distri-
bution of DDT metabolites in these samples revealed
little about the kinetics of DDT in the estuary.,

ppm
W B

N

FIGURE |.—DDT residues in the eastern oyster h
Caloosahatchee River Basin, Lee County, Fla?,, by rfr:g::;h’o;
collection—]967 and 1968
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Trends in DDT Residues

Many of the estuaries were monitored over a sufficient
period of time to permit detection of clearly defined
trends in DDT residue patterns. Average DDT residue
levels detected in, the first 2 to 5 yearsand average levels
in the ﬁnal year of monitoring in each State are pre-
sented in Table 6. The overall picture is that of a
pronounced decline, about 55%, in the number of
samples containing DDT residues in excess of 100 ppb.
There was a 20% decrease in the 10-100 ppb range, and
a concomitant 44% increase in the number of samples
having negligible or undetectable DDT residues.

There are important exceptions to this average picture.
In California, New York, and Virginia, for example,
more samples had residues in excess of 10 ppb in 1971
than in earlier years. On the other hand, the percent of
samples having residues higher than 100 ppb declined
in these States. It would appear that in some areas,
DDT pollution has become more widespread, but has
resulted in residues of lower magnitude in the estuarine
food web.

Since organochlorine residues in mollusks showed a
continuing decline in most areas during the years that

domestic sales and presumably usage of PCB compounds
were increasing, PCB’s were not considered to be a
significant factor in the early monitoring data.

Too few samples from Alabama were analyzed in this
program to indicate any trend in residue magnitude.
The mean value of 88 ppb of DDT in 33 samples col-
lected in 1969-70 may be compared, however, with
a mean residue level of 330 ppb in a series of 82 samples
of oysters collected in 1965-66 (7).

Exact comparisons by States of the data in Table 6 are
not valid since in succeeding years there were different
numbers of samples and occasionally different species of
mollusks collected at the same station. A more critical
review of data on DDT residues is possible for 10 sta-
tions in North Carolina. These stations were selected for
the continuity of sampling of the eastern oyster at
monthly intervals for more than 5 years. The number of
samples containing less than 11 ppb of DDT increased
steadily until, in 1971, 76 % of all residues were in this
category as compared to only 8% in 1966 and 1967.
The corresponding decrease in the number of samples
containing larger residues is shown in Fig. 2 and Table 7.

TABLE 6.—Percent distribution of DDT residues of different magnitude in estuarine mollusks by State—1965-71

(7,000 samples)

PERCENT DISTRIBUTION OF SAMPLES
STATE <11 PPB 11-100 PPB 101-1,000 PPB >1,000 PPB
Fmst 2 TO Fmst 2 T0 FmrsT 2 TO FmsT 2 TO
5 YEARS 1971 5 YEARs 1971 5 YEARS 1971 5 YEARS 1971
Alabama 69 31
California 14 7 30 64 51 28 5 1
Delaware 23 30 62 67 15 3
Florida (1 station) 43 100 57
Georgia 85 96 15 4
Maine 82 98 17 2 1
Maryland 19 50 81 50
Mississippi 42 kp) 56 27 2 1
New Jersey 7 69 4 31 19
New York 26 22 60 74 14 4
North Carolina 22 76 68 24 10
South Carolina 52 82 47 18 1
Texas 4 52 53 45 13 k] <1
Virginia 18 67 95 15 s
Washington (1 station) 92 94 8 6
Mean 39 56 49 3 11 5 <05
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TABLE 7.—Trends in magnitude of DDT residues in oysters, 10 stations, North Carolina

T <11 PPB 11-100 PPB 101-1,000 PPB
OTAL
YEAR NUMBER OF NUMBER OF PERCENT NUMBER OF PERCENT NUMBER OF PERCENT
SAMPLES SAMPLES DISTRIBUTION SAMPLES DISTRIBUTION SAMPLES DISTRIBUTION
1966 60 s 8 43 75 10 17
1967 119 9 8 %0 76 20 16
1968 120 26 2 70 58 24 20
1969 120 29 24 7” 64 14 12
1970 109 61 56 46 42 2 2
Subtotal 528 130 25 328 62 70 1
1971 115 87 76 26 22 2 2
Percent change in 1971
from average for +204% —65% —83%
196670
In view of the efficiency of mollusks in detecting and
[ | storing residues of the persistent organochlorines, it is
80 clear that relatively low levels of, this type of pollution
[0 — were present in the monitored areas during the period
120 1965 to 1972.
60 ] Appropriate correlations of the residue data reported
E here with available records of drainage-basin discharge
S ] rates, precipitation, and hydrographic factors in the
B 40 ™ various types of estuaries should provide a useful model
for predicting the effects of future introductions of un-
specified synthetic substances chemically similar to
DDT.
20 15
See Appendix for chemicai names of compounds discussed in
this paper.
1967 1968 1969 1970 197 LITERATURE CITED

FIGURE 2.—Percent of eastern oyster samples containing

more than 10 ppb of DDT, average of monthly samples

collected at 10 statrions in North Carolina (Numbers in bars
indicate total number of samples)

Conclusions

The data demonstrate that in most estuaries monitored,
detectable DDT residues have declined in both number
and magnitude in several species of estuarine mollusks
in recent years. DDT pollution in many estuaries, as
judged by the magnitude of the residues in mollusks,
peaked in 1968 and has been declining markedly since
1970.

The sensitivity of mollusks to organochlorine pollutants
plus the fact that they are filter-feeders warrant the as-
sumption that the contribution of particulate DDT to
estuaries from one or more primary sources such as
drainage basin runoff waters, atmospheric fallout, and
persistent reservoirs in bottom sediments, has declined
significantly.
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Part II. Residue Data—Individual States

The following sections present residue data for the 15
coastal States where estuarine mollusks were monitored
for organochlorine residues. A map showing sampling
sites in the respective States together with a discussion
of the findings are included in each section.

SECTION A.—ALABAMA

Samples of the eastern oyster, Crassostrea virginica, were
collected in Alabama at 3-month intervals during 1968-
69 from four commercial reefs in or near Mobile Bay.
Samples were processed at the Alabama Marine Re-
sources Laboratory and mailed to the Gulf Breeze
Laboratory for chemical analysis.

Approximate station locations are shown in Fig. A-1.
Stations 1 and 2 on the eastern shore of Mobile Bay are
influenced more by the presumably cleaner Gulf of
Mexico waters than Stations 3 and 4 which are more
exposed to drainage waters from the Alabama-Tombig-
bee River Basin. Both Stations 1 and 4 are influenced to
an unknown extent by small drainage basins in the
coastal areas of Alabama. A summary of data on or-
ganochlorine residues in the monitored species, C.
virginica, is presented in Table A-1, and the distribution
of residues in this species for each sampling station by
date of collection in Tabie A-2. Many of these data
have already been published by the cooperating agency
(10).

All 33 samples contained detectable amounts of DDT,
but the sampling series was conducted in Alabama for
too few years to indicate annual trends in pollution
levels. An earlier study of pesticide residues in Mobile
Bay oysters (7) also reported a 100% incidence of
DDT in 82 samples analyzed; however, maximum DDT
residues at Shell Bank and Cedar Point reefs were 13
and 25 times higher in 1965 than those observed in

this study in 1969. Because of differences in sample
preparation in the two studies, 1965 residues could be
expected to be only about 10% higher than the 1969
data had there been no change in DDT pollution
levels in the bay. Alabama and New Jersey were the
only States of the 15 monitored in which 100% of the
samples contained detectable residues of DDT. The
maximum level of DDT in Alabama oysters (616 ppb)
was lower than residues found in four other States.

Dieldrin residues were small, but the 18% incidence
was significantly higher than the average incidence for
all States of 15%. The incidence and magnitude of
dieldrin residues in the 1965 study (7) were significantly

higher.

GULF OF MEXICO

| W E—
~0 10 ms

FIGURE A-1.—Diagram of coastal Alabama showing
approximate location of monitoring stations

1. Shellbank—Bon Secour Bay

2. Klondike—Mobile Bay

3. Whitehouse—Mobile Bay

4. Cedar Point Reef—Mississippi Sound

TABLE A-1.—Summary of data on organochlorine residues in the monitored species (C. virginica), 1968-69—dAlabama

NUMBER OF POSITIVE SAMPLES AND
STATION MONITORING NUMBER OF MaxiMuM Resmue ( ) De b
NUMBER LocATION PERIOD SAMPLES 1 1N PPB (u6/Kg)
DDT DIELDRIN
1 Shellbank 1968-69 8 8 (214) 1 (14)
2 Klondike 1968-69 8 8 (445) 1 (14)
3 White House 1968-69 7 7 {616) 2 2n
4 Cedar Point 1968-69 8 8 a12) 2 13)
Occasional stations (2) 1968-69 2 2 237
Total number of samples 33
Percent of samples positive for indicated compound 100 18

1 Bach sample represents 15 or more mature mollusks,
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TABLE A-2.—Distribution of organochlorine residues in C. virginica for each sampling station by date of collection—

Alabama
[Blank = no sample collected; — = no residue detected above 5 ppb; T = >5 but <10 ppb]
RESDUES IN PPB (u6/k0)
YEAR Compounp
JaN, FEB. MaR, APr, May June JuLy AuG. SEPT. Ocr. Nov. Dec.
STATION 1.—SHELL BANK--8 SAMPLES?
1968 DDE 110 110 33
TDE 88 52 15
DDT 16 12 —_
1969 DDE 48 94 48 26 T
TDE k}} 70 25 17 T
DDT _— — — 13 —
Dieldrin — 14 — —_ _
STATION 2.—KLONDIKE—8 SAMPLES!
1968 DDE 230 210 45
TDE 180 130 37
DDT 3s 34 12
1969 DDE 120 18 170 73 22
TDE 100 94 110 53 18
DDT —_ 44 23 62 -
Dieldrin —_ 14 - — —
STATION 3.—WHITE HOUSE—7 SAMPLES!
1968 DDE 320 120 32
TDE 240 57 20
DDT 56 1 —
Dieldrin 20 -— —
1969 DDE 110 15 56 46
TDE 83 98 37 40
DDT — 36 — 36
Dieldrin —_ 21 - -
STATION 4.—CEDAR POINT-—8 SAMPLES!
1968 DDE 180 86 41
TDE 160 51 23
DDT 32 17 23
1969 DDE 84 7”7 110 26 30
TDE 55 n 78 22 23
DDT - 30 - 26 T
Dieldrin - 13 — —_ T

t Bach sample represents 15 or more mature mollusks.
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SECTION B.—CALIFORNIA

The monthly collection of mollusks to monitor pesticide
pollution in 12 estuaries in California was initiated in
January 1966. Some of these stations were terminated
and other estuaries were added during the course of the
program. Samples were analyzed at the Gulf Breeze
Laboratory until May 1968; from then until May 1970
they were analyzed at the Marine Resources Operations
Laboratory of the Department of Fish and Game, Menlo
Park, Calif. During the period July 1970 June 1972,
samples were collected and analyzed at approximately
3-month intervals by the Department of Fish and
Game, Pesticides Investigations at Sacramento, Calif.

Six different mollusks (Crassostrea gigas, Corbicula
fluminea, Modiolus denissus, Mpytilus californianus,
Mpytilus edulis, and Ostrea lurida) were utilized for
monitoring; for the most part, a single species was
collected at each station. The relative ability of these
different mollusks to store organochlorine residues ap-
pears to be reasonably similar and, thus, comparisons of
the magnitude of residues in different estuaries can be
made with some confidence. In general, residue levels at
different stations followed patterns of suspected pollu-
tion loading in the associated drainage basin, regardless
of the species monitored.

The approximate station locations are shown in Fig.
B-1. A summary of data on organochlorine residues in
the monitored species is presented in Table B-1, and the
distribution of residues in these species for each sampling
station by date of collection in Table B-2. Results of
some of the analyses conducted by the Gulf Breeze
Laboratory during the period January 1966 December
1967 have been published by the cooperating agency
(13).

DDT residues in mollusks were consistently larger in
California than in any other area monitored with the
exception of a single station in south Florida. There is
a clear pattern of maximum pesticide residues being
correlated with proximity of the monitoring station to
runoff from agricultural lands. In southern California,
where most samples contained typically large residues.
residues were consistently higher at Hedionda and Mugu
Lagoons, the recipients of agricultural runoff waters,
than at Anaheim Slough which receives intermittent
runoff from the urban and industrialized sections of Los
Angeles. Residues in samples from estuaries draining
the intensely cultivated central and southern parts of the
State were larger, by one order of magnitude usually,
than those in samples collected from watersheds north
of San Francisco Bay where dairy land predominates.

The incidence of dieldrin residues (25%) was second
only to New York samples although residues were lower
in magnitude than in five other States. California and
Texas were the only States where endrin and toxaphene
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FIGURE B-1.—Diagram of coastal California and the San
Francisco Bay area showing approximate location of
monitoring stations
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from presumably agricultural sources were detected.
Polychlorinated biphenyl compounds were detected in
samples beginning in 1971, but were not quantified.

They occurred in a few samples from nearly all drainage
basins monitored.

Late in 1970 or early 1971, there was a sharp decline in
DDT residues in samples collected in estuaries draining
predominantly agricultural areas, i.e., San Francisco Bay
and the southern parts of the State. Decreased frequency
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of sz_imple collection in 1970-71 makes it impossible
to pinpoint when this decline in DDT pollution oc-
curred. The typically small DDT residues in samples

from drainage basins north of San Francisco Bay
remained about the same throughout the monitoring

period.

TABLE B-1.—Summary of data on organochlorine residues in the monitored species, 1966-72—California

STATION MONITORING h: RINCTPAL  { Ny;MBER OF NURM.::T;:: (P())sgrzvrl:zcsr:nm;ﬁl"\;n (nth;xx:)(W
Numeer LocaTion PERIOD g:;cr:;w SAMPLES !
DDT _. DIELDRIN ENDRIN _, TOXAPHENE PCB’s #
1 Hedionda Lagoon 1967-72 M. edulis 3 31 (3,970) 4 (T) 2 (11,000) 2
2 Anaheim Slough 1967-72 | M. edulis 3 33 (833) 10 (31) 1D 2
3 Point Mugu 1967-72 M. edulis 29 29 (1,758) 9 (18 1 (D 2
4 Baywood Park 1966-72 C. gigas 52 52 (601) 3 @
] Los Osos Creek 1966-72 | C. gigas 52 52 (412) 4 (27) 1
6 Elkhorn Slough 1966-72 C. gigas 57 57 (2,305) 24 (57) 2 (19) 2
7 Coyote Point 1966-72 O. lurida 55 54 (362) 26 (43) 2 (19) 1
8 Guadalupe Slough 1968-72 M. demissus 27 25 (407) 9 37 1
9 Alviso Siough 1968-72 M. demissus 28 28 (328) 6 (25) 1
10 West Island 1967-72 | C. fluminea 28 28 (2,280) 23 (22) 3 1
11 False River 1967-71 C. fluminea 26 26 (1,850) 12 (24) 1 (18)
12 Napa River 1968-72 | M. demissus 28 26 (210) 5(T) 2 (D) 1
13 Petaluma River 1968-72 M. demissus 28 25 (268) 4 (10) 1
14 Point San Quentin 1966-70 C. gigas 50 49  (440) 22 (23)
15 Bolinas Lagoon 1966-68 C. gigas 17 14 (45)
16 Schooner Bay 1966-72 | C. gigas 33 25 (43) 2 () 1
17 Berries Bar 1966-68 C. gigas 27 25 (44) 1 (19)
18 Tomales Bay 1966-72 C. gigas 34 28 (45) 2(D 1.(T)
19 Nicks Cove 1966-68 C. gigas 25 20 a7
20 Gunther Island 1966-72 C. gigas Kk} 31 (78) 5 (T) 1
21 Bird Island 1966-68 C. glgas 25 3 (T)
Occasional stations (15) 1966-72 | Mixed 54 S1 (1,144) 25 (26) 2 (1,000) 4
Total number of samples 1M
Percent of samples positive for indicated compound 92 25 2 <1 3

NOTE: T = >S5 but <10 ppb.
t Each sample represents 15 or more mature mollusks.

3 Present but not quantified.

TABLE B-2.—Distribution of organochlorine residues in the monitored species for each sampling station by date of
collection—California

[Blank = no sample collected; — =

no residue detected above 5 ppb or no residue detected (PCB’s); T = >§ but <10 ppb]

RESIDUES IN PPB (uG/KG)
Year Conrounm JAN. FEB. Magr. APR. May JUre JuLy Ava. SEPT. OcT. Nov. Dec.
STATION 1.—HEDIONDA LAGOON-M. EDULIS UNLESS OTHERWISE INDICATED—31 SAMPLES!
1967 DDE 100 3130 399
TDE 72 240 84
DDT 130 3,600 740
Toxaphene — 11,000 970

250

PESTICIDES MONITORING JOURNAL



TABLE B-2.—Distribution of organochlorine residues in the monitored species for each sampling station by date of

collection—California—Continued

Year

RESIDUES IN PPB (uG/KG)

CoMPOUND

JanN, Fes. Mar. APR, May JUNE JuLy AUG. SEPT. Ocr. Nov. Degc.
STATION 1.—HEDIONDA LAGOON—M. EDULIS, UNLESS OTHERWISE INDICATED—31 SAMPLES i—Continued
1968 DDE 130 52 200 210 91 130 120 168 2 105 120 136
TDE 73 31 88 220 103 154 80 171 74 73 58
DDT 920 200 440 300 42 86 59 129 63 120 164
1969 DDE 52 211 ¢+ 242 118 227 95 139 347 466 76
TDE - 207 101 172 124 53 35 99 115 64
DDT 123 291 486 214 99 91 34 61 68 108
1970 DDE 114
TDE 102
DDT 54
Dieldrin T
1971 DDE 19 36 54 18
TDE 11 58 56 13
DDT 16 T 285 10
Dieldrin T — — —_
PCB’s — _ — w
1972 DDE 14 31
TDE T 31
DDT 10 10
Dieldrin T T
PCB’s — )
STATION 2.—ANAHEIM SLOUGH—M. EDULIS, UNLESS OTHERWISE INDICATED—33 SAMPLES!?
1967 DDE 360 330 200
TDE ) 100 150 87
DDT 85 120 120
1968 DDE 270 5 110 2170 310 464 203 265 432 3464 440 354
TDE 91 45 62 110 186 102 68 109 127 170 118
bDT 160 43 110 77 108 52 33 51 65 110 70
Dieldrin —_ 31 - — — T T —_ — 12 —
Endrin — — —_ — —_— —_ T - - - .
1969 DDE 157 273 127 51 388 547 323 ' 466 451 168 494
TDE 37 55 — 136 172 189 107 115 107 129 130 .
DDT 123 217 94 222 131 97 k) 60 64 282 88
1970 DDE 157 305
TDE 49 126
DDT 38 10
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TABLE B-2.—Distribution of organochlorine residues in the monitored species for each sampling station by date of

collection—California—Continued

RESIDUES IN PPB (uG/KG)

Year CoMPOUND
B JAN. Feb. Mar. APR. May JUNE JuLy Avug, SEPT. OcT. Nov. Dec.
STATION 2.—ANAHEIM SLOUGH—M. EDULIS, UNLESS OTHERWISE INDICATED--33 SAMPLES L—Continued
1971 DDE 75 103 185 92
TDE 53 164 101 41
DDT T 22 10
Dieldrin T T T T
PCB’s — —_ — W
1972 DDE 64 80
TDE 24 53
DDT 18 10
Dieldrin T T
PCB's — “
STATION 3.—POINT MUGU—M. EDULIS, UNLESS OTHERWISE INDICATED—29 SAMPLES !
1967 DDE 130 160 220
TDE 150 230 280
DDT 270 440 650
Dieldrin — —_ T™
1968 DDE 250 200 2370 | 170 366 207 255 465 3269 360
TDE 230 210 350 180 494 168 65 388 278 443
DDT 460 340 790 430 749 36 32 432 566 955
Dieldrin — - 16 —_ — - T - —_ T
Endrin — - — - - ~ — - — T
1969 DDE 226 560 334 365 %273 ° 298 ¢ 918 ¢ 349 112
TDE 121 — 01 63 k)| 116 117 34 146
DDT 161 391 248 120 92 40 580 176 185
1970 DDE €238
TDE 141
DDT 56
1971 DDE 5 49 ¢ 65 22 °112
TDE 24 I T 50
DDT 45 11 —_ 20
Dieldrin T T —_ T
PCB'’s - — — “
1972 DDE f37 €24
TDE 12 10
DDT T 10
Dieldrin T T
PCP's — w
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TABLE B-2.—Distribution of organochlorine residues in the monitored species for each sampling station by date of
collection—California—Continued

RESIDUES IN PPB (uG/KG)
YEAR COMPOUND
JAN, Fen. Mar. APR. May JUNE JuLy Aue. SEPT. Ocr, Nov. Dec.
STATION 4.—BAYWOOD PARK—C. GIGAS—52 SAMPLES?
1966 DDE 54 74 82 75 76 52 55 62 59 69 69 100
TDE 26 34 35 25 32 19 22 25 35 34 33 37
DDT 25 25 26 20 24 14 — 18 26 24 25 46
Dieldrin — — — 24 16 —_ - — — —_ — —
1967 DDE 110 110 62 130 80 120 51 82 55 48 35 46
TDE 29 42 50 47 34 49 29 40 23 21 10 13
DDT 58 73 96 130 67 70 37 49 46 26 15 10
1968 DDE 96 43 40 160 48 49 48 48 44 74
TDE 24 13 T 40 17 19 — 13 —_ -
DDT 25 13 30 61 — T T T —_ —
1969 DDE 123 111 139 180 148 119 110 97 165 184 162
TDE 23 38 — 70 57 40 57 k) | 53 70 75
DDT 24 164 131 35 189 150 43 3 58 64 69
1970 DDE 220 226 215 56
TDE 74 87 58 21
DDT ] 64 46 —
1971 DDE 22 21
TDE 11 16
DDT —_ 10
1972 DDE 33
TDE 12
DDT T
Dieldrin T
STATION 5.—LOS OSOS CREEK—C. GIGAS, UNLESS OTHERWISE INDICATED—S2 SAMPLES !
1966 DDE 83 - 58 43 88 65 40 43 53 73 10 n 72
TDE 33 27 17 39 25 16 16 22 34 27 33 31
DDT 23 - 21 14 30 20 — — 14 23 23 25 37
Dieldrin — — — 27 10 — — — — — . .
1967 DDE 62 . 120 63 110 9 130 . 64 81 56 .43 37 29
TDE 29 47 43 42 57 56 ' 46 44 kK] 20 14 10
DDT 4] 96 130 120 92 80 52 49 72 25 20 12
1968 DDE 100 i 61 42 70 765 42 31 25 55 69
TDE 32 21 13 24 T T -— 11 T
DDT 37 21 T 36 T —_ T — —
196G DDE 66 70 126 104 155 144
201 11% 223 137
TDE T 37 — 56 61 80
8 43 ] 51
DDT T 72 131 239 183 188
128 34 93 35

/orL. 6, No. 4 1973
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TABLE B-2.—Distribution of organochlorine residues in the monitored species for each sampling station by date of
collection—California—Continued

RESIDUES IN PPB (26/KG)
Yo | Comrounn Jan. FEB. MAR. APR. May JUNE JuLy Avuc. SEPT. OcT. Nov. Dec.
STATION 5.—~LOS OSOS CREEK—C. GIGAS, UNLESS OTHERWISE INDICATED—52 SAMPLES '—Continued
1970 DDE 186 182 221 63
TDE 60 54 70 13
DDT 53 50 41 —_
1971 DDE 29 25
TDE 15 21
DDT T 10
1972 DDE 30 12
TDE 12 T
DDT T 10
Dieldrin T T
PCB’s — “
STATION 6.—ELKHORN SLOUGH—C. GIGAS, UNLESS OTHERWISE INDICATED—S7 SAMPLES!?
1966 DDE 160 220 96 96 89 88 86 2 79 84 130 190
TDE 160 220 120 110 95 82 79 77 66 65 7 160
DDT 250 290 110 96 85 65 64 55 41 56 76 210
Dicldrin —_ 19 11 20 18 — -— — —_ 10 —_— 30
1967 DDE 200 220 200 230 210 300 160 200 190 62 190 250
TDE 160 230 200 260 340 390 200 260 210 55 150 230
DDT 260 440 3% 690 860 920 390 500 3% 110 340 370
Dieldrin 26 25 29 30 39 33 10 10 15 — 14 17
1968 DDE 260 130 120 170 214 173 122 168 95 65
TDE 160 85 92 160 212 129 70 100 7 63
DDT 250 97 61 230 411 237 159 200 113 110
Dieldrin 13 — — — — 27 — — - —
Endrin — - - — - 19 — - - -—
1969 DDE 178 191 126 280 215 34 424 133 237 191
TDE 102 338 156 393 223 253 358 502 17 117
DDT 120 441 346 808 304 96 704 630 284 189
1970 DDE 208 230 45 270 353 325 731
TDE 173 300 582 285 276 236 19
DDT 204 444 808 491 411 37s 26
Dieldrin - - - - - - T
Endrin - - - - - - T
1971 DDE 767 T 43 28
TDE 37 24 71 17
DDT 72 10 —_ 17
Dieldrin - T -~ 11
PCB's and —_ - [
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TABLE B-2.—Distribution of organochlorine residues in the monitored species for each sampling station by date of
collection—California—Continued

RESIOUES IN PPB (zG/K0)

Year COMPOUND
JAN. Fes. MAaR. APR. May JuNE JuLy Ave, SEPT. Ocr. Nov. Dec.
STATION 6.—ELKHORN SLOUGH—C. GIGAS, UNLESS OTHERWISE INDICATED—57 SAMPLES 1—Continued
1972 DDE 742 T
TDE 25 T
DDT 36 10
Dieldrin T 57
PCB’s — w
STATION 7.—COYOTE POINT—O. LURIDA-—55 SAMPLES?
1966 DDE 54 93 42 n n 47 30 35 50 42 33 63
TDE 74 120 54 88 91 66 38 46 65 mn 51 79
DDT [X] 100 43 70 74 46 39 42 55 62 40 75
Dieldrin — 27 20 29 23 —_ —_ — — 21 15 21
1967 DDE 41 49 51 61 65 52 51 47 39 33 46 46
TDE 60 68 74 82 76 78 84 58 58 37 86 84
DDT 58 72 9 89 69 70 80 50 50 43 110 51
Dieldrin 26 26 28 23 21 25 17 43 13 — 16 16
Endrin - - - — — 19 - - — - —_ —
1968 DDE 44 59 47 47 46 27 42 - 30 kx)
TDE 57 95 69 n 103 41 57 - 57 6
DDT 53 100 84 89 103 45 60 — 56 58
Dieldrin 13 — 18 20 — — 10 —_ — —
Endrin — — — 10 —_ _ - —_ — —
1969 DDE 81 52 172 25 — 65 34 163 36 52 24
TDE 46 — - —_ 89 87 k] 99 T 78 30
DDT 48 158 171 - 176 88 33 100 39 59 26
1970 DDE 18 33 102 93 37 33
TDE 33 55 102 100 — 50
DDT 33 42 87 76 42 24
1971 DDE 17 14
TDE 67 24
DDT 47 2
Dieldrin T T
1972 DDE 15 T
TDE 32 T
DDT 53 T
Dieldrin T T
PCB’s — [0}
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TABLE B-2.—Distribution of organochlorine residues in the monitored species for each sampling station by date of
collection—California—Continued

REs;]
Year CoMPOUND IDUES IN PPB (uG/x0)
JAN, Fe». MAR. APR. May JUNE JuLy Auc. SEPT. Ocr. Nov. Dec.
STATION 8.—GUADALUPE SLOUGH—M, DEMISSUS—27 SAMPLES !
1968 DDE 36 77 48 74 67 34 24 19 24 34 T
TDE %0 180 100 185 140 68 53 57 58 T 24
DDT 110 150 60 91 130 34 T 40 26 — T
Dieldrin 18 23 14 — 14 — — — - — —
1969 DDE — — 34 70 26 11 10 24 — 29
TDE 42 — — — 27 108 2 34 50
DDT — — — — - 204 T T T T
1970 No Sainples Collected
1971 DDE T T — T
TDE 40 26 — T
DDT 28 10 — 10
Dieldrin T T — 37
1972 DDE 11 T
TDE 12 T
DDT 10 10
Dieldrin T T
PCB’s — w
STATION 9.—ALVISO SLOUGH—M. DEMISSUS—28 SAMPLES !
1968 DDE 43 46 69 74 47 26 28 18 1 - 13
TDE 140 59 170 169 95 72 80 45 79 T 30
DDT 93 78 77 85 66 35 34 s 11 T 27
Dieldrin 18 12 25 — —_ — — — — — —
1969 DDE 38 — 55 98 52 12 17 30 - 39
TDE 59 61 55 — 73 161 42 45 56 27
DDT — — 88 — 108 m T 20 T T
1970 DDE 42
TDE 76
DDT 33
19 DDE 13 T — T
TDE 38 15 T T
DDT 17 T — 10
Dieldrin - T - —
1972 DDE T T
TDE T
DDT 10 10
Dieldrin T T
PCB’s - @
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TABLE B-2.—Distribution of organochlorine residues in the monitored species for each sampling station by date of
collection—California—Continued

YEAR

COMPOUND

ResIDUES IN PPB (xG/KG)

JAN. Fes. Mar. AP, May JUNE JuLy Aug. SEPT. Ocr. Nov. Dec.
STATION 10.—WEST ISLAND—C. FLUMINEA—28 SAMPLES !
1967 DDE 280 330 320 270 320 230 170 140 170 180 690 390
TDE 250 370 350 250 250 210 130 93 150 150 490 310
DDT 210 300 310 250 260 270 150 130 230 270 1,100 770
Dieldrin 20 20 22 17 12 18 T 15 20 10 20 18
Endrin T T T — —_— — — — — — — —_
1968 DDE 390 500 280 370 251 196 134 104 41 !
TDE 290 400 200 220 224 183 160 182 97 138
DDT 240 290 190 210 320 223 150 235 150 184
Dieldrin 16 22 15 16 —_ 21 19 13 — -
1969 DDE 177
TDE —
DDT 168
L No Samples Collected -
1971 DDE 198 91 15
TDE 126 ) T
DDT 173 111 —
Dieldrin T T T
1972 DDE 11 T
TDE 10
DDT 10 10
Dieldrin — T
PCB's - @
STATION 11.—FALSE RIVER—C. FLUMINEA—26 SAMPLES!
1967 DDE 470 460 320 420 270 400
TDE 410 320 200 260 180 350
DDT 970 910 640 780 500 210
Dieldrin b2} 19 20 16 16 17
1968 DDE 470 500 340 330 315 199 250 122 53 96
TDE 400 590 230 230 281 167 190 212 109 144
DDT 220 420 200 190 312 225 290 296 92 103
Dieldrin 17 22 19 23 _ - —_ 16 — —
Endrin 18 — —_ — —_ — —_ — — .
1969 DDE 151 54 93 41 88 139 57 42 —
TDE 152 66 75 47 88 165 91 76 91
DpDT 378 167 214 46 135 136 61 43 44
1970 No Samples Collected -
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TABLE B-2.—Distribution of organochlorine residues in the monitored species for each sampling station by date of
collection—California—Continued

REsipues IN PPB f <{¢]
YEAR CoMPOUND (wo/x0)
JAN, Fes. Maxr. APr. May JuNe JuLy Avug, SEPT. OcT. Nov. Dec.
STATION 11.—FALSE RIVER—C. FLUMINEA—26 SAMPLES 1—Continued
1971 DDE 21
TDE 41
DDT 20
Dieldrin T
STATION 12.—NAPA RIVER—M. DEMISSUS—28 SAMPLES!?
1968 DDE T 25 A 24 23 15 21 18 T
TDE 22 46 72 100 83 38 42 62
DDY T 26 39 45 47 — px] 18 T
1969 DDE 10 — 100 62 - 10 13 T — T 12
TDE 30 —_— 48 —_ — 24 45 30 58 37
DDT T — _ —_ — T T T —_ T T
1970 DDE 11 16
TDE 33 923
DDT T 46
Dieldrin —_ T
Endrin — T
1971 DDE 27 13 T T
TDE 143 68 T T
DDT 41 10 T T
Dieldrin T T - -
Endrin T — — —
1972 DDE T T
TDR 21 T
DDT 23 10
Dieldrin T T
PCB's - w
STATION 13.—PETALUMA RIVER—M. DEMISSUS—28 SAMPLES?
1968 DDE —_ 27 27 26 47 19 —_ —_ 92
TDE —_ 58 63 72 104 35 T 13 68
DDT - 15 19 31 41 T - - 108
1969 DDE T - 124 4 12 T 17 - - 2 10
TDE T —_ 37 —_— 28 T a8 — 57 37 22
DDT - - —_ - -— T T — _ T T
1970 DDE T 28
TDE T n
DDT T 2%
Digldrin - 10
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TABLE B-2.—Distribution of organochlorine residues in the monitored species for each sampling station by date of
collection—California—Continued

RESIDUES IN PPB (zG/Kkq)
Year MPOUND
Corro JAN. FEes. Mar, Apr. May JUNE JuLy Aua. SEPT. Ocr. Nov. Dec.
STATION 13—PETALUMA RIVER—M. DEMISSUS—28 SAMPLES '—Continued
1971 DDE T T - T
TDE 18 24 T T
DDT 10 T - —
Dieldrin T - - -
1972 DDE T
TDE T T
DDT 10 10
Dieldrin T T
PCB’s —_ w
STATION 14.—POINT SAN QUENTIN—C. GIGAS—50 SAMPLES!?
1966 DDE 12 30 47 52 69 59 37 52 57 51 55 55
TDE 20 37 60 83 120 92 47 82 90 88 84 110
DDT 14 12 19 23 45 38 24 43 49 33 40 98
Dieldrin — — — 14 20 -— — — — 11 15 20
1967 DDE 52 34 30 42 23 39 45 53 30 31 100 45
TDE 130 65 59 15 5S 85 120 130 74 68 50 84
DDT 88 49 49 70 34 64 89 63 as 36 85 45
Dieldrin 23 11 15 19 13 21 19 17 11 — 10 11
1968 DDE 43 44 43 43 36 59 59 25 38 40
TDE 79 96 78 97 95 110 110 60 86 120
DDT 44 89 67 63 69 100 100 T 52 82
Dieldrin 12 17 17 12 —_ - 12 —_ — 18
1969 DDE 74 53 62 47 143 25 13 30 —_— — 31
TDE 80 149 134 -— 143 54 23 41 — 55 51
DDT 130 193 76 182 184 24 T T — 32 26
1970 DDE 18 19 54 66 51
TDE 18 T 31 64 39
DDT T T 37 45 23
STATION 15.—BOLINAS LAGOON—C. GIGAS-—17 SAMPLES!
1966 DDE 10 T T —
TDR — T 10 .
DDT — — —_ —
1967 DDE T T 10 10 11 T 11 13 —_ T T T
TDE 11 13 16 17 16 14 21 20 ~ 15 1 T
DDT T T T 11 14 12 13 1 - 1 _ _
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TABLE B-2.—Distribution of organochlorine residues in the monitored species for each sampling station by date of
collection—California—Continued

ResmUes IN PPB (uG/kG)
Yean CoMPOUND
JaN. Fep. Maz. APR. May JUNE JuLy Avua. SEPT. Ocr. Nov. Dec.
STATION 15.—BOLINAS LAGOON—C. GIGAS—17 SAMPLES *—Continued
1968 DDE —_
TDE -
DDT —
STATION 16.—SCHOONER BAY—C. GIGAS—33 SAMPLES !
1966 DDE -_ T T — T T T T _ T T -
TDE —_ — T —_ T — -_— —_ — T T -
DDT — —_ — — - - —_ —_ _— —_ —_ -
1967 DDE T T 10 11 T 11 T 15 —_ —_ T —_—
TDE —_ - T 13 13 13 T 18 - — - —
DDT —_ - - 10 — T — 10 —_ - - -
1968 DDE —
TDE —_
DDT —
1969 | 0 e e - No Samples Collected
1970 DDE 1 10
TDE 1
DDT T 10
1971 DDE 14 T T
TDRB 16
DDT 10 T T 10
Dieldrin T —_— —_ —_—
1972 DDE T
TDE T
DDT 10 10
Dieldrin — T
PCB’s — “w
STATION 17.—BERRIES BAR—C. GIGAS—27 SAMPLES!
1966 DDE — 13 T 10 13 10 17 11 12 T T 11
TDE - 15 T 17 16 10 13 1 T T T 10
DDT - T - - T - - -~ - - - -
1967 DDE T 11 17 14 16 12 13 T 13 15 14
TDE T 14 20 18 17 14 15 12 16 18 17
DDT —_ —_ T 10 11 10 T —_ 10 T T —_
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TABLE B-2.—Distribution of organochlorine residues in the monitored species

collection—California—Continued

for each sampling station by date of

YEAR

COMPOQUND

RESIDUES IN PPB (4G/KG)

JAN.

FEB.

Mar.

APR.

May

JUNE

JuLy

AuG,

SEPT.

Ocr.

Nov.

DEc.

STATION 17—BERRIES BAR—C. GIGAS—27 SAMPLES 1—Continued

1968

DDE

DDT
Endrin

12
13
T

17
14

STATION 18.—TOMALES BAY—C. GIGAS—34 SAMPLES!

1966

1967

1968

1969

1970

197

1972

DDE
TDE
DDT

DDE

DDT

DDE

DDT

DDE

DDT

DDE
TDE
DDT
Dieldrin
Endrin

DDE
TDE
DDT

DDE
TDE
DDT
Dieldrin

10
T

11

10

11
14

14
T

11
T

22

18

10

STATION 19.—NICKS COVE—C. GIGAS—25 SAMPLES1

1966

1967

DDE

DDT

DDE
TDE
DDT

13
10
1

11

13
12

12
11

L}

1

VoL. 6, No. 4, MARcH 1973

261



TABLE B-2.—Distribution of organochlorine residues in the monitored species for each sampling station by date of
collection—California—Continued,

Year

CoMPOUND

ResmUEs IN PPB (16/x0)

JaN. FEB.

Mar. APR.

May

JuNE

JuLy

Avo. SEPT. Ocr. Nov.

STATION 19—NICKS COVE—C. GIGAS—25 SAMPLES *—Continued

DDE

DDT

STATION 20.—GUNTHER ISLAND—C. GIGAS—33 SAMPLES !

1966

1967

1968

1969

1970

1971

1972

DDE

DDT

DDE

DDT

DDE

DDT

DDE
TDE
DDT
Dieldrin

DDE
TDE
DDT
Dieldrin

DDE

DDT

Dieldrin
PCB’s

30 28

12 19

13
11
54

19

10

19

No Samples Collected

10

[(3]

-

- 21 T T

12 16 15 21

1

10

10

STATION 21.—BIRD ISLAND—C. GIGAS—25 SAMPLES!

1966

1967

DDE

DDT

DDE

DDT
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TABLE B-2.—Distribution of organochlorine residues in the monitored species for each sampling station by date of
collection—California—Continued

RESIDUES IN PPB (uG/KG)
YEARr COMPOUND
JAN. FEB. Magr. APR. May JUNE JuLy Avug. SEPT. Ocr. Nov. DEc.
STATION 21—BIRD ISLAND—C. GIGAS—25 SAMPLES '—Continued
1968 DDE —_—
TDE -
DDT —

' Each sample represents 15 or more mature mollusks.

2 DDE, TDE, and DDT values approximated because of presence of toxaphene.

s C. gigas.
¢ Present but not quantified.

SECTION C.—DELAWARE

Samples were collected at nine stations at monthly
intervals during the period October 1966 August
1969. The eastern oyster (Crassostrea virginica)
ribbed musse! (Modiolus demissus), and hard clam
(Mercenaria mercenaria) were each collected at three
stations. All samples were analyzed at the Gulf Breeze
Laboratory. The approximate locations of the stations
are shown in Fig.-C-1. The Cape Henlopen station was
in Delaware Bay; the other stations were adjacent to the
Bay but exposed primarily to the runoff from large
agricultural areas in separate drainage basins. A sum-
mary of data on organochlorine residues in the moni-
tored species is presented in Table C-1, and the distribu-
tion of residues in these species for each sampling
station by date of collection in Table C-2.

The use of three different species for monitoring ob-
scured pollution patterns in Delaware estuaries to some
extent. The relative inefficiency of hard clams in storing
organochlorine residues makes Rehoboth Bay (Stations
7 and 8) appear to be generally free from this type of
pollution. The first samples of clams collected in
adjacent Indian River Bay (Station 9) also were free
of detectable residues; however, subsequent monitoring
using the ribbed mussel, showed Indian River Bay to be
moderately but continuously polluted. 1t is probable
that Rehoboth Bay was similarly polluted during the
monitoring period. This same reasoning suggests that.the
waters at Cape Henlopen were continually more polluted
with DDT than the small residues in the hard clams
would imply.

The magnitude of DDT residues in clams and oysters
showed no trend towards increased or decreased levels
during the 3-year monitoring period. In ribbed mussels.
however, there was a marked decline in the average level
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« M. demissus.
9 M. californianus.
T M. edulis,

of residues in the final year at Stations 1 and 2 as well
as Station 9. Delaware monitoring samples ranked 6th
in frequency and 10th in magnitude of DDT residues
in comparison with the other 14 States. The 13% inci-
dence of dieldrin residues was about the average for all
States.

NEW JERSEY

ATLANTIC OCEAN

| S |
4] 10 m

FIGURE C-1.—Diagram of coastal Delaware showing
approximate location of monitoring stations

Leipsic River

Simons River

Bowers Beach—Murderkill River

Mispillion River

Broadkili River

Cape Henlopen—Delaware Bay

Thompson Island—Rehoboth Bay

Arrowhead Point—Rehoboth Bay

West Gables—Indjan River Bay
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TABLE C-1.—Summary of data on organochlorine residues in the monitored species, 1966-69—Delaware

S PRINCIPAL NUMBER OF POSITIVE SAMPLES AND MAXiMUM
TATION MONITORING MONITORED NUMBER OF RESIDUE ( ) DETECTED IN PPB (u6/XG)
NUMBER LocaTiOoN PERIOD SPECIES SAMPLES 1
DDT DIELDRIN
1 Leipsic River 1967-69 M. demissus 27 23 (156) 4 (13)
2 Simons River 1967-69 M. demissus 25 23 (205) 6 (19)
3 Bowers Beach 1966-69 C. virginica 34 34 (172) 25 (25)
4 Mispillion River 1966-69 C. virginica 35 33 (90) 2 (10)
5 Broadkill River 1966-69 C. virginica 34 34 (90)
6 Cape Henlopen 1966-69 M. mercenaria 32 30 (65)
7 Thompson Island 1966-69 M. mercenaria 33 5 (16)
8 Arrowhead Point 1966-69 M. mercenaria 34 4 (35)
9 West Gables 1966-69 M. demissus 13 30 (96)
Total number of samples 287
Percent positive for indicated compound 75 13

! Each sample represents 15 or more mature mollusks.

TABLE C-2— Distribution of organochlorine residues in the monitored species for each sampling station by date of
collection—Delaware

{Blank = no sample collected; — = no residue detected above § ppb; T = >5 but <10 ppb]
RESIDUES IN PPB (u6/XG)
YEAR COMPOUND
JAN. FEB. MaR. APR. May JUNE JuLy AUG. SEPT. OcT. Nov. Dec.
STATION 1.—LEIPSIC RIVER—M. DEMISSUS—27 SAMPLES'
1967 DDE 12 25 26 47 33 21 17 22 18 32
TDE 11 53 46 91 77 5t 47 29 47 m
DDT - T 12 18 23 51 47 — T 17
Dieldrin — 10 13 — 10 — 10 — — ~
196R DDE 27 30 32 26 33 T 12 23 19
TDE 68 69 91 41 45 20 18 29 37
DDT 17 17 14 — 22 — - T 18
1969 DDE — - T 15 — 17 -
TDE — - 14 18 T — 33 —
DDT — — — — 19 —
STATION 2.—SIMONS RIVER—M. DEMISSUS—25 SAMPLES’
1967 DDE 13 17 31 31 43 37 25 18 29 29
TDE 43 kY) 65 150 89 79 47 88 75 66
DDT - — 15 24 19 28 38 29 18 16
Dieldrin - — 15 19 12 T — 12 — —
1968 DDE 28 23 39 23 — 20 11
TDE 65 78 100 30 — 26 16
DDT 18 39 16 — — 22 —
Dieldrin — — 10 — — — -

264

PESTICIDES MONITORING JOURNAL



TABLE C-2—Distribution of organochlorine residues in the monitored species for each sampling station by date of
collection—Delaware—Continued

RESIDUES IN PPB (1G/XG)
YEAR CoMPOUND
JaN. FEB. Mar. APR. May JUNE JuLy AUG. SEPT, Ocr. Nov. Dec.
STATION 2,—SIMONS RIVER—M. DEMISSUS—25 SAMPLES '—Continued
1969 DDE — 13 T 2] 14 21 13 21
TDE — 22 T 23 19 29 26. 35
DDT — — — — — 24 26 31
STATION 3.—BOWERS BEACH—C. VIRGINICA-—34 SAMPLES *
1966 DDE 25 19
TDE 29 17
DDT — —
Dieldrin 16 —
1967 DDE 27 25 @ @ 42 43 41 40 40 42 41 32
TDE s 26 @ @ 65 70 66 64 56 98 51 38
DDT — — @ @ T 10 24 68 17 25 14 10
Dieldrin 18 14 20 25 24 18 11 13 16 16 13 15
1968 DDE 50 46 48 52 66 75 82 49 41 52 57 41
TDE 56 42 47 48 73 78 53 34 32 44 57 35
DDT T — T — 10 T 25 T T 13 18 T
Dieldrin 12 13 i4 15 12 16 — — — —_— 16 . 15
1969 DDE 52 48 42 49 41 79 60 39
TDE 37 47 36 39 39 70 57 29
DDT — — —_ —_ — 20 29 11
Dieldrin 14 15 H — 1 — — —
STATION 4,—MISPILLION RIVER—C. VIRGINICA—35 SAMPLES !
1966 DDE 31 21 22
TDE 27 24 24
DDT 15 — -
1967 DDE 17 24 £ 25 35 23 22 16 20 T 32 27
TDE IR 22 e 31 41 26 30 20 23 44 36 32
DDT _ o — p— —_ T 1 T T _— T
Dieldrin — - 10 — 10 — —_ — —_ — —_ —
1968 DDE 23 28 Lost 41 39 39 47 34 32 25 39 38
TDE 40 31 40 36 34 33 23 25 18 32 27
DDT T — -— 15 — —_— —_— _ — —_ —
1969 DDE 40 50 36 29 36 26 35 28
TDE 29 31 28 25 32 26 22 20
DDT — — — — — — — _
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TABLE C-2—Distribution of organochlorine residues in the monitored species for each sampling station by date of
collection—Delaware—Continued

RESIDUES IN PPB (x6/XG)
YEAR CoMPOUND
JAN, FeB. Mar. Arz. May JuNE JuLy Auga. SEPT. Ocr. Nov. Dec.
STATION 5.—BROADKILL RIVER—C. VIRGINICA—34 SAMPLES1
1966 DDE 18 22
TDE 17
DDT T —
1967 DDE 28 18 23 17 23 4 16 30 27 3s 3s 37
TDE 23 11 17 13 18 21 19 30 27 27 31 33
DDT — —_ — — —_ T T 16 11 T T T
1968 DDE 25 29 23 32 39 43 36 48 37 31 44 51
TDE 21 22 16 21 45 32 20 32 25 22 33 39
DDT — — - - = — — — _ — — s
1969 DDE 40 38 43 41 39 42 43 35
TDE 24 28 26 20 28 28 24 15
DDT —_ - — —_ —_ — — -
STATION 6.—CAPE HENLOPEN—M, MERCENARIA—32 SAMPLES!?
1966 DDE 12
TDE 11
DDT —
1967 DDE 12 13 — @ 14 12 20 12 T 14 16 16
TDE 16 12 —_ @ 14 14 24 14 13 15 15
,D‘DT — _ —_ @ —_ — — — —_ _ _ —
1968 i)DE 13 15 18 18 28 39 25 25 19 13 T 21
TDE 12 14 14 15 24 26 16 15 12 T T 1
DDT —_— — — — — — —_ — — - — —_—
1969 DDE 12 14 22 Lost 16 19 22 35
TDE — — T tt T 10 20
.DDT - -— — — - — —
STATION 7.—THOMPSON ISLAND—M. MERCENARIA-—33 SAMPLES 1
1966 DDE — T
TDE T n
DDT T —
1967 DDE T - T T — — — — - - -
TDE - — - - - - - - -
DDT - — — T — - — — - — —
1968 DDE - - - - - - - — - - - -
TDE — - - - - - - - - - — -
DDT - - - - - - - - - - — -
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TABLE C-2—Distribution of organochlorine residues in the monitored species for each sampling station by date of
collection—Delaware—Continued

RESIDUES IN PPB (uG/Ka)

YEAR COMPOUND
JAN. FEB. MAR. APR. May JUNE JuLy AUG. SEPT. OcT. Nov. Dec.

STATION 7.—THOMPSON ISLAND—M., MERCENARIA—33 SAMPLES '—Continued

1969 DDE — — — — - — — —
TDE - — — — - — - —
DDT - — - - - — — —

STATION 8.—ARROWHEAD POINT—M. MERCENARIA—34 SAMPLES*

1966 DDE — -
TDE 24 —
DDT 11 — -

1967 DDE - @ T — —_ — — _ —_ — —
TDE —_ @ T — —_ — — — — — —
DDT — @ — — — — — — — — —

1968 DDE — — — -— — — — — — — — —
TDE — — — — — — — —_ — - —_ —
DDT — — — —_ — — — — —_ — — —_

1969 DDE — — — —_ —_ — —_ .

DDT - — — —_ — — — —_

1966 DDE @ (@)
TDE — —
DDT — —
1967 DDE 1 18 17 22 19 15 18 13 19 19 21
TDE 25 37 32 33 24 21 29 13 29 30 33
DDT 32 19 14 24 13 14 41 21 21 22 26
1968 DDE 19 24 18 20 18 23 T T — T 12 13
TDE 29 35 28 32 30 37 11 T — T 16 18
DDT 21 30 22 26 23 36 T - - — T —
1969 DDE 10 16 12 16 17 21 13 311
TDE 14 16 17 20 22 27 i8 T
DDT — - — T 10 T 1 —

t Each sample represents 15 or more mature mollusks.
2 Present but not quantified.
3 M. merceparia.
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SECTION D.—FLORIDA

Investigation of the effects of pesticide pollution on
estuarine fauna in Florida was initiated at the Gulf
Breeze Laboratory, Gulf Breeze, Fla., in 1959. During
the next 5 years, sufficient headway in the understand-
ing of uptake and flushing rates of persistent synthetic
compounds as well as the technology for handling
samples made a continuing monitoring program feasible.
Local oysters (Station 9, East Bay) were analyzed
monthly during 1964, and the concept of a national
monitoring program was developed and implemented
in 1965. The eastern oyster, C. virginica, was the only
species monitored in Florida; all samples were analyzed
at the Gulf Breeze Laboratory. The approximate loca-
tions of monitoring stations are shown in Fig. D-1. A
%ummary of data on organochlorine residues in the
monitored species, C. virginica, is presented in Table
D-1, and the distribution of residues in this species for
each sampling station by date of collection in Table
D-2.

Oyster samples from Florida contained the highest levels
of DDT residues and the most persistent contamination
with PCB’s observed in the entire monitoring program.

The polychlorinated biphenyl, Aroclor 1254®, was
identified in studies of estuarine fauna following a 1969
fish kill in Escambia Bay, Fla., (8). Station 9 is about
25 miles from the presumed source of this PCB pollution
and is in a contiguous but distinct drainage basin.
Monitoring samples from this station contained PCB
residues about one-third the magnitude of residues in
Escambia Bay oysters and continued to have residues of
similar magnitude for at least 3 years after the pre-
sumed primary source of PCB’s had been eliminated.

The trend in DDT residues is most clearly shown in the
Station 9 data. Some DDT had been used in this
geographic area for agricultural purposes. However, its
primary use had been for the control of stable-fly
larvae, Stomoxys calcitrans, that develop in seaweed
windrows on estuarine beaches. In 1969. methoxychlor

was substituted for this purpose, and DDT residues
virtually disappeared from all succeeding monitoring
samples. Methoxychlor residues were not detected in the
monitored samples. There are not enough recent data to
determine DDT pollution trends in other estuaries along
the Florida Gulf coast.

The incidence of DDT in Florida samples (62%) is
about the average for all States monitored. The incidence
of dieldrin (7% ) may be compared with the average
incidence of 15% for all States.

——

FLORIDA

GULF OF MEXICO

FIGURE D-1.—Diagram of coastal Florida showing
approximate location of monitoring stations

1. Iona Point—Caloosahatchee River

Charlotte Harbor—Peace River

Coral Cove—Little Sarasota Bay

Manatee River

Crystal River

Suwanee River

St, Vincents Bar (North)—Apalachicola Bay
St. Vincents Bar (South)—Apalachicola Bay
East Bay—Blackwater River

CmNGU s WL

TABLE D-1.—Summary of data on organochlorine residues in the monitored species (C. Virginica), 1965-72—Florida

NUMBER OF POSITIVE SAMPLES AND MAXIMUM
STATION LLOCATION MONITORING | NUMBER OF RESIDUE ( ) DETECTED IN PPB (4G/XG)
NUMBER . PERIOD SAMPLES !
DDT DIELDRIN PCB's ?

1 Tona Point 1967-69 3 31 (5,390) { (11)

2 Charlotte Harbor 1966-69 31 28 (338) 13 (2D

3 Coral Cove 1966-69 2 32 (129)

4 Manatee River 1966-69 32 32 (159)

5 Crystal River 1966-71 43 7 27

6 Suwanee River 1966-69 32 6 (22)
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TABLE D-1.—Summary of data on organochlorine residues in the monitored species (C. Virginica), 1965-72—

Florida—Continued
NUMBER OF POSITIVE SAMPLES AND MAXIMUM
STATION MONITORING NUMBER OF RESIDUE ( ) DETECTED IN PPB (uG/KG)
NUMBER LocaTion PERIOD SAMPLES !
DDT DIELDRIN PCB’s*®
7 St. Vincents Bar (North) 1966-67 17 12 (50) 3 28
8 St. Vincents Bar (South) 1966-67 16 10 (70) 3 (22)
9 East Bay 1965-72 84 46 (65) 25 (390)
Occasional stations (21) 1966-71 56 26 (101) 7 (12)
Total number of samples 374
Percent of samples positive for indicated compound 62 7 7

! Each sample represents 15 or more mature mollusks.
7 Calculated as Aroclor 1254®

TABLE D-2—Distribution of organochlorine residues in C. virginica for each sampling station by date of collection—Florida

{Blank = no sample collected; — = no residue detected above 5 ppb or no residue detected (PCB’s); T = >5 but <10 ppb]
RESIDUES IN PPB (uG/KG)
YEAR CoMPOUND
JAN FEs. MaR. APR. May JUNE JuLy Avuc. SEPT. OcT, Nov. DEc,
STATION 1.—IONA POINT—31 SAMPLES!
1966 DDE 30 13 24 35 T
TDE 39 20 48 79
DDT — — — 28 —
1967 DDE 91 320 930 1,450 290 110 53 60 87 72 140 240
TDE 94 170 760 705 310 200 110 160 160 150 220 310
DDT 190 630 3,700 2,550 350 68 57 32 97 110 68 520
1968 DDE 760 1,200 1,100 1,500 780 340 180 — T 71 84 82
TDE 44 560 580 560 390 310 190 T 16 160 120 120
DDT 2.800 3,600 2,300 , 1,200 650 220 33 — — 69 140 60
Dieldrin — — — — — — — — 11 — — —
1969 DDE 710 940
TDE 1,400 400
DDT 1,700 1,100
STATION 2.—CHARLOTTE HARBOR—31 SAMPLES *
1966 DDE T T 17 — 52
TDE 10 16 23 — 91
DDT — — 15 — 41
1967 DDE 83 14 15 39 18 30 13 T — T 18
TDE 85 20 24 33 27 43 20 13 — 11 28
DDT 170 T 13 — T 13 T — — — - 21
Dieldrin — —_ — - _ — 14 11 19 — — 15
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TABLE D-2.—Distribution of organochlorine residues in C. virginica for each sampling station by date of collection—

Florida—Continued
RESIDUES IN PPB (xG/KG)
YEAR CoMPOUND
JAN. FEs. MAaRr. APR. May JuNE JuLy AUG. SEPT. Ocrt. Nov. Dec.
STATION 2.—CHARLOTTE HARBOR—31 SAMPLES 1—Continued
1968 DDE 19 23 18 34 27 22 20 — T - T T
TDE 22 26 18 36 29 18 26 T 17 — 11 T
DDbT 14 13 — 20 16 10 T — — — — _
Dieldrin — 11 — 18 11 - 27 — 16 _ 13 19
1969 DDE 14 17
TDE 19 22
DDT — 12
STATION 3.—CORAL COVE—32 SAMPLES!
1966 DDE 24 T 10 25 17
TDE 21 —_ T kk) 16
DDT —_ —_ — T T
1967 DDE 34 26 24 25 20 24 25 23 12 16 13 10
TDE 28 23 22 26 21 21 24 20 16 16 10 10
DDT 12 12 T 13 T 10 17 T T T T T
1968 DDE 29 27 21 35 49 39 3 19 20 28 21 23
TDE 30 30 14 36 43 40 26 16 23 28 pXx) 29
DDT 10 14 — - 13 37 49 32 22 14 28 11 T
1969 DDE 30 41 16
TDE 38 40 40
DDT T 20 15
STATION 4.-—-MANATEE RIVER—32 SAMPLES!
1966 DDE 23 37 25 T 30
TDE 39 47 a3 T 33
DDT — 13 i1 — 12
1967 DDE 37 39 22 31 18 T 19 21 23 33 34 13
TDE 30 45 24 41 23 T 20 42 46 59 45 14
DDT 19 19 10 13 T — T 20 17 13 14 14
1968 DDE 26 24 18 42 16 18 31 16 18 18 17 24
TDE 24 29 30 65 19 61 88 37 38 16 19 27
DDT 26 13 10 22 T 25 40 T 13 - — 14
1969 DDE 22 32 24
TDE 33 46 26
DDT — 17 T
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TABLE D-2.—Distribution of organochlorine residues in C. virginica for each sampling station by date of collection—
Florida—Continued

YEAR

COMPOUND

RESIDUES IN PPB (2G/KG)

JAN.

FEB. MaAR. APR. May

JUNE

JuLy Avue.

SEPT.

Ocr.

Nov.

Dec.

STATION 5.—CRYSTAL RIVER—43 SAMPLES?

1966

1967

1968

1969

1970

1971

DDE.

DDT

DDE
TDE
DDT

DDE

DDT

DDE

DDT

DDE

DDT

DDE

DDT

11

16

STATION 6.—SUWANEE

RIVER—32 SAMPLES!?

1966

1967

1968

DDE

DDT

DDE

DDT

DDE
TDE
DDT

DDE

DDT

1966

DDE
TDE
DDT
Dieldrin

14
15
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TABLE D-2.—Distribution of organochlorine residues in C. virginica for each sampling station by date of collection—
Florida—Continued

Year

CoMPoOUND

RESIDUES IN PPB (uG/XG)

JanN.

Fes.

MaRr.

APR.

May

JUuNE

JuLy

AUG. SEPT. Ocr. Nov. Dec.

1967

DDE
TDE
DDT
Dieldrin

STATION 7.—ST. VINCENTS BAR (NORTH)—17 SAMPLES *—Continued

T

1

T
T

22
23
T

28

13
10
T

STATION 8.—ST. VINCENTS BAR (SOUTH)—16 SAMPLES!

1966

1967

DDE
TDE
DDT
Dieldrin

DDE
TDE
DDT
Dieldrin

18
2t

15

25
30
15
13

21
22
T
22

STATION 9.—EAST BAY—84 SAMPLES?

1965

1966

1967

1968

1969

1970

1971

DDE

DDT

DDE
TDE
DDT

DDE

DDT

DDE

DDT

DDE
TDE
DDT

DDE
TDE
DDT
PCB’s ?

DDE
TDE
DDT
PCB's?

160

13

13

15
15

18
22
15

22

26
24
15

i8

13
13

230

19
14

12

390

19
18

20

18

190

230 100 55 120 —
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TABLE D-2.— Distribution of organochlorine residues in C. virginica for each sampling station by date of collection—
Florida—Continued

RESIDUES IN PPB (1G/XG)
YEAR Corpounn JAN. FEB. Mar. APR. May JUNE JuLy AuG. SEPT. OCT. Nov. DEc.
STATION 9.—EAST BAY—84 SAMPLES :—Continued
9712 DDE — — —_ — — —
TDE — — — — — —
DDT — — — — — _
PCB’s 2 50 32 140 160 190 300

1 Each sample represents 15 or more mature mollusks.
7 Calculated as Aroclor 1254®.

SECTION E.—GEORGIA

Monthly collections of the eastern oyster (C. virginica)
were made at 11 estuarine areas in Georgia during the
period February 1967 June 1972. Analyses were
done at the Gulf Breeze Laboratory until September
1969, and thereafter at the Marine Institute of the
University of Georgia. The approximate locations of
monitoring stations are shown in Fig. E-1. A summary
of data on organochlorine residues in the monitored
species, C. virginica, is presented in Table E-1, and the
distribution of residues in this species for each sampling
station by date of collection in Table E-2. The 15%
incidence of DDT residues in Georgia samples was next
to the lowest of all States monitored (Washington,
lowest at 11% ). The maximum level of DDT observed
was also next to the lowest of any of the other States
monitored. By contrast, the largest dieldrin residue
detected in the nationwide program was in Georgia,
(230 ppb) and the incidence of dieldrin residues (21% )
was well above the average incidence (15%) for all
States.

The occurrence of substantial toxaphene residues in the
samples collected in St. Simons Sound was unexpected.
A special sampling program was initiated in the area
that included the placement of trays of oysters in creek
beds where oysters did not normally occur. Analyses of
these samples pinpointed the industrial source of the
toxaphene and precipitated a schedule for control of the
effluent discharge by the manufacturer. The magnitude
of toxaphene residues at Stations 8 11 illustrates well
the importance of dilution (distance) in the abatement
of pollution.

Polychlorinated biphenyl residues were analyzed for
beginning in 1969. A few samples collected in the
Ogeechee and Satilla River basins contained residues of
Aroclor 1254®, but the amounts were not quantified.

DDT residue levels were generally low and there was an
approximate increase of 13% in the number of samples

VoL. 6, No. 4, MARcH 1973

with negligible residues in 1971 as compared to earlier
years. Stations | and 2 in the Savannah River basin,
however, showed a reversal of this trend in 1972 when
oysters contained substantially higher residue levels than
in 1971.

GEORGIA

ATLANTIC OCEAN

0 iO mi

FIGURE E-1.—Diagram of coastal Georgia showing
approximate location of monitoring stations

Lazeretta Creek—Savannah River Basin
Wilmington River—Savannah River Basin
Ogeechee River—Ogeechee River Basin
St. Catherine Sound—Ogeechee River Basin
Sapelo Sound—Ogeechee River Basin
Doboy Sound—Ogeechee River Basin

Egg Island—Altamaha River Basin

St. Simons Sound—Satilla River Basin
Terry Creek—Satilla River Basin

Jekyll Island—Satilla River Basin

Satilla River—Satilla River Basin

—_—
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TABLE E-1-——Summary of data on organochlorine residues in the monitored species (C. virginica), 1967-72—Georgia

ST.TION

NUMBER OF POSITIVE SAMPLES AND MAXIMUM

Nuipton LoCATION Mo;gg;mc I;f:ii:s? RESIDUE ( ) DETECTED IN PPB (u1G/XG)
DDT DIELDRIN TOXAPHENE PCB's *
1 Lazeretta Creek 1967-72 64 30 (96) 58 (230)
2 Wilmington River 1967-72 65 21 (86) 27 (90)
3 Ogeechee River 1967-72 65 13 (50) 15 (26) 1
4 St. Catherine Sound 1967-72 65 7 (15 2 (T) 1
5 Sapelo Sound 1967-72 65 12 (50) 6 (12) 2
6 Doboy Sound 1967-72 64 7 (27) 8 (14) 1
7 Egg Island 1967-72 65 3 (52) 22 (23)
8 St. Simons Sound 1967-72 65 @ 3 (T 64 (7,500) 2
9 Tei "y Creek 1967-70 16 o 16 (54,000)
10 Jekyll Island 1967-72 62 @ 37 (3,500) 8
11 Satilla River 1967-72 64 3 (15) 8 (1,000) 1
Occasional stations (2) 1968-69 4 @ 3 (13,000)
Total number of samples 664
Percent of samples positive for indicated compound 15 21 19 2

NOTE: T = >S5 but <10 ppb.
t Bach sample represents 15 or more mature mollusks.
2 Present but not quantified.

3 Presence of toxaphene prevented quantification of DDT and its metabolites.

“TABLE E-2.—Distribution of organochlorine residues in C. virginica for each sampling station by date of collection—Georgia

M

YEAr l CoMPOUND J JAN. FEB. Mar. APR. May JuNE JurLy Avuc. SEPT. Ocr. Nov. Dec.
RESIDUES IN PPB (ug/kg)
[Blank = no sample collected; — — no residue detected above 5 ppb or no residue detected (PCB’s); T = >5 but <10 ppb)
STATION 1.—LAZERETTA CREEK—64 SAMPLES1!
1967 DDE 14 13 21 T T 53 — — —_ —_ 12
TDE 17 14 29 13 11 25 14 — —_ — 16
DDT — — T — T 18 1 — — — T
Dieldrin 98 65 56 32 30 30 33 18 42 33 46
1968 DDE — 13 12 17 — — 15 — — —_ T
TDE — 16 i2 23 —_ — 23 — — — T
DDT — — — T — —_ 28 — — — —
Dieldrin 22 42 37 46 — 20 39 22 8 42 56
1969 DDE — — — — — T — — — — — T
TDE — — — — — 13 — — — -— —_ —
DDT — — — — — - — — — — — —
Dieldrin 39 23 47 51 16 35 28 23 20 180 230 20
1970 DDE T 13 — — — T — px} —_ —
TDE — — —_ —_ — — — — — -
DDT — _ — — — — — — _ — — _
Dieldrin 30 31 40 32 17 23 80 T —_ — T T
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TABLE E-2-—Distribution of organochlorine residues in C. virginica for each sampling station by date of collection—
Georgia—Continued

YEAR [ COMPOUND JAN. Fep. MAR. APR. May JuNE JuLy Avue. SEPT. OcT. Nov. DEec.

RESIDUES IN PPB (ug/kg)
[Blank = no sample collected; — = no residue detected above 5 ppb or no residue detected (PCB’s}; T = >5 but <10 ppb]

STATION 1.—LAZERETTA CREEK—64 SAMPLES '—Continued

1971 DDE - — 20 — — — — — — T T —
TDE — — — — — —_ —_ — — T T —_
DDT — — — — — — - _ _ - —_ _
Dieldrin 19 i T 17 13 10 T T — — 13
1972 LDE T 1 23 18 T T
TDE T 14 12 T T
DDI .- — T T .- T
Dicldrin 15 13 T T 22 T
STATION 2.~ WILMINGTUN RIVER 45 SAMPIES !
1967 DDE ' T T T — — T 12 — — _
TDE v T T — — v — — — — —
DDT — — — - — — — — — — —
Dieldrin 17 19 22 . — — — — — — —_—
1968 DDE — — T T — — — — — — — -
TDE — — — — — — — — — — —_ —
DDT — — — — — _ — _ —. — _ —
Dieldrin 10 21 12 — — — - — — — _ _
1969 DDE — — — — — — - — — — — —
TDE — — — — —_ — _ _ _ _ _ _
DDT —_ — — — — — — _ _ _ _ _
Dieldrin — — — 10 — — — — — — 90 T
1970 DDE — 1t — T — — — T 86 — — —
TDE — — — T — — — - — — — —
DDT — — — — _ - _ _ _ . _ _
Dieldrin T T 10 25 — T — — _ — - T
1971 DDE — — 10 — _ — . _. — T T T
TDE — — — — - _ _ _ _ T T B
DDT — — — — — — — — — — —_ —
Dieldrin T 12 12 T T — — - — — T T
1972 !  DDE T 12 15 12 T T
!
i TDE — 13 T 11 T T
' DDT — — — — T T
“eldrin 10 17 15 — T T
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TABLE E-2.—Distribution of organochlorine residues in C. virginica for each sampling station by date of collection—
Georgia—Continued

le

COMPOUND

JAN. FEa. Mag. APR, May

June JuLy Avg. SEPT. Ocr. Nov.

Dec.

RESIDUES IN PPB (ug/kg)
[Blank = no sample collected; — = no residue detected above 5 ppb or no residue detected (PCB’s); T = >5 but <10 ppb]

STATION 3.—OGEECHEE RIVER—65 SAMPLES !

1967

1968

1969

1970

1971

1972

DDE
TDE
DDT
Dieldrin

DDE
TDE
DDT
Dieldrin

DDE
TDE
DDT
Dieldrin
PCB’s

DDE
TDE
DDT
Dieldrin

DDE
TDE
DDT
Dieldrin

DDE
TDE
DDT

T T -
10 —_ —

26 10 —

oo

STATION

SOUND—65 SAMPLES !

1967

1968

1969

DDE

DDT

DDE
TDE
DDT

DDE

DDT
PCPB’s

T

@
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TABLE E-2.—Distribution of organochlorine residues in C. virginica for each sampling station by date of collection—

Georgia—Continued

YEAR l COMPOUND APR. May JUNE JuLy Avg,

SEPT.

Ocr.

Nov.

DEec.

RESIDUES IN PPB (ug/kg)
[Blank = no sample collected; — = no residue detected above 5 ppb or no residue detected (PCB’s); T

= >5 but <10 ppb]

STATION 4,—ST, CATHERINE SOUND—65 SAMPLES *—Continued

1970 DDE - — —
TDE — —_ — — —_ — — — —

DDT — — — — — — — — —

1971 DDE — — — — — — — — —
TDE — —_ — — —_ — — _— —
DDT — — — — — — — — —

Dieldrin —_ T — T — — — — —_

1972 DDE — _ T — T
TDE -— — — — — T

DDT — — —_ — —_ —_

STATION 5.—SAPELO SOUND—65 SAMPLES !

1967 DDE T T T —
TDE T —_ T —
DDT T — — —

Dieldrin 12 —_ — —

T — —
22 —_ —

o5 - -

23 — —_

1968 DDE — - — — - — — _ -
TDE — - - — — - - — —

DDT — -— — — —_ — — — —

1969 DDE — — T — — — — — —
TDE - — 13 — — — —_ — _—
DDT — — 19 — — — —_ — —_
Dieldrin — — — T — —_ — — —

PCB’s — — - — — — — —

1970 DDE — 1 — T — —_ —

TDE — _ — T —_ — —
DDT — —_ — — — —_ —

Dieldrin — — — T —_ — _

1971 DDE - - _ _ _ _ _
TDE R - _ — _ _ _
DDT - - _ - _ _ _

Dieldrin — T T T — —_

1972 DDE — — T — T T
TDE - - _ - _ T

DDT — - - - T _
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TABLE E-2.—Distribution of organochlorine residues in C. virginica for each sampling station by date of collection—
Georgia—Continued

YEAr

CoOMPOUND

JAN,

Fes. Maz.

APR.

May JUNE JuLy

Avua. SEPT. Ocr. Nov.

Dec.

[Blank = no sample collected; — = no residue detected above 5 ppb or no residue detected (PCB’s); T = >5 but <10 ppb]

RESIDUES IN PPB (ug/kg)

STATION 6.—DOBOY SOUND—6&4 SAMPLES !

1967

1968

1969

1970

1971

1972

DDE

DDT

DDE

pDT

DDE

DDTY
Dieldrin
PCB’s

DDE
TDE
DDT
Dieldrin

DDE
TDE
DDT
Dieldrin

DDE
TDE
DDT

14

10

1967

1968

1969

DDE
TDE
DDT
Dieldrin

DDE
TDE
DDT
Dieldrin

DDE
TDE
DDT
Dieldrin

16

15

15

— - 15
— - 19
— - 18
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TABLE E-2.—Distribution of organochlorine residues in C. virginica for each sampling station by date of collection—
Georgia—Continued

YEAR I COoMPOUND | JAN. FEB. Mag. APR. May JUNE JuLy AuG, SEPT. OcT. Nov. DEc.

RESIDUES IN PPB (ug/kg)
[Blank = no sample collected; — = no residuc detected above S ppb or no residue detected (PCB's); T = >S5 but <10 ppb]

STATION 7.—EGG ISLAND—65 SAMPLES '—Continued

1970 DDE — 16 — - - — — - — - _ —_
TDE — — — — — — - — - — - —
DDT - - - - — - —

Dieldrin T T T — T — - — —_ T T T

1971 DDE — — - - _ - _ - _ —_ _ _
TDE — — — — - - - - - - — —
DDT - — - - - — — — - - - -

Dieldrin 3] T T T — — — — — —_ — —

1972 DDE - — T - — —
TDE - — — - — —
DDT - — - - - -

Dieldrin — T - — - -

RESIDUES IN PPM (mg/kg)

[Blank = no sample collected; — = no residue detected above 0.1 ppm or no residue detected (PCB’s);
T = >0.1 but <0.25 ppm]

STATION 8.—ST. SIMONS ISLAND—65 SAMPLES 1.3.5

1967 Toxaphene w 2.5 1.5 15 1.0 1.0 1.1 08 0.7 2.0 2.0
1968 Toxaphene 08 50 6.0 43 1.6 20 20 0.6 T - 54 2.8
1969 Toxaphene 2.0 1.2 2.5 7.5 5.0 15 1.0 1.0 1.5 1.6 1.6 1.8
1970 Toxaphene 38 33 12 33 18 1 <10 0.3 T 0.6 0.7 1.6

PCB’s — — — — — - @ — - - - —
1971 Toxaphene 1.3 0.7 N 16 0.7 0.1 0.6 T T 0.6 T 0.6

PCB's — - — — @ — — — — - — —
1972 Toxaphene 0.6 1.0 Ll 10 0.8 0.6

RESIDUES IN PPM (mg/kg)
[Blank = no sample collected; — = no residues detected above 0.1 ppm; T = >0.1 but <0.25 ppm]

STATION 9.—TERRY CREEK—16 SAMPLES !

1967 Toxaphene 12.0 4.7 18.0 13.0
1968 Toxaphene 23.0 6.0 54.0 5.0 6.3 12,0

1969 Toxaphene 9.0 12.0 17.0 8.0

1970 Toxaphene 6.2 8.2
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TABLE E-2.—Distribution of organochlorine residues in C. virginica for each sampling station by date of collection—
Georgia—Continued

Year CoMPOUND ] JAN. FEs.  Maz. APR. May  JUNE JuLy AuG. SEPT. Ocr. Nov. Dec.

RESIDUES IN PPM (mg/kg)
[Blank = no sample collected; — = no residue detected above 0.1 ppm; T = >0.1 but <0.26 ppm]

STATION 10.—JEKYLL ISLAND—62 SAMPLES 1.8

1967 Toxaphene — T 0.5 0.4 0.4 - - — 1.0

1968 Toxaphene 0.7 2.1 0.7 0.7 0.5 T 0.4 — — — — —
PCB’s —_ — — — — — —_ _ — — — —

1969 Toxaphene 1.0 1.0 1.0 1.0 —_ — ~-- 35 TA — 0.7
PCB’s - — —_ _ — — o — m p— —_

1970 Toxaphene 0.8 - T T — — — —_ _ — — 0.6
PCB's — &) &3] (3] @ —_ - - — — — —_

1971 Toxaplichie ¢S5 T 0.6 0.8 T T — — — 0.5 T T
PCB’s - @ —_ —_ @ — —_ — — — — —

1972 Toxaplieue 0.3 T 1.0 0.6 T —

RESIDUES IN PPM (mg/kg)
[Blank = no sample collected; — = no residue of DDT detected above 0.005 ppm or no residue detected above
0.1 ppm (toxaphene and PCB’s); t = >0.1 but <0.25 ppm; T = >0.005 but <0.010 ppm]

STATION 11.—SATILLA RIVER—64 SAMPLES !

1967 DDE — —_ — — — — — — — — —
TDE — — — — — — — — — — —
DDT — — — —_— — — —_ — — — —
Toxaphene —_ t t t t — — — — —_— —_

1968 DDE — - — — — — — — — — -
TDE — - — — — —_ — - — — —
DDT — S— — — — — — —_ — — _
Toxaphene 1.0 0.5 0.7 t — — — — — — —

1969 DDE - — — —_ — — — — — — — _
TDE — — — — — — — _ —_ — — _
DDT —- — -— — — — — — — — —_ —_

1970 DDE 15 — — - — _ - - _ - -
TDE — - — — — —_ — — — — —_ —
DDT — —_ — — — —_ — — — — —_ —_

1971 DDE - — T — — _— — —_ —_ —_ —_ —_
TDE - - — — — - - — - — - —_
DDT — — — — — — — — — — — —
PCB’s — o — - — — — — - - — —

1972 DDE — — — — — —
TDE — — T — — —
VDDT — — — — — —

t Each sample represents 15 or more mature mollusks. ¢ Toxaphene present but not quantified.

2 Aroclor 1254® present but not quantified. » One sample each in April 1969, April 1970, and February 1972

3 Presence of toxaphene prevented quantification of DDT contained a trace of dieldrin.

and its metabolites in these samples. ® DDT and its metabolites not detected in any samples.
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SECTION F.—MAINE

The monthly monitoring of Maine estuaries for per-
sistent synthetic residues was initiated in December 1965
and continued until November 1970. There were 10
principal stations; about 40 other sites were sampled
occasionally. Samples were analyzed at the Gulf Breeze
Laboratory until June 1969 and, thereafter, at the
Fisheries Research Station, Maine Department of Sea
and Shore Fisheries.

The soft clam (Mya arenaria) and the blue mussel
(Mytilus edulis) were the principal mollusks monitored
and, on occasion, both eastern oysters (Crassostrea
virginica) and horse mussels (Modiolus modiolus)
were collected at the same sites. In the laboratory,
the uptake of DDT was greater in the soft clam
than in other species tested as was the flushing rate,
and 90% of DDT residues was lost within 7 days
after the toxicant was removed. This may explain why
in simultaneous collections of two or more species of
mollusks, DDT residues in soft clams examined at 30-
day intervals were usually lower than those in the oyster
or horse mussel. A summary of data on organochlorine
residues in the monitored species, is presented in Table
F-1, and the distribution of residues in these species for
each sampling station by date of collection in Table F-2.

The Maine samples are characterized by the low in-
cidence (18% ) of detectable DDT residues as compared
to most other monitored areas, despite the fact that
substantial amounts of DDT are reported to have been
used agriculturally in some watersheds in Maine. The
maximum magnitude of DDT residues detected was,
however, larger than that found in seven other States.
Analysis of occasional collections of fish and inverte-
brates other than mollusks revealed DDT residues larger
than those in mollusks. Presumably organochlorine
pollution in Maine estuaries was usually too low and too

transitory to be detected except in animals that retain
residues for a lpng period of time.

Despite the generally low incidence of DDT residues at
most stations, there was sufficient continuity in detect-
able DDT residues at Station 10 on the Piscataqua River
to show a gradual decline from an average of about 28
ppb in 1966 to an undetectable level in 1970. A similar
trend is clearly shown in samples collected at Station 7,
Smali Point.

MAINE

ATLANTIC OCEAN

0 40 m»

10

FIGURE F-1.—Diagram of coastal Maine showing
approximate location of monitoring stations

1. Mill Cove—St. Croix River
Machiasport—Machias River
Millbridge—Narraguagus River

Fort Point—Penobscot River
Thomaston—St, George River
Medomak—Medomak River

Small Point—Kennebec-Androscoggin River
Phippsburg—Kennebec-Androscoggin River
Biddeford Pool—Saco River
Eliot—Piscataqua River

CPPNAMAUN

—

TABLE F-1—Summary of data on organochlorine residues in the monitored species, 1965-70—Maine

PRINCIPAL NUMBER OF POSITIVE SAMPLES AND MAXIMUM
STATION MONITORING MONITORED NUMBER OF Resbue ( ) DETECTED IN PPB (uG/KG)
NUMEER LocaTiON PERIOD SPECIES SAMPLES 1
DDT DIELDRIN

! Mill Cove 1965-66 M. arenaria 12

2 Machiasport 1965-70 M. arenaria 52 2 (15)

3 Millbridge 1966-70 M. arenaria 37 1 (12)

4 Fort Point 1965-70 M. arenaria 42 1 (15)

s Thomaston 1965-70 M. arenaria 42 1 (80) 1 (11)

6 Medomak 1967-70 M. arenaria 1 2 (11)

7 Small Point 1968-70 M. edulis 18 12 (359)
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TABLE F-1.—Summary of data on organochlorine residues in the monitored species, 1965-70—Maine—Continued

STATION M PRINCIPAL NUMBER OF POSITIVE SAMPLES AND MAXIMUM
ONITORING NUMBER OF RESIDUE ( ) DETECTED IN PPB (uG/xa)
NUMBER Location PERIOD M;’;:;?;ED SAMPLES !
DDT DIELDRIN
8 Phippsburg 1965-69 M. arenaria 39 7 (24)
9 Biddeford Pool 1968-70 M. edulis 24 7 (64)
10 Eliot 1966-70 M. arenaria 45 22 (67 9 (38)
11 Occasional stations (40)]  1965-69 Mixed 62 16 (93) 4 (18)
Total number of samples 396
Percent of samples positive for indicated compound 18 4

' Each sample rcpresents 15 or more mature mollusks.

TABLE F-2.—Distribution of organochlorine residues in the monitored species for each sampling station by date of

collection—Maine

[Blank = no sample collected; — = no residue detected above 5 ppb; T = >5 but <10 ppb.]

YEAR

COMPOUND

RESIDUES IN PPB (uG/Ka)

JAN.

FEB.

MAR.

APFR.

May

JUNE JuLy AUG, SEPT. OcT. Nov.

STATION 1.—-MILL COVE—M. ARENARIA—12 SAMPLES!

1965

1966

DDE

DDT

DDE
TDE
DDT

STATION 2.—MACHIASPORT—M. ARENARIA—52 SAMPLES *

1965

1966

1967

1968

1969

DDE

DDT

DDE "~
TDE
DDT

DDE
TDE
DDT

DDE

DDT

DDE

DDT
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TABLE F-2.—Distribution of organochlorine residues in the monitored species for each sampling station by date of

collection—Maine—Continued

YEar

CoMPOUND

RESIDUES IN PPB (uG/KG)

JAN. FEB, Mar. APR, May JUNE JuLy Aug, SePT.

DEc.

STATION 2.—-MACHIASPORT—M. ARENARIA—52 SAMPLES 1—Continued

1970

DDE

DDT

STATION 3.—MILLBRIDGE—M. ARENARIA—37 SAMPLES?

1966

1967

1968

1969

1970

DDE

DDT

DDE

DDT

DDE

DT

DDE

DDT

DDE

DDT

STATION 4.—FORT POINT—M. ARENARIA—42 SAMPLES !

1965

1966

1967

1968

1969

DDE

DDT

DDE

DDT

DDE
TDE
DDT

DDE

DDT

DDE
TDE
DDT
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TABLE F-2.—Distribution of organochlorine residues in the monitored species for each sampling station by date of

Year

collection—Maine—Continued

CoMpouND

RESIDUES IN PPB (uG/kG)

JaN. FEB. MAR. Arg. May JUNE JuLy AUG.

SEPT.

Ocr. Nov. Dec.

STATION 4.—FORT POINT—M. ARENARIA—42 SAMPLES :—Continued

1970

DDE

DDT

STATION

5.—THOMASTON—M. ARENARIA, UNLESS OTHERWISE INDICATED—42

SAMPLES !

1965

1966

1967

1968

1969

1970

DDE

DDT

DDE
TDE
DDT
Dieldrin
DDE

TDE
DDT

DDE
TDE
DDT

DDE
TDE
DDT

DDE
TDE
DDT

21 —
35 —
24 —

STATION 6-~MEDOMAK—M. ARENARIA—23 SAMPLES!

1967

1968

1969

1970

DDE
TDE
DDT

DDE
TDE
DDT

DDE
TDE
DDT

DDE
TDE
DDT
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TABLE F-2.—Distribution of organochlorine residues in the monitored species for each sampling station by da

collection—Maine—Continued

RESIDUES IN PPB (u1G/XG)

YEAR COMPOUND
\ JaN. FEB. MAR. APR. May JuNE JuLy AuG.

SEPT.

Nov.

STATION 7.—SMALL POINT--M. EDULIS—18 SAMPLES !

te of

1968 DDE KH] 21

TDE 44 25
DDT 280 77

12 —

-

1969 DDE 11
TDE 14 T T T 21 -
DDT 18 15 13 T 13 49

1970 DDE — —_ —
TDE — — —
DDT — — —

17
20
68

25
27
26

DEC.

19

26

STATION 8.—PHIPPSBURG—M. ARENARIA—39 SAMPLES?!

1965 DDE

DDT

1966 DDE — — —_ — — — — —
TDE — - — - - - - _
DDT — - — - _ — - _

1967 DDE — — — T —
TDE — — — — — — — —
DDT —_ —_ — 11 11 T — —

1968 DDE — — — — T — —
TDE — — — — — — .
DDT — — — T 19 —_ —

1969 DDE - - — - -
TDE — — — — _
DDT — — _ _ _

1968 DDE — —_ T _ T
TDE — — T —
pDT — — 21 — 54

1969 DDE T — T _ _
TDE T - — — _
DDT 21 — 12 — —

1970 DDE -
TDE - _ — _ _
DDT — — _ _ _

15
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TABLE F-2.—Distribution of organochlorine residues in the monitored species for each sampling station by date of
collection—Maine—Continued

RESIDUES IN PPB (uG/x6)
YEar COMPOUND
Jan. FeB. Maxr. APR. May JUNE JuLy Ave. SEPT. OcT. Nov. DEc.
STATION 10.—ELIOT—M. ARENARIA, UNLESS OTHERWISE INDICATED—45 SAMPLES!
1966 DDE T — 12 14 13 13 T — T T T —
TDE T — 3 21 19 21 n —_ T 11 T —
DDT 21 T 32 32 23 16 T - T T T -
Dieldrin 32 — 38 — 27 px) — — — — — T
1967 DDE — — T T —_ - — T — T
TDE — — 1 14 T — — 15 T — T
DDT - — 20 18 30 — — T 22 — 15
Dieldrin — 16 Lost 10 T — — — — — -
1968 DDE — T — — T — — —
TDE T 12 — — 12 —_ — _—
DDT 18 15 — — T — —_ —_
Dieldrin 10 — —_ — — — — —
1969 DDE 31 112 T — — - -
TDE 23 22 T — —_ - -_
DDT 18 14 T — —_ - -
1970 DDE - — — — — — -
TDE — — —_ —_ — — —
DDT — — —_ — — - —

! Each sample represents 15 or more mature mollusks.
2 M, edulis.
+ M. demissus.
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SECTION G.—MARYLAND

Eastern oysters, Crassostrea virginica, were collected in
upper Chesapeake Bay and its tributaries at irregular
intervals (usually twice yearly) from August 1966 to
November 1970. The sampling was made possible be-
cause of oyster surveys being conducted for other pro-
grams. All samples from the 10 locations in Maryland
were analyzed at the Gulf Breeze Laboratory. The ap-
proximate station locations are shown in Fig. G-1. A
summary of data on organochlorine residues in the
monitored species, C. virginica, is presented in Table
G-1, and the distribution of residues in this species for
each sampling station by date of collection in Table
G-2.

Maryland was fifth among all States, in the incidence of
DDT residues (81%), but the magnitude of residues
in oysters was surprisingly low in view of the size of the
Susquehanna River watershed and the extent of its
agricultural development. More selective monitoring
might show that the major pesticide burden of the river
is precipitated with silt in the headwaters of the Bay
and does not enter the trophic web of the estuarine
system extensively. DDT residues detected at monitoring
stations probably reflected pollution primarily in the
adjacent and usually small drainage basins.

Despite the small number of samples, the decline in
average DDT residues from 26 ppb in 1966 to 10 ppb
in 1970 together with a more than 150% increase in
samples containing less than 11 ppb suggests a real
change in average pollution levels.

VIRGINIA

ATLANTIC QCEAN

AP e N -

. Franklin City—Chincoteague Bay 6.
. Pocomoke Sound
. Tangier Sound 8.
. Honga River 9.
. Choptank River

FIGURE G-1.—Diagram of coastal Maryland showing
approximate location of monitoring stations

Eastern Bay

7. Tollys Bar—Chesapeake Bay
Herring Bay-—Chesapeake Bay
Cedar Point—Chesapeake Bay

10. St. Marys River

TABLE G-1.—Summary of data on organochlorine residues in the monitored species (C. virginica), 1966-70—Maryland

NUMBER OF POSITIVE SAMPLES AND MAXIMUM
STATION LocATION MONITORING NUMBER OF RESIDUE ( ) DeTecteEp IN PPB (uG/KG)
NUMBER PERIOD SAMPLES !
DDT DIELDRIN
1 Franklin City 1966-70 8 8 (43
2 Pocomoke Sound 1966-69 6 5 47)
3 Tangier Sound 1966-70 10 5 (48)
4 Honga River 1966-70 10 8 (43)
5 Choptank River 1966-70 8 4 (30)
6 Eastern Bay 1966-70 10 8 (70)
7 Tollys Bar 1967-70 8 8 (44) 7 22)
8 Herring Bay 1966-70 10 9 (46) 4 (18)
9 Cedar Point 1966-70 10 9 (70)
10 St. Marys River 1966-70 ! 7 [&X3)
Total number of samples 88
Percent of samples positive for indicated compound 81 13

' Each sample represents 15 or more mature mollusks.
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TABLE G-2.—Distribution of organochlorine residues in C. virginica for each sampling station by date of
collection—Maryland

{Blank = no sample collected; — = no residue detected above 5 ppb;: T = >S5 but <10 ppb]
RESIDUES IN PPB (uG/xa)
YEAR COMPOUND
JAN. FEB. MaR. APR. May JUNE JuLy AuG. SEPT. OcT. Nov. DEec.
STATION 1.—FRANKLIN CITY—8 SAMPLES !
1966 DDE 10 T
TDE 14 —
DDT T —
1967 DDE 11 10
TDE — _
DDT — 13
1968 DDE 26 T T
TDE 17 T —
DDT — 16 T
1969 No Samples Collected
1970 DDE 14
TDE _
DDT —_
STATION 2,—POCOMOKE SOUND-—6 SAMPLES
1966 DDE — T
TDE 17
DDT T —
1967 DDE T T
TDE T T
DDT —
1968 DDE i
TDE 12
DDT 24
1969 DDE -
TDE -
DDT -
STATION 3.—TANGIER SOUND—10 SAMPLES !
1966 DDE 13 T
TDE 24 T
DDT 11 —
1967 DDE — T
TDE — —
DDT — 10
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TABLE G-2.—Distribution of organochlorine residues in C. virginica for each sampling station by date of

collection—Maryland—Continued

YEAR

COMPOUND

RESIDUES IN PPB (uG/XG)

Jan., FEs. Mar. APR.

May JUNE JuLy Aug. SEPT. OcrT.

Nov,

DEC.

STATION 3 —TANGIER

SOUND—10 SAMPLES ~—Continued

1968

1969

1970

DDE
TDE
DDT

DDE
TDE
DDT

DDE
TDE
DDT

T

17 _
1o -—

STATION 4—HONGA RIVER—10 SAMPLES !

1966

1967

1968

1969

1970

DDE
TDE
DDT

DDE
TDE
DDT

DDE
TDE
DDT

DDE
TDE
DDT

DDE
TDE

l DDT

28 10

12
20
1

10

1966

1967

1968

DDE
TDE
DDT

DDE
TDE
DDT

DDE
TDE
DDT

STATION 5.—~CHOPTANK RIVER—8 SAMPLES!

13
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TABLE G-2.—Distribution of organochlorine residues in C. virginica for each sampling station by date of
collection—Maryland—Continued

RESIDUES IN PPB (x6/x0)
YEAR COoMPOUND
JaN. FeB. Mar. Arz. May JuNE Jury Avg, SEPT. Ocr. Nov. Dec.
STATION 5.—CHOPTANK RIVER—8 SAMPLES 1—Continued
1969 DDE —
TDE —
DDT _
1970 DDE —_ _
TDE —_ —_
DDT —_ _
STATION 6.—EASTERN BAY-—10 SAMPLES?
1966 DDE —_ 14
TOE — 17
DDT —_ -
1967 DDE 11 T
TDB 15 1
DDT -— T
1968 DDE — 11 11
TDE — 1 —
DDT — 48 16
1969 DDE 10
TDE T
DDT —
1970 DDE 11 10
TDE T 10
DDT —_ _
STATION 7.—TOLLYS BAR—8 SAMPLES!
1967 DDE 18 13
TDE 19 17
DDT T 11
Dieldrin 13 13
1968 DDE 14 12 15
TDE 11 14 13
DDT — T 16
Dieldrin 15 — 11
1969 DDE 15
TDE 14
DDT —_
PDieldrin 16
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TABLE G-2.—Distribution of organochlorine residues in C. virginica for each sampling station by date of

collection—Maryland—Continued

YEAR

CoMPOUND

REesDUES IN PPB (u6/Kq)

Jan. FEB. MAR. APR. May June JuLy Ava, SEPT. Ocr. Nov.

STATION 7.—TOLLYS BAR—8 SAMPLES *—Continued

1970

DDE

DDT
Dieldrin

16 T
17 10

22 15

STATION 8.—HERRING BAY—10 SAMPLES !

1966

1967

1968

1969

1970

DDE

DDT

DDE
TDE
DDT
Dieldrin

DDE
TDE
DDT

DDE

DDT

Dieldrin

DDE

DDT
Dicldrin

10 T

16

18

12

STATION 9.—CEDAR POINT—10 SAMPLES !

1966

1967

1968

1969

DDE

DDT

DDE

DDT

DDE
TDE
DDT

DDE
TDE
DDT

18 20
27 24
x5 15

22 1$

|
@
-
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TABLE G-2.—Distribution of organochlorine residues in C. virginica for each sampling station by date of
collection—Maryland—Continued

RESIDUES IN PPB (z6/x@)
YEAR COMPOUND
JAN. FEB. Mar. APR. May Jur_m JuLy Avug, SEPT. Ocr. Nov. Dec.
STATION 9.—CEDAR POINT—10 SAMPLES —Continucd
1970 DDE —_
TDE —
DDT —
STATION 10.—ST. MARYS RIVER—8 SAMPLES!
1966 DDE —_ 12
TDE — 16
DDT —_ T
1967 DDE 15 T
TDE 17 T
DDT — T
1968 DDE T 11 T
TDE —_ 11 —_
DDT — 11 12
1969 No Samples Collected
1970 DDE 15
TDE 1
DDT —

' Each sample represents 15 or more mature mollusks.

SECTION H.—MISSISSIPPI

Mississippi Sound and tributaries were monitored for
organochlorine residues in eastern oysters, C. virginica,
during the period August 1965 - June 1972. All samples
from the eight sampling stations were analyzed at the
Gulf Breeze Laboratory. Approximate station locations
are shown in Fig. H-1. A summary of data on organo-
chlorine residues in the monitored species, C. virginica,
is présented in Table H-1, and the djstribution of resi-
dues in this species for each sampling station by date of
collection in Table H-2.

Only four States had a lower incidence of DDT residues
in oysters, and the maximum residue detected in
Mississippi (135 ppb) was lower than that in 12 of the
other 14 States. Maximum DDT residues appeared to be
more directly related to runoff from urban and in-
dustrialized centers rather than from agricultural areas.

In 1971, there was a more than 70% increase in the
number of DDT residues of less than 10 ppb as com-

292

pared to earlier years. This trend was reversed in the
first 6 months of 1972 when 44% of the residues were
more than 10 ppb as compared to only 25% in 1971.

MISSISSIPPI

GULF OF MexiCO o 10 my

FIGURE H-1.-—Diagram of coastal Mississip pi showing
approximate location of monitoring stations

. Pascagoula—Pascagoula River
Graveline—Graveline Bay

Deer Island—Biloxi Bay

Biloxi Bay—Biloxi Bay

Pass Christian (Inshore)—Mississippi Sound
Pass Christian (Offshore )—M ississippi Sound
Bay St. Louis—St. Louis Bay

St. Joseph Point—Mississippi Sound

WAL WN
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TABLE H-1.—Summary of data on organochlorine residues in the monitored species (C. virginica), 1965-72—M ississippi

NUMBER OF POSITIVE SAMPLES AND MAXIMUM

STATION LOCATION MONITORING NUMBER OF RESIDUE ( ) DETECTED IN PPB (1G/KG)
SAMPLES !
NUMBER PERIOD DDT DIELDRIN
1 Pascagoula 1965-72 78 47 (74)
2 Graveline 1965-72 79 56 (99)
3 Deer Island 1965-69 49 33 (105)
4 Biloxi Bay 1965-72 78 1 (135) 8 19)
5 Pass Christian (Inshore) 1965-66 13 7 (53)
6 Pass Christian (Offshore) 1965-72 78 29 (42) 3 (16)
7 Bay St. Louis 1966-72 66 31 (124) 7 (20)
8 St. Joseph Point 1969-72 29 1 (69) 1 (18)
Total number of samples 470
Percent of samples positive for indicated compound 61 4

L Each sample represents 15 or more mature mollusks.

collection—Mississippi

TABLE H-2.—Distribution of organochlorine residues in C. virginica for each sampling station by date of

[Blank = no sample collected; — — no residue detected above § ppb; T = >§ but <10 ppb]
REsUES IN PPB (z6/x6)
YEAR COMPOUND
JAN, Fes. MAaR. APR. May JUNE JuLy Avgc. SEepT. OcrT. Nov. Dec.
STATION 1.—PASCAGOULA—78 SAMPLES!
1965 DDE T T 14 —
TDE — T 55 —
DDT —_ — T —_
1966 DDE 17 13 19 —_ T -— — T 11
TDE 41 10 19 — —_ — —_ —_ 12
DDT — — — — —_ — — —_ _— — —_—
1967 DDE 13 12 11 14 T — — —_ T T —
TDE 14 47 T 13 — — - T —_ — —
DDT T 10 — — — _ — — 17 — — —_
1968 DDE T 10 — —_ - —_ — —_ —
TDE —_ 11 — — —_ —_ — —_ —
DDT — T — - T - - - - —_ - -
1969 DDE T - 1 T 15 T T — 11 12
TDE 13 —_ 12 T 19 12 T — 14 T
DDT — — — —_ T —_ — — T —
1970 DDE 13 12 15 16 10 T —_ - — — T -
TDE 40 12 18 14 13 64 —_ — — — T _—
DDT - — - — — — - — — —_

VoL. 6, No. 4, MArcH 1973

293



TABLE H-2.—Distribution of organochlorine residues in C. virginica for each sampling station by date of
collection—Mississippi—Continued

RESIDUES IN PPB (uG/KG)
YEAR CoMPOUND
Jan. FEs. Mar, APR. May JuNE JuLy Ave. SEPT. Ocr. Nov. Dec.
STATION 1.—PASCAGOULA—78 SAMPLES 1—Continued
1971 DDE - — - - T - - — —_ T
TDE — - - — 12 55 - — — T
DDT — — —_ - —_ —_ _ —_ —_ —
1972 DDE T T —_ 10 11 —
TDE 1 T —_ 10 —_ —_—
DDT —_ —_ — —_ — —
STATION 2. —GRAVELINE~-79 SAMPLES *
1965 DDE T T T T T
TDE T T — 20
DDT T — — — —
1966 DDE 10 T 12 29 21 22 16 12 18 T 13 13
TDE 27 T 10 10 60 68 19 31 69 13 17 36
DDT T - -— T T —_ —_ —_ — —_ — —
1967 DDE 14 12 23 u T T T — T 12 14 15
TDE 11 10 66 36 T 18 T -_ 12 23 18
DDT 13 — 10 T —_— — — —_ 21 2% 10 T
1968 DDE 15 16 13 11 16 22 10 — —_ —_ — T
TDE 23 19 18 23 25 14 — T —_— - —_
DDT T 12 —_— T T T — - — —_ —_ —
1969 DDE —_ — 11 T 15 T — —_ — 11 17
TDE —_— —_ 14 T 15 12 - _— — 13 20
DDT — — — — T - - - — — 10
1970 DDE —_ 14 14 15 10 T — — - — -
TDE - 16 1” 1 1 10 - — - — -
DDT - 10 T — — T - — - - -
1971 DDE 15 — - — 12 - — — — T
TDE 17 - — — b — - — — T
DDT - - - - = = - - - -
1972 DDE T T -— 15 T 16
TDR T T -_ — T —
DDT — — — - — -
STATION 3.—DEER ISLAND—49 SAMPLES!?
1965 DDE 10 T - T T
TDB 21 T — 17 17
DDT T — - — —
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TABLE H-2.—Distribution of organochlorine residues in C. virginica for each sampling station by date of

collection—Mississippi—Continued

Resipues IN PPB (uG/K6)

YEAR COMPOUND
JAN. FEB. MaR. APR. May JUNE JuLy Aue. Serr. Ocr. Nov, DEC
STATION 3.—DEER ISLAND—49 SAMPLES —Continued
1966 DDE 14 20 15 22 27 23 17 T — T —_ T
TDE 27 43 25 45 62 65 38 T — - 11
DDT T 16 T 12 16 — — —_ - — — -
1967 DDE 10 15 14 15 11 — — - — — — T
TDE 12 T 14 u 17 - — — — — -
DDT T - — — — - — _ 12 _ - _
1968 DDE T 11 12 12 —_ — — -— — - —_
TDE 13 13 12 12 —_ — — — — - —
DDT — T —_— —_ — —_ — — — —_ — —
1969 DDE T 11 T T - T T
TDE T - 13 13 T -— 27 34
DDT — —_ — —_ — — — 22
STATION 4.—BILOXI BAY—78 SAMPLES!
1965 DDE 4 T — T T
TDE ’ 3 1 — 23 18
DDT T - - _ —
1966 DDE 14 16 16 29 32 — 20 19 — T 15 T
TDE 43 30 33 73 87 —_ 47 48 — T 27 15
DDT 14 T 11 15 16 — —_ — — — T -
1967 DDE 16 19 23 28 15 13 T T — _ ‘T T
TDE 3 40 43 50 33 21 43 25 17 17 19 22
DDT 15 23 15 20 — T — —_ T T — —
Dijeldrin - — — 13 —_ —_ — —_ —_ — — —
1968 DDE 12 14 16 20 30 17 T — -— —_ T 16
TDE 32 30 39 34 94 61 52 25 24 T 43 49
DDT 