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Abstract

Yield-nutrient supply correlations indicate that significant amounts of
phosphorus and virtually all nitrogen for growth of Thalassia are taken up §
from the sediments, and that growth of Thalassia is generally limited by the
availability of nitrogen., Considerations of supply and demand suggest that
the sediments could not be a primary source of phosphorus for Thalassia,
However, it appears that the sediments may act as a sort of ’storage bank’
for phosphate taken up from the sea water by Thalassia, Various evidencs,

including acetylene reduction assays, indicate that nitrogen for Thalassia
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is derived exclusively from N, fixation by anaerobic bacteria in the rhizo-
sphere. Eh measurements and general observations indicate that a reduced
root layer is essential for normal development of Thalassias it is believed
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that this is associated with requirements of No-fixing btacteria, and with
greater overall efficiency of the Thalassia-sediment N,-fixing system under

¥ anaerobic conditions,
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CONTRIBUTION TO ORIGINAL KNOWLEDGE

Numerous studies have demonstrated high rates of primary production
by the tropical marine angiosperm Thalassia testudinum K3nig. The present

study is a contribution to original knowledge in that it is an examination
of some of the processes underlying, or necessary for, the high produc-
tivity of mh. Bvidence is presented that nitrogen for growth of
Thalassia is derived exclusively from gasecus nitrogen fixed by anaerobic
bacteria in the rhizosphere., It had previously been unsuspected, that such
a phenomenon might be important in the ecology of aquatic plants,
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I. INTRODUCTION

Purpose
Rates of primary production by the tropical marine angiosperm
Thalassia testudinum Konig rank amongst those of the mo=st highly produc-

tive natural communities (Westlake, 1963). The gquestion of basic concern
to this study was: how are high rates of production maintained in the nota-
bly nutrient-poor (Smith, Williams and Davis, 1950; Williams, 195%; Beers,
Steven and Lewis, 1968) tropical waters? Wood (1965) remarked that the
marine angiosperm Zostera "seems to be confined to areas where sulphide is
present, possilhly because of the release of phosphate brought about by sul-
phate reduction.” Marine anglosperms have extensive underground root-bsaring
stems, and 1t seems logical to suppose that they have direct access to nu-
trients in the sediments, However the question of whether roots of sub-
merged vascular plants are functional in nutrient uptake has long been a
subject of controversy (Sculthorpe, 1967). The first conclusive experimen-
tal evidence of nutrient uptake by roots of a submerged anglosperm was re-
ported in 1970 for Zostera (McRoy and Barsdate, 1970). The present study,

which began in 1968 at the Bellairs Research Institute of McGill University
in Barbados, is essentially an investigation of three questions: (1) does
Thalassia obtain significant quantities of nitrogen and phosphorus from
the sediments, (2) what is the origin of nitrogen and phosphorus in the

1
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sediments, and (3) what is the influence of reducing conditions in the sedi-
ments on the availability of nitrogen and phosphorus?

Vegetative morphology and

anatomy of Thalassia

The vegetative anatomy of Thalassia has been described in detall by ;
Tomlinson and Vargo (1966), and a good description was given by Phillips
(1960). Root anatomy was described by Tomlinson (1969a) and leaf anatomy,
by Sauvageau (1890). The following is a brief description of the vegeta-
tive morphology and anatomy btased on these studies, Descriptions of floral
morphology and anatomy have been given by Tomlinson (1969b), and of floral
morphology, fruit development and structure, seed anatomy and geramination,
by Orpurt and Boral (1964),

Thalassia 1s a monocotyledonous angiosperm belonging to the faamily
Hydrocharitaceae, Essentially the Thalassia plant consists of a creeping

rhizome, from which arise at more or less regular intervals, erect shoots
bearing troad, flat, foliage leaves (Fig., 1, Plates I, II), Normally only
the leaves are observed above the substrate. Non-assimilatory scale leaves
occur on the rhizomes, The erect shoots are separated by a varialhle number
of internodes, usually 9 to 13. Tomlinson and Vargo (1966) interpreted the
exect shoots as lateral tranches of the monopodial long shoot or rhizome.
Foliage leaves are borne apically on the erect shoot; flowers arise later-
ally, and do not interrupt growth of the erect shoot. Thalassia produces
no dormant btuds, and growth of the rhizomes and erect shoots is apparently
continuous, Tomlinson and Vargo (1966) observed, “Continuous growth of the
orpn!numﬁfalydemtonaeﬁntyofdmrhm-oamm. Mo
residual meristeas are left bshind so that adventitious growth, even of
roots, is impoesitle.” Toalinson and Vargo (1966) described the rhizomes
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Pig. 1. Habit sketch of Thalassia. 0ld parts of leaves

are encrusted with calcareous zlgae,




anderectsﬁootsa'tmsuﬂnglymlm.mfmmlyshﬂ&r,m
with different directions of growth producing emtirely different kinds of
leaf. The axes are autonomous, One kind cannot be converted directly in-
to another, but only reciprocally by ranching.® Branching of the rhicome
(to produce erect shoots) occurs regularly, but btranching of the erect shoots
(to produce rhizomes), only irregularly. With age, the attachment of the
erect shoot to the rhizome weakens and the erect shoot treaks off,
Tomlinson and Vargo (1966) remarked that Thalassia adjusts to an eroding
substratus by downward growth of the rhizome, and adjusts to silting uy up-
ward growth of the rhisome, and by tranching of the erect shoots.

Boﬁthorhiumandmctshootsharmts. These are 5 to 10 cm
in length and are demsely covered with root hairs, Roots may be borne at
every node on the rhizome, but they are usually most abundant (three to five)
at the node bearing the erect shoot. They are borne irregularly on the erect
shoot, commonly occurring at a frequency of about one per five nodes,.

Foliage leaves are about 1 ca in width (range 0.3 to 1.8 cm). There
are no stomata on the leaves, and only a thin cuticular layer. The meso-
phyll is homogeneous (no differentiation into palisade and spongy layers).
Chloroplasts occur in both epidermal and mesophyll cells, Submerged angio-
mnmmwwmntuen@m.muw
tissues., However the marine angiosperss are exceptional in having well lig-
nified filxres. nmnmmaooemnlmmmmd
tundles in a subepidermal position. These are belisved to provide the
strength necessary to withstand wave action (Sculthorpe, 1967).

Air f£1lled lacuneate tissue occupies most of the leaf mesophyll and
middle cortex of the shoots and roots. This is the °spongy tissue’ very

characteristic of aquatic plants, The longitudinally oriented lacunae are



interrupted at intervals by perforated transverse diaphragms; these are be-
lieved to oppose strain exerted at right angles to the long axis, and to
function in the prevention of waterlogging (Sculthorpe, 1967). The lacunae
impart buoyancy to the various parts of the plant, The gases of the lacu-
nae of several submerged angiosperms have been analyzed and found to contain
Ny, Op, and (0, (Sculthorpe, 1967). Studies by Laing (1940b) and Hartman
and Brown (1967) have shown that the lacunal system functions as a reservoir
for metabolic gases. Because of this, the latter authors questioned the re-
1iability of estimating oxygen production of subtmerged anglosperms from
changes in the dissolved oxygen content of the surrounding water.

Nine to 16 parallel veins are oriented lengthwise along the leaf., In
the shoots and roots, vascular tissue is contained in a central stele, With
the exception of the root, there are no detailed descriptions of vascular
anatomy. In general the aquatic angi.oépérms are characterized by a reduced
vascular system, particularly with respect to the xylem, The Hydro-
charitaceae as a family is characterized by a complete lack of vessels
(Cheadle, 1942), and a strong tendency towards reduction in the tracheal
systen (Arber, 1920), Tomlinson (1969a) observed that roots of Thalassia
"have reached an extreme in Xxylem reduction because trachelids are absent
from most of the root.” Anatomy of the root is further discussed below

under *Nutrient uptake by submerged anglosperms’,

General ecology of Thalassia and

other marine osperms T
Thalassia testudinum is one of about 40 species of plants which con-
stitute, in the terms of Arber (1920), the undemocratic, narrow and exclu-
sive circle of the Marine Anglosperms, Although the fresh uwater aquatic
angiosperms exhibit a great variety in habit and habitat, and it appears



w"that the agquatic habit has been acquired by many unrelated anglosperms dur-
ing the history of this group” (Sculthorpe, 1967), the marine anglosperms
are all monocotyledons of the closely related families Hydrocharitaceae and
Potamogetonaceae. They exhibit little variety in habit and habitat (Arber,
1920), and are believed to be of relatively ancient, Tethysian, origin
(Setchell, 1935). Both of the families to which they belong are typically
aquatic, and include a number of fresh water members. The marine anglo- s
sperms are all hydrophyllous and restricted to salt water (Sculthorpe, !
1967). They are primarily tropical and subtropical in distribution, with

only Zostera marina extending into cold boreal zones (Setchell, 1935).

Six species of marine angiosperms occur in the Caribbean; three specles,

Thalassia testudinum, Syringodium filiforme Kutzing, and Diplanthera wrightil
(Ascherson) Ascherson are eo-.ionly encountered. Thalassia is readily distin-
guished by 1ts broad, flat leaves and rotust rhizome, Diplanthera has

narrow (1 to 2 mm), flat leaves, and Syringodium, terete leaves. The rhizomes
of the latter two species are thinner than that of Thalassia, and erect shoots
are borne at each node. These three species are generally found in depths

of less than 10 m, and only Diplanthera commonly occurs above the low water
level (D.R. Moore, 1963). Thalassia appears to be restricted to areas where
the salinity does not exceed 40 °/oo or go below 20 ©/oo for long periods of
time (D.R. Moore, 1963). Syringodium appears to have approximately the

same salinity tolerances (Phillips, 1960). Diplanthera tolerates somewhat
lower salinities (Phillips, 1960), and is the most tolerant of hypersaline
conditions (McMillan and Mosely, 1967). Observations by Phillips (1960)

and D.R. Moore (1963) suggest that Diplanthera survives mainly in very
shallow water and hypersaline areas which are unfavoratle for development

of Thalassia and Syringodium. Syringodium is most commonly found




in mixed stands with Thalassia (Humm, 1956; Phillips, 1960). Welch (1965)
observed that initial colonisation of the substrate by the sea grasses
varies with substrate stability., Diplanthera occurs on shifting sahd.,
Syringodium, on sand of intermediate stabilities, and Thalassia, only on
stable substrates; Thalassia tends to replace the other grasses, however,
and thus to become “"the dominant of the terminal submerged community.” The
studies of Tomlinson and Vargo (1966) indicate that "Thalassia is not well
suited to asexual propagation by isolated fragments.” Thus sexual reproduc-
tion must be the principal means by which Thalassia becomes established in
areas not adjacent to previously existing Thalassia stands, Flowering of
Thalassia, but not of other Caribbean marine angliosperms, has been commonly
observed (Phillips, 1960)., Open flowers have been observed from April to
September (Phillips, 1960; Orpurt and Boral, 1964; Tomlinson, 1969b). The
plants are dioceclous and usually less than 10% of the plants are observed
flowering at any one time (Phillips, 1960). Orpurt and Boral (1964). made
observations on frult development and seed germination. Fruits float, thus
“"affording an excellent means of dispersal.” At maturity the fruits de-
hisce, and emiryos, released from the seed coats, sink, Root hairs develop
withi.u‘ 3 days from the lower side of the embryo, anchoring the plant to the
substrate. Flumules may begin to emerge before opening of the fruit. Fol-
lowing anchorage to the substrate, a young rhizome emerges. The effective-
ness (over short periods of times) of sexual reproduction in establishing
Thalassia in new areas is unknown. The other three species of Caribbean
marine anglosperms, Halophila taillonis Ascherson, Halophilas engelmanii
Ascherson and Halophila aschersonii Ostenfeld, are small, delicate forms

with flat, oval leaves. These species are generally found in deeper water
than the above species (Thorme, 195%).
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' the surrounding grass-free areas (Bernatowicz, 19523 Moulinier and Picard,

In general, the marine anglosperms are confined to areas that are pro-
tected from violent wave action (Setchell, 1920), and they typically form
extensive "meadows' in fiords, bays, and lagoonal areas behind reefs and
barrier beaches. The sea grasses are of major importance in these areas in
three respects: (1) in modifying sedimentary processes, (2) as habitats of
many invertebrates and fishes, and (3) as major primary producers, Ginsburg
and Lowenstam (1958) noted that sea grasses stabllize sediments by growth
of their rhizomes, and that the leaves slow down water motion just above the
bottom. These conditions may lead to increased sedimentation in the sea

grass beds, and sea grass beds are commonly observed to be elevated above

1952). Under certain conditions, increased sedimentation in the sea grass !
beds may lead to development of salt marshes (King, 1959) or mangrove commu-
nities (Welch, 1965). Thalassia bound sediments have been observed to be :
exceptionally resistant to hurricane camage (Thomas, Moore and Work, 1961

Ball, Shinn and Stockman, 1967). The grass hlades themselves are habitats

for many small invertebrates (nxm-au, 1966; Nagle, 1968), and for large and

small algal epiphytes (Humm, 1964). HNumerous invertebrates and fish spend

all or parts of their lives in sea grass beds (Petersen and Jensen, 1911;

Petersen, 1918; Stephenson et al., 1931; Voss and Voss, 1955; MacNae and

Kalk, 1962; Bandall, 1963; Stephens, 1966; Kikuchi, 1966; O'Gower and

Wacasey, 1967; Taylor and Lewis, 1970). Studies by Randall (1963) and

Starck and Davis (1966) have shown that the Caribbean sea grass communities

are the nocturnal feeding grounds of many reef dwelling fishes, High rates

of primary production by sea grasses have been indicated by the classical

study of Petersen (1914) on Zostera, and numercus studies on Thalassia

(0dum, 1957; Odum and Hoskin, 1958; Odum, Burkholder and Rivero, 1959; Odum




and Wilson, 1962; Odum, 1963; Jones, MS, 1968; Zieman, MS, 1968)., Odum
(1957) estimated gross oxygen production of a Thalassia bed in the Florida
Keys as 3% g 02/m2 per day, and Odum et al. (1959) estimated oxygen produc-
tion of Thalassia beds in Puerto Rico as 8 to 15 g Op/m° per day. Assuming,
as in Westlake (1963), a photosynthetic quotient of 1.20 to 1.25 and a net-
to-gross ratio of 0.45 to 0,50, these estimates are equivalent to net pro-
duction of approximately 1 to 5 g (:/m2 per day. Zieman (MS, 1968), by di-
rect measurement of the growth of leaves, estimated production of leaf tis-
sue at two plots in Biscayne Bay, Florida, as 4.5 and 6 g leaf tissue/mz per
days these estimates are equivalent to production of 1.6 and 2.1 g (:/m2 per
day, assuming 25% ash content (Burkholder, Burkholder and Rivero, 1959) and
a carbon-to-organic matter ratio of 0,46 (from data of Brandt and Ruben,
1920, for Zostera). Except in areas near the geographical limits of
Thalassia where there may be seasonal fluctuations in production (Phillips,
1960), high rates of production are maintained throughout the year. Accord-
ing to Odum (1959) and Westlake (1963), production rates of Thalassia rank
amongst those of the most highly productive natural communities., Westlake's
(1963) summary of primary production data of various natural and agricul tur-
al systems 1s given in Table I, These values are “the organic productivi-
ties that are likely to be obtained from vigorous communitles under condi-
tions close to the best attainable within the limits set by natural weather
and economics.”™ Few of the animals living in, or feeding in, sea grass beds
feed directly on the sea grasses (Randall, 1965; Kikuchi, 1966). Even of
those that do feed on sea grasses, there appear to be no studies made of the
extent to which they utilize cellulose, the main constituent of the sea
grasses., Burkholder et al. (1959) determined the proximate composition of

Thalassia leaves and the amounts of different amino acids, and studied the
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Table I. Probable annual average net primary productivity of
fertile sites (from Westlake, 1963).
Approximate
organis
produstivity Range Climte Type of ecosystea Notes
(meto/tm, your) 5
1 50 arid desert such more if hot and
irrigated
2 50 - ocean phytoplanktom -
2 1 temperate lake plyytoplankton 11ttle influensed by aan
3 so - ecastal phytoplanikton probably more in some
polluted estumries
é 50 temperate polluted lake phytoplanktom agrisultural or sevage
dreimge
3 20 temperute freshwater submerged mcrophytes -
12 25 temperate deeiduous forest -
17 25 tropioal fresimmter submerged maorophytes -
20 25 temperate terrestrial herbs possibly more if gruszed
22 15 temperate agrisulture-enmml plants -
28 25 temperate coniferous forest -
29 15 temperate marine subserged masroplytes -
30 20 temperate agrisulture=peremnial plants -
30 20 tropieal nﬁﬁmnﬁrauunlphma inscluding peremnials in
eontinental elimtes
3 20 - mlt marsh -
b7 15 tropieal mrine subserged macroplytes insluding sorel reefs
a8 20 temperate recdsmanp -
No 15 sd-trop. eultivated algne more if carben dioxide
supplied
50 20 tropieal rain.forest -
> 15 tropieal agrisulture-perennial plants, -
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growth of marine bacteria on leaf extracts., They observed that the most
abundant amino acids are those best used by common marine bacteria, but
considered that the relatively low content of tryptophan "may represent a
weak nutritive element in the direct use of Thalassia proteins by fish life
in tropical waters.” Both Burkholder et al. (1959) and Kikuchi (1966) were
of the opinion that invertetrates and fishes feeding on sea grasses may be
utilizing the attached microorganisms rather than the grass itself. De-
trital foed chains are probably a major link between primary production of
higher trophic levels (Fenchel, 1970).

Nitro orus and the redox
potential of sediments

In initial considerations of the question of the origin of nitrogen
and phosphorus for growth of Thalassia, it was thought that the sediments
might contain relatively large amounts of these nutrients derived from
(1) decomposition of organic matter deposited in the sediments, (2) nutri-
ents taken up by biochemical or physical-chemical processes at the sediment
surface, and (3) primary sources, such as phosphorus-containing minerals (of
terrigenous origin or precipitated from sea wvater). Relatively little at-
tention has been given to the nutrient content of marine sediments and the
processes involved in exchange of nutrients between the sediments and sea
water., However, studies on the sediments of estuaries (Moore, 1930, 19313
Stephensen, 19493 Rochford, 1951; Carritt and Goodgal, 19543 Jitts, 1999;
Pomeroy, Smith and Grant, 1965), of lakes (for example Mortimer, 1941-1942;
Hayes and Phillips, 1958; Harter, 1968), of shallow marine tays (Oppenheimer
and Ward, 1963), and of marine basins (Miller, 1952; Rittenberg, Emery
and Orr, 1955) have indicated relatively large quantities of nitrogen and

phosphorus in the sediments derived from the above mentioned sources. A
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L recent study (Howard et al,, 1970) has indicated significant rates of N2
fixation in lake.sediments. Nz-fi.ﬁng bacteria have been isolated from
marine sediments, but their significance in the nitrogen cycle is
unknown (Wood, 1965).

Two of the most important parameters determining the forms and avail-
abilities of nitrogen and phosphoriis' in soils and sediments are the pH and
Eh, In waterlogged soils and stabilized sediments of aquatic systems,the
latter is particuiarly subject to change from the norm of the biosphere
because of the reduced availability of oxygen, Problems of measuring and
interpreting Eh in natural enviromments have been discussed by Pearsall
(1938), Pearsall and Mortimer (1939), ZoBell (1946a), Emery and Rittenberg
(1952), Baas Becking, Kaplan and Moore (1960) and Garrels and Christ (1965).
The reactions responsible for observed redox potentials in natural environ--
ments are not well understood, but they seem to involve both reversible and
irreversible systems, and only those systems which re_act rapidly, Thus Eh
readings of natural systems do not represent equilibrium conditions in the
sense required by oxidation-reduction theory, Never the less, Eh Measur-
ments are useful as empirical parameters of natural enviromments and cal-
culations using observed Eh values and o:d.datim—reduc_:tion theory are use-

ful as qualitative or semiquantitative information, Because of the unpre-

dictable marmer in which Eh varies with pH in comnlex systems, it is usual

to express the pH at which Eh readings are made, Some workers, however,
adjust the Eh values to a common pH by using an Eh/pH factor of =58 to —60 mv
per pi unit, Studies on waterlogged soils and lake muds (Pearsall, 1938:

Pearsall and Mortimer, 1939) rice paddy soils (Aomine, 1962) and experimen—

S
i

tal soil systems (Patrick, 1961) indicate that an Eng (Eh at pH 5) of ap—

proximately 350 mv is critical for the existence of nitrate, Above this
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value, nitrate mm. while below this value, existing nitrate dis-
appears through denitrification (reduction to gaseous nitrogen compounds),
and ammonium is not nitrified, Systems in which both oxidising and re-
ducing conditions exist are believed to be most susceptiltle to loss of ni-
trogen through denitrification (Aomine, 1962). Below 1‘:1:5 320 to 350 mv,
other products of reduction including manganous manganese, ferrous iron
and sulfide also appear, andthnspotentiﬂsbelo\tmzh5of3ao-vm
considered as "effectively reducing” and potentials above 350 mv, as “pre-
dominantly oxidizing® (Pearsall, 1938). Pearsall and Mortimer (1939) ob-
served that relatively low oxygen concentrations (in the region of 8% sat-
uration) are sufficient to maintain predominantly oxidising conditions,
Oxygen 1s believed to control the Eh of oxidising environments, but the re-
actions involved are not understood, and *"Variation in the molecular oxygen
content of water appears to have no direct influence on the electrode poten~
tial, except at very low oxygen tensions™ (Baas Becking et al., 1960).
Although a number of reactions might determine the Eh of reducing environ-
ments, BEh values of less than -50 to <100 mv in estuarine and marine sedi-
ments appear to be determined largely by the presence of H,S produced by
sulfate-reducing bacteria (Baas Becking and Wood, 19553 Berner, 1962). The
mum«owmmmummmdwcwn-
flect rather than determine the redox potential in these conditions (Baas
Becking and Wood, 19553 Baas Becking et al., 1960). For sarine and estuar-
ine sediments and sulfate reduction cultures of Eh less than about -50 to
-100 mv, Berner (1962) found that pB-Eh measurements tended to fall along
the curve representing the half cell

BS™ = s°+n"‘.q+z.
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Sulfide in marine sediments is believed to be derived largely froa sulfate
reduction rather than from organic sulfur compounds (Kaplan, Emery and
Rittenberg, 1963). From studies of enrichment cultures and field observa-
tions, Baas Becking and Wood (1955) reported growth of Desulfovibrio at
redox potentials as high as Eh, +110 mv, Postgate (1959), on the other hand,
claimed that for rapid growth in pure cultures, an initial Eh of -200 mv
(pH 7 to 7.5) is required. Wood (1963) remarked, “"Postgate's previous work
on the synergic growth of asrobic and anaerobic contaminants suggests that
thoammtdumpncyhtwmthoumﬂunybodmtotherodncing
capacity of these contaminants.”™ Low pH of marine sediments under anaerobic
conditions is often attributed to activities of sulfate-reducing bacteria.
Berner (1966) attributed low pH of anaerobic sediments in Florida Bay con-
taining “scattered grass remains” to production of H,S and CO, by sulfate
reducers., He estimated that partial pressures of CO, were up to 300 times
tbovaluofcrthoovarlyingntu,andhigbpctiﬂmofﬁ?m
also indicated.

Of particular interest to the present study mas the remark of Wood
(1965), tmsed on the work of Wood (1953), Baas Becking and Wood (1955) and
Baas Becking and MacKay (1956), that “Zostera seems to be confined to areas
where sulphide is wesent possiltly because of the release of phosphate
trought about by sulphate reduction.” Wood (1953) showed that the sea
MMMMMMumummmm-tmnlm.
including a sulfur compound and a compound with a nitrogenous btase. Baas
Becking and Wood (1955) noted that a number of other estuarine plants in-
cluding the algae Ulva, Enteromorpha, Fucus and Polysiphonis had been found
to excrete reducing substances (sulfonium salts and their derivatives such
as dimethyl sulfide). These compounds stimulate the activity of sulfate
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reducers by lowering the redox potential., Baas Becking and Wood (1955)
observed, "Sea sand covered with a layer of these organisas will show
sulphate-reduction within 12 hours at room temperature, It is no wonder
then that both Zostera and Enteromorpha are constant companions of the
sulphate reducers.” Baas Becking and Mackay (1956) observed that treat-
ment of suspensions of ferric phosphate, or of calcium orthophosphate
and iron oxides, nm-amuthnzsmuanmnmtmmmm
release of phosphate, precipitation of ferrous sulfide, and increase in
acidity. They believed that the concentration of inorganic phosphate in
estuarine waters is closely related to the H S content of the water, It
should be noted that a significant proportion of ferric iron may exist in
ferrous form at redox potentials well above these required for sulfate
reduction, and thus sulfate reduction per se should not be required for

release of phosphate from ferric phosphate. However, in some systeas, sul-
fide from sulfate reduction is believed to be the agent reducing ferric iron
S?f (Golterman, 1967). Also precipitation of ferrous iron as FeS effectively °
prevents diffusion of iron to oxidized sones where it might again precip-
itate phosphate as fertic phosphate. The influence of redox potential on
the solublility of iron phosphates in lakes was recognized by Mortimer
(1941-1942), and the phenomenon of increased availabllity of iron phosphates
under reducing conditions in rice paddy soils is well known (Black, 1968).
Production of bicarbonate by sulfate-reducing bacteria is another mechanism
by which these tacteria may influence the phosphate concentration of marine
sediments. The presence of excess bicarbonate would be expected to depress
the concentration of calcium ion in solution in accordance with equilitrium
in the reaction

CacD5(s) + By00; == ca™ + 2m003
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and thus allow a higher concentration of phosphate in solution in equili-

trium with solid phase calcium phosphates (Kaplan and Rittenberg, 1963).

Several studies have shoun that the calcium ion concentration is depressed

under reducing conditions in marine sediments (Berner, 1966; Presley and

EKaplan, 1968; Brooks, Presley and Kaplan, 1968). Brooks et al. (1968) :
found 2 high degree of correlation (r = ~0.9%) between calcium and phos—
phate in interstitial waters of soms marine sediments; concentrations of
phosphates as high as 260 pg-at/1 were observed. ' Studies by Rittenberg

et al. (1955) also indicated high concentration of interstitial water phos—
phate or adsorbed phosphate in marine sediments under reducing conditions.

Nutrient uptake by sutwerged angliosperms

Marine angiosperms differ from other marine benthic plants in having

extensive underground root-bearing stems. Thus it seemed logical to sup-
pose that these plants would have direct access to nutrients in the sedi-
ments, However the question of whether any submerged hydrophyte takes up
significant quantities of nutrients from the sediments has long been a
subject of controversy (reviewed by Arber, 1920; Sculthorpe, 1967). Obser-
vations of reduction in the vascular system of hydrophytes, together with
the demonstration of relatively free movement of ions between water and

AL PR RN

leaves, and the contradictory and equivocal results of physiological exper-
iments designed to demonstrate absorption of nutrients by the roots and a
flow of water in the vascular tissue, led many workers to conclude that roots
of sublmerged hydrophytes serve mainly for anchorage. Toalinson (196%a)
obtserved that xylem is absent from most of the Thalassia root, However
hoduobm.dtbcm”of'amtimpthuyfmntbom:eoof
the root to the stele, largely via cells with conspicuous nuclei, dense cy-
toplasa, and extensive pit conmections®™; he was prompted to remark, “The
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possibility that this is the pathway for the selective absorption of lons
or even large molecules has to be considered.” Both Arber (1920) and
Sculthorpe (1967) favored the point of view that roots may be important
as organs of absorption., The latter author was particularly impressed
with the presence of a well developed endodermis in aquatic plants.
Sculthorpe (1967) remarked, "The frequent presence and fine development of
the endodermis in aquatic roots in all manner of habitats contrast strongly
with the trend towards structural reduction in the stele and cannot be dis-
missed as mere ancestral features. In view of the probtable importance of
the endodermis in regulating lateral movement of water and ions in terres-
trial roots, it is difficult to reconcile the prominence of the endodermis
in aquatic roots with the notion that absorption and transport do not occur.”
With respect to the question of whether a sustained flow of water
occurs in submerged plants, Sculthorpe (1967) remarked, "The only conclusion
that can be safely drawn from the conflicting experimental data is that
whilst a transpiration current of the type occurring in aerial organs
clearly cannot exist in submerged plants, a transient flow of water and dis-
solved salts might occur, motivated either by exudation pressure in the root
or shoot or by a gas-flow generated during periods of active photosynthesis.”
Odum (1967) noted that the sediment around roots of Thalassia "is strangely
dry when rought to the surface, suggesting some water-using role by the
plant roots.” A serious objection to postulating a mass transport of water
through plants such as Thalassia is the lack of structures, at least in in-
tact young leawes, through which water could pass out of the plant
(Sculthorpe, 1967). For halophytes, these questions are complicated further
by the question of what happens to the dissolved salts, Scholander et al.

(1962) found tbhat the xylem sap of many mangroves has a salt content close
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to that of fresh water., From experiments conducted with a variety of hal-
ophytes, including the marine angiosperm Enhalus acoroides, Scholander
(1968) concluded, "xylem sap formation by roots in mangroves and other
halophytes involves essentially an ultrafiltration of the sea water combin-
ed with an ion transport.”

Sculthorpe (1967) saw particular promise in the techniques of Frank
and Hodgson (1964). They devised a method of partitioning a container such
that the medium surrounding roots and rhizomes could be separated from that
surrounding the leaves, and were able to show uptake at the roots and some

acropetal translocation of a 1¥C labelled herticide by Potamogeton

- pectinatus, The technique was applied by McRoy and Barsdate (1970) to a

study of phosphate uptake by Zostera using 32P, These workers observed
that 32p was taken up by the roots of Zostera, and thus provided the first
direct evidence of nutrient uptake by roots of a submerged angiosperm. McRoy
and Barsdate (1970) observed that phosphate was taken up by both roots and
leaves, was rapidly translocated, and that uptake was greatest in the light.
Some of the phosphate taken up by the roots was excreted by the leaves, and
some of the phosphate taken up by the leaves was excreted by the roots.
Fleld studies confirmed that phosphate is taken up by roots of Zostera in
situ, Studies utilizing 32P by Dr. Paul Burkholder of the Department of
Harine Sciences, University of Puerto Rico, (personal communication, 1970)
indicate thntmiaisalsoabletotakeuppbosphateby'bothroouand
leaves., Parker (1966) observed that radioisotopes of the trace metals cobalt,
manganese, iron, and zinc were rapidly taken up by leaves of Thalassia (or
its epiphytes) in situ. Sodium-22, however, was not taken up by leaves.
When this work was initiated in 1968, it was unknown whether roots of
marine angiosperss are functional in nutrient uptake., Thus to answer the

Aot r s Ak
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question, "does Thalassia obtain significant quantities of nitrogen and .
phosphorus from the sediments?’, it was of fundamental importance to deter-
mine whethef roots of Thalassia are able to take up nutrients. Initially,
an experimental investigation of this question was considered., 1t was
reasoned that if it could be demonstrated that Thalassia roots are function-
al in nutrient uptake, then presumptive evidence of uptake of significant
quantities of nutrients would be provided by demonstrating the existence

of relatively large quantities of nutrients in the sediments. A different
approach was adopted following recognition that marked differences in growth

rate of Thalassia leaves occurred between Thalassia stands at the same depth,

in the same water mass, and superficially at least, under the same sedimen-

tary conditions (with respect to sediment grain size, mineralogy, and organ-
ic matter). These differences were suggested by pronounced differences in
leaf length between adjacent stands, Large differences occurred in only a
few areas, but these suggested that the lesser variations in leaf length be-
tween various stands might be associlated with different growth rates and not
with variation in wave action, epiphytism, or with normal genetic variation
of the plant. Measurements of growth rates by Zieman's (MS, 1968) technique
of stapling leaves confirmed that differences in leaf length reflected dif-
ferences in growth rate, and provided empirical relationships for estimating
growth rate and production from easily obtained leaf statistics. These
studies are described in Appendix A of this thesis., Differences in growth
rate of Thalassia under uniform conditions of turbidity and sea water nutri-
ents suggested that one or more nutrient was obtained from the sediment, and
that differences in the growth rate of Thalassia were due to differences in
the supply of the nutrient or nutrients in the sediment., Investigation of

nutrient uptake by Thalassia thus follows, in part, classical applications




20

of Liebig's ‘Law of the Minimum' to agricultural problems (see Russell,
1950); it is assumed that if there exists a correlation between yleld of
Thalassia and some measure of nitrogen or phosphorus in the sediments,
then this indicates that the nutrient with which yleld is correlated 1is

obtained from the sediments (via the roots), and is limiting.

Acknowledgements

I am grateful for financial support of this work by National Research
Council of Canada grants to Drs., M.J. Dunbar, M. Goldstein and J.B. Lewis
of the Marine Sciences Centre, and by a McConnell Memorial Fellowship for
postgraduate studies at McGill University. The encouragement of the above
persons is appreclated. I am grateful to my research advisor, Dr., M
Goldstein, for introducing me to problems in tropical marine biology.

Mr. Bjorne Urhammer of the Zoology Department, McGill University, suggested
the use of a syringe for taking of interstitial water samples, a procedure
which greatly simplified field and laboratory work. Mr. Noel James of the
Geology Department, McGill University, kindly prepared and photographed thin
sections ‘of sediments, and ailded in identification of sediment constituents,
This work has benefited considerably by discussions of results with

Dr. Paul Burkholder of the Department of Marine Science, University of
Puerto Rico and with Dr., Roger Knowles of the Department of Microblology,
Macdonald College of McGill University. Work carried out with Dr. Knowles
forms an integral part of this thesis., I am indebted to Mrs. Delphine
Maclellan of the Marine Sciences Centre for reading the mamuscript, and for
her many practical and heeded suggestions for its improvement. Finally, I
anm deeply grateful to my wife, Nina, for her practical assistance in the lab-
oratory and field, and for ber constant encouragemsent.



PEC

21

II. THE PRODUCTION-NUTRIENT CORERELATIONS AND
THE NUTRIENT STATUS OF THE SEDIMENTS -

MATERIALS AND METHODS

The sites

Unless specified otherwise, results are tased on samples and observa-
tions from Thalassia beds at Bath on the east coast, and St. Lawrence and
Oistin Bay on the south coast, of Barbados, Location of each stand (B =
Bath, S = St, Lawrence, O = Oistin Bay), approximate depth of the stand be-
low mean low water, and the substrate type are given in the tables of re-
sults, Substrates are classified into 5 types: coblle framework (CF), mix-
ed cobtle and sand (CS), predominantly sand (PS), Porites rubble flats (FF),
and an intermediate type between the CF and CS types, designated CC3, De-
acriptions of the various substrate types, and general characteristics of the
Thalassia beds are given in Appendix B,

Batimation of leaf tissue production

At each stand for which leaf tissue production was to be estimated, a

.sanple of leaves was cut at substrate level from a 3/16 .2 area, and the fol-

lowing statistics taken: (1) L;,, the average length of the longest 10
leaves, (2) w, the average leaf width, estimated from a subsample of 30 or
more leaves, and (3) the wet weight of the sample. The wet weight included
epiphytes on Thalassia, If both Thalassia and Syringodium were present, they
were separated and the wet weight determined for each. Production of leaf
tissue (Thalassia only) per square meter, and production of leaf tissue per
shoot were estimated by use of empirical relationships (Appendix A) between
production and standing crop, and between growth rate and the maximum length

B0 Sy AT
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of leaves in a stand:

]
"

0,0037 SC

where P, is the production per m? (g dry wt leaf tissue/m® per day), SC is
the standing crop of Thalassia leaves and epiphytes (g wet wt/m2), I, is the
average growth rate of the leaves expressed in terms of the total length of
leaf tissue produced per shoot (cm/day), and Lyg is in cm. Pg, the pro-

duction of leaf tissue per shoot (mg/shoot per day) was estimated as:

P8=stwxc

where w 18 in cm and ¢ is the dry weight of epiphyte-free leaf tissue
(mg/cm?). ¢ varies with the average width of the leaves and is given by:

c =338+ 143 w

Py and P- estimates are believed to be accurate within limits of approxi-
mately +156. A rough estimate of the number of shoots per m> may be obtain-
ed by dividing Pp by Pge Ljg values are reported for each stand. It should
be noted that variations in P; of the Barbados stands were determined mainly
by variations in the growth rate (rate of elongation) of the leaves, rather
than by variation in the leaf width., Dry weight of leaf tissue may be con-
verted to organic matter by assuming an ash content of 20.1% (average of 9
samples from Barbados, range 19.7 to 22.0; analyzed by Mr, George Lilly of
the Bellairs Research Institute, personal communication, 1970), and to organ-
ic carbon by assuming a carbon-to-organic matter ratio of 0.46 (from data

given by Brandt and Ruben, 1920, for Zostera).
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Sampling and analysis of);a.nt tissues

Leaves and rhizomes from 13 stands were analyzed for nitrogen and
phosphorus for the purpose of estimating requirements of Thalassia for
nitrogen and phosphorus, and to determine if there were any correlations
between yleld and tissue nutrient levels, ) .

Field sampling was done under conditions of maximum light intensity,
that is between 1000 and 1400 hr when low tide occurred in this interval
(turbidity was lowest at low tide), and only on days of little or no cloud
cover. Relative growth rates of the stands could be estimated in the field
by visual comparison of the maximum leaf lengths of the stands, and stands
were selected such that a wide range of growth rates would be represented.
At each stand leaves were cut at substrate level from a 3/16 n2 area for es-
timation of Pg and P, as described above, For tissue analyses, samples of
leaves, shoots and rhizomes were removed from the substrate in as nearly in-
tact conditlon as possihle. Epiphyte-free, green (i.e. from above the sedi-
ment surface) portions of leaves were cut off and placed on absorbent paper
to remove excess water. One portion of this material was retained for dry-
ing. A second portion was put in a 200 ml polyethylene bottle containing
100 a1l frozen distilled water and subsequently frozen until analysis. Rhi-
zomes Were stripped of roots and similarly treated.

Samples of leaves and rhizomes dried at 70°C were analyzed for total
nitrogen and total phosphorus. Total nitrogen was determined by a standard
semimicro-Kjeldahl method (Bremner, 1965a) using a "Quickfit” steam distil-
lation apparatus instead of the Hoskins apparatus. Samples for the deter-
mination of total phosphorus were combusted at 240°C to convert organic
phosphorus to inorganic form, and the phosphate was extracted with hot HCl
and measured by an absorptiometric technique (Olsen and Dean, 1965).
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Duplicate analyses varied by less than 5%.

Each bottle containing a sample of frozen leaves or rhizomes was weligh-
ed to obtain the wet weight of the sample by difference from the predeter-
mined weight of the bottle and contained water. The sample was thawed, mac-
erated (in the water from the container) and filtered. The extract was an-
alyzed for phosphate, nitrate, nitrite and ammonium by absorptiometric tech-
niques described by Strickland and Parsons (1965). Applicability of these
techniques to plant extracts was checked by adding 1 pg-at/l amounts of the
nutrients to plant extracts on which the 'blanks’ (equivalent to 1 pg-at/l1
or less) had been determined, and determining the recovery of the added nu-
trients. A recovery of 85% was considered acceptable. This method of deter-
mination of ammonium-N (oxidation of ammonium to nitrite by alkaline hypo-

chlorite and determination of nitrite) determines also some of the nitrogen

present in amino acids. To estimate what fraction of the nitrogen so deter-
mined originated from amino acids, a concentrated extract was steam dis-
tilled over magnesium oxide, a technique which does not release alkali-
labile organic nitrogen (Bremner, 1965b). A direct method which does not

determine amino acid-N (Soldrzano, 1969) was unapplicable to these extracts.

Sampling and analysis of interstitial waters
and sediments

Interstitial water samples were taken from approximately the middle of
the root layer of 16 stands, The root layer includes that part of the sedi-
ment profile occupied by root-bearing tissues (shoots and rhizomes). At
each of 6 stands, a series of interstitial water samples from the sediment
surface to the bottom of, or below, the root layer was taken. Sediment
samples were taken from selected stands, Leaves were removed from a 3/16 »?

area for estimation of P; and P,. Sampling was done under conditions of
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maximun light.

Interstitial water samples were taken with a 20 =l *"B-D Luer-Lok”
syrlngefittedﬂthaiég&ugebincheumuh.. m@dofthoanmm
plugged, and 8 small holes drilled within one centimeter of the tip as de-
scribed by Johnson (1967). For samples from shallow depths in the sediment,
the syringe was inserted vertically into the sediment to the desired depth.
For deeper samples, a hole was dug with a shovel, about 8 cm of sediment
were cleared away from the sides of the hole at the desired sampling level
by hand, and the syringe was inserted horizontally to its maximum extent
(11.5 cm). For each sample a total of 200 ml was taken, made up of ten
20 ml samples spaced at least 8 cm apart horisontally. Trials with the
syringe sampler in an artificial sediment-sea water system indicated that
negligible amocunts of sea water would be taken in with the interstitial wa-
ter. A cylinder was filled with sediment and sea water, sodium fluorescein
hommmutbmmtmum.aﬁmmﬁuwmuth-
drawn from 2.5 and 11.5 cm depth in the sediment. The ratlo of the concen-
tration of dye in the test sample to the concentration in the supernmatant
wmater, determined by absorptiometry, was 0.025 for the 2.5 ca saaple, and
00,0009 for the 11.5 ca sample.

Prior to analysis, each interstitial water sample was centrifuged to
remove the small amount of sediment taken in with the interstitial water.
mumomm”mniduﬁauwmmmmmmbudw
for 5 to 10 minutes to remove sulfide, pH was readjusted. Samples for chlo-
rinity determination were withdrawn prior to acidification, Nitrate, nitrite
and phosphate were measured by the methods of Strickland and Parsons (1965).
No nitrite wmas detected in initial samples, and other samples were only spot
checksd for presence of nitrite. Ammonium was measured in initial samples
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by the method described by Strickland and Parsons (1965) which measures

some of the amino acid-N also; other samples were analyzed by the method

of Soldrzano (1969) which is reported to measure only ammoniua-N. Compar-
ison of the two methods on interstitial waters of high and low quantities
of ammonium (+amino acid)-N indicated 1little or no labile amino acid-K in
these interstitial waters. The method used for ammonium 1svj.ndica'bed in the
results. Applicability of these methods to interstitial waters was checked
as for plant extracts. Chlorinity was determined by the Mohr titration
(Barnes, 1959) using ordinary burettes (results reproducible within

+ 0,05 °/00).

Sediment samples were taken in short lengths of 1% inch 0.D. cellulose
acetate coring tubling, except in the CCS substrate at Oistin Bay in which
1t was necessary to use a 1 cm diameter tube because of the close packing
of coarse material. The coring tube was inserted horizontally into the sed -
iment at the desired sampling level after digging a hole. The ends were
capped with Phleger oore caps or rubber stoppers, and the cores frogen until
analysis.

Trial extractions of sediments with sea water showed that nutrients
were present in much larger quantities than could be accounted for by the
nutrient concentrations in the interstitial waters. Most of the ammonium
and nitrate could be extracted by mixing sea water and sediment in a 7.5:1
ratio (volume of sea water-to-wet wt of sediment) for one hour. 90% of the
ammonium extracted in 7 successive one hour extractions was removed in the
first extract, and no nitrate was detected after the first extract. Reduc-
ing mixing time, or use of distilled water instead of sea water, resulted
in lower ylelds of ammonium. No nitrite, or only traces, was detected in

these extracts. Only a small quantity of phosphate was removed from the
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sediments hy one sea water extraction, and significant quantities were re-
moved even in the 28th successive extract of one sample, Extractable or
*available’ nitrate and ammonium were thus estimated as the nitrate and
ammonium that are extracted bty mixing sea water and sediment in a 7.5:1
volume-to-wet wt ratio for one hour. Extracts were spot checked for ni-
trite. All extractions were done with nutrient-free sea water (collected
from surface water at about 10 km offshore from Barbados). Extracted sed-
iment samples were dried at 100°C to determine the dry weight and approxi-
mate interstitial water content.

Organic carbon and HC1l soluble phosphate were determined on sediment
saaples dried at 70 to 80°C. Organic carbon was estimated by the Walkley-
Hlack method as described by Allison (1965). For the determination of HC1
soluble phosphate, samples were treated with 30% concentrated HCl and the
dissolved phosphate was measured by an absorptiometric technique (Olsen and
Dean, 1965). Duplicate determinations varied by less than 5%.

pH-Eh measurement and bacterisl counts
Studies on these characteristics were undertaken as part of prelimin-

ary studies of Thalassia bLod sodiments prior to initiation of the nutrient
studies described above,

Sediment samples were taken from a variety of conditions with respect
to flora and fauna and aeration of the sediment. Samples for pH-Eh deter-
minations were taken in 14 inch coring tubes in which several holes had been
cut and covered with masking tape., Determinations were made on shore with a
portable pH meter using a platinum 6 x 6 mm plate type electrode and calomel
reference electrode for Fh, and a2 comnbination glass-reference electrode for
pH. NMasking tape was removed from the holes in the coring tubes and the
appropriate electrodes inserted. Performance of platinum electrodes was
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tested by checking the potential difference between used and unused elec-
trodes, and by reference to ZoBell's (1946a) ferric-ferrocyanide solution;
the electrodes were washed in dilute chromic acid and cathodically cleaned
when necessary. Samples of low Eh showed an initial rapid drift nega-
tively, and then a gradual decrease in the rate of change; Eh readings were
taken when the drift was less than 1 to 2 mv per minute, which was generally
15 to 30 minutes after insertion of the electrodes. Negative drift of this
sort is typical of marine sediments of low Eh (ZoBell, 1946a). pH gemerally
changed less than 0,1 pH unit after insertion of the electrode, but in some
sediments of low pH, a rapid drift to higher pH occurred. Initial pH is
reported. When possible, several readings of pH and Eh were taken from each
core sample, Because of damage to elsctrodes in these coarse, highly com-
pacted sediments, pl-Eh observations were necessarily limited in number.

For the same reason, it was not always possible to obtain pH measurements
for all samples for which measurements of Eh were obtained. However, the

pH range of these sediments was not great, and the Eh measurements alone
are considered reliatble indicators of whether a sediment was strongly or
mildly oxidized or reduced,

Sanples for bacterial counts were taken in 14 inch coring tubes which
had been washed with detergent. Saamples were held at ambient temperature,
which was close to the temperature of the ses water (about 27°C), until subd-
sequent treatment. The maximum time between taking of the samples and sub-
sequent treatment was 24 hours., 10 g wet wt were removed from the middle
of each core sample, transferred to a 95 ml sea water dilution blank con-
taining glass beads, and mechanically shaken for five minutes, A dilution
series through 10~C was prepared and transfers were made to culture media.
For plate counts, 0.1 ml was spread over the surface of a medium of 1%
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casein hydrolysate and 14% agar in a basal medium prepared by boiling 500 g
sediment in 1000 ml sea water followed by paper filtration. Burkholder et
al. (1959) reported good growth of bacteria from Thalassia beds in a medium
of this composition (without agar). Media described by ZoBell and Morita
(1959) were used for estimation of the 'minimum numbers® (one tube per di-
lution) of aerobes, anaerobes, nitrate reducers, sulfate reducers and nitri-
fiers. To ensure strictly anaerobic conditions, the medium for anaerobes,
which was dispensed hot into 15 ml screw-cap tubes, was covered by 2 cm
mineral oil (also dispensed hot). A reducing agent (0.1 g ascorbic acid/
1000 ml medium) was also added. NRitrate reducers were detected by the ap-
pearance of nitrite in the anaerobic cultures, sulfate reducers by the forma-
tion of ferrous sulfide in cultures for sulfate reducers, and nitrifiers by
the appearance of nitrite in a medium of sea water enriched with 0.1% ammo-
nium phosphate, dibasic. pH of the medium for nitrifiers was adjusted to
8.2, and grains of carbonate beach sand (in addition to the reagent grade
CaCO3 specified for the medium) were placed in the culture tubes. Nitri-
fying tacterla were not detected in 8 out of 18 samples. The cultures were
kept for up to two months, and were checked for presence of nitrate also.
For one of the samples, alternative media with lower concentrations of
ammonium (30, 300 mg (¥H;,);S0,/1) were also inoculated, but without posi-
tive results. Gultm:es‘off anaerobes and nitrifiers in which nitrite was de-
tected were kept for longer periods and examined for disappearance of the
nitrite., Dr. E.J.F. Wood of the Institute of Marine and Atmospheric Sciences,
University of Hiaai, suggested (personal communication, 1968) that media for
the determination of sulfate reducers which contain peptone, as does the
medium of ZoBell and Korita (1959), may give erroneocusly high results
through splitting off of sulfhydryl groupe from amino acids. Sulfate
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reducers were cultured subsequent to this suggestion using a medium of sea
water, ammonium chloride 0.1%, potassium dihydrogen phosphate 0.05%, cal-
cium lactate 0.3%%, ascorblic acid 0.01% and magnesium sulfate 0.1%, dis-

pensed in screw-cap tubes containing, at Dr. Wood!s suggestion, small a-

mounts of steel wool.
RESULTS AND DISCUSSION

Nitrogen and phosphorus in plant tissues

Results of determinations of total nitrogen and phosphorus and water
soluble ammonium (+amino acid)-N and phosphate in leaves and rhizomes, and
estimates of production are given in Table II. Only four samples of leaves
and rhizomes were examined for water soluble nitrate and nitrite. In two
of the leaf extracts and-:two of the rhizome extracts, no nitrate was detec-
ted (sensitivity: 0.025, 0.01 pg-at NOB-N/g wet wt leaves, rhizomes), and in
the others only very small amounts were present (under 0,03 pg-at NO3-N/g
leaves and under 0.05 ,,g‘.at NO3-N/g rhizomes). No nitrite was detected in
any of these four samples (sensitivity: 0.005, 0.002 pg-at NO,-N/g wet wt
leaves, rhizomes).

Nutrient characteristics were tested for correlation with the produc-
tion estimates, P, and P-., by means of Spearman’s rank correlation coeffi-
ent. Significant correlations (P 0.05) were found between P, and rhizome
water solutle ammoniur (4+amino acid)-N (z's = 0,96, P<0,001), P; and rhizome
water soluble phosphate (rg = 0.76, P< 0.01), and P, and rhizome water sol-
utle ammonium (+amino acid)-N (rg = 0.80, P<0.01). P, 1s plotted against
rhizome water soluble ammonium (4amino acid)-N in Fig. 2 and against rhizome

water soluble phosphate in Fig. 3. These correlations suggest that signif-

icant proportions of the nitrogen and phosphorus in the leaves are derived
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Table II. N and P in leaves and rhizomes.

S0 LOCATION L" Py h TOTAL Nand Py $of dry vi SOLUELE N and P, pg-at/g et vt

SUBSTRATE
DEPTH (n) (o)  (ng/shoet por day) (./l’ perday) LeatN LeatP MusN BusP  Leaf N Lt P MisN Mis?P

o) 0-0081,9 16,0 18,2 7.6 .05 0,008 0,97 0,050 2,8 235 9948 149
Ao P00 M6 17:% 540 2,68 0,216 1760 2,90 46,0 2,19
A3 BP0 38,0 1643 48 2426 00221 2,04 0,175 18,7 4e50 2746 .87
Ab BeOPaOM 2901 94 4.8 185 0,209 1,04 0,139 1549 9,28 2547 1.68
b5 B-08-0,9 26,4 940 6s7 2.9 0% 0,92 0,081 15.5 3,10 20,9 149 9
Ab S.P8a0.5 226 70 45 1.69 0,130 0,66 0,099 16,3 2,66 10,1 2,18
M7 0=P3=0,7 2249 6ot 549 174 9,22 23,1 1
[ ] $.1'3.0,08 20,8 6,0 2.6 . 1640 3,40 1649 1,30
A=y PS04 18,7 540 1e2 2,23 01 0,66 0.0 20,4 2,94 149 1691
he]O® 8-PS-0,7 18,6 540 1.7 12,0 4,07 12,1 1,26
hell B-08<0.4 17:0 41 2,0 2,14 0,229 154 0,228 21,2 3463 11,7 1,91
A1t B0Sa0M4 146 24 1e9 2345 5495 14,7 1,28
13 BPr-0,2 1l 1.1 1.5 2,38 0,099 0,4 0,079 22,1 2,59 8.7 1,13

oMixed stand of Thalassia and Syringedtva (513, 1190 g vet vt Syringodium /a” at A=, A-10),
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from the rhizomes, and ultimately, from the sediments, For one sample it
was estimated that 90% of the rhizome water soluble ammonium (+amino acid)-N
was derived from amino acids. It has been demonstrated in certain terres-
trial plants that amino acid synthesis occurs in the roots and that nitrog-
enous materials are translocated to the leaves mainly as amino acids and
amides (Swanson, 1959; Kursanov, 1961, 1963). It appears that similar proc-
esses occur in Thalasslia.

Requirements of a plant for nitrogen and phosphorus may be estimated
by determining the éoncentrations of nitrogen and phosphorus in dead but un-
decomposed tissue, and multiplying these by the production of the plant, Be-
cause of the presence of calcareous epiphytes on old parts of Thalassia
leaves, and treakage and initiation of decomposition of the leaf tissue as-
sociated with the epiphytes (Appendix A), it was not possitle to determine
nitrogen and phosphorus concentrations in senescent leaf tissue, Require-
ments for nitrogen and phosphorus estimated by using the concentrations of
nitrogen and phosphorus in young leaf tissue may be high because of the pos-
sibility (Biddulph, 1959) of remobilization of nitrogen and phosphorus in
scenescent tissue. The following data given by Jensen (1915) on the nitrogen
content of Zostera leaves suggest that a maximum of 70% of the nitrogen in
young leaves may be reutilized:

Living leaves, all green 2.97% N in dry matter
Mainly living, some tips wrown 2,05
Mainly dead, some green leaves 1.10
Leaves dark txrown, but still 0.88
largely whole
The average of the values for total nitrogen content of the Thalassia

leaves (Tatle II) is 2.3% N, Estimates of the nitrogen required for growth
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of Thalassia leaves are thus given by multiplying leaf tissue production

by 2.3% N (maximum estimate) and by 0.3 x 2.3% N (minimum estimate), Ex-
periments utilizing 32P with terrestrial plants (Biddulph, 1959) and Zostera
(McRoy and Barsdate, 1970), show that a large proportion of the total phos-
phorus may be highly mobile, and thus would not be readily lost with death
of leaf tissue. As a rough estimate, the non-mobile phosphorus fraction in
Thalassia leaves 1is assumed to equal the difference between the water solu-
ble phosphate and the total phosphorus. The water solutle phosphate values
of the leaves were recalculated on a dry weight btasis (dry wt/wet wt, aver-
age of 5 samples: 0.19) and subtracted from the total phosphorus values for
the nine samples in which both fractions were determined., The estimated non-
mobtile fraction varies between 39 and 78% of the total phosphorus with a mean
of 64%. The average of the total phosphorus values is 0.16%, and the aver-
age non-mobile phosphorus is thus estimated as 0.1% of the dry weight., Es-
timates of the phosphorus required for growth of Thalassia leaves are given
by multiplying production by 0.1% P (maximum estimate), and by 0.3 x 0,1% P
(minimum estimate, assuming 70% remobilization, as above).

Interstitial water nutrients

Ammonium, nitrate and phosphate concentrations in interstitial water
from approximately the middle of the root layers, and estimates of Pg and
P, of 16 stands are given in Table III. There are no significant correla-
tions between Pg or P, and interstitial water nutrients,

Py 1s plotted against interstitial ammonium in Fig., 4. The four points
designated by *X° in this figure were from stands (B-5, B-6, B-7, B-8 of
Tatle III) in which the root la.yer extended vertically for more than 40 cm.
Except for the root layer of stand B-15, which was 24 ca in vertical extent,

the root layers of all other stands were less than 15 cm in vertical extent.
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Table III. Mid root layer interstitial water nutrient

concentrations.
STAND LOCATION Lo 1 Py INTRRSTITIAL VATER NUTRIENTS
SUBSTRATE (pg-at/1)
DEPTH (m) (om) (wmg/shoot per day) (&/m? per day) Wog-N  MRRN  FOu-P

B=1 (A=1) 0=CCS=1.9 46.0 - 18.2 76 0,28 18.7 0.90
Be2 0-CCS=1.9 39,1 15.4 349 0.60 17.6* 0,90

B-3 5-CP=0.li 35,0 13.8 Se3 0.66 17.2 0,98

Bl B=CP=0.4% Ml 13.6 3.6 15.7 1,00
B-Se B-PS-0.4 30,3 10,0 1.1 2,60 ' 3.7 0,61
B-6 SPS-0.4 26,8 8.5 (7.2)" 6.0 1.30 2.0° 0.27
7o $-PS-0.5  24.5 79 3.1 0.29 0.8 0,30
B-3 B-CS-O4 23,5 8.0 5.0 0,25 3.8 o1
B9 S=PS=0.9 22,8 6.7 3.1 0.4 7.0 0,92
B-10 §-PS=1.0 20,7 5.6 4.5 0.75 6.6 0,54
B-11 (A-10)% S-PS-0.7 18.6 5.0 1.7 0.5 77 1.0%
B-12 B-CS-0.5 16,2 3.9 1.8 0M5 5.5° 0,88
B=13 S=PS-0,6 18,9 3.6 1.8 0,60 3.6 0,51
B=1% (A-12) B.CS=0.% 1%.6 2.0 1.3 10.3 0.75
B-15 S=PS=1.1 12.8 2,8 2.1 0.98 7.0 0.79
B-16 B-FP-0e2 12.5 2.0 2.0 0.89 8.6 0.85
*Nethed of Selirmins (1969), ethers ky methed of Striskland and Parsems (1965).
~sSes Appendix A, p. 154,

1 oiized stand of Thmlasela and Syringodium (633, 483, 1190 g wet wt Syringodium/m? at B-5, B-7, B-11).
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Certainly a simple relation between Ps and the mid root layer inter-
stitial ammonium concentration is not evident in this figure. However,

the relatively low concentrations of ammonium in the ‘spread out®’ root
layers compared to the other stands suggest that Ps might be proportional
to the total ammonium in the root layer rather than the concentration per
se., The relatively high concentrations of ammonium in the root layexrs of
the stands of the three lowest Ps values, on the other hand, suggest that
leaf growth of these stands was not limited by the supply of ammonium. For
the remaining stands there appears to be a simple relation between P, and
the mid root layer interstitial water ammonium concentration.

Vertical profiles of nutrients obtalned from six of these stands are
given in Fig. 5. One of the profiles was from a stand (B-15) of very low
Py, two were from stands (B-6, B-7) with spread out root layers, and three
were from stands (B-2, B-9, B-12) with root layers less than 15 ca in ver-
tical extent. To estimate the (relative) total amounts of interstitial
water ammonius in these stands, each ammonium profile was integrated over
the interval within the root layer; a linear change in concentration be-
tween sampling points was assumed, and where the deepest part of the root
layer could not be sampled because of the presence of rubble, the concentra-
tion in this area was assumed to be the same as that of the deepest sample.
P, is plotted against total ammonium in Fig. 6. Excluding the stand of low-
est P, a simple linear relation between P, and the total root layer inter-
stitial ammonium is evident. The total root layer interstitial ammonium of
the stand of lowest P, mas roughly 10 times what would be expected on the
hmo!tborohtionotratoroothm:-ounfortbootbu-cm.
These data clearly demonstrate that ammonium is taken up from the sediments
by Thalassia, and was the limiting factor for leaf growth for the msjority



Pig. 5.

g BT S AT

Profiles of interstitial water nutrients and
chlorinities at stands 3-2. B-6, B=7, B=9, B-12,
B-15 (Pigs. a, b, ¢, d, e, T respectively).
Nutrient concentrations are in pg-at/l, chlorinity
in parts per thousand. Pashed lines at lower parts
of ammonium profiles are assumed values, Vertical
extent of rhizomes, positions of shallowest erect

shoot apices, and top of rubble layer are shown

diagramatically.

A
e

b

.
%
7




L:WNW,_ i u | B Hes

T C————Tmmnr

.//\\. . ” .\/.\\\\\.\|.|. ‘ | . “. ..ll.ll/

", -

: T\ m./l m m. s

z
m.
z, : . —
" m 24 .I./ s I. . f
' M- W Nt e Ms . T —— ¢
mt /!/-\ .
0 . s 3 w.. 2 9 - ] M. “ . ./.\I.\./.\./. M. “ . .\/l./.lll.,..
S 2 ® ® s3sees e % R 9

39

—=md L A T

_ w \a\, TIEN A c——mm %°°
s, P =~ _
) , ! 7. T TTAN
L/\/\ yml,,mﬂ_ ~\ ¥ \“
- ST N E
]| Ly b EL T bl
o o —s M ) °c ¢ ¢ R 9 o s




e

e e g S

4o

20|

Lo - 'o

> 15|

o

[ 29

(3]

o

5 10} |

o

S x X

> o

E 5}

a® ° o
20 40 60 80

Total interstitial NH/N in root

layer (relative units)

Fig. 6. Relation of production per shoot to total

interstitial water ammonium in root layer.



A,

»

k1

of the stands studied.

The good correlation between P, and total interstitial water ammonium
in the root layer implies that the total ammonium in the root layer must
be the same to maintain a given production per shoot regardless of whether
there are few or many shoots per unit area. The density of shoots is deter-
mined in part by non-nutritional factors such as the stage of succession
(Appendix B). Thus P_, which is a function of both Pg; and the shoot den-
sity, is only indirectly correlated with interstitial water ammoniunm.

Some factor other than nitrogen must have been limiting growth of
leaves in the stands of very low P,. Fhosphate concentrations of the mid
root layer interstitial water of these stands were not lower than those of
the other stands, so it seems unlikely that phosphorus was limiting. One
of the stands (B-16) was at a depth of about 15 ca below mean low water, and
growth at that stand was probably limited simply by depth of the water. Low
water of spring tide is approximately 0.2 m below mean low water at Barbados.
In general it was observed that the length of leaves in depths less than 0.2
to 0.3 m below mean low water decreased with decreasing water depth

(Appendix B), and similar observations have been made by other workers

(Phil1ips, 19603 Strawn, 1961; D.R. Moore, 1963). The upper limit of Thalassia

lies between mean low water and low water of spring tide (Phillips, 1960).
Shortness of leaves 1n shallow water has been attributed at least partially
to "leaf ki11” (Phillips, 1960). However measurements of growth rates
(Appendix A) indicates that the main cause of short leaf length in shallow
water is simply low growth rate. Presumably leaf length is limited by depth
of water and the growth rate is adapted to this situation through a sort

of negative feedback. The two other stands of low P, (and low growth rates)

were at depths of greater than 0.3 m and lay adjacent to stands of longer
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leaves, A pathological factor may have been limiting leaf growth at
these stands., At one of the stands, B-15, the sediment surface was cov-
ered by a grey 'fuzz’ which under the microscope was observed to consist
of fungal mycelium. At the only other stand where such a fuzz was ob-
served, the leaves were also very short, Whether or not the fungal myce-
lium was in any way related to the low growth rates of Thalassia can only
be surmised, however,

The stands of highest Pg of Tables II and III occurred in CCS and CF
substrates. Stands of moderately high Pg were associated with spread out
root layers in PS and CS substrates, General survey studles (Appendix B)
also showed that high P; 1s associated with CF substrates and spread out
root layers., In the stands of spread out root layers, erect shoots may be
very long, with a maximum length equal to the vertical extent of the root
layer (Plate IId). High P; in such situations is probably associated with
the large area of sediment in contact with each shoot or its roots, Stands
B-12 and B-13, the stands of lowest P; in Table III other than the stands
in which nitrogen was probtably not limiting, had °*shallow’ root layers
(Fig. 5e). Low P_ in these stands and high P, in CF and CCS substrates may
have been assoclated with ’high® and low redox potentials in these two sit-
uations respectively. This is further discussed below under 'General pH-Eh
and bacterial characteristics of the sediments and cbservations on the oc~
currence of iron sulfide’,

The relation of Py to interstitial water ammonium is an unusually
good example of simple adherance to Liebig®’s Law of the Minimum. In many
situations in agriculture, more than one nutrient is present in limiting
or near limiting supply, and requirements for a nutrient may be affected by
complex interactions between the nutrients (Russell, 19503 Reuther, 1961).
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Liebig's Law implies a linear relation between yleld and supply of the lim-
iting nutrient. For agricultural systems in which only one nutrient is
linmiting, a sigmold curve relating yleld to nutrient supply is typically
observed (Russell, 1950). As the maximum capacity of the plant for growth
is approached the rate of change of yield with respect to nutrient supply
decreases, and may approach zero., Similarly, calibration curves used for
estimating the ‘critical concentration' for the tissue analysis technique
of evaluating nutrient supply are characterized by the presence of an ‘ad-
equate zone' in which increasing the supply of the limiting nutrient results
in an increase in the concentration of the nutrient in the tissue, but no
increase in yield (Ulrich and Hills, 1967). The critical concentration cor-
responds a.pproximteljr to the lowest concentration of the limiting nutrient
in the tissue associated with maximum yleld. Gerloff and Krombholez (1966)
successfully applied tissue analysis techniques to the study of nutrient
availablility for freshwater angiosperms. For several species the critical
concentrations of total nitrogen and total phosphorus in the plants were
1.3% N and 0.13% P. Analyses of plants from nine lakes indicated that phos-
phorus rather than nitrogen was likely to be limiting growth of these plants,
Even though very high rates of production by Thalassia were observed, there
is no indication in the plots of Pg versus total interstitial ammonium

(FPig. 6) and P, versus rhizome water solutile ammonium (+amino acid)-N (Pig.
2) of a maximum yield of Thalassia being approached in situ. It is also ap-
parent that the Pg-rhizome water soluble nutrient correlations do not indi-
cate whether a particular nutrient is limiting growth of Thalassia. This is
shown by the fact that there was a significant correlation between Pg and
rhizome water solulle phosphate, even though phosphate was not limiting
growth of Thalassia, Also, for stand A-13, at which growth of Thalassia
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was probably limited by the depth of water rather than by nitrogen, the rhi-
zome water soluble ammonium (4amino acid)-N concentration was what would be
predicted from the va_.lues for the other stands, rather than anomalous, This
type of relationship may be very useful in the study of aquatirc angiosperms,
however, as it does provide a simple means to determine whether significant
quantities of nutrients are taken up from the substrate in situ. Some pre-
liminary studies. of Syringodium, for example, suggest uptake of nitrogen
from the substrate by this plants

Maximum leaf length Rhizome water soluble
ammonium (+amino acid)-N

28.0 cm 10.6 pg-at/g wet wt
23.9 3.16
23.7 3.48
19.4 1.12

Obviously, light must limit growth of Thalassia for a part of the day,
and presumably at some depth, is continuously limiting. Jones (MS, 1968)
found that oxygen production by Thalassia increased with irradiance up to an
irradiance of 20 ly/hr. From his data he concluded that oxygen production
is determined mainly by the standing crop and the length of day with irradi-
ance greater than 20 ly/hr. The simple linear nature of the relation of Pg
to total interstitial water ammonium suggests that at the depths sampled in
Barbtados (less than 2 m), most growth occurs during the period when nitrogen
is limiting. The factor limiting oxygen production above an irradiance of

20 1ly/br in Jones’s (MS, 1968) study was most probably nitrogen.

Interstitial water chlorinities

Interstitial water chlorinity profiles of three stands are given in




Fige 5. A few sea water salinity samples taken from Thalassia beds during
preliminary survey studies, and salinity data obtalned by Mr. Finn Sanders

of the Bellairs Research Institute (personal communication, 1969) had indi-
cated little difference between salinities of inshore areas and oceanic sa-
linities; thus the occurrence of low chlorinity water both over the Thalassia
beds and in the sediments was unexpected, During the months in which the in-
terstitial water samples were taken, December 1969 to February 1970, there
uére unusually heavy rains, Sampling was done at low tide when mixing of
inshore water with oceanic water would have been least, Chlorinities of sea
water taken at the three stands were 14.5, 17.8 and 15.4 °/oo (Figs. 5a, 5c,
5f, respectively). The minimum chlorinities of the interstitial waters of
these stands were 12,0, 16.2 and 13.7 °/oo. _ The maximum chlorinities of the
interstitial waters, 19.6, 19.8 and 19.6 ®/oo, were close to oceanic chlorin-
ities during this period (19.7 to 20 ©/oo, calculated from salinity data ob-
tained by Mr. Finn Sanders, personal communication, 1970).

Exchange between interstitial water and the overlying sea water is us-
ually considered to be very slow. Enmery, Stevenson and Hedgepeth (1957) re-
marked with respect to interstitial water salinities in estuaries, "the sa-
1linity of the interstitial water probably represents a rough median value of
the salinity of the overlying water which flows past the point during the
year.” Thus the existence of apparently discrete layers of maximum salinity
water next to layers of low chlorinity water is puzzling. Three phenomena
which might account for the peculiar chlorinity distributions are (1) specif-
ic uptake of chloride by Thalassia, (2) some sort of mass transport of sea
water througt; the sediments assoclated with uptake of sea water by Thalassia,
and (3) upwelling of groundwater. Five interstitial water samples taken
from positions between the sediment surface and bottom of the root layer
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of a stand at Bath that was continually washed by offshore water had chlo-
rinities of 19.1 to 19.7 ®/oco. This suggests there is not a specific up-
take of chloride by Thalassia, The demonstration of rapid rates of trans-
location of 32P in the vascular system of Zostera (McRoy and Barsdate, 1970),
and the evidence of this thesis for uptake of significant quantities of nu-
trients from the substrate by Thalassia, support arguments for the existence
of a mass transport of some sort through the xylem of submerged plants. How-
ever, the whole subject of the physiology of water and solute movement in

St e T

marine angiosperas is in need of careful experimental study. Whether move-
ment of groundwater in the sediments would give rise to the type of chlorin-
ity distributions observed is open to question. It might be useful to study
the vertical chlorinity distributions of Thalassia sediments in areas defin-
itely subject to groundwater mf., and in areas subject to wvarying chlo-
rinity sea water, but not possitly subject to groundwater movement,

reen 8 i
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matter in the sediments
Ten sediment samples, taken at levels at which interstitial water sam- ‘
ples were also taken, were analyzed for extractable ammonium and nitrate, ’J
HC1 soluble phosphate, and organic matter (Tatle IV). These values repre-
sent single samples of sediment, of approximately 120 ml volume, at the given
depths, Interstitial water nutrient values, also given in Table IV, repre-
sent 10 individual 20 ml samples at the given depths.

Inorganic nitrogen

Thexre is a significant correlation between interstitial water ammonium
and extractable ammonium (rg = 0.87, P<0.01). Interstitial water ammonium
is plotted against extractatle ammonium in Fig, 7. It is apparent that most



Table IV, Analyses of sediments.
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of the ammonium in the sediments is adsorbed in some manner, and that this
adsorbed ammonium is readily exchangeable with other cations in sea water.
The correlation between interstitial water ammonium and extractable ammo-
nium indicates that the two phases are in equilibriumn, and that the vari-
ous sediments possessed similar ammonium adsorption characteristics, The
Thalassia sediments consisted predominantly of sand sized skeletal carbon-
ates (Appendix B). There were only small amounts of organic matter and neg-
ligible amounts of clay minerals » the two characteristics which account for
most of the catlon-exchange capacity of soils (Black, 1968), in these sedi-
ments, Adsorption of ammonium in these sediments is probably a coulombic
type of adsorption associated with the negative charge (Pravdic, 1970) of
the sediments. Pravdic¢ (1970) found that all sediments he examined were neg-
atively charged in sea water and positively charged in fresh water with the
reversal occurring between 2 and 6 ©/oo salinity. The particle surfaces are
apparently charged hy surface interactions, both coulombic and specific in
nature, with the more atundant ions in sea water, Pravdic (1970) remarked,
“Once charged, tholinmlsuﬂacetondstoadsorbimofoppositechnrge
toninhintheelectcialmtyotthomte-. These ions are weakly
held and readily exchange if their concentration in the solution varies or
if the charge of the surface is reversed by some chemical interaction.”

There is no correlation between interstitial water nitrate and extract-
able nitrate., Relatively large amounts of nitrate were Present in some of
the surface samples, Only traces of nitrite, or none at all, were detected
in the sea mater extracts.

Inorganic phosphorus

The HC1 solulile phosphate values are considered to be good estimates of
thetohlimicmmmthcmuumtdtbew
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phosphorus was probably present in the form of (acid solutle) calcium phos-
phates, Phosphate is precipitated in the marine environment as calcium
phosphates (Nelson, 1967). Under alkaline conditions, as in sea water or

in limed soils, phosphate is released from iron and aluminum phosphates, the
iron and aluminum remaining in insoluble form as hydroxides (Black, 1968).
The Thalassia sediments consisted predominantly of skeletal carbonates, and
the south coast sediments were notably low in iron (see p. 69 ), so it is un-
likely that there were significant amounts of iron and aluminum phosphates in
these sediments even in metastable form., Sea water 1s believed to be approx-
imately saturated with respect to calcium carbonate and apatite (Sillen,
19613 Kramer, 1964; Roberson, 1966). Small, discrete particles of apatite
would not be deposited in the relatively high energy environments of the
Barbados Thalassia beds unless formed after stabilization of the sediments.
Gultrandsen (1969) noted that the ratio of carbonate to phosphate in lime-
stone (which averages about 0.04% P) is of the same order as the ratio of
carbonate to phosphate in sea water. He suggested that coprecipitation of
carbonate and phosphate "may be a significant feature of carbonate deposi-
tion.,” The HCl soluble phosphate values of the Thalassia sediments are of
the same order as the total phosphorus values given by Vinogradov (1953) for
mollusc skeletal parts (trace to 0.61% P, most values < 0.0i% P), corals
ftrace amounts), Halimeda (trace amounts), coralline algae (i:race to 0.20% P,
most values < 0.070% P) and by Clarke and Wheeler (1922) for faraminifera
(trace amounts). Delxris of these organisms made up the main part of the
Thalassia bed sediments (Appendix B). It seems likely that most of the in-
organic phosphorus in the Thalassia sediments is in the form of calcium
phosphates occluded within the skeletal carbonates, Occluded phosphate

would bes unahle to go into solution to replace phosphate removed from the
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interstitial waters by Thalassia, Thus while the HCl soluble phosphate val-
ues indicate relatively large amounts of phosphate in these sediments, most
of it may not be avallable to Thalassia, Some indication of the amount of
phosphate that is readily availatie is given by the amount of phosphate ex-
tracted in 28 successive washings of a Thalassia root layer sediment with
sea water, The HCl soluble phosphate of this sediment was 0,024% of the
dry weight, and the total phosphate extracted with sea water was 6.6 mg/kg
dry wt, or 2.8% of the HCl soluble phosphate., This is of course a minimum
estimate of ';:he avallable phosphate as considerably more might have been ex-
tracted with continued washings (see Fig. 8).

The decrease in the concentration of phosphate in 28 successive ex-
tracts of a root layer sediment, and in 7 successive extracts of two other
root layer sediments (Fig. 8), 1s suggestive of desorption of phosphate as
observed in soils. Adsorption processes are known to be of major impor-
tance in regulating availability of phosphate for plant growth in soils,

It is pertinent to briefly review work of the soll sciences concerned with
phosphorus solubility, particularly that concerned with limed and calcar-
eous solls, as similar processes probtably control the availability of phos-
phate in the Thalassia sediments. The avallabllity of phosphate for plant
growth in soils is a function of both the concentration of phosphate in the
solution phase, and the capacity of the 3611 to renew the solution phase
phosphate (Fried and Shapiro, 1962). The soil-plant relationship may be
represented as (Fried and Shapiro, 1962)

Soil P = Solution P —» Flant

Apatite, in pa.rt.t«mla.r fluorapatite, is considered to be the only statle

crystalline phosphate in alkaline soils in the presence of calcium (Murrmann
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and Peech, 1968), Other metastalble calcium phosphates such as dicalcium
phosphate and octocalcium phosphate may occur as transitional forms when
phosphate fertilizer is added to soils (Fried and Shapiro, 1962). In ad-
dition to solid phase crystalline phosphate, phosphate is adsorbed on the
surface of soil particles. Some characteristics of the adsorbed phosphate
are as follows. (1) Adsorption and desorption of phosphate on calcium car-
bonate (Cole, Olsen and Scott, 1953; Cole and Olsen, 1959) and other miner-
als (Fried and Shapiro, 1956; Olsen and Watanbe, 19573 Cole and Olsen, 1959;
Hsu, 1964) are accurately described by the Langmuir equation, (2) Equili-
rium between adsorbed phosphate and solution phosphate is attained rapidly
(one minute or less in well mixed experimental systems — Fried and Shapiro,
1956). (3) Essentially all of the adsorbed phosphate is in equilibrium with
the solution phosphate (i.e. exchangeable with J2P), at least within the
first 24 hours after adsorption (Cole et al., 19533 Olsen and Watanbe, 1957).
Cole et al. (1953) considered the slight decrease in the amount of exchange-
able phosphate with aging to be due to "gradual pemetration of phosphate
ions into cracks and crevices inaccessitle to the soclutions or of solid dif-
fusion of the ions into the crystal lattice.” By comparison, oniy a small
fraction of crystalline phosphate is exchangeable with 2P (Hlack, 1968).

(4) the adsorption maximum, as estimated from the Langmuir equation, is
closely correlated with soil particle surface area (Olsen aid Watanbe, 1957).
These four characteristics are taken as evidence that (1) phosphate is ad-
sorbed as a monolayer, and (11) adsorpticn processes are of fundamental im-
portance in determining the solubility of phosphate in dilute solutions., The
exact nature of the adsorption process is unknown, but it seems to be gener-
ally agreed that it is an exchange process involving primary valence bonds,
There has been considerable confusion over the question of whether the
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adsorbed phosphate or the crystalline phosphate determines phosphate sol- ;
ubllity., Consistent with what would be predicted from the Langmuir equa-
tion, Cole and Olsen (1959) found that phosphate solubility in various cal-

careous solls was directly related to the amounts of surface area and the
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percentage phosphate saturation of these surfaces. Murrmann and Peech
(1968), on the other hand, found that the solubility of phosphate in vari-
ous calcareous soils corresponded closely with that predicted by the solu~-
bility of fluorapatite, However Murrmann and Peech (1969a) subsequently
found that when the pH of these soils was varied, the phosphate solubility
was determined by the amount of labile (surface) phosphate rather than by
the solubility of fluorapatite; These workers proposed (Murrmann and Peech,
1969b) that lablle phosphate and fluorapatite should coexlist according to
the equilibrium

Iabile P == Solution P — Crystalline P

They noted that apatite dissolves extremely slowly, and suggested that when
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the equilibrium between crystalline phosphate and labile phosphate is shift-
ed by altering pH, or by plant uptake of phosphate, 1t is the labile phos-
phate rather than crystalline phosphate that determines the concentration
of phosphate in solution. They remarked, "It should be obvious that, re-
gardless of whether or not any highly insoluble crystalline phosphate like
apatite or variscite is in equilibrium with the labile phosphate of the soil,
it is the labile phosphate that determines the concentration of phosphate in
solution and the rate at which this equilitrium is replenished upon leaching
or removal of phosphate by plant roots,”

Assuming that the phosphate concentrations in the sea water extracts of

the root layer sediments (Fig. 8) were equilibrium values, then concentrations
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of the order of 5 pg-at PO,-P/1 would be expected in the interstitial waters
of the Thalassia root layer. Values of 0.1 to 1.5 pg-at PO, -P/1 were ob-
served (Table III and Fig. 5). The difference might in part be accounted
for by bacterial activities in situ., Studies by Hayes and assoclates (Hayes
and Phillips, 1958; Watt and Hayes, 1963) have shown that bacteria are impor-
tant in the regulation of phosphate concentration in aquatic systems. How-
ever rates of exchange of phosphate between bacteria and the water phase
vary by several oxrders of magnitude for different systems, and it is not yet
possible to predict what the effect of bacteria will be in a given systen,
The low phosphate concentrations in situ might also be a result of sulfate
reduction., With respect to adsorption characteristics, sulfate behaves simi-
larly to phosphate in soils (Barrow, 1967), Sulfate is probably the main an-

jon in the sea water extracting solutions which exchanged with adsorbed phos- 4

phate., Sulfate initially adsorbed on calcium carbonate and in interstitial
water of the Thalassia root layer must be at least partially removed by sul-
fate reduction. This would be expected to result in more adsorption of phos-
phate, and correspondingly lower interstitial water phosphate concentrations
in the Thalassia root layer sediments than would occur in systems in equil-
itrium with sea water sulfate,

Because of the complex nature of apatites, and uncertainty regarding
activity ccefficients in sea water, it is difficult to make reliable esti-
mates of the solubility of apatites in sea water. Roberson's (1966) exper-
imental data on the solubility of apatites in sea water (calcium ion con-
centration 1.02 x 10™2M) indicate equilitrium concentrations of phosphate
of approximately 0.2 pg-at/l at pH 8.2, 1 pg-at/1 at pi 7.5, and 1.8 pg-at/l
at pH 7.0. Gulirandsen (1969) considered that these are probtably slight
underestimates of the solubility of phosphate, Under conditions of reduced
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calcium ion concentration, the equilibrium phosphate concentrations would
be higher. The phosphate concentrations in interstitial waters of the
Thalassia sediments were of this order. This does not necessarily imply
that solid phase apatite was present and in equilitrium with the interst-
tial water phosphate, but it may safely be concluded that none of the more
soluble non-apatltic calcium phosphates were present.

Organic matter
The organic carbon values are intended to be estimates of the non-

living organic matter (except for tacteria). Large pieces of obviously
fresh rhizome tissue were removed from the samples prior to drying, but
portions of living roots may have been taken in the samples. On the other
hand, muach of the dead Thalassia tissue remains closely attached to the
plant until it is decomposed, and this material may have been undersampled.
In any case, the estimates indicate that only small amounts of organic mat-
ter were present in the sediments., Much larger organic carbon values (6 to
8%) characterize muds of the 'tidal zone', the region of Zostera occurrence,
of Australian estuaries (Rochford, 1951). Most of the organic matter in the
Thalassla sediments was probably derived from dead underground parts of
Thalassia., Infaunal organisms were sparsely distributed in these sediments,
particularly in the Thalassia root layer (Appendix B). Significant amounts
of externally produced organic matter would not be deposited in these shal-
low, relatively high wave energy environments, The organic carbon values
of the surface samples can be considered maximum estimates of the amounts
of organic matter present in the sediments when they are first colonized

by Thalassia. It is somewhat surprising that there were not in the sedi-
ments larger amounts of organic matter derived from dead underground parts
of Thalassia, In some Thalassia beds elsewhere, I observed large amounts
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of dead rhizome tissue in the sediments., In a lagoonal Thalassia bed at
Grenada, dead rhizome tissue, consisting largely of vascular bundles, oc-
cupieci an estimated 80% of the sediment in a layer about 15 cm thick lying
below the layer of 1living rhizomes, At a Bermuda Thalassia stand

(Section I11), dead, largely intact rhizomes were observed in a layer be-
low the layer of living rhizomes. The substrates at these stands were high-
ly sulfidic and decomposition rates may have been unusually low compared to
those in the Barbados Thalassia sediments. ﬁistrihtion of cellulose di-
gesters may also be somewhat sporadic. Wood (1959a) failed to isolate
either aerobic or anaerobic cellulose digesters from Zostera beds. He re-
marked, "This is surprising in the 1light of the quantity of cellulose-
containing plants occurring in Lake Macquarie and in Australian estuaries,
However, there are deep beds of the cellulosic parts of Zostera above the
water level round the lake, giving field support to the laboratory findings
regarding the absence of cellulose digesters, It is difficult, however, to
believe that cellulose-digesting bacteria or fungl were entirely absent,”
Bavendamm (1932; reviewed by ZoBell, 1946b) isolated aerobic cellulose di-
gesters from all samples of calcareous mud he examined, and anaerobic cellu-
lose digesters from most samples. Other workers have reported difficulty
in isolating cellulose digesters from marine sources (Oppenheimer, 1968,

P. 221 to 222)., The Bartados Thalassia stands are subject to recurrent
erosion-succession processes (Appendix B), and, in part, the low amounts
of organic matter in the sediments may reflect the relative youth of the
Barbtados stands.
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General pH-Eh and bacterial characteristics
of the sediments and observations on the

occurrence of iron sulfide

The resulis of pH-Eh determinations, and estimates of bacterial num-
bers are given in Table V. All samples were from PS or CS substrates, It
was not possilhle to get large, intact sediment samples from CF and CCS sub-~
strates, The purposes of these observations, which were carried out as part
of preliminary studies on Thalassla beds, were primarily to determine
(1) whether Thalassia root layer sediments, Syringodium root layer sediments
and non-root layer sediments are characterized by differences in pH-Eh, and
by pronounced differences in numbers of various physiological types of bac-
teria, particularly of sulfate reducers, and (2) whether the occurrence of
ferrous sulfide at Bath and its absence at St. Lawrence reflect differences
in bacterial activities in these two areas.

pH of all samples was less than 8.1 to 8.3, the pH of sea water in
equilibrium with atmospheric CO,. Lowest pH was observed in sediments cov-
ered by blue-green algal mats. These sediments were strongly reduced and
smelled of sulfide. pH of samples from the Syringodium root layer varied
from 6.8 to 7.4. pH of Thalassia root layer samples was, on the whole,
somewhat higher, varying from 7.0 to 7.9. There may be some dissolution of
skeletal carbonates in Thalassia sediments associated with low pH in micro-
environments, Taylor and Lewis (1970) observed that some of the coarse par-
ticles in Thalassia sediments at Mahd, Seychelles, have a “corroded” appear-
ance, and this was noted for the Barbtados Thalassia sediments also, Wave
disturbed (rippled) subsurface sediments from above the Thalassia and
Syringodiua root layers had, as would be expected, high redox potentials,
Undisturbed subsurface sediments and sediments of the Syringodium root
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Table V, pH-Eh and bacterial characteristics of sediments. U = undetected.
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Table V == Continued
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layer were highly variable with respect to Eh, even within single sediment
samples, Redox potentlials of four of the five Thalassia root layer sedi-
ments examined were negative, The Eh data and general observations suggest
that a reduced root layer is essential for normal development or good
growth of Thalassia, The one sample with positive Eh was from a stand of
notably poor growth (short leaves) of Thalassia., In areas where the sur-
face sediments were well aerated, the erect shoots and rhizomes were found
well below the sediment surface., At one area at Bath where wave action and
currents were very strong and Thalassia was growing in a coarse sand sub-
strate, I dug down approximately 30 cm without encountering the erect shoot
aplces, Where the sediment was uni.forﬁly reduced close to the sediment sur-
face (indicated by iron sulfide formation at Bath), the top of the root lay-
er was also close to the sediment surface, In situations where Thalassia
was observed growing in a thin sediment layer over the rublle layer (such

as stands B-12 and B-13 of Table III) or in sand filled crevices in rocks,
both situations in which highly reduced conditions could not be maintained,
the leaves were invariatly short, indicating low growth rates. Similarly

it was observed that where the underground parts of Thalassia had been par-
tially or wholly exposed by erosion of the substrate, the leaves were very
short, while in the adjacent uneroded areas, the leaves were of normal
(longer) length. The occurrence of high Pg in CF and CCS substrates might
be assoclated in part with strongly reducing conditions in these substrates.
Eh observations were not obtained because of sampling difficulties., However,
strong odor of sulfide and the uniforaly btlackened and tacky nature of sedi-
ments in CF substrate areas at Bath suggest that Eh is low, Thalassia and
Syringodium appear to differ in their tolerances of oxidizing conditions
about their erect shoots and rhizomes., Thalassia rhizomes were never
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observed on the sediment surface except where they had been exposed by ero-
sion. In contrast to this, the apical regions of Syringodium rhizomes were
commonly observed 'creeping' over the substrate surface into grass-free
areas, Eh data indicate that Syringodium rhizomes may occur in both strong-
1y reduced and well aerated sediments. Erosional scarps in the Thalassia

beds provided excellent exposures of the underground parts of Thalassia and

Syringodium, At all scarps observed in areas of mixed Thalassia and
Syringodium stands, the Syringodium rhizomes and erect shoots occupied a

layer of 10 to 20 cm thickness next to the sediment surface, while the erect
shoots and rhizomes of Thalassia occurred in a layer extending from just be-
low or within the Syringodium root layer down to the btase of the scarp
(which varied in relief from about 15 to 60 cm). Replacement of a
Syringodium stand by a Thalassia stand appears to involve initial growth of
Thalassia rhizomes below those of Syringodium, and subsequent growth of
Thalassia rhj.zomes into the Syringodium layer., Welsh (1965) related the
Syringodium-Thalassla successional sequence to substrate stability., The re-~

quirement of Thalassia for a stable substrate may in fact be a requirement
for a reduced substrate. Possibly Syringodium prepares the substrate for
Thalassia colonization by stimulating development of reducing conditions,
Differences between the sediment samples in the numbers and proportions
of varlous physiological types of bacteria were not pronounced, but there
appear to have been generally higher numbers of bacteria in the Thalassia
root layer sediments than in other sediments, The numbers of bacteria in
the Thalassia root layer sediments are of the same order as the number re-
ported by Burkholder et al. (1959), 3.7 x 10°, in a Thalassia sediment at
Puerto Rico, and numbers reported by Wood (195%a), 6.8 x 10° to 6.5 x 10°,

in muds of Zostera beds, Fuch larger numbers of bacteria are found
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associated with leaves and detritus of Thalassia above and on the sediment

6

surface, Burkholder et al, (1959) reported 15 x 10° bacteria per gram of

leaf tissue, and Fenchel (1970) reported numbers of 1 x 10% to 9 x 106 per

cn? of decaying Thalassia leaf tissue., For one sample of leaves (including

6percm2'bypla.te

count, Minimum number estimates of aerobes using the medium of ZoBell and

young and old parts) I estimated a number of 2,5 x 10

Morita (1959) agreed with estimates by plate counts using the medium of
Burkholder et al., (1959). Minimum number estimates of aerobes were gener-
ally the same as the minimum number estimates of anaexrobes, suggesting that
a large proportion of the anaerobes were facultative anaerobes, ZoBell
(1946b) found that over 90% of the marine bacteria isolated from either aer-
oblic or anaerobic plates were facultative anaerobes, Ability to respire us-
ing nitrate as a hydrogen acceptor is characteristic of about 50% of bacteria
isolated from the sea (ZoBell, 1946b). Fewer bacteria reduce nitrite
(Liston, pe 301 in Oppenheimer, 1968), In the anaerobic cultures, disappear-
ance of the nitrite produced by reduction of nitrate occurred in only the
lowest dilutions (10'1. 10"2) except for saaple B-S18 in which disappearance
of nitrate occurred up to and including the 107> dilution. This might be due
to assimilation of nitrite (reduction to ammonium) or to denitrification (re-
duction to gaseous nitrogen compounds)., Nitrifying tecteria were either
rresent in numbers less than 10/g or were not detected in 8 out of 18 samples
including two samples from well oxygenated subsurface sediments. In most

of the cultures in which nitrite d.id_ appear, only small amounts were evident
(at about four to seven days after inoculation); subsequent disappearance of
the nitrite indicated the presence of nitrite oxidizers in most of the cul-
tures, Relatively large mmmbers of sulfate reducers were detected in all
samples, including samples from well aerated subsurface sediments,
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It is not unusual to isolate nitrifying bacteria from predominantly re-
ducing sediments or soils (see for example, Kadota, p. 244 in Oppenheimer,
i968; Rinaudo, 1970)., It is not understood, however, why nitrifiers were
not isolated from so many of the samples, particularly those from well aer-
ated sediments, The weak nature of the positive tests for nitrite in cul-
tures from the other sediments suggests that technical difficulties were in-
volved, However, it is also considered possille that production of sulfur
compounds by Thalassia and sulfate-reducing bacteria could lead to a spora-
dic distribution of nitrifiers in the Thalassia sediments, Certain sulfur
compounds inhibit nitrification when added to soils. Frederick, Starkey and
Segal (1957) believed that the toxicity of methionine to nitrifiers is asso-
ciated with the end products of sulfur decomposition of this compound, which
are methylthiol and dimethyl sulfide rather than sulfate (or H,S under an-
aerobic conditions) as for most other sulfur compounds, Wood (1965) was of
the opinion that the reducing substances excreted by Zostera include dimethyl '
sulfide, or a similar compound,

Quite obviously sulfate reducers were not active at the Eh, +246 and
+337 mv, of sample S-Si, Two phenomena which might account for the occur-
rence of large numbers of sulfate-reducing bacteria in this sample and sam-
ple S-S2 are (1) stirring up of sediments from deeper anaerobic layers, and
(2) existence of reduced microenvironments. Wood (1959a) isolated sulfate
reducers from muds containing decaying Zostera (Bh =130 mv at pH 5.9) but
did not isolate sulfate reducers from surface mmds of positive Eh in regions
of growing Zostera. When winds caused stirring up of decaying Zostera, sul-
fate reducers were isolated from surface water, even though oxygen was not
depleted, Wood (1959b) attributed occurrence of sulfate reducers and other

strict anaerobes in surface water of 2h #4430 mv to stirring up of bottom muds,
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Evidence for the existence of reduced microenvironments within well aerated
sediments is presented below,
The generally high numbers of sulfate reducers in the Thalassia sedi-

" ments suggest that these bacterla are very active in these areas. The sul-

fate reducers undoubtedly play a major role in detexrmining the pH-Eh charac-
teristics of the Thalassia sediments, Presence of sulfide in Thalassia

root layer sediments was indicated by odor of sulfide and blackening of the
sediment associated with ferrous sulfide formation. Ferrous sulfide was ob-
served in the Bath Thalassia sediments, but not in sediments of south coast
Thalassia beds; lack of fems sulfide in the latter is attributed to a lack
of iron rather than lack of sulfide (see below), Sulfide may be of more im-
portance in the control of Eh in sediments in which iron is reasonably abtun-
dant than in iron-poor sediments because dissociation of iron sulfide would
tend to buffer the sulfide concentration in the presence of oxidizing agents,
All Thalassia root layer sediment samples from Bath smelled of sulfide, St.
Lawrence sediment samples S-S510, S-S15 and S~S23 smelled strongly of sulfide
and had correspondingly low Eh values (Table V)., However sample S-S22, from
the Thalassia root layer, had a low Eh but did not smell of sulfide., Activ-
ities of sulfate-reducing bacteria are probalbly at least partially responsi-
tle for low pH under anaerobic conditions in Thalassia bed sediments. Pro-
duction of organic acids from the incomplete decomposition of carbohydrates
by bacteria other than sulfate reducers may also contribute to lowering of
the pH under anaerobic conditlons,

Under oxidizing conditions, iron exists mainly as highly insoluble col-
loidal or particulate ferric hydroxide (or hydrous ferric oxide) which is
uniformly dispersed through the sediments, Under reducing conditions, iron
may become concentrated through diffusion of ferrous iron 1o regions of high
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sulfide concentration where it is precipitated as ferrous sulfide, Manganese
may become concentrated through similar processes, Subsequent exposure of
the ferrous sulfide, which is black in color, to oxidizing conditions may
result in an orange coloration due to the presence of concentrated ferric
hydroxide (Oppenheimer, 1960, 1966). Under certain conditions pyrite (FeS,)
is formed, tut the mechanisms are controversial (see for example, Berner,
1962), Blackening of sediments at Bath associated with iron sulfide forma-
tion corresponded with what would be expected on the basis of the occurrence
of reducing conditions as indicated by Eh measurements, Subsurface sediments
and sediments of the Syringodium root layer were mottled in appearance indi-
cating non-uniform reduction of the sediments., Sediments under hlue-green
algal mats were uniformly blackened, as were sediments of the Thalassia root
layer. Beach sediments and wave disturbed sediments were not discolored,
with the exception of certain coarse grains, Surfaces of coral-coralline al-
gal cobble sized debris buried in the sediment were often blackened, and sur-
faces of some unburied cobble sized debris were stalned orange, suggesting
previous burial in reducing sediments, Coarse (over 0.3 mm diameter) sedi-
ment grains derived from the encrusting foraminiferan Homotrema rubrum were

peculiar in that, tmlikesnallersizedgr&insapdmstothemgrainsinthe
coarse fractions of the sediments, the black discoloration was not lost when
the grains were exposed to air or bleach, About 80% of the Homotrema grains
remained so darkly stained that they could not be recognized as skeletal
carbonates without sectioning., In thin section (see Appendix B for methods
of examination of sediments) the chambers of the Homoirema debris were ob-
served to be packed with a hlack substance (Flate ITI). The solubility of
this substance in acid and the strong positive result of a test for ferrous

iron (red color of a slightly acidic test solution with 2,2 -bipyridine;
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Felgl, 1958) indicate the black substance was ferrous sulfide, Partial
black discoloration of bleached sediment grains derived from corals, red
algae and Halimeda was also observed, tut few grains derived from molluscs,

echinoderms or other foraminifera--in addition to Homotrema, Rotorbinella

rosea, Amphistegina gibbosa and Puteolina angulata were abundant in these

sediments--retained any black discoloration, Patches on the surfaces of
some Halimeda grains were stained orange.

A number of workers have observed discoloration of skeletal carbonates
associated with iron sulfide formation (see for example, Malklem, 1967;
Macintyre, 1970). Emery and Rittenberg (1952) and Kaplan, Emery and
Rittenberg (1963) observed pyrite particles having the shapes of radiolaria
and foraminifera., To account for the occurrence of large amounts of authi-
genic pyrite in oxidizing surface sediments (Emery and Rittenberg, 1952) and
for sulfur isotope data which indicated the pyrite was formed from a large
pool of sulfate (Kaplan et al.,, 1963), these workers postulated that iron
sulfide formation takes place mainly at the sediment-water interface within
reduced microenvironments. Berner's (1969) diagenetic models provide support
for this hypothesis by showing that in sediments of *high' reactive iron con-
tent and low organic content, sulfate reduction within an organic rich layer
or microenvironment would lead to enrichment of the boundary of the layer
with iron sulfide. An argument for the initiation of sulfate reduction with-
in the Homotrema grains while the grains were still in externally oxidizing
environments is simply that it is difficult to understand otherwise how suf-
ficient organic matter would be preserved for the activities of sulfate re-~
ducers, The occurrence of large amounts of iron sulfide in the Homotrema
grains seems to imply efficient use of the organic matter originally present
by a bacterial population composed meinly or entirely of sulfate reducers,
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At Bath, Homotrema grows mainly on the undersides and in cavitles of rocks
in very turbulent areas seaward of the Thalassia beds., When the tests are
troken off from thelr substrates, they must remain in an oxidizing environ-
ment for a relatively long period. Unless sulfate reduction were initiated
soon after death of the organism, it seems likely that other bacteria would
consume most of the organic matter present, These considerations suggest
that the occurrence of large numbers of sulfate reducers in well aerated sur-
face sediments of the Thalassia beds may have been associated with activity
of these bacterla in reduced microenvironments in skeletal carbonates,

The lack of iron sulfide in Thalassia sediments at St. Lawrence and in
other Thalassla beds on the south coast of Barbados must be attributed to a
lack of iron rather than a lack of sulfide, The low Eh, ?dor of sulfide, and
large numbers of sulfate reducers in some of the St, Lawrence sediments indi-
cate sulfate reducers were active in these sediments, There is no reason to
believe that bacterial processes in the south coast Thalassia beds are funda-
mentally different from those in the Bath Thalassia beds, Kaplan et al,
(1963) considered that of the three possible sources of iron, sea water, mar-
ine organic matter and detrital minerals, only the last could be a major
source of iron for iron sulfide formation. Kaplan and Rittenberg (1963) re-
marked that the total amount of iron availatile may be important in determin-
ing the color of marine sediments, and suggested that high iron content would
be expected in areas subject to runoff and, perhaps, in areas with a high con-
tent of volcanic rocks., High iron content of the Bath sediments may be assoc-
iated with the occurrence of volcanic ash deposits in this area. At
Carriacou, an island of volcanic origin, blackening of sedinments was observ-
ed in Thalassia beds in near-shore areas, where there were large amounts of
detrital =minerals in the sediments; at 200 to 300 m offshore, where the
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sediments consisted predominantly of skeletal carbonates (Appendix B), black-
ening of sediments in Thalassia beds was not observed. . Thus, while the pres-
ence of ferrous sulfide in Thalassia bed sediments may indicate reducing con-
ditions, its absence in Thalassia bed sediments appears to indicate a sparci-
ty of iron, rather than oxldizing conditions, This is an important point be-
cause the occurrence of reducing conditions in near shore areas is frequently
inferred from casual observations on the occurrence of ferrous sulfide,

Considerations of supply and demand
Estimates of the nitrogen and phosphorus required for leaf growth (above

ground parts only) and the amounts of nitrogen and phosphorus available in
the root layer were made for stand B-9 (Fig. 51). In terms of P, and P,
this stand was more or less typical of stands observed at Barbados and
Carriacou (Appendix B).

The amounts of nitrogen and phosphorus required for leaf growth were
estimated by multiplying the estimate of P,, 3.1 g/m° per day, by the values
of nitrogen and phosphorus given for this purpose previocusly, i.e. by 2, % N
and 0.3 x 2,3% N for maximum and minimum estimates of nitrogen requirements,
and by 0.1 P and 0.3 x 0.,1% P for maximum and minimum estimates of phosphor-
us requirements. The volume of the root layer was estimated as 127 1/a°. By
drying of sediment samples of Inown volume and wet weight, one liter of the
root layer was estimated to contain 490 ml interstitial water and 1140 g dry
wt sediment; these estimates are uncorrected for the volume occupied by plant
tissues, ut a rough estimate indicates this was less than 2% of the root
layer volume. Average concentrations of phosphate and ammonium in the inter-
stitial water were estimated ty integration of the profiles in Fig. 5d. The
average conocentration of NH,-N in the interstitial water of the root layer
was estimated as 6.1 pg-at/l; this implies (Fig. 7) an average of
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approximately 170 pg-at extractable NH,-N/kg dry wt sediment. Availatle
phosphate was assumed to be 213 pg-at/kg dry wt sediment (the total of 28
extractions of sediment A, Fig. 8). These values were converted to total
amounts in the root layer. Average quantities of nutriemts in the sea water
are btased on 14 observations in the Thalassia beds (Table VI), The estimates

are thus:
N required for leaf growth: 21 to 71 mg/m? per day
P required for leaf growth: 0.9 to 3.1 -g/-z per day
Total interstitial water 2
NH, -N in root layer: 5.3 ng/m
Total interstitial water 2
PO,-P in root layer: 1.7 mg/m
Total extractabtle NH, -N 2
in root layer: 340 ng/n
Total available Po,,.r 2
in root layer: 960 mg/m
Average NO,-N + NO,-N + NH, -N
in sea witer 2 14 ng/n‘3
Average PO, -P in sea water: 6.1 -5/1'3

Thus it is estimated that in the root layer of this stand there was suffic-
ient phosphate to satisfy requirements of leaf growth for 300 to 1000 days,
while the total ammonium was sufficient to satisfy requiresents of leaf
growth for only 5 to 15 days, Nitrate mas present in only small quantities
in the root layer of this stand (Fig. 54 and Table IV), hence inclusion of
nitrate as a source of nitrogen would not significantly alter these estimates.
At the average concentrations of nutrients in the sea wmater, the inorganic
nitrogen would have to be completely removed from 5 m° of sea water to sat-
isfy one day’s requirements of Thalassia leaves for nitrogen but the

i a8 A saree o R D £ S S0



72

Table VI. Nutrients in surface sea water at Barbados.
U = undetected.

LOCATION DATE ) ) 30m2 N =N Pﬂu-P REPERENCE
(pg-at/1)
l. WATER IN THALASSIA BEDS
Bath My 7 *68 0,08 0,60 0,18
Bath, inshore amongst Moy 7 %68 0,21 07 0,08
deoaying seawveed
Bath Kov 7 %68 U 0,10 1.70
Bath Nov 21 *68
0630 hr U v u
o800 U 046 0.21
1000 U 0.62 v
1200 5.00 U 0,11
1430 v U v
1730 U v ]
St. Lawrense Dec 23 %69 0.92 0.28 0.10
St. Lawrence Jan 13 %70 0.88 U 0,17
Oistin Bay Jan 21 *70 0,70 0,81 ]
Bath Jan 28 '70 1.00 057 0,11
St. Lawrense Ped 26 *70 0.98 0.33 0,18
Sensitivity: 0,06-303 0.15 0,05
0-02-”2 ’
Averege: 0.70 0,30 0,20
2. WESY COAST OF BARBADCS, 38 samples taken P. Sanders
INSHORE July *68 to June *70, 0,80 0.06 (persoml
Mearns and ranges: (0.08 =3.16) (U =6.12) ocommmication,
1971)
S. WEST COAST OF BARBADOS, 30 ssaples taken Beers, Steven
10 to 15 kn OPPSHORE Des *61 to Nev *6h, 0.25 0.12 and Lewis (1968)
¥Neans and runges: ( U -1.b2) (0 -0.68)
42 samples takem Steven, Brooks
Ang *67 te May °'69, oih 1.5 0,06 and Neers

Heans and ranges

(0.05 -2.%0) (U -3.27) (U -0.33) (ms, 1970)

B ——

NN i S v



73

inorganic phosphorus would have to be Temoved from only 0.5 m® to supply

the phosphorus required for one day's growth (or from 1.5 m® for nitrogen
and from 0,15 m> for phosphorus assuring the minimum estimates of require-
ments), These supply-demand comparisons illustrate why nitrogen rather than
phosphorus is limiting growth of Thalassia, In making these camparisons, it
i1s assumed that a closed system exists with respect to the nitrogen and
phosphorus of undergz;ound. parts, i.e. that uptake of nitrogen and phosphorus
for synthesis of underground parts is balanced by regeneration of nitrogen
and phosphorus accompanying decomposition of underground parts,

The good correlation of Py with interstitial ammonium indicates that
virtually all nitrogen for growth comes from the sediments, and also that a
steady state must exist with respect to the nitrogen status of the sediments.
The correlation of Pg with rhizome water soluble phosphate indicates that
significant amounts of phosphate are taken up from the sediments for leaf
growth, It is apparent from the above considerations, however, that day to
day replenishment of the phosphorus removed from the sediments 1s far less
critical than for nitrogen, How is the nitrogen status of the sediments
maintained? Is the phosphorus status of the sediments maintained, or is
there a steady decline in the reserves of phosphorus in the sediments?

There is no possibility of an efficient recirculation of mutrients., Growth
of calcareous epiphytes on the leaves resulis in contimmal fragmentation of
old parts of the leaves into small pieces (Appendix A), most of which are im-
mediately carried away in the water, The environments in which Thalassia
grows in Barbados are shallow, relatively high wave energy environments not
favorable to accummlation of organic matter on the sediment surface or in
‘the sediments, The root layer may lie well below the sediment suxface; even
assuming that nutrients were taken up at the sediment surface by biochemical
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or physical-chemical processes, the muitrient profiles (Fig. 5) are largely
inconsistent, even qualitatively, with a diffusion process from the sediment
surface into the root layer. Assuming a diffusion coefficient of
2 x 10~5 em®sec~l (an approximate value for sea water; Sverdrup, Johnson
and Fleming, 1942), then gradients of the order of 300 pe-at N/1 per cm and
6 pg-at P/1 per cm are predicted by Fick's Law to account for the flux of
nitrogen and phosphorus by simple diffusion. Obvic'msly there cannot be sig-
nificant movement of nitrogen and phosphorus into the root layer by simple
diffusion.

The following two considerations suggest that crystamne phosphate in
the sediments could not be a major source of phosphorus for Thalassias
(1) it appears likely that most of the crystalline phosphate in the sediments
is occluded within skeletal carbonates, and thus is not available to go into
solution; (2) even if there were crystalline phosphate (apatite) in contact
with the interstitial water, it is unlikely that dissolution of this could
occur at a rate approaching the rate at which phosphate 1s taken up by
Thalassia, Occluded phosphate could become available only through dissolu-
tion of the skeletal carbonates, Calcium carbonate is unaffected by Eh, De-
creased pH of the interstitial waters or within microenvironments might cause
some dissolution of calcium carbomate, but it is obvious that large scale
dissolution of the sediments could not occur., Further, it should be noted
that the effect of production of bicarbonate by sulfate-reducing bacteria is
to oppose dissolution of calciua carbtonate associated with lowered pH, Crys-
talline phosphate in contact with the interstitial water would tend to go in-

to solution as phosphate was removed froa the interstitial water by Thalassila
in accordance with the equilibtrium

Crystalline P —= Interstitial P &= Adsorbed P
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However, because of the slow rate at which apatite dissolves, 1t seems un-
1likely that the observed levels of interstitial water phosphate could dYe
maintained in the sediments by this mechanism, given rates of removal equal
to the requirements of Thalassia, The above supply-demand estimates indi-
cate that for stand B-9 interstitial water phosphate would have to be renew-
ed every 13 to 45 hours to satisfy the requirements of Thalassia, Accord-
ing to Roberson's (1966) data on the solubility of apatites in sea water,

at pH 7,5 and calcium ion concentration 1.2 x 10’214, the equilibrium concen-
tration of phosphate is approximately 1 pg-at/l. This concentration is of
the same order as the concentrations of phosphate in the root layer inter-
stitial water of stand B-9 (Fig. 5d). Thus if crystalline phosphate were to
g0 into solution at a rate equal to uptake of phosphate by Thalassia, this
implies an equilibration period of the order of 13 to 45 hours, If the cal-
cium ion concentration is depressed in the Thalassia bed interstitlial waters,
then the equilibrium concentration of phosphate might be much higher, How-
ever, even in systems greatly undersaturated with respect to apatite, disso-
lution of apatite is extremely slow., In experimental soil systems at pH 4.4
to 5, Murrmann and Peech (1969b) found no significant increase in labile and
soluble phosphate originating from added hydroxyapatite after a two month
period (30 minutes stirring per day). Roberson (1966) used a two week equil-
ibration period for studying solubllity of apatites in sea water at initlal
pH 2,8 and 3.5 (continual mixing). In terrestrial systems, mobilization of
non-mobile phosphate is not considered to constitute a significant source

of phosphate for the current growing season (Sutton and Gunary, 1969). The
significance of phosphate released from the crystalline phase depends on the
net rate of removal of phosphorus from the system. In nearly closed systems,
even a very slow rate of release of phosphate from the crystalline phase may
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be critical to maintaining the phosphorus status of the soils over long per-

iods of time. Cropping of _'J_b_a.l;a.gg_i_.g leaves may be considered 100%¥ efficient.
Thus for dissolution of crystalline phosphates to contritute significantly

to the supply of phosphate for Thalassia, even over long periods of time, the
rate of formation of interstitial water phosphate would have to approach the

rate of use by Thalassia, It is concluded that this does not occur, even un-
der conditions of sulfate reduction.

That there was not large scale net removal of phosphate from these sedi-
ments is suggested by the fact that the HC1 soluble phosphate values of the
root layer sediments were not lower, or were only slightly lower, than the
HCl soluble phosphate values of the surface sediments of the same stands
(Table IV; the surface sediment of stand B-2 and the root layer sediment of
stand B-1 may be compared in this respect as these were adjacent stands). 1In
fact the anomalously high value of the sample from the root layer of stand
B-15 suggests that there may have been a net deposition of phosphate in the
root layer of this stand,

These conclusions are in apparent contradiction to the evidence of the
Pg-rhizome water solulle phosphate correlation that significant amounts of
phosphate are taken up from the sediments by Thalassla, There is no reason
to suppose that Thalassia would not take up significant amounts of phosphate
from the interstitial water, given the ability of the plant to do so, the fre-
quently negligitle quantities of phosphate in the sea water (Table VI) and
quantities of phosphate in the interstitial water averaging approximately
0.7 pg-at/l. The absence of equivalent rates of renewal of the interstitial
water phosphate and adsorbed phosphate would be expected to result in deple-
tion of phosphate in the sediments, or at least in interstitial water phos-

phate concentrations not appreciatly above the concentrations in see water,
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This was not the case, Accomodation of these apparently contradictory or in-
compatitle conclusions may lie in the suggestion of McRoy and Barsdate (1970)
that "seagrass may...act as a source or sink of dissolved phosphate in es-
tuarine waters.” This suggestion was based on the observation that some of
the 32p taken up by roots of Zostera was excreted by the leaves, and vice
versa, that some of the 32p taken up by the leaves was excreted by the roots.
McRoy and Barsdate (1970) believed that the site of phosphate uptake in situ
would be determined by the relative concentrations of phosphate in the sea
water and interstitial water, For the Barbtados Thalassia beds, the mid root
layer interstitial water phosphate concentrations averaged 0,73 pg-at/l; the
average concentration in the sea water was 0,20 pg-at/l. The minimum value
of the mid root layer interstitial water was 0,27 pg-at/l, and the maximum
value was 1,04 pg-at/l, while the maximum value observed in the sea water was
1.70 pg-at/l. Thus, at certain times, 1t may require less expenditure of en-
ergy to take up phosphate from the sea water than from the interstitial watern
The Pg-rhizome water soluble phosphate correlation indicates that most plants
were taking up significant amounts of phosphate from the Interstitlal water
during the period of most active photosynthesis, Perhaps phosphate 18 re=
turned to the sediments during darkness, or at any time that phosphate con-
centrations in sea water are high and phosphate is taken up in excess of de-
mand, The Thalassia-sediment phosphate systeam might thus be represented as

Apatitic P = Interstitial P = Adsorbed P

!

Thalassia — Sea water P

A system in which phosphate is both taken up from and returned to the sedi-

ments hy Thalassia, coupled with interstitial phosphate-adsorbed phosphate
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reactions in the sediments, may ensure that there is always an adequate sup-
ply of phosphate for Thalassia when it 1s in greatest demand, Thus although
the sediments may not be a primary source of phosphate for Thalassia, they
may functlon as a sort of storage bank for phosphate,

There seems to be no way to account for maintenance of the nitrogen
status of the sediments other than by postulating high rates of N, fixation.
Various considerations suggest that N2 fbéuon by heterotrophic anaerobic
bacteria in the sediments is in fact the source of nitrogen for Thalassia,
Large amounts of nitrogen are present in sea water in dissolved gaseous
form. At 25°C and 18 °/oo chlorinity, N, saturation is approximately 11 mg/i
(Sverdrup et al., 1942). Dissolved N, undoubtedly enters the sediment both
through simple diffusion and via the lacunal system of Thalassia, It is per-
tinent that a reduced root layer appears to be essential for normal develop-
ment of Thalassia and that the maximum concentration of interstitial water
ammonium occurred well below the sediment surface in those stands where the
top of the root layer was well below the sediment surface (Fig., 5a, d). Of-
ten Thalassia sediments are reduced to within a few millimeters of the sedi-
ment surface, Thus if NZ fixation is the source of nitrogen in the sediments,
then it seems likely that a heterotrophic anaerobe is involved. A number of
workers have isolated Ro-fixing Azotobacter and Clostridium from marine
sources (reviewed by Waksman, Hotchkiss and Carey, 1933; ZoBell, 1946b),
Sisler and ZoBell's (1951) claim that some strains of marine Desulfovitrio

fix N, bas been verified by several studies (LeGall, Sénez and Pichnoty,
1959; Riederer-Henderson and Wilson, 1970; Postgate, 1970). In addition to
these genera, there is evidence for F, fixation by members of at least 12
other bacterial genera, and most of these fix Nz under anaerobic conditions
(Stewart, 1969). There is then, no reason to believe that N, fixation in
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Thalassia sediments woﬂd be limited by a lack of suitable organisms, Lack
of organic matter is believed to be the main factor limiting Nz fixation by
heterotrophic btacteria in terrestrial systems (Stewart, 1969), Reported ‘ef-
ficiencies of fixation®' by Clostridium, a strict anaerobe, vary from 2 to

27 mg Nz fixed per gram carbohydrate utilized, Assuming an efficlency of
27 ng Nz/g carbohydrate, and requirements of Thalassia for nitrogen equal to
2.,3% N times production, then in order for heterotrophic N, fixing bacteria
to supply sufficlent nitrogen to satisfy demands of Thalassia, carbohydrate
would have to be supplied to these bacteria at a rate approximately equal to
the rate of production of leaf tissue organic matter, Two possible sources
of this material are (1) organic matter of underground parts, and (2) organ-
ic mttef excreted by Thalassia. Production of underground parts of
Thalassia is estimated to occur at rates equal to 1/3 to 1.5 times the rates
of production of leaf tissue above ground (Appendix A). Studies by Wetzel
(1969) indicate that the fresh water anglosperm Najas may excrete organic
carbon at rates equal to those of net fixation of carbon by this plant.

Unt3l recently it was generally assumed that there could not be signifi-
cant N, fixation under anaerobic conditions because of the inefficient use of
energy substrates under anaeroblc conditions. However studies by Chang and
Knowles (1965) and Brouzes, lasik and Knowles (1969) on the incorporation of
155, in soil samples under both aerobic and anaerobic conditions point to sig-
nificantly greater HZ fixation under anaerobic conditions than under aerobic
conditions, Brouzes et al. (1969) suggested that the reason for this may be
that there is less competition for energy substrates under anaeroblc condi-
tions, Evidence presented in this thesis indicates that a reduced root lay-
er is essential for nor-al development or good growth of Thalassia; this may
represent a requirement of the Hz-fbd.ng bacteria,
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III. ASSAY OF N, FIXATION IN A THALASSIA SEDIMENT

INTRODUCTION .,

Very little is known concerning the quantitative significance of N, fix-
ation by free-living organisms, This is largely attributable to lack of con-
venient methods for measuring Nz fixation in field systems., Measurement of
Nz fixation in field systems in the past has been btased mainly on two neth-
odss (1) determination of nitrogen gains in a system by Kjeldahl analysis,
and (2) measurement of incorporation of 1SN, into samples taken from the
field, The first method suffers from a lack of sensitivity, measures gains
of nitrogen from all sources, and measures only net gains of nitrogen, The
second method has had only limited application because of the complexity and
expense involved, The recent development of the acetylene-ethylene assay
for N, fixation has made the measurement of K, fixatlon in fleld and arti-
ficlal systems relatively simple and inexpensive, The methodology, charac-~
teristics and applications of this technique are given in detall ‘by Hardy et
al. (1968). The assay is based on the nitrogenase catalysed reduction of
acetylene to ethylene., An opportunity for assaying Nz fixation in Thalassia
sediments by this technique was kindly provided by Dr. Roger Knowles of the
Department of Microbliology, Hacdonald College of KcGill University. Dr.
Knowles has used this technique in the assay of Nz fixation in agricultural
and forest solls,

KATERTALS AND METHODS

Fileld
Samples of Thalassia root layer sediments were obtained from a Thalassia
bed at Fort St. Catherine, Bermuda, on August 30, 1970, and taken to
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Macdonald College on the same day. The Thalassia bed in which sampling was
carried out was selected because dense growth and long length of the Msg
leaves indicated high rates of production, This bed was shallow (about i m
below low water) and was subject to gentle wave action at the time of sam-
pling, The sediments were uniformly reduced within a few millimeters of the
sediment surface (indicated by FeS formation), and consisted predominantly
of sand sized skeletal carbonates, The substrate is classified as a FS type.
The top of the root layer was approximately 4 cm below the sediment surface,
and extended 22 to 30 cm below the sediment surface. The root layer overlay
layers of sediment in which there occurred large amounts of dead, largely
undecomposed, rhizome tissue, There wWere few lnfaunal organisms, and except
for the occasional sponge, the sediment surface was bare of epifauna, Pro-
duction of the stand was estimated from data obtalned by direct measurement
of the growth of leaves, Detalls of these measurements, and estimates of the
underground production are included in Appendix A,

Sediment samples from the Thalassia root layer were taken between 0600
and 0900 hours. These were taken in a short length of 1% inch 0.,D. cellulose
aeei@.te tubing, as at Barbados, and immediately transferred to the assay
tubes, The assay tubes were made of 8 inch lengths of 1% inch I.D, poly-
vinylchloride tubing, the ends of which were plugged with rubber stoppers,
The assay tubes were filled with sediment, and the stoppers taped on to en-
sure they remained in place during +transit., Initial processing of the sam-

ples at Macdonald College was begun at 1600 hours, and conpleted by 1800 hours.

Laboratory

The general procedure used in the acetylene reduction assay of "2 fixa-
tion has been given by Hardy et al (1968), As applied in this study, the
following steps were involved, (1) The top 3 to 4 cm of sediment in each
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assay tube were scooped out to create a gas phase above the sediment. The
sanples wWere amended with glucose and sulfate where appropriate, and the
assay tubes serum capped. (2) Samples were evacuated to 1 atm and back-
fi11led with 1 atm Ar for samples to be incubated anaerobically, or 1 aim
Ar and O, (AriO,, 4:11) for samples to be incubated aerobically. This
procedure was repeated three times. (3) The samples were evacuated to

1 atm, and back-filled with 0.9 atm Ar or Ar-O,, and 0.1 atm 0252.

(4) The samples were incubated at 30°C. (5) At intervals of 1,2,3,4 days,
0.7 ml gas phase was removed from each sample., This was analyzed for
acetylene and ethylene by use of a Hewlett-Packard Model 5750 gas chromat-
ograph with an activated alumina column (183 x 6 mm) at 200°C, a flame
ionization detector, and with He carrier gas at a flow rate of 50 ml per
min., (6) Following completion of the final assays on the fourth day, the
gas phase volumes were determined,

High pressures built up in most of the amended samples after the first
day. Gas samples were equilitrated to atmospheric pressure and hence correc-
tions for estimating true 0234 production were applied by calculating the
changes in the total amounts of CyH,#C,H; in the samples.

Six samples were used as controls to determine background levels of
acetylene and ethylene, and to determine whether significant adsorption or
metabolism of ethylene occurred in these sediments. The 16 test samples
were divided into two groups, one of which was incubated aerobically, and the
other, anaerobically. Two samples in each group were amended with 10 ml of a
tasal solution (NaCl, 0.3M; KC1, 0.01M; MgSO,, 0.05M) containing 2 g glucose;

each sample contained approximately 200 g dry wt sediment, so this was an
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approximately 1% glucose amendment., One sample in each group was amended
with glucose solution plus 5 ml saturated sodium sulfate (400 g/1) solution,
The other five samples in each group were unamended., Sulfate solution was
added with the intention of stimmlating sulfate-reducing bacteria., Follow-
ing final assays, most-probable-number (MPN) counts (five tubes per dilu-
tion) were made of sulfate reducers in selected samples, The calcium lac-
tate medium for sulfate reducers glven in Section IX of this thesis was used,
with the exception that sea water was replaced by a solution 0.3M in NaCl,
0,051 in HgSOy, 0,0iK in XCl, 0.01M in CaCly and 0,025M in Na.HCD3, adjusted
to pH 7.5. Results of the acetylene reduction assays are given as mg Ny
fixed/n® per day, and were calculated as:

mg Ny fixed/s? per day = (CoHy) x 28/3 x 220000/5V

where

(CoHy) is the ethylene produced in a sample over a 24 hour
period, in millimoles
28/3 is a conversion factor for converting millimoles of ethylene
to the equivalent in N, fixed
220000 1is the estimated volume of the sediment in the root layer
of the Thalassia stand, in =l/n°
SV is the sample volume, in =ml

For converting the results 4o a dry wt sediment basis, a bulk density of
1.13 g/ml may be assumed (average of the dry wt-to-volume ratios of 10 una-
mended samples). There was little or no adsorption or metabolism of ethylene
in two control sampiles to which ethylene had been added. Small amounts of
ethylene were detected in three of four control samples to which no acetylene
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or ethylene had been added, The largest amount was equivalent to approxi-
mately 1.6 ng N, fjic_e_d/mz per day, and thus only figures above this value
are considered significant.

Since six electrons are required for reduction of N, to NH3 and 2 elec-
trons for reduction of CoHy to CyHp, reduction of three moles of acetylene
should be equivalent to reduction of one mole of N, Comparisons by Hardy
et al, (1968) of acetylene reduction and N, fixation (Kjeldahl measurement)
by Azotobecter cultures gave empirical ratlos varying from 3 to 4.5 Compar-
isons by Rinaudo (1970) of CoH, reduction and N, fixation (Kjeldahl measure-
ment) in the rhizosphere of rice also validated the 3:1 ratio for that system,
However, work in Dr. Knowles laboratory on acetylene reduction and 1514’2 in-
corporation in soils has given empirical ratios varying from 10 to 22
(Brouzes, Mayfield and Knowles, 1971). A ratio of 3 was assumed in calcula-
tion of N, fixatlon in the Thalassia bed sediments, It is not known whether
there was complete exchange between the gas phase and the sediment in these
samples,  For these reasons, the results sbould probatly be considered semi-
quantitative,

It is unlikely that any of the ‘aerobic' samples were in fact aerobic
or even partially aerobic for more than part of the incubtation periode, Fer-
rous sulfide would have acted as a poising agent; HZS odor was evident in all
samples at the end of the incubation period, and was particularly strong in
the anended samples.

RESULTS AND DISCUSSION

The Bersuda Thalassia stand had the highest P, 1l.1 g/n> per day, of
any Thalassia stand examined in this study. P., 8.75 mg/shoot per day, was
not higher than values observed for Barbados stands but the shoot density,

1611 shoo‘l:s/nz. was umsually high (see Appendix B for shoot density values).
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The maximum and minimum estimates of nitrogen requirements of this stand
(estimated as in Section II) are 97 and 324 mg N/m? per day. The estimates
of N, fixation in the root layer sediments are given in Table VII, Group-
ing the samples into aerobic and anaerobdbic, amended and unamended samples,
the mean values and standard deviations are;

x (ng No fi.xed_./m2 per day) sD
unamended, aerobic 3.8 (0.76) 3.9
unamended, anaerobic 1.7 (0.3%) 2.7
amended, aeroblc 339 (68) 146
amended, anaerobic 581  (116) 230

Values in trackets are the N, fixation rates assuming 2 15:1 ratio in es-
timating N, fixation from acetylene reduction. In the unamended samples
significant reduction occurred only sporadically in the anaerobic samplesj

in the aerobic samples the reduct;on values were significantly higher. How-
ever, it is apparent from comparison of these estimates with the estimates of
the nitrogen requirements of the Thalassia stand that the rates of N, fixation
in these sediments as indicated by the assays of the unamended samples would
be insufficient to renew nitrogen removed from the sediment by Thalassia,.
Rates of acetylene reduction were of the order of 100 times greater in the
glucose and glucosetsulfate amended samples than in the unamended samples,
and rates in anaerobic amended samples were almost twice as high as the rates
in the aeroblic amended samples, Rates of acetylene reduction were high in
the amended samples from the first day of incubation, indicating the presence
of a large population of H, fixing bacteria in situ, It is evident that N,
fixation could account for renewal of nitrogen removed from the sediments by
Thalassia provided there were readily assimilable energy substrates avallable
to the N, fixing bacteria.
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Table VII.

froa acetylene reduction assays.

Nz fixation in Bermuda Thalassia sediments estimated

G = glucose, S = iulfato, O = aerobic, @ = anseroblc

Sample Amendment  Incubation Calculated N, fixation
ng !2/-2 per day
Day 1 Day 2 Day 3 Day &
? o 34 0.7% 11.5 0
8 o 13.6 5.7 8.7 Y
9 0 6.5 3.2 0 0
10 o 3.3 2.8 5.2
11 o 2,8 0.5% 4.9 3.8
12 G 0 250 234
13 G o 259 351 649 388
1% G+S 0 335 402 422 99
15 ¢ 1.4% 0.9 4.4 o
16 g 0.7% 0.8+ 10.8 0
17 ] 0.5% 0.b% 6.6 2.4
18 @ 0.6% 0.4= 0.3% 0.3%
19 ¢ 1.0% 0.8% 0.7+ o
20 G ¢ 4o 0 521 418
21 G g 265 719 923 972
22 G+S g 455 665 757 278

* Not significant.
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Addition of glucose to the samples represented about a 50% increase in
the total amount of organic matter in the samples, assuming that the sedi-
ments contained approximately 2 g organic matter/100 g dry wt sediment
(Tatle IV, Section II). It may be concluded that although organic matter
was present in the unamended samples, it was largely unavailable to (un-
assimilable by) the N2 fixing 'ta.c‘ber;’t.a. Since this organic matter probvably
consisted largely of cellulose derived from underground parts of Thalassia
and the common Nz-fixing bacteria are not cellulose decomposers, this con-
clusion is not surprising, High levels of Nz fixation in straw amended
solls have been attributed to a two phase system in which plant residues
are btroken down under aerobic conditions, and Nz fixation occurs under an-
aeroblc conditions (Rice, Paul and Wetter, 1967). The somewhat greater rates
of acetylene reduction in the ‘aerobic® unamended samples compared to the
anaerobic unamended samples may have been due to increased tbreakdown of cel~
lulose in the former., However it is apparent that even if microenvironments
of oxidizing conditions exist in the root layer sediments, there:still would
not be sufficient organic matter available to the N2 fixing btacteria to allow
Nz fixation to the degree required to satisfy the demands of Thalassia, It
is concluded that the organic matter of underground parts of Thalassia is
not a significant source of energy for No-fixing bacteria in situ., If N,
fixation 1s in fact the source of nitrogen for growth of Thalassia, then
there must be a source of energy available to the 32 fixers in situ that was
not available in these sediment samples,

Synthesis of amino acids appears to occur in the roots of mm}
as in certain terrestrial plants; this implies a regular transport of carbon
skeletons to the roots via the phloem. In terrestrial plants, phloem trans-
port of carbon skeletons to the roots 18 stimulated by and regulated by the
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demand of the root for the carbon skeletons (Kursanov, 1961, 1963)., Given
(1) the high potential of the sediments for fixing N,, (2) the evidence that
nitrogen limits growth of Thalassia, (3) the limited standing supply of ni-

trogen in the sediments, (4) the evidence that all nitrogen for growth of
Thalassia comes from the sediments, and (5) the lack of possiltle alternative
sources of nitrogen in the sediments, there can be little doubt that organic
matter is excreted into the sediments by Thalassia and serves as a source of
energy for the N, fixing bacteria. It is probally not necessary for cell
autolysis to occur for reduced N, to be availatle to Thalassiaj N-fixing
bacteria excrete reduced Nz, predominantly in the form of ammonium, during
healthy growth (Stewart, 1966). A finely btalanced relationship between
Thalassia and the nitrogen status of the sediments is implicit in the simple
nature of the relation of P8 1o interstitial water ammonium, The available
evidence points to a sensitively regulated, symblotic type of relationship
between Thalassia and the Nz-fixing bacteria,

If organic matter and ammonium substrates move between Thalassia roots
and Nz-ﬁ.xing tacteria mainly bty diffusion, then most N, fixation must take
place within a fairly small distance from the root. At the Bermuda stand
there were an estimated 1611 erect shoots per square meter, THe ‘maximum
volume of sediment per shoot was thus 220 1-- 1611 = 136 ca’. As a conser-
vative estimate, there would be approximately 40 cm root per shoot, and thus
the maximum volume of sediment per shoot is equivalent to a2 band of approx-
imately 1 ca radius around the root., Assuming that this stand was over-
crowded and that Ps could be increased simply by removing some of the shoots
(i.e. allowing a greater volume of sediment per shoot), then an increase in

Ps by a factor of three to 26.1 mg leaf tissue/shoot per day, a larger value

than was observed for any Thalassia stand in this study, represents a cylinder
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of only 1.8 cm radius., This is thus a maximum estimate of the extent of the
rhizosphere of Thalassia, This estimate is similar to estimates, which are
few in nunmber, of the extent of the rhizosphere of terrestrial plants,
Papavizas and Davey (1961), for example, concluded from studies on the dis-
tribution of microflora around roots of the blue lupine that the rhizosphere
effect was "very pronounced to 3 mm, but was still evident at 18 mm,"
Thalassia roots are covered with a layer of mucilaginous material which
binds sand grains, and much of the No-fixing activity may take place in this
reglion or *rhizoplane®,

Rates of acetylene reduction in the glucosetsulfate amended samples
Were not significantly higher than those in the glucose amended samples,
However it was apparent from the strong odor of sulfide in the glucose
amended samples that activity of sulfate reducers was not limited in these
samples by a lack of sulfate., Thus there 1is no indication given by these
data of whether the sulfate-reducing bacteria are important N2 fixers in the
Thalassia sediments. The mumbers of sulfate reducers in both amended and un-
amended samples, 7800 to 330,000 (Tatle VIII), are of the same order as the
numbers found in the Barbados root layer sediments (103 to 105, Tahle V). It
had been expected that much higher numbers would occur in the amended samples,
The results indicate that factors other than the availability of organic mat-
texr or sulfate were limiting increase in numbers, but not necessarily bio-
chemical activity, of sulfate reducers in these sediments,
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Tatle VIII. Sulfate-reducing bacteria in acetylene
reductien assay samples.

A W i i Al

Sample Amendment Incubation Sulfate reducing 95% confidence
‘bacteria intervals
M.P.N,
(pexr g wet wt)
2 G +S # 100000* (24000-1100000)
3 o 330000 (100000-1100000)
5 g 17000 (5200-56000)
6 G+S # 330000 (100000-1100000)
11 o 24000 (7300-80000)
17 [ ] 7900 (2400-26000)
20 G [ ] 7800 (2400-26000)
22 G+S [ ] 100000% (24000-1100000)

SRR S PR R

* 1/1 tubes positive at 10™2 dilutiom,
5/5 tubes megative at 10-0 dilution.
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IV. GENERAL DISCUSSION

Speculations re the nature of the
Thalassia-sediment No-fixing system

The question, °*what limits N2 fixation in situ?’, leads directly to a

_hypothesis concerning the nature of the Thalassia-sediment Ny-fixing system.

For the purpose of presenting this hypothesis, the followj:xjg abbreviations

are used, .

EOM excreted organic matter

Peom the rate of excretion of organic matter into
the rhizosphere by Thalassia

Na the rate at which combined nitrogen from N,

fixation is made available to Thalassia or

is taken up by Thalassia
E the efficiency of the Thalassia-sediment N.,-
fixing system, defined as the ratio of Ry-to-Peop
Evidence presented in this thesis roints to a sensitively regulated, symbi-~
otic type of relationship between Thalassia and the N,-fixing bacteria in
which there is reciprocal exchange of organic matter and nitrogen substrates,
the amount of inorganic combined nitrogen transferred to Thalassia being in
proportion to the amount of EOM transferred to the bacteria, and vice versa.
It is reasonahle to assume that there 1s a 1imit to the proportion of gross
photosynthesis that can be used for obtaining nitrogen, i.e. to the propor-
tion used for synthesis of EOM, There must also be a 1imit to the extent cf
the mn-sedi-ent Nz-fixing system, 1i.e. 1limits to factors such as the
number and length of Thalassia roots and the extent of the rhizosphere, Giv-
en these conditions, then to Mt for the fact that nitrogen limits growth
in any given Thalassia stand, it is necessary to postulate that increasing
Peo‘above '&elmlachnllyoeamﬂ.ngin that system results in a
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rroportionally small increase in N, in comparison to increments in N, as-
sociated with similar increases of Peom from initially lower levels of Poon®

In o-l:hm:‘ words, E; decreases with increasing P,

om® Without this type of rel-

ation, production of Thalassia could be increased simply by excreting more
organic matter, and production would go on increasing until some factor other
than nitrogen was limiting, which was clearly not the case for the Thalassia
stands studied., According to this hypothesis, the mature of the N,-P,  re-
lationship, and the maximum 1imit of the proportion of gross photosynthesis
which can be used for supplying organic matter to the No-fixing bacteria,
would determine the actual Pg in any given Thalassia system.

Assuming that the nitrogen requirements of Thalassia are given by multi-
plying production by 4 x 2.3% N, then the relation between Poom® Py and E,

(= Ny/Pg,,) is given by

Peom 1.15
P B

It can be seen that a maximum value of the ratio Py,,~to-P; (which can be
considered directly proportional to a maximum value of the proportion of
gross photosynthesis which can be used for synthesis of EOM) corresponds to
a minimum value of E;, Hypthetical examples of the Ps(Na)-Peo. relationships
of five different Thalassia-sediment systems are given in Fig, 9. The five
different systems may be regarded as five Thalassia stands with different Pg
values, or as a single stand in different states hrought about, perhaps, by
changes in substrate Eh,

Syhﬂxeais of organic matter for the llz fixing btacteria is equivalent to
expenditure of enexgy for taking up nutrients from dilute solutions, and thus
should not be considered part of the net photosynthesis of Thalassia, Net-
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~aof Es o/ &, =0.46)

Py (mg/day) N

-l

10 20
Peom (mg/day)

Relation of nitrogen uptake to organic matter excretion in hypothej:-
ical Thalassia-sediment N,-fixing systems., See text for hypothesis
on which this figure is ased. In systems b, ¢, and d it is assumed
that the maximum value of P, /P tolerated by Thalassia is 0,92
(equivalent to a minimum tolerable E, of 12.5 ug N/mg EOM). The
actual P8 of these three systems is thus given by the points on the
Pg-Pg . curves at which Peon/Ps = 0.92. Py cannot be increased
above these values because this would require higher values of
Peon/ps' while the system efficiency is higher at lower levels of
Peon' the a.hsélute amounts of nitrogen available to Thalassia are
less. In systems a and e, it is assuned that the maximum value of
Peon/Fs 1= deternined by the nature of the PP, _ relationship,

and the actual P; is an optimal value representing the best com-
bnation of efficiency and production.
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to~-gross photosynthesis ratios of plants are typically in the range 0.4 to
0.7 (Westlake, 1963). Teal (1962) reported a ratio of 0,19 for the salt
marsh grass, Spartina, It seems unlikely that the amount of organic matter
excreted by Thalassia could be greater than 2 x the net production of organ-
ic matter. Figures givén by Wetzel (1969) for the ratio organic carbon
excreted~to-net fixation of carbon for Najas under a variety of experimental
conditions, vary between 0,005 to 1,79, with most values between 0,2 and 1,
Assuming a ratio of Peom/Ps for Thalassia of 1 (remembering that leaf tissue
includes approximately 20% ash), and that nitrogen requirements are given by
miltiplying production by & x 2,3% N, then this implies a system efficiency
of 11.5 mg N/g EOM, The real system efficiency might be consideratly higher
than this, but could not be much less than about one half this value, This
figure, 11.5 mg N/g EOM is of the same order as reported efficiencies of fix-
ation of Nz-finng bacteria, It is obvious that the system efficiency must
be less than the efficiency of fixation.

The essential feature of the hypothesis regarding the nature of the
Thalassia-sediment Hz-fbd.ng system is that under any given set of condi-
tions, the system efficlency decreases with increasing amounts of organic
matter excreted by Thalassia, This might be associated with less efficient
use of EOM by the N,-fixing bacteria, and with greater loss of EOM tc com-
peti.ngor@.nisnsas?eom is increased, One of the reasons it is generally
assumed that the free living heterotrophic N, fixers do not, in most circum-
stances, fix large amounts of Nz is that reported efficiency of fixation val-
ues indicate "nitrogen-fixing heterotrophs are inefficient users of carbo-
hydrate and there is intense competition for that which is availahle not only
between nitrogen-fixing forms, but between nitrogen-fixing and non-ni trogen-
fixing forms” (Stewart, 1969). Reported efficiencies of fixation are based
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on cultures of N, fixers in solutions of initial concentrations of sugar of
0.5% to 2% (see for example, Parker, 195%; Proctor and Wilson, 1958). The
above considerations suggest that these efficiency of fixatlion values may
give a very misleading impression of the use of energy substrates by N, fix-
ing bacteria in situ vwhere concentrations of readilly available orginic matter
are l1likely to be several orders of mmgnitude less than in the culture solu-
tions, It is to be expected that bacteria are most efficient in the use of .
substrates when they are supplied at levels likely to be found in nature.

The bacteria may be more productive even in absolute terms when substrates
are not supplied in great excess, For example Kadota (p. 171 in Oppenheimer,
1968) reported that the number of viable cells of nitrifying bacteria and the
rate of ammonium oxidation by resting cells were both maximal at a concentra-
tion of (KH,),SO, of 30 mg/1000 nl sea water, and decreased at lower and
higher concentrations of ammonium sulfate. This concentration is about 1/100
the concentration normally used for soil and marine nitrifiers. Increasing
Pmn@tusomntingrutcrlmtonon-nimﬁnrsmﬂwse
bacteria capable of rapid uptake from more concentrated solutions without re-
gard to efficiency would be favored, Lowering the concentration would favor
bacteria which make most efficient use of energy substrates, Evidence of a
crude sort that E, decreases with increasing supply of organic matter is pro-
vided by comparison of the estimated nitrogen requirements of the Bermuda
Thalassia stand with the results of the assays of N, fixation in the amended,
anasrobic samples, The assay samples were amended with approximately 2 g
glucose/200 g sediment. Assuming that in situ Thalassia supplied all of the
carbohydrate for four days® Wtsdfholzﬁms at once, this
would be equivalent (assuming as above, P”./P8=1) to an amendment of ap-
proximtely 50 mg carbohydrate/200 g sediment, i.e. 1/50 of the above. The
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estimated N, fixation by the acetylene reduction assay was 581 mg Nz/m2 per
day, and the minimum estimate of the nitrogen requirements was 97 mg N/m? per
day. In other words, a2 more than 40 fold increase in readily avalilable car-
bohydrate resulted in a less than 6 fold increase in N, fixation.

The exact nature of the N, -P., . relationship might be determined by a
large number of factors; most important would be those factors which influ-
ence the following characteristics: (1) the total volume of sediment avail-
able to a Thalassia plant for N, fixation, (2) rates of diffusion in the sed-
iment, (3) the size, composition and relative activities of the various com-
ponents of the bacterial population, (4) the proportion of organic matter
excreted which is avallable to the Nz-fixing tacteria, and (5) the efficiency
of fixation. These characteristics are interrelated, In connection with
(1), it was noted that high P, is associated with long erect shoots, This
is consistent with the above hypothesis, Variations in grain size charac-
teristics, particularly with respect to the amount of clay in the sediments,
would be expected to influence some of the above characteristics. A1l
Thalassia beds examined at Barbtados and Carriacou occurred in sediments with
small amounts of silt and clay. On the whole, similar P, values character-
ized Thalassia growing on predominantly sand and cobble-sand substrates at
Bath, St. Lawrence and Carriacou (Appendix B). Generally higher P, values
may characterize Thalassia growing in predominantly silt and clay substrates.
During very cursory observations of Thalassia at La Parguera, Puerto Rico,
Thalassia with notably long and wide leaves (approximately 40 to 50 cm length
and 12 mm width) was observed growing in what appeared to be predominantly
silt and clay substrates. Ginsburg (1956) observed “luxuriant® growths of
Thalassia on Florida Bay mud banks which consist predominantly of silt and

clay. Evidence that reducing conditions in the substrate are essential to
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the normal development of Thalassia has been presented. Redox potential may
affect both the efficiency of fixation and the proportion of organic matter
excreted which is used by the Ny-fixing btacteria (this may be referred to as
the ‘efficiency of transfer®), Cell-free extracts fix N, only under anaero-
bic conditions, and most facultative anaerobes fix N, only under anaerobic
conditions (Stewart, 1969). Even the classical aerobic N,-fixing bacteria,
Azototacter, fix N, most efficienctly under low levels of oxygen (Dalton and
Postgate, 1969). Redox potentiai may have a pronounced effect on the effic-
iency of transfer., The remarks of Brouzes et al., (1969) are considered per-
tinents "It is often argued that under anaerobic conditions both:the rate of
liberation of low molecular weight energy substrates and the efficlency of
their use by nitrogen fixers must be low (Barrow and Jenkinson, 1962) so that
anaeroblc fixation could not be great. However, it may be that a much more
intense competition for energy substrates exists in aerobic conditions
(Nykvist, 1963) and that this becomes a factor of overriding importance.” An-
other factor which may lead to decreased system efficlency at high Eh or in
assoclation with oxidizing microenvironments is a nitrification-denitrifica-
tion process, At the redox potentials observed in the Thalassia sediments
there would appear to be little possibility of nitrification occurring in the
root layer, However, small amounts of nitrate were present in the root layer,
the largest amounts of extractable nitrate occurring in the stands of lowest
Pge It seems likely that this nitrate originated from oxidation of reduced
N,. Oxidized microenvironments may exist within the sediments, or perhaps
periodically in the rhizosphere. Once nitrate is formed, then the possibility
exists for loss of nitrogen from the system to occur by denitrification.

A mmber of processes probally contribute to lowering of the redox po-
tential in the Thalassia sediments, Growths of Thalassia and associated
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sesslle organisms stabilize the sediments and thus reduce exchange of gases
with the overlying water. Organic matter is continually produced by under-
ground parts and is eventually available for anaerobic or aerobic decompos-
ition. Low redox potentials may be htrought about by reducing substances
excreted by Thalassia, by HpS produced by sulfate reduction, .a.nd by reduc-
ing substances excreted by .anaerobes, The extent to which sulfate reducers
control the Eh in Thalassia sediments is not clear, pS-Eh measurements might
be useful in investigating this problem. There may be somewhat different
conirols over Eh in rhizosphere and non-rhizosphere sediments, Sulfate re-
duction alone would probably be sufficlent to maintain low redox potentials
in stabilized sediments where penetration of O, occurs mainly by simple dif-
fusion. The region of the rhizosphere, however, may be subject to periodic
flushes of oxygen emanating from the roots of Thalassia., If so, then the
nature of the poising system in that region would determine whether low re-
dox potentials could be maintained over short periods of time, and mainten-
ance of a low Eh over long periods of time would be dependent on the contin-~
ued activity of microorganisms. In such conditions, activity of sulfate
reducers might be limited by the availability of sulfate, Low redox poten-
tials are generated in cultures of anaerobes as a result of production of
substances such as dioxyacetone (Rabotnova et al., 1963). Such substances
are probably produced by anaerobic N, fixers in the rhizosphere, and my play
an important rxole in the regulation of Eh, Thalassia may have a definite
physiological requirment for reducing conditions in the substrate, Aquatic
angiosperms typically occur in substrates with little or no oxygen, and the
well developed lacunar system ensures that an adequate supply of oxygen reach-~
es at least nost of the underground parts for most of the day; however, oxygen
may be deficient at the extremities of the underground parts, or more
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generally during the night (Sculthorpe, 1967). ILaing (19%0a, 1941) found
that rhizomes of 10 specles of aquatic anglosperms he studied are capable of
anaerobic respil.ra.ﬂon with production of alcohol. The plants varied, how-
ever, in the oxygen required to maintain the plants in an-active (versus
dormant) state, and habits of the plants could be accounted for by their
physiological requirements for oxygen. Growth of rhizomes of Nuphar advenum
was found to be uninfluenced by the presence or absence of oxygen in the lac-
unae, but the presence of oxygeﬁ around the rhizome apéx actually inhibited
growth of the rhizome. Such may also be the case for Thalassia., It is also
concelvable that the energy substrates for the No-fixing btacteria are the
products of anaeroblc reslﬂ.ration by underground parts,

The active N2 fixer in the Thalassia sediments might be any one of a
number of species, There can be 1little doubt that an obligate or faculta-
tive anaerobe is involved. Wood (1959a) was unable to isolate Azotobacter
from Zostera sediments. Other workers have had inconsistent results in at-
tempting to isolate Azotobtacter from marine sediments (reviewed by
ZoBell, 1946b). Clostridium, on the other hand, has been consistently iso-
lated from marine sediments, Waksman et al. (1933) concluded that "anaero-

bic nitrogen-fixing bacteria of the Closiridium pastorianum type are univer-

sally distributed in the sea bottom.” Recent studies have shown nitrogen
fixation to be "far more widespread among the sulphate-reducing bacteria of
the gemus Desulfovilrio than was earlier thought® (Péstga.te. 1970). Conclus-
ive evidence that sulfate reducers are the active N, fixers in the Thalassia
rhizosphere would have to include a demonstration that sulfate is not limit-
ing in situ. In view of the rather remarkable physiology of sea grasses in
other respects, the possibility that Thalassia mediates a flow of sulfate
into the sediments should not be excluded., Members of the genera Pseudomonas
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and Vibrio have been found to fix Ny (Stewart, 1966), According to ZoBell
(19461v), species of these genera rank first and second in predominance in
the sea, and the active R, fixer in the Thalassia beds might be a member of

one of these genera,

Nitrogen and phosphorus nutrition

of other sea grasses
The 'ma.lassia.-Nz fixing bacteria type of relationship may be character~

istic of many, if not most, of the marine angiosperms. Preliminary studies
indicate that Syringodium obtains nitrogen from the sediments, A compara-
tive study of the nitrogen nutrition of the three marine angiosperms
Thalassia, Syringodium and Diplanthera would be interesting because of the
successional relations between these éea grasses, and the variation in the

redox potential of the substrates in which they occur. Thalassia is restrict-

ed to reduced substrates, while M and Diplanthera occur on both
well aerated and strongly reducing substrates. Requirements of Zostera for
nitrogen and phosphorus are probably similar to those of Thalassia, Report-
ed values of the nitrogen content of healthy green leaves of Zostera (Jensen,
1915; Brandt and Ruben, 1920; Udell et al., 1969) have a mean of 2.,2% n,
Jensen (1915) observed lower values in January than in September., Brandt
and Ruben (1920) reported the phosphorus content of three samples of Zostera
leaves as 0,65, 0,35 and 0.20% P, Productivity of Zostera is of the same or-
der as that of Thalassia, According to Jensen (1915), productivity at a good
locale is 1920 g dry matter/m® per year, and productivity at a moderate loc
ale is 1120 g dry matter/a’ per year. The habits of Zostera are similar to
those of Thalassia with respect to the redox potential of the sediments,
Wood's (1965) remarks on this subject have been discussed. The observations
of Ostenfeld (1908) are particularly interesting, He observed that leaves

TRt e kit

VLR ar AL o AT dow SR T

Y A T N PIPE Oy X



O

101

of Zostera are long and troad on soft (muddy) bottoms, and short and narrow
on hard (predominantly sand) bottoms, and suggested that the difference is
due to a lack of soil development on hard bottoms., He noted a darkening -
of the sediment in areas of good growth, and cited this as evidence of "fert-
j1ization™ of the sediments, The similarity in requirements and habits of
Zostera and Thalassia, as well as the fact that the marine a.ngic;sperms are -
all closely related, suggest Zostera obtains nitrogen from the sediments by
the same mechanisms as Thalassia, Jensen (1915) in fact suggested that N,
fixation by Clostridium and Azo-hoia.cter might be responsible for nitrogen en-
enrichment of Zostera detritus in the sediments, Inorganic nitrogen concen-
trations in temperate coastal and estuarine waters may undergo large seasonal
fluctuations, and may be completely depleted dm:ing phytoplankton tlooms, At
other times, concentrations of N03—N considerably higher than the highest
Nﬂl’-li concentration in the Thalassia interstitial waters may be observed
(Rochford, 19513 Barnes, 1957). In view of the evidence that amino acid syn-
thesis occurs in the root of Thalassia, it would be interesting to know
whether Zostera takes up nitrates from the water when concentrations are
high.

It seems likely that if there is an obligatory association between
Zostera and redncing conditions, as Wood (1965) suggested, that it is assoc-
iated with requirements for nitrogen rather than phosphorus, Does the exis-
tence of reducing conditions in fact have any influence on the availabdlity
of phosphorus to Zostera? The reasons for belicving that reducing condi-
tions do not have a significant influence on the availability of phosphorus
to Thalassia have already been stated, The basic argument was that even
under reducing conditions (:uplyi.ng also production of bicarbonate by sulfate-
reducing btacteria) the dissolution of apatite would be too slow to supply
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phosphorus at rates approaching the uptake of phosphorus by Thalassia. The
situation with respect to Zostera may be somewhat different. Zostera is

typically an estuarine plant, Cstenfeld (1908) found Zostera growing in
regions of salinity of 10 to 30 ®/oo. A large proportion of the total in-
organic phosphorus in estuarine sediments may occur as iron phosphates.
Nelson (1967) used a soil phosphorus fractionation procedure to study the
distribution of phosphate in the sediments of an estuary. He observed that
iron and calcium phosphates varied systematically along the estuary., For
regions of the estuary of maximum bottom salinities of 10 to 30 ®/oo, the
ratio iron phosphate-to-iron phosphate+calcium phosphate varied between 0.67
and 0.,18. For 16 saaples of marine origin, the average was 0,04, Iron
phosphates and hydrous ferric oxide (on which phosphate may be adsorbed)

are directly affected by Eh because of the reduction of ferric iron to fer-
rous iron under reducing conditions. Ferrous phosphate, unlike ferric phos-
phate, is very solutle. In the presence of sulfide, the ferrous iron is pre-
cipitated as ferrous sulfide, as previously discussed. These reactions oc-
cur very rapidly (Baas Becking and MacKay, 1956; Sperber, 1958). Sperber
(1958) observed that the presence of iron oxides suppressed release of phos-
phate from iron phosphate associated with sulfide treatment through competi-
tion for the sulfide; he also observed, "The level of phosphate in solution
reached a maximum after several hours and thereafter fell steadily, suggest-
ing refixing of phosphate on the surface of sesquioxide particles.” Increas-
eod availability of phosphate in rice paddy soils following flooding occurs
rapidly (current growing season), and is correlated with the amount of phos-
phate initially present as iron phosphate (Black, 1968). Thus it is likely
as Wood (1965) suggested, that the development of reducing conditions in
Zostera sediments is accompanied by a release of phosphate from iron
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phosphates. The released phosphate is probtably adsorbed on the surface of
the various mineral particles in the sediments, and the interstitial iater
phosphate concentration increased in accordance with the adsorbed phosphate-
solution phosphate equilibrium of the particular system. Thus phosphate re-
leased from minerals might constitute a significant source of phosphate for
Zostera, at least following the initial colonization of the substrate by
Zostera, However the work of McRoy and Barsdate (1970) suggests that the
effect of Zostera growing in the sediments is to tring the internal parts of
the sediments Into, or closer to, 2 state of dynamic equililrium with the
water phosphate or phosphate "pool™ (Hayes, 1963) of the estuarine ecosystem.
It seems likely that this, together with the increased solubility of iron
phosphates under reducing conditions, would lead to fairly rapid depletion
of the availlable phosphate in the sediments, Rochford (1951) observed for
sediments of the *tidal zone', the region of Zostera occurrence in
Australian estuaries, low total phosphorus concentrations, maximum amounts
of adsorbed phosphate, and intermediate amounts of interstitial water phos-~
phate in comparison to sediments of the other estuarine zones (marine, gra-
dient and f‘.r:eshna.teu:)i. These observations are consistent with the above
considerations concerning the effect of Zostera on the sedirentary phosphate,
It seems then, that as for Thalassia, the sediments could not be a primary
source of phosphate for Zostera over long periods of time, The sediments
may have an important function in the phosphorus mutrition of Zostera and
other sea gra.sseg,’ however, by providing a sort of buffer mechanism for the

1McRoy and Barsdate (1970) stated, "Rochford (1951) determined that
high concentirations of phosphate in interstitial waters resulted in high
standing stocks of eelgrass.” In a careful reading of Rochford's (1951)
paper, I could find no basis for this statement. Presumatbly McRoy and
Barsdate (1970) were referring to adsorbed phosphate, not interstitial
water phosphate,
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phosphate supply, as was suggested for Thalassia,

Studies by Hayes and associates (Hayes and Phillips, 1958; Watt and
Hayes, 1963) have shown that in aquatic systems a state of dynamic equili-
brium exists between phosphate in various phases, i.e, between dissolved in-
organic phosphate, dissolved organic phosphate, particulate phosphate (in-
cludes 1iving organisms) and the sediments (surface layers). The rates of
exchange between these phases vary by several orders of magnitude, both for
the different phases in a given system, and between similar phases in dif-
ferent systems, The causes for these variations are not well understood,
but it seems that traditional concepts or measures of the snpply of phos-
phate in aquatic systems are not valid, In the context of the work of Hayes
and associates (ope. cit.), the internal parts of the sea grass sediments
might be rega.rded simply as an anion exchange resin which 184 in equilibrium
or quasi-equilibrium with the other phases of the marine or estuarine eco-
system with respect to phosphate, but to which the sea grasses have more or
less vexclusive access, In the same context, it would be interesting to
know what role the large bacterial populations on the leaves play in phos-
phate uptake,

The significance of N, fixation by free-living

heterotrophic bacteria in some aquatic
and terrestrial systems
Assuming that a reasonatle estimate of N, fixation in the Thalassia
sediments is given by multiplying production by 4 x 2.3% N, then N, fixa-
tion in a typical Thalassia stand (P, = 4 g/a° per day) is estimated as

1?0kgnzf1md/hapea:yeat, and maximum fixation (the Bermuda stand) is
estimated as 590 kg N,o/ha per year. Some comparative estimates for other
systems are given in Talle IX. It is evident that N, fixation in the
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Table IX, Estimates of Np fixation in various systenms.
W,  SYETIM Ny PIXATION (kg/ ba per year) METHOD REPERINCE:
1 Lequmes avg 110 - 220 N gains in plant and soil Stewart (1966), review
mx 820 of reported wlues
H Nodulated non-legumes range 9 - 220 " "
3 Paddy sotls (blusegreen algse) 10, 19, 55 1sllz incorporation Mashae and Castro (1967)
1
4 lake Windersere (mainly algsl) 7 sllz inoorporation Pogg and Horne (1967)
NON=STNDIOTIC BAOTERIA
5 Quedes forest and agrisuldurel soile commonly 10 = 50 15!(2 incorporation; potential Brouzes, Lasik and Knowles
mx 226 values - inolude amended ssmples - (1969)
6 Quebes forest soile avg 1 (for 100 day OpH, reduction; replicate Re Knowles (persomal »
agriesultural soils avg 0  groving seson) sampling through groving season commmniocation, 1971)
7 Orassland soil, N poor 15"2 insorporation Delviche and Wijler (1956)
=s0il alone 2.9
«inverted lawmn (desaying grass) 158
“greving grass 014
«10 g 8011 * 780 mg susrose 4500
8 latosolls soi) under regensrated rain Corest 720 N gatn in sofl Jatbeyo and Moore (1963)
9 Anexio gone of lake Mary, Wiseonsin 3.8 C,H, redustion . Brezonik and Harper (1969)
10 Sediments of Lake Erle w' 0,8, redustion Hovard ot a1, (1979)
1 lassia typleal 170
mx 590

*0aleulated for 6 en dopth of sediment from data given by Howard ot al, (1930
by aseuming 508 interstitial vater, sediment partiole speoifio gravity of 2,6,
and 911 ratio in oonverting moles G iy produced %o moles Ny fixed,
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Ihalassia-sediment system is comparahle to N, fixation associated with leg-
umes.

Very 1little 1s known concerning the gquantitative significance of N fix-
ation in aquatic systems, particularly in the oceans, There is evidence of
significant N, fixation by blue-green algae in lakes, and either by or as-
soclated with blue-green algre in the sea (Stewart, 1969). Two studies uti-
1lizing the acetylene reduction assay have indicated appreciahle rates of N,
fixation by bacteria (probtably heterotrophic anaerobes) in sediments and
anoxic waters of lakes (entries nos. 9 and 10, Table IX). Other than those
of the present study, no assays have been made of N, fixation in marine sed-
iments,

Because the input of nitrogen into the oceans from rivers and rain wa-
ter is much greater than the nitrogen removed from the oceans by sedimenta-
tion, it appears that denitrification is more important than N, fixation in
regulating the nitrogen content of the oceans as a whole (Rittenberg, 1963).
Denitxrification in the oceans is also believed to be the major route by
which N, fixed in terrestrial systems is returned to the atmosphere
(Hutchinson, 1944). Thus 1t is apparent that for the oceans as a whole, N,
fixation cannot assume the significance it has in terrestrial systems in
ia.inhj.ning the nitrogen status, unless denitrification is actually occur-
ring at a much greater rate than that required to balance the excess of in-
put of nitrogen into the sea, In spite of the large input of nitrogen into
the sea, however, nitrogen is probably the nutrient most frequently limiting
rroduction in the euphotic zone (Ryther and Dunstan, 1971). Thus K, fixa-
tion could be of significance in the euphotic zone,

There is good reason to believe that Hy fixation is of general signifi-
cance in the euphotic zZone of tropical waters, It is only in tropical
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waters that significant N2 fixation has in fact been demonstrated; rates as
high as 2 ug N, fixed per litre per hour have been demonsirated in tropical
waters during heavy btlooms of the blue-green alga Trichodesmium (Dugdale,
Goering and Ryther, 1964; Dugdale and Goering, 1967)e Trichodesmium is
often the dominant member of tropical phytoplankton (Wood, 1965). Correl-

ation between 1’*@2 uptake and N, fixation suggests that Trichodesmium is

the active N, fixer, There is strong presumptive evidence for N, fixation
by the pink yeast Rhodotorula, an organism which has been observed in high
numbers in tropical waters (Allen, 1963). The present study has demonstrat-

ed the importance of N, fixation to Thalassia, Thalassia and coral reef com-
mmities are the most highly productive communities in tropical waters, Odum

and Odum (1955) and Wood (1965) expressed the opinion that N, fixation by
Nostocaceae may be of importance to the coral reef ecosystem.

Several workers in the early 1900°'s demonstrated large numbers of
Azototacter in association with the slime of seaweeds, and also in assocla-
tion with phytoplankton, and it was suggested that there may be a symbiotic
type of relationship between algae and N, -fixing bacteria (reviewed by
Waksman et al., 1933; ZoBell, 1946b). This suggestion deserves reinvestiga-
tion. Algae are known to excrete large amounts of organic matter, (Fogg,
1962)., Given am association of Ny-fixing tacteria with algae, there seems
to be no reason to suppose that these bacteria would not fix significant a-
mounts of nitrogen, particularly if nitrogen were 1limiting. It should also
be noted that it has not been demonstrated conclusively that N, fixation as-
sociated with Trichodesmium--unlike other N,-fixing Cyanophyceae except pos~
sibly Gleocapsa (Wyatt and Silvey, 1969), Trichodesmium does not possess het-
erocysts—is not bacterial in origin., A possihly analagous situation occurs
in the phyllosphere of tropical rain forests where Azotobacter and
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Bel jerinckia are believed to fix significant amounts of N, using leaf ex-

udates as energy substrates (Ruinen, 1961, 1965).
The significance of N, fixation by free-living btacteria in terrestrial

systems is not well understood, Prior to 1949, Azotobacter and Clostridium

were the only N, fixers known., In general Azotobacter was considered unim-

portant in N, fixatlion because of the low rnumbers in which it occurs,
‘Clostridium was rarely considered at all, presumably because it was assumed

that there could not be significant N, fixatlion under anaerobic conditions,
Although members

or that anaeroblc conditions did not exist in the soils,
of many genera have since been found to fix Ny, 1little is known of the dis-

tribution and activities of N,-fixing bacteria other than Clostridium,
It is believed however that N, fixation is

Azotobacter and Beijerinckia,.
not limited by a lack of No-fixing bacteria in the soil,
lieved to be limiting N, fixation by heterotrophic btacteria is a shortage of
readily available organic matter, Experiments such as those of Delwiche and
Wijler (1956; entry no. 7, Tahle IX of this thesis), which show a marked in-
crease in N, fixation following organic matter amendment, are cited as evi-

dence that organic matter is normally limiting., Stewart (1969)-, in a review :
of the ecological significance of K, fixation by free-living bacteria, con- ;
cluded, "On the whole it appears that heterotrophs play their main role by

being widely distribtuted, and fixing small quantities of nitrogen over pro-
longed periods.” The significance of ®fixing small quantities of nitrogen

The main factor be-
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over prolonged perlods”™ would of course depend on the rate at which nitrogen
%as being removed from the system. Moore (1966) remarked, *In natural sys-
tems which are virtually closed, e.g. some forest and grassland commmities,
low rates of fixation (say up to 10 1lb/ac,/an.) would be adequate to main-

tain the nitrogen status, whereas under intensive farming conditions, where
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large quantitles of nitrogen are remcved in crops and by leaching and vol-
atilization, even 50 or more 1lb/ac./an, may be inadequate.” Assays of N,
fixation by the 15N technique in temperate forest and agricultural soils
pointed to high potentials for N, fixation by heterotrophic btacteria (entry
no. 5, Table IX). However, more extensive sampling of these soils through
the 1970 growing season using the acetylene reduction assay has indicated
"low and irregular activities or no activity” (Dr. R. Knowles, personal
communication, 1971) and low average fixation (entry no. 6, Table IX).
There 1is good evidence of high rates of N, fixation by free-living hetero-
trophs in organic-rich surface layers of some tropical soils (entry no. 8,
Table IX). '

Little is known concerning N, fixation by ‘free-living’ heterotrophs in
the rhizosphere of plants. Both sloughed off root tissue and root excretions
are considered possible sources of energy for N, fixers in the rhizosphere
(Moore, 1966). The composition of root excretions has been studied in de-
tail for a number of plants (for example, Rovira, 1956; Vancura, 1964), but
less 1is known of the quantities of organic matter excreted. Harmsen and
Jager (1962) detected excretion of up to 1.7 mg organic carbon per gram rhi-
zosphere soill of wheat over a two month period: this does not include the or-
ganic matter respired by bacteria. There is evidence of both stimulation
and inhibition of N,-fixing bacteria in the rhizosphere (Jurgensen and Davey,
1970). The only 19N study of an intact plant-soil system is that of Delwiche
and Wijler (1956). They observed very little N, fixation in a nitrogen-poor
soil with growing grass (entry no. 7, Tahle IX). A.W. Moore (1963) reported
nitrogen gains in a tropical soil-plant system over a four month period
equivalent to N, fixation of 330 to 440 kg K, fixed/ba per year, while there
was no change in the nitrogen content of an unplanted soil. It seems likely
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that short term gains of this order are assoclated largely with use of plant
root excretions., Hassouana and Wareing (1964) attributed nitrogen gains in
sand dune soils to fixation by heterotrophs in the rhizosphere of the pio-
neer plant Ammonophila arenaria. Studies by Rinaudo (1970) have provided

the first conclusive evidence of a significant rhizosphere effect on N, fix-
ation. He carried out studies of acetylene reduction and Nz fixation
(Kjeldahl technique) on an intact rice-plant soil system. The rates of acet-
ylene reduction observed in the rhizosphere soil, 8.2 to 22.8 n moles czﬂlp
produced/g soil per hour for the 2i4th hour, are of the same order as the
rates observed for the glucose amended Thalassia sediments (10.3 n moles czt-lu
produced/g sediment per hour, average for the anaerobic amended samples).
Cutting of the rice plants resulted in an 80% decrease in the rates of acety-
lene reduction within 2% hours, and in negligible rates after five days.* '
Comparison of acetylene reduction with N2 fixation validated the 3:1 ratio
for estimating N, fixation from acetylene reductlon. It is well known that
growth of rice is best under conditions of flooding, and that such conditlons
favor the maintenance of soil fertility. Prior to Rinaudo’s (1970) study,
this effect was attributed largely to N, fixation by blue-green algae.
Rinaudo'’s (1970) work included measurements of a number of microbial pro-
cesses in situ, and experimental studies of the effects on N

2
submergence, illumination, organic amendment, nitrogen amendment, oxygen and

fixation of

(as discussed above) rhizosphere stimulation. In situ studies indicated

that subtmersion creates conditions favorable for N, fixation by raising the

pH and inducing establishment of semianaeroblc conditions, From counts of Ny-
fixing organisms he concluded that Nz fixation in rice so0ils is essentially
the work of hlue-greemn algae and Clostridium; densities of these organisms

in situ of the order of 10°/g were consistently observed. Experimental studies
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provided evidence for the following points as well as the above nentioned
rhizosphere effect. :
(1) Submersion favors N, fixing activity of rice soils.
(2) Periodic submersion has on the whole greater effect than con-

stant submersion.

(3) Oxygen has an inhiblitory effect on N, fixation which is ap-
preciable at a P02 of 0,01 atm,

(4) Addition of NHy-N to soils slows down or stops N fixatlon; :
however, there appears to be a fairly high threshold value \
for native (versus added) NH,-N, Beyond this threshold, N ‘
fixing activity decreases rapidly, and a loss from denitrifi-
cation becomes apparent,

(5) Vegetative residues (straw or roots) give rise to a fixing
activity less important than one might think,

(6) Light energy permits an intense N, fixation by photosynthe-
tic microorganisms, in the first rank of which are hlue-green
algae. However, the light effect is appreciable only at the
level of the soil surface.

With respect to rhizosphere N, fixatlion he concluded, "La fixation d'azote
au niveau de la rhizosphere est d'un niveau remarquablement élev€ ..o En
raison de 1'épaisseur de sol prospectée par les racines, et de lar densitd de
1'enracinement, "l'effet rhizosphere' paralt etre le factewr majeur de
1'enrichissement en agzote des sols de rizieres.” The similarity of the rice-
soil R?_ fixing system to the Thalassia-sediment No~fixing sysiem in many re-
spects cammot be considered coincidental., It is noteworthy that several of
the most highly productive commmities listed in Tatle I are systems in

which the soils are sulmerged and probably strongly reducing. It does not
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seen unwarranted to suggest that rhizosphere. N, fixation may be important
in the maintenance of the nitrogen status of communities such as salt marsh-
€S, mangrove swamps and reed swamps, as well as of sea grass beds and rice
paddies, Because of the simplicity of the Thalassia sediment N2 fixing
system, studies on this systen may be of value in understanding more genexr-
al aspects of plant-N,-fixing bacteria relationships.
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V. SUMMARY

The question of basic concern to this stud& was: how are high rates of
production by the tropical marine anglosperm Thalassia testudinum Konig
maintained in the notahly nutrient-poor tropical waters?
Correlations between production of leaf tissue per ereét shoot (Ps) and
(1) rhizome water soluble ammonium (+amino acid)-N, and (11) rhigome
water solutile phosphate, indicate that significant proportions of the
nitrogen and phosphorus for leaf growth are taken up from the substrate,
For one sample it was estimated that 90% of the rhizome water soluhle
asmonium (+amino acid)-N was derived from amino acids.

+A simple linear relation between P, and total interstitial water ammoni-

um in the root layer indicates that (i) leaf growth at the majority of
stands studied was limited by availability of nitrogemn, (ii) virtually
all nitrogen for leaf growth comes from the substrate, and (iii) a steady
state with respect to the nitrogen status of the sediments is maintained
over relatively short periods,

During periods of heavy rains at Barbados, chlorinity of interstitial
water in the Thalassia sediments varied irregularly with depth in ths
sediment, .

There is a correlation between interstitial water ammonium and the amount
oif ammonium in sea water extracts of the sediments. Per unit volume of
sediment, interstitial water ammoniuam amounts to only about 2% of the
ammonium in sea water extracts of the sediments. It appears that most
of the ammonium in the sediments is weakly adsorbed on sedimentary par-
ticles (sand sized skeletal carbtonates predominate) as a result of the
negative charge of sedimentary particles in sea water.

Most of the sediments contained approximately 0,020% HCl soluble
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phosphate phosphorus. Only a small proportion of this phosphate is read-
ily availatle in sea water; most ié probably occluded within skeletal
carbonates, and is thus not available to Thalassia,

The decrease of phosphate in successive sea water extracts of Thalassia
sediments suggests that the readily availlable phosphate is adsorbed on
the surfaces of sedimentary particles, as has been observed for soils.
This is a chemical type of adsorption, as opposed to the coulombic type
of adsorption of ammonium.

The phosphate concentrations in sea water extracts of the Thalassia
sediments were greater than the concentrations of phosphate in the in-
terstitial water in situ, It is believed that the difference is assoc-
iated with (1) bacterial retention of phosphate in situ, and (11) reduc-
ed amounts of interstitial water and adsorbed sulfate in situ as a re-
sult of sulfate reduction, and consequent greater adsorption of phosiphate.
Because (1) the Thalassia sediments are predominantly of marine orig::ln,
and (11) interstitial water phosphate concentrations are low, it is be-
lieved apatite is the only crystalline phosphate that could be in contact
with the interstitial water,

PH of sediment samples from the Thalassia root layer varied from 7.0 to
7.9, and Eh, from -178 to +7 mv. Eh data and general observations in-
dicate that a reduced root layer is essential for normal development or
good growth of Thalassia, Occurrence of ferrous sulfide is not a reli-
able indicator of the occurrence of reducing conditions in Thalassia
sediments because availability of iron rather than sulfide may limit
ferrous sulfide formation.

Total numbers of bacteria in Thalassia root layer sediments estimated by
plate counts and dilution-extinction counts (aerobic and anaerobic
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incubation) were of the order of 105 to :I.O6 per gram wet welight

sediment. Numbers of sulfate reducers were of the order 103 to 105 .
High numbers of sulfate reducers were detected in two samples from well
aerated surface sediments. Circumstantial evidence indicates these

were active within reduced microenvironments in skeletal carbonate
grains,

For a typical Thalassia stand it was estimated there was sufficient
available phosphate in the sediment to satisfy phosphorus requirements
of Thalassia for 300 to 1000 days, and sufficient ammonium-N to satisfy
nitrogen requirements for 5 to 15 days. ‘
Renewal of nitrogen and phosphorus removed from the sediments by -
Thalassia can not be accounted for by decomposition of organic matter,
or by diffusion of nutrients from the sediment-water interface.

It is believed that apatitic phosphate in the sediments could not be a
significant source of phosphate for Thalassla because of the slow rate
at which apatite dissolves.

It is concluded that the sediments are not a primary source of phosphate
for Thalassia, It is believed, however, that the sediments act as a
sort of storage btank for phosphate taken up from the sea water by
Thalassia,

The only way to account for the maintenance of the nitrogen status of the
sediments is by postulating high rates of NZ fixation, presumably by het-
erotrophic anaerobes,

Acetylene reduction assays of “2 fixation in sediment samples from a
Thalassia stand were carried out with the cooperation of Dr., R. Knowles
of Macdonald College, McGill University. FNegligitle rates were observed

in unamended samples, but for samples to which glucose had been added,

e et i TR AT WIS




b
0

20,

21,

23.

116

the rates of N, fixation corresponded to estimates of the rates required
to satisfy demands of Thalassia for nitrogen.

It is concluded that rhizosphere N, fixation by heterotrophic anaer-
obes is the source of nitrogen for Thalassia, Organic matter excreted
by Thalassia serves as energy substrates for the No-fixing bacteria,
Although large amounts of organic tissue are produced underground, it is
apparent that this material does not serve as a significant source of
energy for N,-fixing bacteria.

Considerations based on shoot densities indicate that the rhizosphere has
a maximum extent of 1.8 cm from the root (with respect to Ny fixation).
It is believed that the requirement of Thalassia for a reduced substrate
is asscciated with requirements of the Nz-ﬂ.xing bacteria, and with
greater overall efficiency of the Thalassia-sediment No-fixing system
under a.na.erobic» conditions,
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PLATE I

PORTIONS OF THE THALASSIA PLANT

a., (left) Distal end of young leaf, tip intact;
(right) distal end of older leaf, encrusted with calcar-
eous algae, and tip broken off. X2,

b, A portion of an erect shoot with dead leaf
tissue removed to show leaf scars,

¢. Rhizome growing tip and young erect shoot. X 1,

‘
"J‘
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PLATE II

UNDERWATER PHOTOGRAPHS OF THALASSIA BEDS

a. Typical Thalassia stand. Leaves approximately
25 cm height.

b. Th sia stand overgrown by Avrainvillea raw-
sonii and Avralnvillea nigricans. Flabellate alga (A.
nigricans) approximately 15 cm height.

¢. Erosional scarp in cobble framework substrate
area, Approximately 0.5 m relief.

d. Erosional scarp in predoeminantly sand substrate
area, Long, unbranched erect shoots of Thalassia are
approximately 25 em length.
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PLATE III

PHOTOIICROGRAPHS OP THIN SECTIONS OF HOHOTREHA
‘ DEBRIS IN !‘HE SEDIHENT

a. A1 ena-b'ers' ﬁnﬁiiea with iron sulfide. X 28.
b. As tor (a). X 135.
‘Iron sulfido 1n21111ng restricted to few

o 'ehnbers. X 28,

»d,' No iron eulfide 1nr1111ng. X 135.

U
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APPENDIX A, ESTIMATION OF GROWTH RATE, PRODUCTION

AND AGE OF THALASSIA

- INTRODUCTION
Methods of estimating production based on seasonal increases in biomass

are not applicable to plants such as Thalassia because rates of production

and losses of leaf tissue are approximately constant throughout thevyear. The

validity of applying techniques of ‘ estimating production based on measure-
ments of oxygen production to aquatic plants has been q_uestioned because of
the retention of metabolic gaées within the lacunal systenm (ﬁa::tma.n and
Brown, 1967). The %¥C technique as applied to aquatic plants (Wetzel, 1964),
while useful in experimental studies, is obviously limited in application to
routine studiés of production in the field, Zieman (MS, 1968) measured
growth of Thalassia leaves by the elegantly simple technique of marking the
leaves with metal staples, Very little is known of the age, growth rate and
production of undergrorud parts of aguatic anglosperms (Westlake, 1965).

v Observations of Thalassia at Barbados indicated that there might be a
simple relation between the maximum length of leaves in a stand and the av-
erage growth rate of the leaves, Va.rié.tion in length of Thalassia leaves has
been observed by several workers (Phillips, 1960; Strawn, 1961; D.R, Moore, 1963)
and has been associated with variations in depth of water, tides, tidal zone,
air and water temperatures, light and turbidity, and growth of epiphytes,
However, no clear distinction has been made between variation in leaf length
due to actual breaking off of the leaves, and variation due to differences in
growth rates of the leaves, Such a distinction is not easily made because
the actual leaf length in a given situation appears to be influenced by a
nurber of factors. One of the most important factors detemining the maxi-

mun length of leaves is the degree or rate of encrustation of the leaves by

4o,
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calcareous epiphytes (Melobesia and Fosliella spp)e.. Dense growth of these
epiphytes oﬁ Thalassia leaves is a common pheﬁomenon (Phillips, 19603
Taylor, 1960; Humm, 1964; Land, 1970). Growth of Thalassia leaves takes
flace largely or entirely at the basal meriétematic region of the leaves,

New leaves arise at the apex of the shoot; successively older leaves are pro-

. gressively further removed both laterally and vertically from the shoot apex,

and are a-lterna&.ely arranged, Thus the relative ages of leaves on a shoot
may be determined by their positions relative to the shoot apex or youngest,
innermost leaf (Phillips, 1960). At Barbados, dense growths of calcareous
epiphytes occurred on the distal (older) parts of all leaves except for the
youngest leaf on a shoot on which there were no epiphytes or they were just
beginning to defveloi). The originalv. rounded leaf tip was obsexrved oniy on
the youxigest one or two leaves on a 'shoot; the original tips of older leaves
had been broken off and the distal parts were heavily encrusted by calcareous
algae (Plate Ia). Infestation by calcareous epiphytes apparently weakens the
'bla.ﬁe, probtably both through stimulating decay and through the strain imposed
by the ueigaf of the calcareous material, and eventually results in breaking
off of the ﬁfested parts of the leaves, It was postulated that in the ab-
sence of bea.vy.@r:a.fzing. the maximum length reached by a leaf is determined
mainly by (1) the growth rate of the leaf, (2) the rate of infestation by
calcareous epiphytes, and (3) factors such as wave action which mechanically
aid the ac;bual treaking off process, Examination of leaves indicated little
variation in the degree of encrustation by calcareous epiphytes between vari-
ous stands at Barbados, This, and observations of marked differences in max-
imum leaf length between adjacent stands (i.e. stands subject to the same
level of wave action), suggested that variations in leaf length are due main-

1y to variations in growth rate. Observations on growth rates utilizing
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Zieman's (MS, 1968) teéhnique of stapling the leaves were made at a series

of stands of differing leaf lengths to determine if there was a simple rela-

, tion between the maximum leaf length in a stand and the average growth rate.

At the same time, data were obtained for the purpose of examining the rela-
tion between production and standing crop (Wet wt including epiphytes), and
examination of certain characteristics of underground parts suggested a means
of estimating age, growth rate and production of the underground parts. In
previous studiés of Thalassia beds (Appendix B), Thalassia stands had been
described in terms of the standing crop (wet wt including epiphytes), average
leaf width, and the maximum leaf length (glven as the average length of the
1ongesv't 10 leaves in a sample of leaves from a 3/16 m? area); thus it was de-
sired to determine the relation of growth rate and production to these sta-
tistics,

MATERTALS AND METHODS

Initially 13 stands of differing maximum leaf lengths were selected for
st;ﬁy (Series 1). Nine of these stands were at Bath and four at St., Lawrence
(Bér‘bé.dos). The Bath Thalassia bed is only partially protected from wave
actiony stands in the seaward area of this bed were subject to strong wave
action, and stands in the inshore area, to moderate wave action. The
St. Lawrence Thalassia bed lies in the lee of a rubble reef, and was subject
to0 moderate wave action. Growth rates were determined by placing metal sta-
ples at a fixed height above the substrate on 50 leaves within a 1 nz area of
uniform growth of Thalassia and determining the height of the staples after
5 days. Staples, oriented vertically, were placed at 3 cm height in stands
of generally short leaves, and at 5 cm height in stands of longer leaves., '
Posts. were inserted in the substrate to check for changes in the substrate

(reference):level. On each of 10 leaves in a stand of long leaves (Series 1,
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no. 13), a second staple was placed 3 cm above the first staple and the inter-

val measured after 5 days; the average interval for the 8 recovered leaves

was 3.2 cm, indicating little or no elongation above the level of the first
staple (Zieman, MS 1968, reported that 18% of the total elongation of the
leaves he studied took place above staples placed at 3 cm height dbove -the
su‘bstravte); Average growth rates weré calculated by dividing the sum of all
mea.éﬁ:ed growth increments by the number of leaves observed, A sa.mplé, of
leaves at ea.ch. of the stands'- was taken from a 3/16 m2 area (three separate
1/16' 2 areas combined) by cutting leaves at substrate level. For each sam-
ple, the leaves were counted, lengths of 20 to 30 of the longest leaves and
widths of 50 leaves measured, and the wet weight of the sa.mpie was determined.
The observations of the Series 1 stands demonstrated surprisingly large
differences 'betwéen the growth rates of leaves within a stand; for example,
in the stand of highest average growth rate, the individual growth rates var-

ied over the entire range O.to 17.9 mm/da.y. ‘Beca.use of this, it was thought

"“that the average growth rate estimates might be highly biased because the

youngest leaves (less than 5 or 3 cm at the time of marking) were not includ-
ed in the measurements. Two other stands (Series 2) in which the individual
shoots were widely sepa.rated and thus easily distinguished, were selected for
growth rate observations., One stand was in the seaward area of the Bath
Thalassia bed (strong wave action), and one was at St. Lawrence at 1.8 nm
depth (modm:ate wave action). All leaves on 25 shoots at Bath and on 12
shoots at St. Lawrence were marked, Those too short to be marked at the

5 cm level were marked by a horizontally oriented staple, and the length of
the leaf and its particular shoot noted. After 5 days, the position of the
staple, the total length of the leaf, the leaf width, and the presence or ab-

sence of the original leaf tip were determined for each leaf, Wet weight of
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all 1§a.ves combined was determined. Average growth rates of these stands
were calculated by adding all mmmenfs of growth, including the total
lengths of leaves which emerged after mrking. ‘

The dry wt/wet wt ratio of 'malassia-i-epiphyte‘s was deternined (as part
of previous studies) on 14 vfsamplers varying in wet weight between 40 and
285 g; the dry s’)t/wet wt ratio of Syringodiumtepiphytes was def,eri_‘ﬂ.ned on 11
sanples varying in wet welght between 59 and 269 g. Thé proportion of the
dry weight of Thalassiatepiphytes due to caleareousmterm was estimated
for one sample of m.lassia a.sthe loss of dry wt following trestment of
23 g dry wt Thalassiatepiphytes with dilute HCL ‘to“dissolve the calcareocus

Epiphyte-free pqrtioﬁk of leaves were cut from 8 samples of Thalassia
of differing average widths .and dried to constant weight to determine the
dry wt/cm® of epiphyte~free leaf tissue.

Leaf growth rate and production data obtained in a subsequent study of
a Bermuda Thalassia stand (Section III) are included here for comparison with
the Barbados data, Wave action and the dégre'e_ of encrustation by epiphytes
were noticeghly less than at Barbados, All leaves on 13 shoots were marked
in the same way as .were‘ the Series 2 Bartados stands, and the positions of
the staples were determined after 43 hours (1400 hr Aug. 28 to 0900 hr
Aug. 30). To estimate daily rates, results were multiplied by 48/43x2,
Leaf statistics (average width, maximum leaf length, wet wt, dry wt/wet wt
ratio, dry wt/cm® of epiphyte-free leaf tissue) are tased on a sample of
leaves from 20 shoots in the same stand,

For examination of undea:g:ound parts, sections of rhizomes and associlat-
ed shoots and foliage leaves were obtained at erosional scarps where the un-
dergroundpartshadhaenexposedbya'osionand thus were easily removed in




139

intact condition.

RESULTS AND DISCUSSION

Aveﬂe‘ growth rate and the maximum
_ ‘ length of leaves in a stand .

Two measures of the 'average maximum leaf length'!-of a stand were cal-
‘culated from vthe data of the 3/16 n? samples of the Series 1 stands: (1) Lsgs
the a.vera.ge Iengl:h of“ the longest 5% of the lea.ves’, and (2) Lygps the average
length of fhe longest 10 leaves in the sample. The locatlons, a.ppr:oxima.te
depths below mean low water (the mean tidal range is approximately 0.7 m,
the diurnal range 1.1 mj; Lewis 1960b), the mumber of leaves in the 3/16 n°
samples, the leng*h of the longest leé;f, the I‘iO and L% measures of the
average maximum leaf 1en§fh, and the observed average growth rates of the
Series. 1 stands are given in Table X. ' Average growth rate is plotted a@inst
I'S% in Fig., 10, It is ‘evident that the ‘differences in maximum leaf length
between the fa.rious stands were assoclated mainly with differences in the

growth rates, The least-squares regression of average growth rate (G) on
L5% is
G = 0,318 L% - 1,40

irhereGis.inxm/day‘auiL%isincm.

The estimates of average growth rates of the Series 1 stands may have
been hi.ased because (1) leaves less than 3 or 5 cm at the time of marking
were not marked, and (2) old or young leaves may not have been marked in pro-
portion to thelr occurrence, The growth rate estimates of the Series 2
stands (Table XI) were not subject to these sources of bias, and thus can be
expected to be more accurate. Comparison of the observed average growth

R
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' Table X, Leaf length and growth rate observations of Series 1 stands,
BI = Bath inshore, BS = Bath seaward, SL = St, Lawrence,
s T emm pesent w0 B W 0 S

S (@) (o (w/ay)
1 B 0s2 m 13 Tl 10,8 1,05 149 %
2 81,0 m v/ We W2 1,03 29 %)
’ BLO 26 2 16,5 1.8 1.04 2.9 2
4 28 0,6 200 2 Coma 8a L0 b 29
5 8L 1.2 92 21 19,6 20,2 0.97 o b6 92 E‘
6 SL 10 22 2 205 20 1,00 545 ‘2
7 BI 0,6 129 & 22,3 23,0 0497 45 |
8 5 0.5 03 26 293 22,0 1,06 740
9 B 1,0 206 2 2.9 23,9 1.0 lhed n
10 5L 1.8 7 %0 B8 2.5 0ugH 9a1 98
1 B8 0,6 64 2 %0 %3 1,03 6e2 Y
1 28 0.6 16 2 70 23 099 . 7 7

13 B8 04 ” n [/ TX 1,03 10,0 ]
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Fig. 10. Relation of leaf growth rate. to the maximum

' length of leaves (L5%) in Thalassia stands.
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Table XI., Production data of Barbados Series 2 stands

and a Bermuda stand.

SERIES 2 BEWDA
BATH ST. LAWRENCE ’
| No. shoots in ssmple 25 12 1s
No. leaves in ssmple 8o 46 st
Period of growth ot;comum 5 days 5 days IS h
Noe. new leaves mod during 8 5 2
period of obserwation

Estimate of T (days) 15.6 12,0 11.6
Nom-groving leaves, % of total 12.5 19.6 29.6
AVE no. leaves per shoot 3,20 3.83 4,15
Avg width (sm) 4,0 _ 15.1 7028

o (ng/en?) 5.98° 5.5%* u.28"
Avg grovth rete (mm/day) 7e12 5¢31 6.76

I, (ew/shovt per dey) 2.28 2.04 2.81

P, (mg/shoot per day) 17.2 17.0 8.75
p/sc 0.00375 0.00360 0,00343
L 36,0 3.5 4.0

5%

“gstimted, ‘Observed
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rates of the Series 2 stands with their growth rates predicted by their Log
measures provides a check on the accuracy of growth rates estimated from
the above regression. The observed average growth rates were 7.1 and

53 mm/da.y for the Bath and St., Lawrence stands réSpectively, and the growth
r'a.'be's‘ predicted from their Lgy measures were 10,0 and 8,6 mm/day, Examina-
tion of the origina) data indicates that the older, slower growing leaves
ueie probably undersampled in the Series 1 stands; 15% of the leaves marked
in tﬁe—Series 2 stands exhibited no growth over the 5 day period, whereas
‘only 7% of all leaves in the Series 1 stands exhibited no growth, A correc~
tion is applied to the above reéression by multiplying the intercept and
'siope j'bnvr'O'.66, the average of the observed growth rate-to-estimated growth
rate ratios of the Series 2 stands, ‘.ﬁ)e corrected regression is

G = 0,210 Lgg ~ 0.92

The ratios Lyjg/Lgg of the Series 1 samples are given in Table X, Lyo
1s equal to Lgg when the number of leaves in the 3/16 n? sample is 200, At
very low leaf dehsitles, Lyp would tend towards being a measure of the aver-
age length rather than the maximum length, and it is obviously necessary to
use a weighted (by the number of leaves) measure of the average maximum leaf
length at very low leaf densities, At densities above about 75 leaves per
3/16 n” area there is little difference between Ly and Logs even at very
high leaf densities, For one sample of 807 leaves, the Lyo/Lgg ratio was
1.06. For most purposes it is proitahly satisfactory to use an ‘unweighted
measure of the average maximum leaf length, or the welghting may be somewhat
aru'&aiy. pexrhaps 3 leaves in sa.nples of low leaf density, 10 leaves in
sa.iples of intermediate leaf density, and 30 leaves in samples of high leaf
density, ' |

ssiiing
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Production and standing crop

Leaf tissue production of the Series 1 stands was estimated as

P,

m=nchxwxc

where P, is pmoductiozi (g dry wt leaf tissue/m® per day), n is the number of
' leaves per mZ, G, is the ‘observed average growth rate (Table X) miltiplied
by 0,66 (cm/day), w is ‘the average leaf width (cm), and c is the dry wt/cm?
of unepiphytized leaf tissue (g‘/cmz). ¢ varies with the average width of the
leaves (Fig. 11)

c =3,38 143 w

where ¢ 1s in mg/cn?, and w is in cm. Standing crop (wet wt including epi-
~ phytes), data for the estimation of production and production-to-standing
crop (P/SC) ratios of the Series 1 samples are given in Tatle XII, The mean
of P/SC ratios is 0,0037, and the standard deviation is 0.00057. The P/SC
-:a.tios of the Series 2 samples wexre calculated by adding all increments of
growth (in an?) over the 5 day period, multiplying by c¢ and dividing by 5
times the weight of all leaves. The ratios, 0,00375 and 0,00360 for the
Bath and St. Lawrence sa.mpies respectively, are in close agreement. The a-
greement of these ratiqs, which were subject to fewer errors than were the
ratios of the Serles 1 samples, and the agreement of the Series 2 ratios with
the mean of the Series 1 ratios, suggest that the true P/SC ratio does not
vary as greatly as suggested by the variation of the Series 1 ratios., At
least as a first approximation, production may be estimated by multiplying
éta.nding crop (wet wt including epiphytes) by 0.0037,

Removal of calcareous material from large samples of Thalassia is a te-
dious mwocedure. Unless epiphytes are removed, there is little a.dva.niage in
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Table XII. Production estimates of Series 1 stands.

STAND n e, - s Py sc P/sC
(1eaves/n?) (mm/day)  (mm) (nafen’) (a/a” por day) (g/a?)

1 1445 1.3 7-6 4.5 0.6 197 0.0033
2 1338 2.6 949 4.8 1.65 427 0,0040
1408 1.9 . 8.5 4.6 1.05 k11 0,0026

y 1066 3,0 8.7 4.6 1,28 . 301 0,0043
5 491 - 3.0 9.8 4.8 0,69 197 0,0035
6 1131 3.6 10,1 4.8 1.97 603 0,0033
7 688 9.0 8.8 4.6 0.82 22% 0.0037
8 2202 4.6 11.0 5.0 5457 1760  0.0032
9 1099 ‘ 3.2 9.8 4,8 1.65 432 0,0038
‘10 289 6.0 15.8 5.6 2,07 sks 0,0038
1 1408 4.1 9.4 4.7 2.55 587 0,0043
12 618 4.8 9.3 L %4 1,30 272 o.@a
13 1993 6.6 11,0 5,0 723 ’ 1810 0.,0040

e
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using dry weight over using wet we;.ght as a measure of the standing crope.

In fact, because wét weight is proportionally less influenced by variations
in the amount of calcareous material than is dry welght, variations in the
wet ﬁeight probably more closely reflect variations in the amount- of
Iha.lassia. tissue than do variations in the dry weighf. For one sample of
Barbados Thalassia leaves, the amount of calcareous material was estimated
as 45% of the dry welght of Thalassiatepiphytes, The dry wt/wet wt ratio of
Barbados Thalassiatepiphytes a.vé:aged 0.190 (SD = 0,020); thus the ratio of
dry wt Thalassia tissue only-to-wet wt Thalassiatepiphytes was approximately
0.105, The dry wt/wet wt ratio of Barbados Syringodium, a marine angiosperm
with terete leaves on which there was almost no encrustation by calcareous
epiphytes, was 0,128 (SD = 0,010). The dry wt/wet wt ratio of a Bermuda
Thalassiatepiphytes sample was 0,144; there was significant growth.of calcar-
. eous epii:hytes on the Bermuda Thalassia, but it was conspicuously less than
at Barbados. The differenées in the dry wt/wet wt ratios are obviously due

mainly to varilations in the amount of calcareous material.

Growth of individual leaves

Ini studies of growth and production of Thalassia in Florida, Zieman
(MS, 1968) observed the appearance of 6 new leaves on 6 shoots over a 1l day
period, 11 new leaves on 10 shoots over a 16 day period and 8 new leaves on
44 shoots over a 32 day period, and conclndéd that "under normal conditions a
tranch produces a new tlade every 14 to 16 days.™ In the observations of
the Series 2 stands, 8 new leaves were observed on the 25 shoots at Bath
over a 5 day period, and 5 new leaves on the 12 shoots at St. Lawrence. The
frequency of new leaf production estimated from these observations is 15.6
days for the Bath sample and 12 days for the St, lLawrence sample, 95%

confidence intervals for these estimates (from the bhinomial distribution
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applied to the ratio no. of new leaves-to-shoots) are 9.4 to 33 days, and
7.4 to 32 days. These observations are therefore comsidered consistent with
the observations of Zieman (MS, 1969).

Another estimate of the periodicity in leaf production was obtained
from data of the Series 2 observations as follows. It is assumeds (1) the
growth of all leaves on a given shoot follow a similar pattern of growth
from time ‘of initial emergence from the substrate to maturity and cessation
of growth; thus if two leaves with their origimal tips present occur on the
same shoot, the length of the oldest of the two is the length the youngest
would reach after growing for an interval (T) equal to the difference in
their ages; (2) the growth rate decreases linearly with age of a leafy
(3) the observed growth rates (of individual leaves) were the instantaneous
growth rates at time 2,5 da}s after they were marked (i.e. in the middle of
the 5 day period). Based on these assumptions, the periodicity in leaf pro-
duction was estimated from data of the Series 2 stands as '

T = (A +2.5D) 3 (Gy - 0.5 D)

where A is the difference in length of two leaves with original tips on a
shoot (mm), D is the difference in their average growth rates over the 5 day
pniod(n/day).and&,istheav@agegmwtbutcdthemmtofﬂn
two leaves over the 5 day period. Leaf data from 6 shoots were suitatle for
making this estimate (huexm); The estimates of T range from 11,3 to
19.7 days, with a mean of 15.1 days.

The longest unmarked leaf (leaf which emerged after marking) of the
Series 2 stands was on a shoot at the St. Lawrence stand and was 11.0 ca in
length. Assuming that this leaf emerged immediately after marking, then its
average growth rate over the 5 day period was 22 mm/day. The growth rates
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Table XIII. Growth rate-leaf length data for estimation of T.

YOUMGEST LEAF VITH TIP NEXT YOUNGEST LEAP WITH TIP OTHER LEAVES - T

SHOOT
Length (] Length ] Length G (days)
(om) (wm/day)
Bath 1 11 15,0 27 13.8 15 2,0 11,3 j
Bath 2 8.5 104 23 8.6 8.5 0.6 15.7
Bath 3 18,5 114 - 3345 746 24 0 16.8
Bath ¥ 19 9,0 36 8.4 26,5 o 19.7
sL. 5 17 12,0 30 8.0 1.,6% - pUN.)
1 0
sL 6 22.5 12,0 33 ' 6.0 5* - 13.3
9 0.l

.l...f emerged af'ter marking.
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of the other leaves on this shoot were 10,4, 1.4, and 0 mm/day. Assuming,
as above, that all leaves on a shoot have a similar growth rate pattern, and
that these values represent the instantaneous growth rates at time 2.5, 17.5,
32,5, and 47.5 days, then the growth of an individual leaf on this shoot may
be represented as in Fig. 12, This figure suggests that the growth rate of
a leaf decreases more or less regularly with age, and cessation of growth

occurs sometime between 35 and 45 days.

Av wth rate, len of leaf tissue
produced per shoot, production per shoot

It is evident that the concept of an ‘average growth rate® may be some-
what misleading when used in the sense of 'the average growth rate of a1l
leaves in a stand'; this is so for two reasons: (1) it includes leaves at
all stages of maturity growing at very different rates, and (2) its magni-
tude is in part determined by the length of time dead leaves remain attached
to the shoot. The length of time dead leaves remain attached to a shoot is
influenced by wave action as is shown by comparison of data on the number of
dead leaves and the average number of leaves per shoot at the Serlies 2 Bath
stand (strong wave action), Series 2 St, Lawrence s’é.nd (moderate wave ac-
tion), and the Bermuda stand (gentle wave action) in Table XI., The high
ﬁun‘ber of dead leaves at the Bermuda stand may also have been assoclated with
a lower degree of epiphyte 1nfe§tation at this stand, The average growth
rate of the leaves in a stand is thus meaningful only as a parameter relat-
ing production per unit area to the number of leaves, A suggested statistic
for the purpose of comparing growth rates, in the physiological sense, between
different stands is I_, the ‘average leﬁgfh of leaf tissue produced per shoot
per day'. Variation in wave action apparently has much less effect on the
‘average maximum leaf length®’ than on the number of leaves per shoot; this
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is shown by the data in Fig. 10, and by comparison of the ratios given below
(G is the observed average growth rate)

| To/Ispath  Lgt/Uog Bath  */Cpatn
Bermuda 1.23 1.30 . 0495

Series 2 : '
St. Lawrence 0.89 0.87 0. 7%
. Series 2

Bath 1,00 - 1,00 1.00

Thus "averag.e growth rates® estimated from the leaf length-growth relation-
shi.f_a:ce eonpara.‘lﬂ.e in the physiological semse, This is shown a.lso by the
studies of Section IT. I; may be estimated from the G-L%-rolation by mul-
tiplying the estimate of G by 3.5 (the Series 2 Bath stand has 3.20 leaves
per shoot, and the Seriles 2 St. Lawrence stand, 3.83); thus the relation be-
tween I, and Loy 1s glven by

Ig = 0,735 Lgg - 3.22

where I, is in mm/day and Loy is in cm,
Forsonepu:pdm1tny‘bewishedtoknouthopmdnctionofleaftissue
pexr shoot; this is given by

PB=stwxc

where P, 1s the production in mg leaf tissue/shoot per day, w is the average
leaf width in cm and c is dry weight of epiphyte-free leaf tissue in mg/cm2.
cvaﬁuﬁththeavmgele&fﬂdih,ugimabn. Iuthehrhdos-
Grenadine Islands region, narrow leaves were generally associated with low
growth rates, and wide leaves with high growth rates (Fig. 13), so that in

' general, increasing leaf length indicated increasing production per shoot.
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However, g:r:otrth:widﬂ: relations may be quite different elsewhere, as is
shown by the position of the Bermuda sample in Fig, 13, and it is important
to distinguish ‘between variation in gfowfh rate (Ig) and variation in Pg
when factors limiting growth are being considered, Divisation of P by P,
glives a rough estimate of *l;he number of shoots per square meter, For stand
‘B-9, the number of ~shoots per square meter estimated by a count of shoots in
a 1/8 mz‘a.rea wa.s 488, wh;lie the number estimated by dividing P by P, was

| 463, It is generally difficult to count the shoots per unit area in the
field,v so this is a convenient way of obiaining this estimate,

Note concerning calculation of Pg for stand B-6

Zieman (ES, 1968) o‘béérved that iea.ves of young erect shoots near the
rhizome apex are narrower and have sbmewhat lower growth rates than do leaves
further remmred from the rhizome apex., It was also noted in the present
study that thé narrowest leaves were never as long as the other leaves in a
stand, Thus it appears that Pg of the youngest‘ shoots is limited by physio-
loigiml p:bcesses rather than by the supply of nutrients., When Pg estimates
are used fér purposes such as the yleld-nutrient correlations of Section II,
the Pg should refer only to nmutrient limited production. In such instances
it might be better to use the average width of the longest leaves rather than
‘the average width of all leaves in calculating Pg;e In most instances, the
young shoo‘l;,s constitute a small and relatively constant proportion of the
shoots in a stand, and thus this distinction would not be important, However,
smMmmsmmmatthuemanunusuallymgemmberofshallow
rooted young shoots, and this was reflected in a bimodal leaf width distribu-
tion (Fig. 14). Thus in calculating P, of this stand, an average width of
10,5 mm, corresponding to the modal width of the longer leaves, was used in

place of the true average width, 9.3 mm, The Py given in rackets for stand

R
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B-6 in Table IIT (Section II), is the P, based on the true average width,

General application of the Barhados

lea:f;gowth-lea.f statistics
B relationships '

According to the hypothesis sh@ in the Introduction to Appendix B,
maximum leaf length is determined in part by the rate of infestation of
leaves by éa.lmeous ép.'_q.phy'bes. - Thus one might expect a significant differ-
ence in the growth rate-maximum leaf length relation between areas in which
tﬁe rate of infestation by calcareous epiphytes varies significantly., The
degree of infestation ‘by»calw;éous epiphytes was signifimnﬂy less at
Bermuda than at Barbados (see comparison >of dry wt/wet wt ratios above).
However, the I, of the Bermuda stand predicted from the Barbados Is'Ls% re-
lation, 2.7 mm/day, is in good agreement with the observed I, 2.8 cm/day.
There.did appear to be somewhat more "scollaping” of the leaves--Thomas et al.
(1961) benevé this to be due to grazing--than at Barbados. However the
agreement may not be entirely coincidental. There must be some negative feed-
back between leaf length and growth rates; lea.f‘ length per se influences
growth rate through photosynthesis, and growth rate influences leaf length.
The same considerations apply to the limitation of leaf length in very shal-
low water. It is apparent that in depths of less than 0,2 to 0.3 m at
iaa.rba.dos leaf length per se is limited by depth of water (see p. 41

Section IT, and p.188 Appendix B). The growth rate measurements for stand 1,

Series 1 (Table X) indicate that the growth rate of these stands is corre-
spondingly low. Dii‘fmﬁences in the 1engths of other sea grasses, for example
as reported for Zostera (Ostenfeld, 1908), Syringodium and Diplanthera
(Phillips, 1960; Strawn, 1961) are prolably also related to variations in
growth rate. Even without knowledge of the quantitative relation of growth

EEECAN R SRRy S7E
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rate to maximum leaf length, the maximum length is a useful and easily ob-
tained statistic, ‘ |

The f/SC ratio of thei Bermuda stand, d.OOBlP, is close to the P/SC ratios
of the Series 2 Bartedos stands. In general I have cbserved that there tends
to be poorer growth ‘of calmeous epiphytes 1n w.lm water in comparison to
turbulent Ha.‘ber, and Land (1970) has observed this also, This would tend to
result in a higher P/SG ratio in calm. water conditions, On the other hand,
leaves *bend to remaiﬁ at‘h.cbed longer under calm conditions, and this would
tend to result in sma.ller f/sc ratios, While the relation between production
and standing crop (wet wt including epiphytes) is theoretically complicated,
it may be rea.sona.‘bly consh.n'b.

Al]l observations at Ba,r‘na.dos were made on Thalassia stands in depths of
less than 2 m, and thm':e_ wa.s probably little variation in the amount of
light reaching these stands. Tt might not be reliatle to use the relations
based on observations in shallow water for estimating production parameters
of deeper water stands where the amount of 1ight reaching the stands differs
significantly. Jomes (IS, 1968) found that oxygen production by Thalassia
is influenced mainly by standing crop and the length of day with illumina—
tion greater than 20 ly/hr. Again, however, there must be some adaptation
of standing crop to ambient light conditions, ‘at least on 2 long term tasis,

It may be possilhle to correlate growth of Thalassia with a leaf sta—
tistic that is uninfluenced by variation in environmental parameters, ‘a.t
least not oh a proximate basis., A suggested statistic is the average length
of the youngest leaves on a number of shoots; the original tips are almost
invariably presenf on these leaves, If the growth rate patterns of all
leaves on a shoot are similar, which seems likely, then there should be a
high degree of correlation between growth rate and this statistic., If this
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is so, then it would be possilile to work out other production-leaf statistic

relations in any area without having to make any growth rate measurements.

Age, growth rateé and production -

of underground parts

The erect shoots of .'I'ha.la.ssia. have very distinct leaf scars (Flate Ib).
Assuming a 15 da.y periodicity in leaf production, the age of an erect shoot
can be estimated by counting the leaf scars and leaves on a shoot, and mlﬂ-
plying this num’ber by 15 days. Tomlinson and Vargo (1966) observed that mer-
istematic tissue ivs restricted ‘to' the .rhizome apex, and cpncluded that growth
of the rhizome and production of new erect shoots are restricted to the
apical region of the rhizome. Hence an estimate of the growth rate of the
rhizome may be obtained by dividing the length of the rhizome between two
erect shoots by the difference in their ages.'

O'bse::vatd.ons of the difference in ages between erect shoots on 10 rhi-
zome .fragments suggest that there is a periodicity in production of erect
shoots, Of 21 pairsbof adjacent erect shoots examined, 10 pairs differed in
the number of leaf scars+leaves by 1, and 11 pairs differed by 2. Since leaf
scars . and leaves can be counted in only whole numbers, these observations
suggest that the differencev in age between adjacent erect shoots may be ap~
proximately censtant and is some figure between 15 a.nd 30 days., The average
difference in number of leaf scars¥leaves between adjacent erect shoots was
1.52. which is equivalent to a difference in age of 22,8 days. Estimates of
the average difference in age of adjacent erect shoots (the frequency of pro-
duction of new erect shoots) of 5 rhizome fragments with 5 or more erect
shoots are given in Tahle XIV, together with the estimated average growth
rates of the rhizomes. The estimates of the periodicity in production of
erect shoots vary from 22,5 to 26,2 days with a mean of 24,7 days. The

A




Table XIV., Estimation of frequency of new shoot production and rhizome growth fate._

N0, BREOT 840078 ON LEAVES ¢ LEAP SCARS LEAVES ¢ LEAP SOARS  DISTANCE BRTVEEN YOUNGEST  ESTIMATED DIFPERENCE IN AGE  ESTIMATED -AW GRONTH

NHIZOME PRAGKENT ON TOIWGES? SHOOT ON OLDES? SHOOT AND OLDEST SHOOT EETWEEN SUCORSSIVE SHOOTS ~  RATE OF RRIZOME
' (on) : (days) (wa/day)
) 15 2% 45 29,6 2.7
” n 2 % %0 ' 2.4
5 i 1 - 28 ons » S
5 i U] 2% : 26,3 2,5

5 19 26 ()] -~ 2643 9.0

651
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estimated average growth rates vary between 2,4 and 3.1 m/day. Intershoot
d.is-&ance does not vary much between plants, and rhizomes produce no dornant

buds (Tomlinson and Va.rgo, 1966); if new erect shoots are produced at reg-

ula.r Iintervals, this implies that growth rates of rhizomes do not va:r:y
g‘eatly. Sevml of the rhizome fragments and associated erect shoots exam-
ined included grdwing- t:lps of the rhizome, The erect shoot next to the apex
on these fragments (Plate Ic) had 6 or 7 leaves including scale leaves (simi-
lar to those on the rhizome) and intermediates between scale lea.ves and fol-
lage leaves (these are described by Tomlinson and Vargo, 1966), = The erect
shoot next to the youngest differed in the number of leaf swrs+1ea;es from
the youngest by 1 or 2, as described above, Since the interval between pro-

" duction of new erect shoots is estimited as approximately 2# days s the first

6 or 7 leaves nmst be produced within this interval, and the 15 day peu‘:iod-
icity is probahly initiated subsequent to development of the 6th or 7th leaf,
In aging an erect shoot, the first 7 leaf scars should thus be counted as

24 days., The age of the rhizome is the same as that of the attached erect
shoot. iPreliminary studies, nia.&e at 17 different Thalassia stands_ s indicate

- that except in very young stands it is common to find shoots at least l%

Years of age, and not uncommon to find shoots 8 +o 10 years of age. The old-
est erect shoot observed was 10,5 years of ages There are large differences
in the spacing of leaf scars (shoot growth rates), and these may reflect dif-
ferences in sedimentary conditions., In an area where it was evident that ac-
cretion of sediment was occurring at a relatively rapid rate, the average dis-
tance between leaf scars was 3.2 mn, while in an adjacent area which appeared
to be quite statle (weil developed epifauna), the average distance between

leaf scars was 0,30 mm,




161

Production of erect shoot: a.nd rhizome tissue may be estimated as '

Pm=nxch

_where Pﬁ is the production (g'd:y wt shoot or rhizome t:l.ssue/mz. per day), n
is the number of exrect shoots or rhizome growing-rtips per’mz, G 1is the aver-
age growth rate éf the sho&ts or‘v rhizomes (cm/day), and c¢ is the dry wt
(g/cm) of shoots or rhizomes, To determine c it may -be neceséary to: remove
the réots from the erect shoots and rhizomes because of the adherent sedi-
ment, and thus production of i'oot tissue would not be included; this is prob-
ably small in compaziéon to production of erect shoot and rhizome tissue in

any case, Dead leaves should«be removed from the erect shoots for determin-

ation of c, and the length of both erect shoots and rhizomes should be deter-
mined 1n fresh condition. It is generally difficult to remove the under-

ground parts from the substrate in intact condition, vAvera,ge growth rates of
the erect shoots and rhizomes may be estimated by determinihg the average in-

ternodal distance on fragments of erect shoots and the average intershoot
distancé on a number of rhizome fragments, and dividing by 15, 24 days. The
nunber of rhizome growing tips may be estimated by digging up the substrate
under a given surface area and counting the growing tips exposed and which
float to the surface. | | |

Because the erect shoot apices may lie well under the subsirate surface,
a significant amount of 1@: tissue may be produced underground that is not
included in the estimate of leaf tissue production above the substrate, This 3

mterial is decomposed under the sediment surface, and thus should be includ-
‘"ed in estimates of underground produnction, Assuming one new leaf is produc-
ed on each erect shoot every 15 days, production of leaf tissue underground




162

may be estimated as

P,=nxwxlxe - 15 days

where P is production (g dry wt leaf tissue/m2 per day), n is the number
of shoots per m2', w 15 the average leaf width (cm), 1 is the average depth

of the shoot apices below the substrate surface (cm) and c is the dry wt

' (g/cm?) of epiphyte-free leaf tissue (Fig. 11).

Estimates of the underground production at a Barbados Thalassia stand
and a Bermuda Thalasslia stand are gliven along with the data for these esti-
mates, and the estimates of the above ground production in Table XV. It can
be seen that there may be significant production of leaf tlssue underground;
production of shoot and rhizome tissue was less than 1/7 of the total produc-
tion in these stands,

TR
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Table XV. Underground production at two Thalassja stands.

Erect -hoot./-z
Avg distance between leaf scars
Avg_growth rate of erect shoots

Dry wt of shoots

PRODUCTION OF ERECT SBOOT TISSUE

Rhizome growing tip./.z
Avg intershoot distance
Avg M' rate of rhizomes

Dry wt of rhizomes
PRODUCTION OF RHIZOMK TISSUE

Depth of shoot apiees (range)
Assumed avg depth of shoot apiees
Avg width of leaves

Dry wt of leaves
PRODUCTION OF LEAP TISSUE UNDERGROUMD
TOTAL UNDERGROUND PRODUCTION

LEAP TISSUE PRODUCTION (above ground)

0,28 ‘/-2 per day

7
6.8 om
2.8 m/day

0.037 g/om
0.76 g/u® per day

18 to 25 e=
21,5 om
10,2 ==

4.8 ﬂuz
3.4 ‘/-2 per day
b d-z per day

3.1 (./-2 per day

BARBADOS BERMUDA
488 161
2,1 mm 1.5 mm
0.1% mm/day 0,10 m/day
0,041 g/om 0.032 g/em

0,52 g/l2 per day

196
5.2 om
262 -/w

0,035 g/om
1.5 ¢/-2 per day

4 t0 10 oa
7 oa
7.3-

2
4.3 ng/en

2.4 ./-2 per day
2
b4 g/m per day

1%,1 ‘/Iz per day

e s
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APPENDIX B. A GENERAL DESCRIPTION OF THE THALASSIA BEDS

AND ADDITIONAL DATA ON FRODUCTION

REGIONAL SETTING
Barbados (Fig. 15) is a small island of non-volcanic origin lying in

the trade wind belt and region of equatorial currents at 13°10° N, 59°30° V.
Most of the island is covered by Fleistocene coral limestone; outcroppings
of poorly indurated Tsrtiary sediments occur in the Scotland district in the
ﬁE section oi:’ the island, The coastline is regular, there are no offshore
islands, and 1living reefs are limited to small fringing reefs on the west
coast (Iawis, 1960a), Rubble tanks, supporting only sparse coral growth,
o;zéur close to shore on the south coast and at a distance of approximately
0.7 'h off the SE coast, Rainfall averages about 50 cm/yr, winds are pre-
dominantly from the éastern»secfor and mean annual wind speed is 11,0 m.p.h.
(Rouse, 1966). Lewis (1960b) reported observations on tidal, water tempera-

-ture and wave conditions at Barbados, The mean tidal range 1s approximately

0.7 my and the diurnal range, 1.1 m. Surface temperatures of coastal water
varied between 25.2 and 28,5°C over a one year period., Wave amplitudes are
four to eight times greater on the east coast than on the west coast. Be-
cause Barbados lacks large lagoons and semiprotected bays, Thalassia beds
there are not extensive, The largest beds occur at Bath and at St, Lawrence,
where most of the nmutrient studies were carried out. A general survey of
the substrate types, sea grasses and associated flora and fauna in these
beds was carried out prior to initiation of the nutrient studies,

Data on production and some sedimentary characteristics were also ob-
tained from Thalassia beds at Carriacou, Thiz is a smail island of volcanic
origin, lying approximately 200 km SW of Barbados (Fig. 15). Thalassia beds
are more extensive at Carriacou than at Barbtedos, and can probably be

oy
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considered representative of typical Thalassia growth in the. southern
Caribbean,

MATERTALS AND METHODS ‘
For the purpose of Eapping the Bath and St. Lawrence Thalassia beds,

~base maps were prepared from aerial photographs (Hunti.ng Surveys L‘bd.; taken

in 196l4+). A series of transects were swum out from positions on shore loca-

. ted on the tase maps; orientation was maintained by lining up two -targets on

shore, Distances and depths along the transects were measured with'a. 2 m
pole, and these were recorded on an underwater slate together with observa-
tions on the. substrate type and flora and fauna, Observations of sea level
were made at 3 hour intervals at fixed reference points during the periods
of transect observations, and observations were adjusted to a common tidal
level which is approximately mean low water (aécurate tidal data for Barbtados
are lacking).. Maps of the hydrography, distribution of sea gja.s‘ses and bot-
tom types were prepared by making use of details which could be distinguish-
ed in the aerial photographs together with data of the transect observations,
Surveys of the -czo-ﬂ.nfa;una, sea grasses and sediments were carried out by
sanpling 20 randomly located positions at Bath, and 27 positions at .

St; Lawrence, At each position, a 3/16 n° sample of the sea grasses was ob-

V ' tained. This was made up of cuttings from three separate 1/16-2_&1:0&:, pos-

itions of which were selected by throwing a quadrat within a total area of
approximately 100 -_2. If the Thalassia stand was not reasonably uniform
with respect to length of the leaves--this was the case for only one stand,
at Bath--then the area was subjectively subdivided into uniform stands, and
the subdivisions were sampled separately., To sample the macro-infauna, the
substrate was dug up under a surface area of approximately 0.15 =2, and im-
nediately mashed through a2 2 mm mesh sieve, Sediment samples were taken
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from all positions'butonly f_s’ele‘ctod -samples ‘Were. analyzed, The proportions
of .coarse material (> 5e2 n) ' in substrates which had been su‘bject:lvely v
classiﬁ.ed as pu:edonmntly sa.nd, cobhle-sand and Porites rubble flats were

esti-ated by digg.ng up a neasu:r.'ed volune of subsmte. sieving the sample
through a 5.2 mm mesh sieve, a.nd. determining the volume of water displaced
by ﬂ:e coarse. n.terinl. MB was done for scvera.l positions 1n each of the
a.'bove snhs'l:ra.tes. The proport.ion of coarse mterial in su‘hstrates which had
‘been su‘bjectively class:lf:led a,s eobhle framework or eo‘bh‘.l.e-eo‘b'ble-sa.nd was
estina‘bod from visual. obsermtions at erosional sca.rps O‘bsemtions of

_ 'n:ala.ssia beds in Oistin Be.y were made during the course of nutrient investi-
» ga.tions. '

A map of sea grass di.strihxtion at Carriacou was prepared by enlinatd.on
of aerial photographs (United Kingdom, Directorate of Overseas Surveys,
Contract 85, taken in 1966). Apprroximte depths were taken from Admiralty
Chart 28?2, and 27 pos:lti.ons were selected for sampling such ttm.t 'nulassia
beds fro- va.rious depﬂls a.nd degz:eea of exposm to wave action were repre-
_sented. At each position, observations were made on flora and fauna., sub-
stntetypc andsanplesofseayassandsedimtveretﬁmnasatmhdos ‘
Depths were W 'by use of a ‘venturi® type depth gauge. g

- For each of the 3/16 »° samples, the Thalassia and Syringodium leaves
mesdpntod,andtbonthewtmi@tofeachdefarﬂnod. For the Thalassia _
leaves, the lengths of the 10 longest leaves and widths of 30+ leaves were ’i
measured. HommedasawurootthQMImgth(lh),oxuptm
samples of few leaves in which the average length of the three longest leaves
[ musodasavmof-.ximleaflongtb. Py and P, and the number of
erect shoots per w> were estimated from these data by the relations given in
Appendix A, .

i
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Particle size analysés were made on 50 to 100 g splits of the sediment
samples, The samples (or splits of) were oxidized in commercial hleach and
washed several times with distilled water using centrif‘uga.tion to remove
water a.-z-ber,es,phwash. Each .sample was' then shaken in distilled water and
wet sleved through a 300 mesh (47 p) siéve, Material passing through the
sieve ua.s flocculated by adding 5 ml saturated potassium alum solution, cen- v
trifuged to remove excess water, and then dried in a tarred beaker, The ela&
content of two samples was demmd by pipette analysis (Day, 1965).

Coarse material was dry sieved by means of a mechanical shaker through sieves
of the following mesh sizes: 5,16 mm, 3.35 mm, 2,46 mn, 1,52 mm, 0.98 m,
0.52 mm,- 0.28 n. 0.14 mm, 0,07% mm and 0,047 mm. Results were plotted as
cumulative curves on pu:o‘ba.‘bd.lity paper using 'pbi‘- units of grain size,

From these curves the graphic mean (M,) and inclusive graphic standard dev-
iation ( G7 ), measures of average size andsorﬁng,were determined (Folk,
1965). M, is reported in units of millineters. Gy values are reported ac-
cording to the verbtal classification scale of Folk (1965) which is as follows.

G1 under .35¢, very well sorted
-‘35-.50¢. well sorted
©50-.71¢, moderately well sorted
.71-1.0¢. moderately sorted
1.0-2.o¢. poorly sorted
2,0-%4,00, very poorly sorted
over 4.0, extm-ely poorly sorted

The percentage of each sediment sample in standard (U.S. Dept. of Agriculture)
size intervals was interpolated from the cumulative frequency-grain sicze
plot. For selected samples, the percentage of acid insoluhble material in




169

each of the coarse (7 47u) sieve separates was estimated as the percentage
ofgradnsinasampleofBOO‘boEOyainswhichdidnotdissolve in hydro-
chloric acid (158 concentrated). The percentage of acid insolubtle material
in the silt and clay fraction (< 47u) was estimated from the loss of weight
following treatment with hydrochloric acid. Values for the standard size
intervals were interpolated from p1o£s of percentage of size class acid in-
soluble versus size class median diameter (phi units), Observations were
made on the constituent nature of ‘both ’the acid soluble and aq:i.d' insoluble
fractions, For this purpose, and also for the purpose of emg ferrous
sulfide formation in skeletal carbonate. grains (Secﬁon 1I), selected size
fractions Wwere embedded in polyester resin, thin sectloned, and examined un-
der a petrographic microscope. Mr, Noel James of  the Geology Department,
McGill University, prepared the thin sections, and aided in identification
of sediment constituents, |

RESULTS AND DISCUSSION

Substrate classification

On the btasis of the proportion of coarse material in the substrates,
Thalassia substrates at Barbados and Carriacou were classified into four
types. A fifth substrate type was distinguished froa the others because of
its unique vertical position. The under 5.2 mm fraction of almost all sedi-
ments examined at Barbados and Carriacou contained less than 10% silt and
clay (Talle XVI). In the following descriptions, °*sandy sediment® refers to
sediment of particle size diameters less than 5.2 mm, while ‘cobhle sized’

refers to material coarser than 5.2 mm, 7The substrate types are character-
ized as follows,

A R R AN i




Table XVI. Grain size characteristics of sediments.

% OF SAPLE IN SIZE SEPARATES

& Op SI7¢ SEPARAYE ACID INSOLUBLE lu N\ah")

FINE SA!ID VERY PINE  SILT & ‘

OLAY

SORTING

granssLree ares, 0,50

e 2 ATty gz

W SumLE SITE (GRAVEL)  VENY COARSE OOARSE SUD  MEDIUM SAXD N
OHARACTERISTIOS SAND SAD oLAY
502 «2,0 mm 20 =140 140 «0,5 0s5 =0,25 o.as 0,20 0,10 <0,05 £0.05 €0,002 (wm)
BATH
1 P8 Ml‘n‘.g 0.5a 0 0.9 1.1 3.2 7505 1307 2.3 » 0,13 well lol't“
(0) () (9) (20) (26) .. (50) s
2 P8 nbeinte, O 2,0 1,0 13 17 a0 18,2 1.8 0,12 well sorted
3PS substrate are, wder 0 0 0.2 0,8 7940 17,2 2,8 0,12 vary well sorted
blusegreen mi, 0.5m
b 08 sbstrate, Ou/m 6.3 387 2740 9.5 12,5 125 4.5 0,50 poorly sorted
5 08 substrate, Os5m 54,0 6.0 7.0 6.0 43,0 2540 8,0 902 0,18 poorly sorted
(0) (n) (%) (u3)
6 Adjacent Y0 Nos 5, bub fn 10,0 970 43,0 6.2 12,0 1.8 0.01 0.78 - poorly sorted
grans=free ares, Oda
7 PP sbrtrate, Outn 23 69 748 1.3 e 12,4 x 021 poorly sorted
| 8 OF nbstrate, O3 5.5 1.0 14,0 95 26,0 9.0 150 0,20 very poorly sorted
Q1) (2) (7 (%6)
9 OF substrate, Olin 049 2,5 12,6 22,0 46,0 1249 31 0,21 poorly sorted
10 Adjasent %0 Moo 9, but dn 28,5 05 2546 %1 3.9 13 001 145

poorly sorted

04T




‘Table XVI == Continued

% O SAMPLE IN SIZE SEPARATES
£ OP SIZE SEPARATE AOID INSOLUBLE (in brackets) .
W, BANPLE SITE (ORAVEL)  VERY COARSE COARSE SAND MIDIUM SAND  PINE SAND VERY PINE  SILT &  OLAY L SORTING
CNARACTIRISTIOS SAND SAND CLAY
5e2 «2,0 2,0 =1,0 140 «0,5 005 «0s25 0,25 «0,10 0,10 «0,05 0,05 0,002 (mm)

BATH (eontisued)

11 Trenstent mnd on sorele 2,9 23,6 73.9 042 0 0 o 0,91 well sorted
soralline algl bottom
seawvard of Thalassia bed

SOUTH 00AST = SY. LAVKENCE

. b
12 Upsiresn of Thalageia bed, © 0l 45 6l 82.7 6.0 0 ‘ 0:16  moderately well D
gresmfree ares, 05 aorted
19 Upstreanm part of Thalassla O 0 0 0.4 7746 20.8 1.2A 0,12 very well sorted
bed, in nixed Tmlassiae '
fyringodium stand, 0,50
A4 As for Noo 13, bub at O9m O 0 0 05 51¢5 450 3.0 0,10 well sorted
15 Omtral .M of bed, pure 3,7 6.3 10,4 W,6 495 ‘ 1.8 37 0,23 poorly sorted
thalaseis, rioh fauna, Osba (0) () (2) (%)
16 Ae for No, 15' but at 0.’! ’o? b8 "5 16,0 |09.8 12.7 35 0,21 poorly sorted
17 Downetrean ”n of b.‘,lo‘.’ 1-‘ 1.8 309 ’o? 5600 2’.7 ’o’ . 0.1" ”d‘ntlb sorted
aixed Thalassia-Syringodive
16 In Diplanthers grovth 0 14 3.2 646 7003 18,5 o 0.4 moderately well

inshore of Thalageia bed ' sorted




"Table XVI, Concluded,

£ 0P SAMPLE IN SIZE SEPARATES
& OF SIZE SEPARATES ACID INSOLUBLE (in brackets) . - :
0. SANPLE SITE (ORAVEL)  VERY COARSE COARSE SAND MEDIUM SAND PINE 8AXD  VERY FINE SILY &  CLAY N SORMN
OHARAGTERISTIOS SAND _ SAND OLAY
502 «2,0 M 2.0 «1,0 140 «0,5 005 =025 0,25 0,10 0,10 «0,05 0,05 0,002 - (wm)

SOUTH O0AST « OISTIN BAY

19 Oistin Bay vest (stand A-1),

149 2.6 33 10,2 72,0 9.3 0.7 07 moderately sorted
19n (0) (1) (6)
20 Otstin B, south (A=7), Os/m 1.6 349 7.0 " 20,0 6649 ' 'o.s 0.1 0,23 moderately sorted
GARRIACOU (all in Thal, beds)
21 Watering By, 3, streng surrent 0.3 (R 12,8 T35 52,0 5.8 2,2 0,85 moderately sorted
22 Vaterirg Bay, 12w, tndeoof 0.7 b4 12,2 UN : 22,5 2.5 1940 32 009 poorly sorted
pateh reef
13 Jow Day, 66 trom shore, S 1e2 6.8 20,9 Y 22,1 9,0 79 0,28 poorly sorted
(30) (300 . (d) (27) (w) (60) (56)
N Jor Bay, 330m offshere, Un, 0.5 2.7 6.8 14,0 64e7 546 5¢7 0,20 moderately sorted
sirong eurrent (0) (8) (26)
25 Jw Day, b, strong surrent 943 21,2 9045 2440 147 1.5 1.8 0.66 poorly nﬁu
86 Orend Bay, 5m, veak surrent 25 12,5 21,0 22,5 2745 97 4.3 0,33 peorly sorted
27 0%, Bretache Bay, li5a 003 2.9 154 38,0 k2,8 ol 0,8 0,30 moderately sorted |
80 L'Reterre By, OF substrate, lotm 5.6 10,7 17 42,0 90,1 17 6o 0,9 poorly sorted

f 29 Hillsborough tay, Ya 0 41 205 22,0 1.0 ko R 0,30 poorly serted

2LT
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| v ﬁ:ese are substra.tes in which cobble sized material forms a ‘structural

framework® and’ sandy sediment £111s in the spaces (Plate I‘Ic).' The cobhle

: sized m‘becrial occupies approximately ?0% and greater of the sed.inent vol-"
'Exposures at erosional scarps hﬂim.te that the m&'lassia. root layer

is usually restricted to the upper 15 to 20 cm of these substrates, These

‘substrates are very strongly bound 'l:oge'l-.her, and are sampled only with con-

siderable -difficul ty.

Predominantly sand (PS) substrates

These are substrates in which cobble sized material occupies less than
about 5% of the subsirate volume. At Barbados, the PS substrate overlies a
coral rock bésemént or a layer of densely packed cobble sized coral rubtle
referred to here as the °‘rubble layer'. The transition between fhe PS sub-
strate and the rublle layer is generally abtrupt, and the Thalassia rhizomes
do not penetrate the rubble layer, The root layer in PS substrates at
Barbados . generally extends from the 'bottoﬁ of the PS substrate layer, a.t
about 10 cm to 1 m below the sediment surface, to within 30 to 2 cm of the
substrate surface, Hhere the root layer is spread out, erect shoots cf
Thalassia may be very long and largely untranched (Plate IId). At most
areas in Carriacou, the PS substrate is of undetermined thickness (btut over
1 m), and the Thalassia root layer occurs within the top 75 cm.of the PS sub-
strate layer, and commonly within the top 20 cam.

Go‘bhlea-sa.nd'gtsl substrates

In these substrates, cobble sized material occuples approximately 5 to
45% of the substrate volume, At Barbados, substrates overlie a coral rock
btasement or rublle layer, as described for the PS substrates,
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Coblile-Cobhle-sand (CCS) substrates

Ms.sﬁhsmte'type'is mi:ormd_nte between the CF and CS substrate
types, with cobble sized material occupying‘apﬁroxlntely 50 to 70% of the
su‘tntra.te volume, This su'hstn.to type vas encountered at only one position,
in Oistin Bay, Here, a layer of sand overlies the CCS substrate, and a rub-
Ble layer occurs below the CCS substrate layer. Thalassia rhizomes are re-
stricted to the CCS substrate layer,

Porites rubble flats (PF)

This substn.fa 'type occurs at Bath, In several near-shore areas at
Bath, converging waves have caused piling up of skeletons of the coral
Pbri‘bosfurea.h. to approximately 10 ¢m below mean low water, These areas
moxposod at low water of spring tides, The skeletons of Porites furcata
~are irregularly branched cylindrical structures about 1 cm in diameter,

The skeletons form a structural framework, and sandy sediment £ills in the
spaces. An estimated 50% of the substrate volume is occupied by Porites
skeletons, Thalassia rhizomes are restricted to the upper 15 cm of these
substrates,

The Bath Thalassia bed

‘ The gensralized bathymetry and distribution of sea grasses are showm in
Pig. 16, The Thalassis bed lies partially in the lee of large rocks, the
‘breaksr zone rocks®, ihiebriucloaetoanda‘bwamlwnm. Shallow
areas bound the MW and SE regions of the bed. Because of the spaces bstween
shallow areas seaward of the Thalassia bed, the shallowness of the Thalassia
bed, and the generally high level of wave action of the east coast of
Bartados, conditions in the Thalassis bed are generally turbulent and the
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water turbid from stirred up bottom sediment, except for a few hours at low

water., Currents over the Thalassia ' bed are generally weak and irregular,

but there is an overall flow of water towards the NW and currents are strong -

in channels cutting through the shallow areas at the NW and SE boundaries of
the bed, Seaward of the Thalassia 'bed 1s a coral-coralline algal bottom

| with only transient sand cover,

Substrate types :
The distribution of substrate types in the Thalassia bed 1s shown in

Fig. 17. A CF substrate occurs at the seaward face of the Thalassia bed
where wave action has caused piling up of coarse debris originating from the
coral-coralline algal bottoms This material is piled up to about 25 cm be-
low mean low water. The coarse debris consists largely of ‘algal talls® 5
t0 15 cm in diameter which were formed by growth of encrusting coralline
algae around loose coral fragments; these algal balls were observed rolling
‘about in pockets in the coral-coralline algal bottom. Flate IIc is a photo-
graph of an erosional scarp in the CF substrate area, Skeletons of Porites
furca.ta.a.re piled up at several nearshore areas (Fig. 17) as described above.
The upper limit of accumulation of the Porites skeletons is probtably deter-
mined by factors limiting the growth of Thalassia, i.e. tidal level. In the
shallowest areas of these flats, growths of Diplanthera occur, and associat-
ed with the Diplanthera is an accumnlation of sandy sediment to about MIW
level. FS substrates occur in inshore areas beiween the Porites rubble
ﬂats. substrates occur over most of the Thalassia bed area.

Sediment size and constituent characteristics
Grain size characteristics and the 'pr:oporﬁon of acid insoluble material
of samples from the different substrates are given in Tatle XVI. There is

o ".
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some variation in the relative amounts of coarse, medium and fine sand, but
all samples are characterized by small amounts of silt and clay, Samples
from grass-free areas differ from samples from the. Thalassia stabilized sed-
iments in having much smaller proportions of grains smaller than 0.5 mmj this

1Jlustrates the effect of Thalassia in modifying sorting of sediments by

waves, The good sorting and éoa.rse grain size of sa.mpie 11 (Table XVI) from
the coral-coralline algal bottom is indicative of the strong wave action in
that area. N _

Sediments at Bath are derived from several sources, and this is reflec-
ted in fhe ,eon_stiﬁ;ent cbmposiﬁon. Skeletal carbonates constitute predom-
inant class of sediment constituents, making up approximately 75 to 92%
(equivalent to the acid solﬁble fraction) of the sediments, These are de-~
rived largely from molluscs, corals, Halimeda (green alga), foraminifera and
Ted algae growing in the Thalassia beds and on the hard coral-coralline algal
bottom, Minor amounts of detris derived from echinsderms, alcyonarians,
crustacea and ostracods were recognized in examination of the sediments, A
few éo-posite grains, pro‘ba.‘bly derived from the Fleistocene coral cap or
rocks ‘of the treaker zone, were also observed. The predominant minerals of

- the acid insoluble fractions of these samples are quartz, feldspar and horne-

btlende, in that ordexr. These may have been derived in part from outcroppings
of volcanic ash beds in this area (Fig. 16). Radiolarian tests, derived from
Tertiary Oceanic deposits on shore (Fig. 16) were also observed in the acid
insolutle fraction. Soil erosion, which is severe in this part of the is-
land, protalily contributes silt and clay sized material to the Bath sediments,

Substrats stability
Sdimtsmshmwsrowﬂxofmh, as was pointed out by
Ginsbturg and Iowenstiam (1958), both through the binding effect of rhizomes,

e A e e R ek
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and through the slowing down of water motions at the sediment surface assoc-
jated with the presence of leaves, In addition, growths of sessile organ-
isms of all sorts (see °Epifauna and flora® below) help stabilize the sedi-
ment surface, and in a Thalassia-stand tdfh a. well developed epifauna and
'flora., there is very little disturbance of the sedinent surfa.ce even under
conditions of strong wave action. However, once rhizomes_a::e exposed, then
ei:osi.on, -directed horizontally from the place of e@m, ‘m.y take place’
fairly rapidly and under conditions of only moderate wave action, Grass-
free, depressed areas oi *hlowouts® similar to those described by Hoskin
(1963) occur throughout the PS and CS subsirate areas at Bath, Hoskin (1963)
noted that the steep, seaward edges of these depressed areas expose a Well
developed root system of Thalassia (see Flate IId,- this thesis), and he be-
lieved tha.t the tlowouts are produced by wave erosion during storms. This
may be so. but it is also apparent that once formed, erosion at the seaward
face .(erosiona.l scarp) of the hlowout may continue for some time, Measure-
ments of erosion at two such areas at Bath were carried out over a one year
period; the seaward faces of the grass-free areas wWere eroded 1.2 and 1.6 m
during this period and rates of erosion did not vary much from month to month,
At the same time as erosion took place at the seaward face of the g:ass-free
areas, Syringodium advanced into the leeward regions, restabllising the sed-
iments, Irregularly oriented erosional scarps and depressed grass-free
mnmwcumthewandmsuwmum. Erosion in these areas
is probably slower, The Bath Thalassia bsd thus appears to be subject to
continuous erosion-succession processes, erosion occurring in some areas,
and growth of Syringodium and subsequent development of Thalassia and assoc-
iated epifauna and flora in other areas, Emery et al. (1957) remarked that
graded bedding would be expected in shallow lagoon areas subject to

R R AR aR G
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continuous erosion and deposition of ‘sediments ‘by tidal currents. It is
protable that the occurrence of a.rubble layer below the CS and PS substrates

at Bath is a result of recurrent erosion-succession processes,

Marine angiosperms
Diplanthera is restricted in occurrence to the shallowest parts of the

Porites rublle flats, and occasional narrow bands at the landward border of
Thalassia and Syringodium growth. Syringodium occurs in the PS and CS sub-
strates, mainly in med stands wii;h mlassia; pure stands occur bordering
the grass-free depressed areas; and Syringodium rhizomes can be observed
growing into these areas., Thalassia qcéqrs in pure stands in the GF sub-
strates, mainly in pure stands in the Porites rublle flats (mixed with
Diplanthera in some of the shallower aress), in pure and mixed (with
Syringodium) stands in the CS substrates, and in mixed stands only in the PS

su‘bstateé. In the absence of recurrent erosion ;prrdcesses at Bath,
Syringodium would probably be completely replaced by Thalassia,

Epifauna and flora

A rich epifauna and flora occurs in the Bath Thalassia bed., The most
abundant and conspicuous organisms are (substrate types in brackets)s the
corals. Porites furcata and Siderastrea radians (CS); a sponge Anthosignella

varians ? (PF,C¥,€3); the anemone Homostichanthus duerdeni (PS,CS); the
sabellid polychaete Branchiomma nigromaculata (FF,P3S,CS); the Queen conch
Stromtus gigas (PS,CS) and a mmber of small gastropods such as Columbella
mercatoria and Smaragdia viridis viridemaris which feed on Thalassia or its
epiphytes; hermit crabs Calcinus tubicen (all substrates) and Clibanarius
tricolor (FF), a mumber of spider crabs.including Pitho aculeata and

G ' Microphyrs bicormutus (all substrates); the spiny lobster Panulirus argus
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: (PF,G.PS);- the sea urchin Tripneustes esculentus (PS,CS); the ‘].,a.rge ophiuran
Ophiocoma echinata; the green algae Caulerpa spp. (CS,CF,PS), Avrainvilles
M (cs,cF), Avrainvillea rawsonii (CF,CS), Udotea spp. (CS,PS), and
‘Halimeda opuntia (CF,CS); red algae Amphiroa spp.; and a number of hlue-
green algae. Blue-green algae (Mlerocoleus sp?) form extemsive mats in some
of the PS and CS substrate areas, and appear to trap fine sand (sample no. 3,

Table XVI)-as described by Sharp (1969). Blue-green a.].ga.l growths were exam-
ined for the presence of heterocystous (N,-fixing; Stewart, 1966) forms, but
none were observed., In some CS substrate areas, Halimeda opuntia, Porites

furcata and Avrainvillea rawsonil have completely overgrown the substrate,

causing a reduction in the number of Thalassia shoots. Growths of
Avrainvillea rawsonii in the CF substrate areas have the same effect (Plate
ITb and Table XVIT below).

Infauna

With the exception of a maldanid polychaote and a jawfish, infaunal or-

ganisms are very sparsely distributed at Bath., Tubes of about 5 ca length of
a small maldanid polychaete (Ciymenella torquata ?) number in the thousands
per square meter in some PS and CS substrate areas, They are most common in
aveas of Syringodium growth where the sediment consists predominantly of fine
sand (such as for sample 1, Table XVI). Buwrrows of a jawfish (probably
Opistognathus aurifrons) number several per square meter in a few restrict-
od CS substrate areas of rather sparse Thalassia growth, With the excep-

tion of these organisms, -hich-yeamsonwmngofthetopiOcn
&mt,thmmmmamdsmﬂimtmmgdmkth
sediments hy infaunal organisms, No bivalves other than the occasional
Atrina seminuda were observed, A terrebellid was common on the undersides
of algal btalls in the surface layer of CF substrates, Other than these
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organisms, in twenty-one 0,15 n? infaunal samples, only 4 polychaetes, 3
~sipunculoids, 5 enteropneusts (Ptychodera bahamensis), and 1 callianasid
weié’ collected,

The St. Lawrence Thalassia bed

General hydrography

The general hydrography and distribution of sea grasses at St., Lawrence
is shown in Fig. 18, A rubble reef borders the shore at distances of 70 to
170 m from shore. Sand covers the bottom in the lee of the reef, and the
sea grasses Thalassia, Syringodium and Diplanthera are all common in the lee-
ward area, The *Thalassia bd‘ refers to the largest, central sea grass bed
in Fig, 18, Vave action over the leeward area is generally gentle, but at
high tide is usually sufficient to cause stirring up of the sediment surface.
A contimual current flows westward over the leeward area, presumably result-
ing from the easterly component in wave approach on this coast; velocities of
4,7 and 10.7 cm/sec were observed at low and high tide on a day of moderate
sea conditions,

Substrate types
Thalassia grows in a CF substrate at the inner borders of the rubble

Treef, The cobhle framework is made up of flattened and rounded coral debris,
PS substrates occur over the entire leeward area, A rubble layer occurs at
adgpﬂmofIOc-toinormrebelow the substrate surface,

Sediment size and constituent characteristics

Grain size characteristics of sediment samples from St. Lawrence are
given in Tatle XVI, mmplesmchancteﬁ.zed‘wapredonimncecffine
sand sized sediment, and less than 5% silt and clay. South coast sediments
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contain very little (less than 2%) non-carbonate material. The carbonate
fraction of St. Lawrence sediments is similar in constituent composition to
that described for Bath, '

Substrate stability

Noticeable changes in substrate level in the grass—free sandy areas
over periods of several weeks indicate significant motion of the sediment in
these areas. Considerations besed on settling velécity, threshold velocity
and roughness velocity indicate that particles of about .0.- 18 mm in diameter
require the least disturbance to be moved in comparison to both larger and
smaller particles (Inman, 1949). The St. Lawrence sediments are in general
well sorted and have median diameters close to this value. Thus even though
wave action is not particularly strong in this area, the sediments are eas-
11y moved. There was little changs in substrate level noted within the
Thalassia bed, but, at high tﬁe. there was usually noticeable disturbance
of the‘ surface sediments in most areas where the surface was not stabilized
'by blue-green algae or other organisms., Erosional scarps border much of the
leeward margin of the bed, and large changes in the limits of the bed occur-
red subsequent to mapping of the Thalassia bed in July, 1968, erosion occur-
ing in some areas, and extension of Syringodium into grass-free areas else-
where, ‘

Marine angiosperss
Thalassia occurs in pure stands at the leeward edge of the rubble reef,

and in pure stands and mixed Thalassia-Syringodium stands in PS substrates.
Syringodium occurs in pure stands and mixed stands., Diplanthera is restrict-
ed to small pure stands outside the main Thalassia bed., The substrate in
areas where Diplanthera grows is noticeahly unstable, and Diplanthera is
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alternately covered by sand (including leaves) and then exposed (including
rhizomes) with no apiaarént 111 effect, Recurrent.ei'osion of Thalassia-
_Mgo_d:l_ stands apparently favors maintenance of _M?Sl-ﬂ at

St. Lawrence, and shallower areas, because of the mmbﬂity of the sub-

strates, are suitatle only for Diglanthera.

) gzifauna and flora.

The epi.fauna and flora are best developed in the pure Thalassia stands
in the central part of the Thalassia bed. In other areas the sediment sSur-
face is largely bare., The most abundant and oonspictwué-elencnts of - the epi-
fauna and flora are the corals Porites furcata and Siderastrea radians;

sponges (Haliclona spp. and others); the -anemone Honostichanfhus duerdeni,
the sea urchin Iripneustes esculentus, the ophiuran, Ophiothrix orstedii, the

queen conch Strombus gigas and small gastropods as at Baths spider crabe as
at Bath; the bivalve Atrina seminuda and the ascidian Microsomus helleri are
are partially buried in the sediment; -btlue-green algal mats as at Bath; and
several . specles of Caulerpa are common, In some areas, sponges -have over-
grown the substrate, apparently °‘choking out® "lhalassin*(!lablerXVII, below),

Infauna
 Macro-infauna are abundant in comparison with the infauna at Bath, but
not abundant in comparison with temperate water infauna. Infaunal organisns
are more or less uniformly disiributed in the Thalassia ﬁed. and are limited
largely to the top 10 cm of substrate. The more abundant organisas, and the
approximate numbers per square meter are: bivalves Codakia orbiculata (4.4),

C. pectinella (26), C. orbicularis (15), Chione pygmaea (8.5); gastropods
Bulla striata (1.5), Olivella nivea (2.3) and Jaspidella jaspidea (3.6); the
the sipunculoid Siphonosoma cumanense (5.1); the holothurian
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Thyoneria cognata (3.9); the enteropneusf Ptychodera bahamensis (4.4);
polychaetes all species (9.1) of which the most abundant are Glycera sp.
(1.5) and two Capitellid spp. (2.4).

The Oistin Bay Thalassia beds

Two Thalassia beds at Ofistin Bay were sampled in the mitrient studies,
There are no ‘o:_t.fsh‘ore reefs in Oistin Bay, and the area is subject to strong
wave action, Thalassia is the only sea.--géa.ss occurring in Oistin Bay.
Stands A-1 and B-2 are adjacent stands in a small patch of Thalassia close
to shore at the western extremity of Oistin Bay, Stand A-7 is in a small,
near-shore patch of Thalassia at the southern extremity of Oistin Bay., The
CCS substrate at the former position is described above under 'Substrate
classification’, The substrate at the Oistin Bay S position is a PS sub-
strate overlylng a coral rock btasement. At both areas the substrate surface
is disturbed by wave action, and is devoid of attached epifauna and flora.
The infaunal populations are similar to that described for St. Lawrence,
Sediments (samples 19, 20, Tahle XVI) consist predominantly of fine sand
sized skeletal carbonates.

The Carriacou Thalassia beds

The distribution of sea grasses at Carriacou is shown in Fig. 19. On
the east, windward coast of Carriacou, a N-S oriented reef lies at distances
of 750 to 1850 m offshore. The lagoonal areas behind the reef have a max-
imun depth of about 14 m., An almost contimious Thalassia (Thalassia-
Syringodium) bed fringes the shore from the northern part of Watering Bay to
the southern edge of Grand Bay, extending seaward 200 to 300 m. Thalassia
beds are irregularly distriluted through the remainder of the lagoonal area.
Some of these areas are subject to strong tidal currents. Thalassia besds on
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other coasts are less extensive than on the east coast, Diplanthera is not
common at Carriacou, occu;:rj.ng in a few shallow near-shore areas, and in
somev a.reasl of Grand Bay a.‘l;, ‘a'bout 6 m d.ebth. Halophila baillonis v.occurs in
‘I'ha.la.ssia-gLin&_ st.ands 1n some of the deeper beds., Almost all beds at
depths greater than 6 m a.re mixed Masshé&god_i__ beds; Moore (1963)
also noted that deep beds are usually mixed '111&1&881&-8_&50(11_. Sub-
strates are most commonly thePS type, with less than 1% cobhble sized mat-

erial, CS substrates occur in some patch reef-Thalassia complexes, CF sub-
strates occur in L'Esterre Bay, an area generally subject to turbulent con-

ditions, and a CF substrate also occurs at a near-shore position in Hillsboro
bBay. Sediment size characteristics (Table XVI) are similar to those for
Barbados Thalassia sediments, with a Predominance of sand sized material,
and generally small amounts of silt and clay, Except in immediate near-shore
areas where a large jn;oportion of the sediments consists of non-carbonate mat-
erial (Sample no. 23, Tahle ZVI), the sediments consist predominantly of
skeletal carbonates (sample ro., 24, Talle XVI). The epifauna and flora in
clude many of the organisn’é‘ observed at Barbados, such as Porites furcata,
Siderastrea radians, Haliclona spp., Strombus gigas, Atrina seminuda,
Tripneustes esculentus, various spider crabs and small gastropods, Caulerpa
SPP., Avrainvillea nigricans, Halimeds opuntia, Udotea spp., Amphiroa spp.
and blue-green algae. .In ﬁdiﬁon, organisms characteristic of Thalassia
beds elsewhere in the Caribbean but not observed in Barbados Thalassia beds,
occur in the Carriacou Thalassia beds, These include the coral Manicina
areolata, the loggerhead sponge Spheciospongia vesparia, the tasket star
Oreaster reticulatus, many sponges and alcyonarians, and the green algae
Halimeda simulans, Halimeda incrassata, and Penicillus dumetosus, Infaunal
Q organisms were in general surprisingly sparse, with only the tube-dwelling
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polychaete Onuphis erimata being con_nphly :o‘bserve'd'. In a few shal;l_.dw water
areas there was Aso:n.oj, evidence of ovefhmnj.n"g of Thalassia sed;!.mnts~by
Callianassa, but there was little evidence .of blogenic overturning of
ihg.la.ssi# sediments ‘elsewhere,

Production_ da.'ta‘

Production data from surveys of ‘I‘ha:l.a.ssia. beds at Ba.th, St. Lawrence
and Carriacou are g:l.ven in smma.r:!.zed form in 'm.b].e XVII. Exeept where -

the following remrks are based on these da.ta..

1., At dep'l:hs less 't.ban 0.2 to 0.3 m below mean low water at Barbados,
'1ea.f length and thus growth rate and Py are limited by depth of

wa.*ber (see remarks, De #1, 156 e

The mean values of Lm, s» Py and the no. shoots/m? of PS and CS sub-
stra.te stands at Bath, St, Lawrence and Carriacou are remarkably sim-
1lar. | ‘

Exanination of the original data for individual Thalassis stands at
Carriacou revealed no significant trends of change in production
para.neters with depth, However, data were obtained for only 7 stands
in the dep‘thrange 4 t0 9 m, Further, it may not be reliatle to use
the relat:lons of Appendix A to estimate production of stands at
depthé much greater than 2 m.

P, of CF substrate stands is, on the vhole, significantly higher
than P, of C3 and PS substrate stands, However, the maximum values
on each substrate type are approximately the same. The maximum Py

- observed for a CF stand was 17.5 mg/shoot per day (Stand A-2, Table

II), while the maximum P, for a PS substrate was 17,0 mg/shoot per
day (Series 2 St, Lawrence stand, Talle XI), These values are simi-
lar to those observed for the CCS substrate in Oistin Bay (Table III),




‘Table XVII, Production data of Barbados and Carriacou Thalassia beds.

ALL STUNDS L THALASSTA STANDS ONLY
CHARACTERISTI0S n X T T S ROGE +gring. n X S MNE X 80 _RANGK
e (sa) (we/shoot par-day) (g vot wt/a?) (e/a? por day) (noo/®)
10 8% lavrenss
Meabrinte B 29 %2 100 &8 L9 hadaé w6 5 b L5660 $40-800
ov:::o‘: v 1 2.3 942 4or® 1 1;5 . 160
2. hath
08 substrate 0,3 10 21,3 U6 14.302903 6.5 2.7 Se2-11.4 1360" 815' 1600 5 3.2- 2.3-5;0 550 470680
08 subsirate Ouf5 2 21,6 200221 b§ hlibe6 ues"  ag58" 2660 0
08 substrate 0,25n ; |
sturted growth 1 10,2 | 1.5 Y ")
PS mbstrate 0,250 1 184 | YR 336' ues" 8o

PP wbstrate Ouee 2 10,8 93123 17 1.0-2,3 o 2 1,0 013 800 3001300

681




‘Table XVII. Concluded,

ALL STANDS - - _ THALASSIA sranps ONLY
Ly ’, * MAXTMUM STANDING OROP By SH00TS
SAMPLE GROUP Thalassis Syring. Thalassia , -
OHARAOTERISTICS n X S0 RANOE ¥ 5 RNE " +§ring, - m X S RMME X . D NNE
(on) (we/shaot por day) (g wet wi/a?) (8/a? por day) (nos/a?)
2, Dath (eontimued)
0P subsirate Oie 5 2749 25,0-90.7 10,5 8,8212,5 1200° 3 %6 3045 0 290-360
0P subsirate OSn 2 21,2 1947=226 544 5e3=5s4 uyF 2 ad l.i-!o.u 520 210820
0P substrate 0,2%5a 1 16,7 b 1 0,6 9
(overgromn ty "
Avrainvilles) \0
T — o
3¢ Oarriascu

P8 sudstrate 22 225 Mol 16543243 549 149 3.04849 165" 1066" 1700 10 38 16 2,0-6,0 650 245 '3105930
08 subsirate b 20,4 10,0237 549 BJ-702 1238° b2 08446 450 170-640

0F subsirate 2 2903 ‘ 2’01—2’05 1006 9¢9-11.3 lellp . ‘ 2 5.6 '4.'}-6.7 5‘60 . ’90-680

Prure stand, Mixed stand
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18,2 and 15.4 mg/shoot per day. )
Routine observaiions’ Were not made of the thickness of the root layer

* in the surveys represented in Talle XVII., However, examination of a

6.

‘that high Py in PS and CS substrates is invariably associated with

number of areas in which long erect shoots occurred, and of a number
of IG and PS substrate areas in which long leaves occurred, indicate
long erect shoots, and vice versa, that long verect shoots invari-
ably have high o Similar observations indicate that P, in the
range 3 to & n;g/shoot per day in PS and CS su'bsu'a.‘be stands is assoc-
1ated with sha.llow, presumably partially aerated (see p., 62 ) root
layers, ‘S‘hmted' 'lha.lassi.a. growths, i,e, stands with very short
leaves and low Pg (less than about 3 mg/shoot per day) not in depths
less than 0,3 m and for which the nutrient studies indicate growth is
not limited by availability of nitrogen, are unusual at Barbados, and
were not observed at Carriacou, The question of what limits growth
at these particular stands is the question which led to the approach
used in this study for investigating the origin of nitrogen and phos-
phorus for growth of Thalassia, It remains unanswered.

There is a roughly inverse relation between standing crop of
Thalassia and standing crop of Syringodium, This is shown by the
plot of the standing crop of Thalassia versus standing crop of
Syringodium at St. Lawrence (Fig. 20), and is also suggested by the
siﬂ]umﬁmshﬁhgmpsofﬁﬂassh&ndwonm
and CS substrates (Table XVII). It is tempting to suggest that this
indicates similar P/SC ratios for Thalassia and Syringodium. However,
1tisnotc1earuhyﬂun:de.ohservedforfheBarbados-calri.acou

Thalassia stands, 7.6 g/m’ per day (Stand A-1, Table II), should be
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only one-half the P,, 14.1 g/ln2 per day, of the Bermuda stand.




