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KURZFASSUNG: Pflanzliche Pigmente und Lichtpenetration in Sedimenten des Gezeiten-
bereichs. Die Verteilung pflanzlicher Pigmente und die Lichtpenetration wurden in vier ver-
schiedenen Sedimenttypen untersucht, und zwar bei Barnstable Harbor, Massachusetts, USA.
Mit einer Ausnahme erwies sich die Lichtattenuation als Funktion der Partikelgrofie des Sedi-
ments. Obgleich lokale Unterschiede in der Pigmentverteilung an den einzelnen Untersuchungs-
stationen beobachtet wurden, war das Verteilungsmuster grundsitzlich dhnlich. Die Konzen-
trationsmaxima lagen bel allen Pigmenten im obersten Sedimentmillimeter. Die Konzentratio-
nen der Chlorophylle und des Fucoxanthins verringerten sich allmihlich mit zunehmender
Ticle; sie waren jedoch bel 5 ¢m Tiefe mit 20 bis 50 % der Oberflichenwerte noch sehr hoch.
Die Konzentrationen von Karotinen und anderen Xanthophyllen verringerten sich nicht mit
der Tiefe. Die Verbreitung beweglicher pennater Diatomeen wurde an einer Station gepriift;
es zeigte sich, dafl die Mehrzahl der Individuen auf die obersten 3 mm beschrinkt war. Le-
bende Diatomeen wurden bis zu einer Tiefe von 5 cm gefunden. Der Gehalt an organischer
Substanz im Sediment wurde bestimmt und mogliche Korrelationen zwischen dessen prozen-
tualem Pigmentanteil und einigen physikalischen Parametern der Stationen erdrtert.

INTRODUCTION

Chlorophyll concentrations are widely used in ccological studies as indices of
plant material available in ecosystems. However, the technique seldom has been applied
to intertidal benthic studies. An exception is the study of the intertidal fauna of Barn-
stable Harbor, Massachusetts (U. S. A.), by SanDERs etal. (1962). Very high chlorophyll
concentrations were found at two of their six stations, but their method did not differ-
entiate between the various photosynthetic pigments and possible degradation prod-
ucts. Since degradation products may have been significant (PATTERSON & PARSONS
1963), a quantitative study of the major photosynthetic pigments of four sediment
types in the Barnstable Harbor was undertaken (TavyLor & GeseLeiN 1964). Con-
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current with these analyses, data on light penetration through these sediments was
collected.

The hydrography of Barnstable Harbor has been described by Avers (1959). The
tidal range in the harbor is approximately 3.5 meters. All of the sampling stations used
in this study are exposed for several hours at low tides. Station A is located on the
south shore of the harbor, approximately 100 meters east of location 14 on AvErs’
Figure 1. The area is not subjected to strong tidal currents and the sediment has a high
silt content. The invertebrate fauna has not been thoroughly studied at Station A but
the predominant organism is Ampbhitrite ornata. Station M was a protected tidal flat
consisting of soft flocculent mud and is approximately 0.75 kilometers west of Station
A. Large populations of polychaetes are found in these sediments but neither quanti-
tative nor qualitative studies of the invertebrate fauna have been made. Station Sis a
sand flat subject to relatively strong tidal currents. It corresponds to SanpERs’ Station
D and is located approximately at position 4 on Avers’ Figure 1. On the basis of
biomass it is predominated by the annelids Streblosio benedici, Clymenella torquata
and the snail Polynices duplicata (SanpErs et al. 1962). Station D is also a sand flat
but tidal currents are not as strong as at Station S. In the summertime, the sediments at
Station D are characterized by large patches of migratory diatoms appearing on the
surface at low tide (TayLor 1964). Its approximate location is position 12 on AYErs’
Figure 1 and corresponds roughly to Sanpers’ Station F. The predominate inverte-
brates are Glycera dibranchiata, Clymenella torquata and Gemma gemma (SANDERs
etal. 1962).

METHODS

Samples were collected at the stations during the summer of 1964 on four
occasions when low tide and solar noon closely coincided. Two cores, 3.5 cm in diam-
eter, were collected, one for pigment analysis and the other for determination of
organic content of the sediment. The cores were carefully sectioned in the field, separat-
ing the top 1 mm and five 1 cm sections.

The pigment analyses were made as soon as the samples were returned to the
laboratory. Each sediment sample was extracted three times with 20 ml of methanol.
The extracts were concentrated and subjected to paper chromatography by the method
of JerrrEY (1961). The resulting pigment spots were cut from the paper and eluted
by the solvents indicated below, and their concentrations were determined by meas-
uring optical density with a Beckman DU spectrophotometer at the wave lengths indi-
cated: chlorophyll-a, ether, 657 mu; chlorophyll-c, propanocl, 440 myu; diatoxanthin
and diadinoxanthin, ether, 472 my; fucoxanthin and neofucoxanthin, ether, 470 my;
carotene, ether, 470 my; phaeophytin-a, ether, 657 myu. The extinction coefficient
values used were those given by Kar (1937), Karrer & WurcLER (1943), SmiTH &
Benrrez (1955), and Zscuee & Comar (1941).

The organic content was determined by the loss of weight on ashing unwashed
sediments at 400° C in a muffle furnace. Particle size distribution in the sediments was
determined by wet sieving through standard screens. The penetration of solar radiation
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through the upper few millimeters of sediment was measured by the method previously
described by TayLor (1964).

Cores for the cell counts at Station D were taken in the same manner and at the
same time as one of those for pigment analyses. The cores were sectioned in the field
and immediately returned to the laboratory. Five ml of membrane filtered sea water
was added to each sediment sample and, after violent shaking with a vortex stirrer,
most of the sediment particles were removed by pouring the suspension through coarse
bolting cloth. For each sample 10 aliquots were examined on a hemocytometer slide.
Only active motile cells were counted.

Table 1
Pigment concentrations of intertidal sediments in Barnstable Harbor, Massachusetts, U. S. A.;

mg pigment under m? between depth intervals. Each value is average of four determinations;
standard deviation valuesare given. Line indicates missing data; zero means no pigment detected

Piement Depth Station
g Interval A M S D
hlorophylt-a Imm 525.0% 77.0 4428+ 303 2242+ 44 28524 100
1.1cm 285.7 £ 13.0 327.8 £223 507.1 + 44.0 435.7 + 37,4
21 em 1153 % 7.8 2675+ 139 4571 + 28.5 2096+ 8.0
31cm 1403 % 7.8 2221 % 6.5 2857+ 4.8 1853 & 8.9
4.1cm 1175 % 3.2 1953+ 8.5 25891+ 4.3 1478 = 6.4
51cm 159.6 & 2.2 1028 £ 2.5 2325+ 3.6 1503+ 5.0
Chlorophyll-c Imm 1050+ 45 1287+ /4.3 — — 441+ 3.0
1.1em 762+ 2.5 5461 4.3 909+ 3.0 549+ 37
2.1 cem 18.0+ 046 1194 £ 12,1 109.2 £ 7195 294+ 15
3.1cm 33.9+ 2./ 552+ 2.9 624+ 2.5 3210+ 1.8
4.1 cm 195 0.6 48.6 = 3.7 58.2 1 6.5 234t 0.9
51cm 165+ 1.5 27.0%x 1.5 612+ 95 264+ 1.5
Diatoxanthin and 1 mm 65.1+ 3.8 965 7.4 — — 385+ 1.0
Diadinoxanthin 1.1cm 63.1+ 3.0 65.8+ 2.7 65.0+ 4.3 305+ 14
21 cm 365+ 1.8 443+ 2.4 776 % 1.2 288 & 2.7
31cm 535+ 09 495+ 2.6 63.0% 1.0 361+ 1.8
4.1 cm 431+ 2.8 395+ 1.4 66.6 1+ 1.3 353+ 1.4
5.1 ¢cm 470+ 1.8 4551 2.8 81.6 = 2.5 291t 1.5
Fucoxanthin and 1 mm 823+ 54 1220+ 1722 302+ 4.7 517 £ 8.5
Neofucoxanthin 1.1cm 707 & 4.2 713+ 9.1 8§9.0+ 6.7 866+ 9.7
2.1cem 269+ 2.7 1220152 8§54+ 6.1 40.7 + 6.4
3.1cm 203+ 1.5 7561 4.5 534 1 4.8 297+ 1.6
41 c¢m 348 & 2.7 554 = 5.1 48.8 + 3.6 288+ 3.2
51cm 345+ 4.1 329+ 6.0 427+ 27 308+ 4.1
Carotene 1 mm 378+ 1.7 476 1.1 286+ 1.2 251+ 1.9
1.1 cm 426 09 360% 1.2 7601+ 1.3 318 1.9
2.1 ¢m 400% 1.8 328 3.1 346+ 09 523+ 1.5
31lcem 496+ 1.3 416+ 14 413+ 1.2 385+ 1.1
4.1 cm 493+ 2.1 388+ 15 481+ 1.8 371 % 0.8
5.1cm 728+ 3.1 450x 1.6 535+ 2.8 320+ 25
Phacophytin-a 1 mm 0 0 0 0
1.1em 121% 0.3 c o] o]
21cm 139+ 1.7 o} 0 G
3.1 cm 53+ ¢ 0 0 0
4.1 ¢m 157+ 2.5 o] 0 11.7 = 4.4
5.1 cm 125+ 1.8 8] 0 225+ 7.8
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RESULTS

The results of the pigment analyses at the four stations are presented in Table 1.
As is seen by the standard deviation values, there was good agreement between the
four sets of analyses. Chlorophyll and fucoxanthin concentrations were highest in the

Table 2

Organic content of intertidal sediments in Barnstable Harbor. Per cent dry weight. Each value
is average of four determinations

Depth Station
Interval A M S D
1 mm 1.95 3.75 1.01 2.01
1.1 ecm 0.96 1.67 1.55 0.64
21 cm 0.96 1.30 0.65 0.59
31 em 1.03 0.93 0.49 0.83
4.1 cm 0.76 0.91 0.41 0.50
5.1 cm 0.30 1.03 0.44 0.43
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Fig. 1: Particle size distribution of intertidal sediments at three stations, Barnstable Harbor,
Massachusetts, U. S. A.

surface layer at Stations A and M and just below the surface layer at the two sand flat
stations though the fucoxanthin showed a second maximum at 2.1 cm at Station M.
Chlorophyll-a, chlorophyll-c and fucoxanthin concentrations showed a general de-
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crease with depth below the surface or near surface maximum. The remaining xantho-
phyll concentrations remained relatively constant with depth. Carotenes tended to
increase slightly with depth. Phaeophytin-a was found only at Station A and in the
deeper parts of the core at Station D.
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Fig. 2: Penectration of solar radiation through intertidal sediments at three stations,
Barnstable Harbor

The organic content of the sediments is given in Table 2. As would be expected
the highest organic content was found in the surface layer. The particle size distribu-
tion of these sediments is presented in Figure 1. Station S, with the strongest tidal
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currents, has the largest mean particle size. Particle size data for Station D has been
previously reported (TayLor 1964). It is a well-sorted sand with almost all of the
particles between 63 and 177 microns in diameter.

The penetration of solar radiation through the upper few millimeters of the sedi-
ments at Stations A, M and S is given in Figure 2. Similar data for Station D has been
reported by TayrLor (1964). These data are summarized as attenuation coefficients in
Table 3.

Table 3
Attenuation coefficients of upper few millimeters of sediments in Barnstable Harbor

. k'
Station (mm—1)

A 0.78

M 0.53

S 0.35

D 0.67

Table 4
Vertical distribution of motile pennate diatoms at Station D, 12 Aug. 1964. Barnstable Harbor
Depth Interval Cells under cm? in
(mm) each depth interval

0-1 10400
1-2 10400
2-3 8300
34 3100
4-5 2080
5-6 2600
6—7 1600
7-8 1600
8-9 1600
9-10 1040
10-15 4200
15-20 2300
20-25 2700
25-30 1900
30-40 ca. 530
40-50 ca. 10

The vertical distribution pattern of the pennate diatom population at Station D
is given in Table 4. Over 42,000 living cells were found in the first cm, 6,500 in the
second ¢m, and 4,600 in the third cm. Motile cells were found as deep as 5 cm but the
limitations of the method prevent quantitative significance from being attached when
less than 1000 cells cm—3 are reported. These results merely indicate that living cells
were detected at those depths and that there were more in the 4 cm fraction than the
5 cm fraction. The diatom population at Station D is very patchy and in other cores
an order of magnitude in greater number of cells in the upper few mm was sometimes
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seen. The predominate organism in the upper few mm was Hantzschia amphbioxys, var.
major GruN. Several Navicula sp. and Nitzschia sp. were present.

DISCUSSION

The vertical distribution patterns of the pigments showed similarities that were
common to all stations. The concentrations of the chlorophylls and the fucoxanthins
were greatest in the first few millimeters and decreased at approximately a steady rate
with depth. However, the concentrations of these pigments at 5 cm were higher than
expected. Carotene, diadinoxanthin and diatoxanthin concentrations did not decrease
with depth but tended to be constant, or, in one case, to increase.

There were quantitative differences in the pigment distributions which can be
attributed to the different types of environments. Stations A and M are subjected to
weak tidal currents as is evidenced by the poor sorting of the sediments. At both of
these stations only the top few millimeters of the sediment are aerobic. Turnover of the
sediments is predominately the result of the biological activity of the large invertebrate
populations and is relatively slow. In such an environment, the chlorophyll and fuco-
xanthin concentrations are extremely high in the first millimeter and decline rapidly
with increasing depth. The other xanthophylls and carotene concentrations were
essentially constant with depth. At the two sand flat statiouns, S and D, the sediments
are aerobic to a few centimeters (SaNDERs et al. 1962). Both areas are swept by
stronger tidal currents and, although some turnover of the upper layer of the sedi-
ments is the result of biological activity, the predominate factor must be tidal action.
Under these conditions, the highest pigment concentrations were found just below the
sediment surface and the absolute and relative decline in chlorophyll and fucoxanthin
concentration was less than at Stations A and M.

The distribution of photosynthetic organisms at these four stations has only been
partially studied. No quantitative data exists for Stations A, M and S and only the
motile pennate diatoms have been investigated at Station D. In addition to these
diatoms, there are large populations of blue-green algae and sessile chrysophyceae
present as well as smaller populations of non-motile diatoms. These, however, seem to
be limited to the upper 3 mm. Confirming Mour & Mason (1957), living diatoms were
detected as deep as 5 cm but the numbers present could not have accounted for the
high concentrations of pigments found. Furthermore, a few diatom frustules were
found at these depths.

The rate of decomposition of photosynthetic pigments in an organic-rich anaerobic
environment is unknown but it is usually assumed to be relatively rapid (SanpErs
et al. 1962). Tf such is the case, one would conclude that the chlorophyll at 4 or 5 em
could not have been released from the cellular environment for very long. Of the
immediate decomposition products of chlorophyll, only phaeophytin-a could be quan-
titatively determined. Other products such as chlorophyllides and phaeophorbides
were extracted from the sediments but did not move from the origin of the paper
chromatograph. A qualitative inspection of the chromatograph showed, in general,
more degradation products at Stations A and M than at Stations S and D, but in all
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cases they appeared to be a minor constituent of the pigment mixture. The fact that
carotene concentrations did not decrease with depth may be a reflection of its greater
stability under the existing conditions.

Table 5
Per cent of organic carbon as total pigments in intertidal sediments. Barnstable Harbor

Depth Station
Interval A M S D

1 mm 1.40 .85 1.37 .70
1.1 cm .53 .35 .59 1.23
2.1 em .22 58 1.32 .68
3.1 ¢m 31 49 1.02 .66
4.1 cm 41 .59 1.37 .65
5.1 c¢cm .34 27 1.16 76

No obvious correlation between the per cent organic content and the concentra-
tion of chlorophyll-a was found. However, the per cent of organic carbon occurring as
total plant pigments (Table 5) can be correlated with some of the physical environ-
mental factors. At Stations A and M, where only the surface mm is aerobic, the per
cent of organic material as pigments is very high in the surface mm and drops to a low
relatively constant value below this level. At Station D, where the benthic diatoms are
concentrated in the upper cm (Table 4) and the mixing from tidal currents is greater, a
high value is found in the upper cm. Values below this depth are nearly constant and
considerably higher than those found in the lower sections at Stations A and M. At
Station S, the most aerobic of the stations and at which the sediments are most actively
turned over by tidal currents, the values are high and nearly constant over the entire
length of the 5 cm core. The per cent of organic material occurring as pigments also
may indicate the location of the highest concentrations of pigment containing orga-
nisms within the core.

Limitations of the method of measuring the penetration of solar radiation through
the upper few mm of the sediments have previously been discussed (Tavror 1964). The
attenuation coefficients are not precise but they do give a rough idea of the light
available at different depths in the sediments at the four stations. As pointed out by
Prof. D. J. Crisp (personal communication), the values of the coefficients are based on
the logarithm to the base 10 rather than as defined by TayLor (1964). Since it is com-
mon practice to use this system in describing light attenuation through sea water
(SvErRDRUP et al. 1942, p. 82), it is proposed to continue such designation for sediments
rather than the use of natural logarithms.

The depth to which one per cent of the incident solar radiation penetrates was
about 2 mm at Station A, 3 mm at Station D, 3.5 mm at Station M and a little over
5 mm at Station S. In general, these values agree with the depths at which the highest
pigment concentrations were found but it is obvious from both the pigment analyses
and the little cell count data available that many photosynthetic cells exist at depths
at which the light level is too low for photosynthesis. The possibility of heterotrophic
growth is intriguing, but a clarification of the source of the large concentrations of
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pigments coupled with the low concentrations of pigment degradation products in
these sediments must await further investigation.

SUMMARY

1. Chromatographic analyses were used to determine the concentration of plant pig-
ments in the sediments at four intertidal stations at Barnstable Harbor, Massachu-
setts, U.S. A. Two of the stations were sand flats exposed to relatively strong tidal
currents and two were mud flats subject to weak currents. In general, highest
concentrations of all pigments were found in the upper mm. Chlorophyli-a, chloro-
phyll-c and fucoxanthin concentrations decreased with depth but considerable
quantities (20 to 509/ of surface values) were found at 5 c¢m. Diatozanthin,
diadinoxanthin and carotene concentrations did not decrease with depth. Quantita-
tive differences between the stations were noted.

2. With one exception, measurements of light attenuation through these sediments,
were roughly correlated with mean particle size.

3. On one station, living diatoms were found as deep as 5 cm, but the vertical
distribution of the pigments could not be explained by the diatom distribution.
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