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Salt marshes represent an important 
interface between the land and the sea 
(1), and those dominated by the macro- 
phyte Spartina alterniflora are foci for 
intense biological activity (2). Although 
nutrients and dissolved organic carbon 
are important exported elements (3, 4), 
the salt marsh also seems to be a source 
for dissolved and particulate organic ma- 
terials such as those that collect at the 
surface microlayer (5). A surface micro- 
layer resides on top of most natural bod- 
ies of water, and normally it is enriched 
in organic and metal-bearing materials 
(6, 7). Moreover, the surface microlayer 
appears to be a source of atmospherical- 
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Fig. 3. For example, a point mass estimate 
would be 4.0 x 1021 g, based on the simple ex- 
pression AM = Agr2/G = (0.3) (3 x 107)2/ 
6.67 x 10-8. For a disk the expression is some- 
what more complicated but the result, for the 
same 300-mgal Ag and 300-km altitude, pro- 
duces 5.9 x 1021 g. This estimate is 32 percent 
lower than the direct fit result and is consistent 
with the earlier statement that the least-squares 
filtering effect reduces the true acceleration am- 
plitude by 30 percent. 
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ly mobilized aerosols through turbulent 
bubble fractionation (8). However, the 
surface microlayer is a complex region 
whose thickness (typically less than 100 
,um) changes in response to environmen- 
tal conditions and whose composition 
comprises a collection of hydrophobic or 
surface-active materials, particulates, 
and even biological organisms (9). Often 
the surface microlayer is operationally 
defined depending on the mode of collec- 
tion with devices such as meshes, acti- 
vated drums, or booms. 

We examine here the tidal budgets of 
the trace metals copper, zinc, and iron, 
carried as (i) dissolved, (ii) particulate, 
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Table 1. Trace metal concentrations at the mouth of the Canary Creek salt marsh, averaged 
over the spring, summer, and fall of 1975; ppb, parts per billion. 

Averages for the Copper Zinc Iron 
tidal cycle (ppb) (ppb) (ppb) 

Water, flood 1.2 + 0.07 1.3 + 0.07 14.3 + 0.8 
Water, ebb 1.3 + 0.08 1.6 + 0.08 39.0 + 2.0 
Microlayer, flood 14,800 103,400 13.9 x 106 
Microlayer, ebb 13,800 90,400 15.4 x 106 
Particulate, flood (39.4 mg/liter) 37,200 169,000 20.1 x 106 
Particulate, ebb (65.4 mg/liter) 26,000 139,000 18.4 x 106 
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and (iii) microlayer components fluxing 
in and out of a salt marsh with the tides. 
One can evaluate the capacity of the sur- 
face microlayer to concentrate and trans- 
port trace metals in a salt marsh by col- 
lecting and analyzing dissolved and ses- 
ton materials separated by filtration, 
together with the total surface micro- 
layer. These three sample types (water, 
seston, and surface microlayer) were 
gathered periodically over both ebbing 
and flooding tides in Canary Creek 
Marsh, Lewes, Delaware (Fig. 1) in the 
spring, summer, and fall of 1975 at the 
terminus of the marsh (Pilot Town 
Road). Canary Creek salt marsh is rela- 
tively undisturbed and quite typical of 
those salt marshes bordering many es- 
tuaries and bays of the U.S. East Coast. 

Water samples were collected with an 
uncontaminating plastic pole with a 
bottle opening at depth and filtered 
through 0.3-/tm, acid-washed glass fiber 
filters. We analyzed the samples for dis- 
solved trace metals, using ammonium 
pyrrolidine dithiocarbamate as a chelat- 
ing agent and methyl isobutyl ketone for 
solvent extraction (10). The water ex- 
tracts were dried and then digested with 
hot nitric acid. The surface microlayer 
was collected during tidal flows with an 
acid-cleaned, V-shaped polyvinyl chlo- 
ride boom (7), which acts to rapidly col- 
lapse hydrophobic and particulate mate- 
rial associated with the surface micro- 
layer at its apex in convenient, water- 
free gram-size quantities. Solid samples 
of freeze-dried microlayer material and 
filtered seston were dried at 75?C and 
leached with hot nitric acid. All nitric 
acid digests were made to a constant vol- 
ume and analyzed by atomic absorption 
spectrophotometry. 

We calculated the trace metal budgets 
for the marsh (11) from the integrated 
mass of the water multiplied by the trace 
metal concentrations in the water, ses- 
ton, and surface microlayer materials 
collected periodically over the tidal 
cycle. We monitored the salt marsh only 
during maximum monthly tides so as to 
consistently sample during periods of 
complete inundation and flushing of the 
marsh. The amount of freshwater drain- 
age in Canary Creek during the sampling 
periods was negligible, with total salinity 
excursions of less than 3 per mil. During 
sampling times, the marsh is assumed to 
be flooded with the measured quantity of 
water and seston to greater than 98 per- 
cent of its area, which is covered with a 
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sampling times, the marsh is assumed to 
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water and seston to greater than 98 per- 
cent of its area, which is covered with a 
uniform surface microlayer to an average 
thickness of 1.5 /tm. The thickness of the 
surface microlayer is extremely difficult 
to quantify in situ under all sampling 
conditions; we judged it on several occa- 
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sions, using polarized light color scales, 
to well exceed the assumed value of 1.5 
.tm on a water-free basis. 

Tables 1 and 2 present the average 
trace metal budget over three seasons for 
the sampling station at the terminus of 
the marsh. The average percentage of 
trace metals distributed between micro- 
layer, water, and seston for the three 
seasons are summarized in Fig. 2. On the 
average, a microlayer 1.5 Atm thick car- 
ries 10 percent of the copper, 19 percent 
of the zinc, and 23 percent of the iron as- 
sociated with the waters of Canary 
Creek Marsh. 

Table 2 also includes calculations of 
the net import and export residuals for 
the three trace metal tidal components in 
the salt marsh (12). On an average net 
basis for three seasons in 1975, trace 
metals appear to be cycled in this salt 
marsh by being imported on the surface 
microlayer and exported by dissolved 
and seston phases. The net export of 
trace metals as seston in this study may 
be due in part to our sampling only on 
maximum monthly tides that could re- 
suspend particulates, during complete 
flushing of the salt marsh, that are 
normally entrained in the floodplain. 

The surface microlayer must be ac- 
knowledged as an important vehicle for 
the transport and cycling of trace metals 
in the salt marsh. Certainly the particu- 
lates entrained within the microlayer 
may be as significant as the dissolved 
constituents in concentrating and trans- 
porting trace metals in the estuarine sur- 
face microlayer. The relative enrich- 
ments of trace metals in the estuarine 
surface microlayer of this salt marsh rel- 
ative to the dissolved components are 
greater than those observed in other 
studies in more open marine waters (6, 
8). Such enrichments may be due either 
to the greater organic contents of salt 
marsh waters and perhaps their micro- 
layers or to the inclusion of particu- 
lates entrained in the microlayer. In 
any case, a significant proportion of the 
trace metal burden for the salt marsh 
resides in the surface microlayer at any 
one time and suggests that the surface 
microlayer acts as an important agent for 
the concentration, cycling, and transport 
of trace metals in estuarine waters. 

The surface microlayer shows in- 
creased affinity for organic or biological 
components of the marsh ecosystem, 
causing it to become a region of in- 
creased algal productivity and metabo- 
lism (13). In fact, the surface microlayer 
interacts with Spartina alterniflora in the 
marsh in a direct way such that dead 
Spartina litter is capable of sorbing the 
microlayer and thus becoming enriched 
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Table 2. Trace metal partitioning during flood and ebb tide at the mouth of the Canary Creek salt 
marsh, averaged over the spring, summer, and fall of 1975. 

lent Total (g) Water (g) Microlayer (g) Particulate (g) ment 

Flood 
Copper 6.41 x 102 2.91 x 102(45%) 6.86 x 101(11%) 2.81 x 102(44%) 
Zinc 2.47 x 103 2.99 x 102(12%) 4.78 x 102(19%) 1.69 x 103(68%) 
Iron 2.41 x 105 3.31 x 103(1%) 6.46 x 104(27%) 1.73 x 105(72%) 

Ebb 
Copper 7.55 x 102 3.04 x 102(40%) 6.42 x 10'(9%) 3.87 x 102(51%) 
Zinc 3.15 x 103 3.72 x 102(12%) 4.18 x 102(13%) 2.36 x 103(75%) 
Iron 3.51 x 105 8.90 x 103(3%) 5.60 x 104(16%) 2.86 x 105(81%) 

Differences* 
Copper -1.15 x 102 -0.13 x 102 +0.44 x 101 -1.06 x 102 
Zinc -6.83 x 102 -0.73 x 102 +0.60 x 102 -0.67 x 103 
Iron -1.10 x 105 -5.59 x 103 +0.86 x 104 -1.13 x 105 

*Positive numbers indicate import, and negative numbers indicate export. 

Fig. 1. Site of the trace 
metal study in the Canary 
Creek salt marsh, Lewes, 
Delaware. The salt march 
drains 2 km2 of a small and 
rather pristine wetland at 
the southern terminus of 
Delaware Bay. This marsh 
is typical of many in the 
area and has been the site 
of numerous studies over 
the past three decades. 
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Fig. 2. The average distribution of copper, zinc, and iron in the trace metal budgets for the 
Canary Creek salt marsh, Lewes, Delaware. 
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in trace metals (14). Spartina litter also 
releases fulvic acids, or precursors, dur- 
ing decomposition, and such organic de- 
composition products could chelate dis- 
solved trace metals which collect at the 
surface microlayer and become available 
for scavenging by the litter of the marsh 
(14). Thus, Spartina litter appears to 
both sorb surface microlayer com- 
ponents and release organic materials 
which comprise an integral part of the 
microlayer. Such organic materials could 
provide natural soluble chelators for 
trace metals and account in part for net 
export as dissolved components. 

Earlier surveys on salt marshes to the 
south (4) suggested less of a range of 
trace metal tidal fluxes. At either locale, 
there is probably little long-term net ex- 
port or import of most trace metals, ex- 
cept possibly iron. In the Delaware salt 
marsh, iron appears to undergo large 
(100x) dissolved export during periods 
of the summer; this export is due to acid- 
producing reactions of sulfide oxidation 
at the salt marsh sediment surface (15). 
Tidal heights in this salt marsh are 
moderate (1.5 m), and often inundations 
of large areas of the salt marsh surface 
are only monthly. Thus the export of 
trace metals entrained in the marsh by 
the action of the surface microlayer or 
arising from oxidation at the sediment 
surface may be more periodic. Where 
there is greater tidal height and thus 
complete inundation more often, exports 
of surface-entrained materials might be 
more regular. For any salt marsh, how- 
ever, reactions at the tidally regulated 
salt marsh surface seem critical to the 
flux and cycling of trace metals and other 
elements. 

ROBERT E. PELLENBARG 
THOMAS M. CHURCH 

College of Marine Studies, University of 
Delaware, Newark 19711 
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dry seston multiplied by integrated mass flux of 
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crolayer flux by multiplying the grams of metal 
per freeze-dried mass of microlayer material oc- 
cupying a density of 1.6 g/cm3by the surface mi- 
crolayer volume (assumed to have a thickness of 
1.5 ,tm) by the area of the marsh (1.93 km2). 
During maximum inundations, the water in the 
floodplain is assumed to suspend the same quan- 
tity of fine-grained, easily mobilized seston as 
that which exits the terminus of the marsh at 
the time of collection. Also, the surface micro- 
layer as collected is assumed to occupy a uni- 
form thickness of 1.5 tAm over the marsh. The 
mass of microlayer used in the flux calculation is 
that analyzed after freeze-drying rather than the 
mass collected, which contains some entrained 
water. The actual microlayer is probably a hy- 
drophobic film which contains little of this water 
and is composed primarily of large organic mole- 
cules and particulates whose mass is little af- 
fected by the process of freeze-drying. 
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process. 

Although the amino acid composition 
is a readily measured characteristic of 
protein structure, the factors that con- 
tribute toward determining this composi- 
tion are not well understood. Various hy- 
potheses have been put forward to ex- 
plain the experimental compositions. If 
the replacement of one amino acid by 
another is a neutral process with respect 
to Darwinian selection, then at compo- 
sitional equilibrium the amino acids 
would be, within statistical scatter, 
equally abundant in proteins at a fre- 
quency of 1/20. In contrast, if selection 
occurs at the gene level and is a neutral 
process, the four nucleotides in the 
structural gene would be approximately 
equally abundant at a frequency of 1/4 
each, that is, in a ratio of 1:1:1:1, at each 
of the three coding triplet positions. In 
this case, the expected amino acid com- 
positions would be very close to that in 
the genetic code table, exclusion of the 
chain-terminating codons perturbing this 
result only slightly. Finally, independent 
of the extent to which evolution has been 
selectively neutral, the observed amino 
acid composition in individual proteins 
could be considered a sampling from the 
average natural abundances of amino 
acids in proteins. For brevity, these 
three explanations will be designated the 
amino acid-random, genetic code-ran- 
dom, and natural abundance-random 
hypotheses, respectively. 

In the aggregate, the proteins that 
have been sequenced so far do not sup- 
port any of these three hypotheses (1-3). 
A more sensitive examination of each 
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12. The differences between the fluxes of the three 
metal components (flood minus ebb) yield posi- 
tive (import) or negative (export) residuals. 
However, these residuals are probably signifi- 
cant only in sign, relative to the components 
sampled (surface microlayer, dissolved com- 
ponents, and seston). These signs were consis- 
tent for all three seasonal tides sampled. Wheth- 
er they are representative on a longer term 
basis or for salt marshes in general cannot be 
determined until more data have been acquired. 
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would be possible if the amino acid com- 
position of individual proteins could be 
tested against them. In some of the refer- 
enced studies such a sensitive test could 
not be made because the distribution of 
the test statistic was not known with cer- 
tainty, or because the number of amino 
acid residues in particular proteins is so 
small as to reduce the force of the infer- 
ences drawn. The latter consideration is 
particularly relevant with respect to de- 
termining whether a particular amino 
acid type is or is not present in excess or 
deficit of theoretical expectation. The 
most satisfactory way to avoid these 
problems is to test each hypothesis 
against a protein of very long length so 
that (i) the effect of short finite length is 
statistically negligible; (ii) the assump- 
tions under which the distribution of the 
x2 test statistic are valid, are satisfied; 
and (iii) in testing a particular amino acid 
against these hypotheses, the binomial 
distribution (see below) is well approxi- 
mated by the normal distribution. 

The amino acid sequence of 8-galac- 
tosidase from Escherichia coli reported 
by Fowler and Zabin (4) provides an op- 
portunity to examine the several hypoth- 
eses about the compositional structure of 
proteins. The unusual length of this pro- 
tein, 1021 residues, permits the testing of 
each, statistically free of the sampling er- 
ror introduced by small sample size. Al- 
so, as there are 20 amino acid types, 
each is represented in the sequence by 
the order of 50 residues, which is a suffi- 
ciently large number in itself to make 
meaningful statements about each amino 
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,8-Galactosidase and Selective Neutrality 

Abstract. Three hypotheses to explain the amino acid composition of proteins are 
inconsistent (P = 10-9) with the experimental data for ft-galactosidase from Esche- 
richia coli. The exceptional length of this protein, 1021 residues, permits rigorous 
tests of these hypotheses without complication from statistical artifacts. Either this 
protein is not at compositional equilibrium, which is unlikely from knowledge about 
other proteins, or the evolution of this protein and its coding gene have not been 
selectively neutral. However, the composition of approximately 60 percent of the 
molecule is consistent with either a selectively neutral or nonneutral evolutionaty 
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