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ABSTRACT: The availab~lityof inorganic nitrogen in the surf-zone of Nahant Bay, Massachusetts, USA,
was studied in relation to the distribution and decomposition of a free-living population of the
filamentous brown alga Pilayella littoralis. Slight ammonium enrichment was evident in the surf zone of
one beach location and in the immediate vicinity of a sewage treatment plant outfall. Profiles of
sediment ammonium were determined over an annual cycle at 4 mid-intertidal beach sites. Most sites
contained sediment ammonium from 0.05 to 0.1 pm01 cm-l, while one site with chronic algal deposition
and burial showed greatly elevated sediment ammonium levels ( 5 6 pm01 cm-3). Efflux of ammonium
from deep and shallow subtidal sediments and from intertidal surf-zone sediments was typically
5 1 0 0 ~ m o lm-' h-', except at the site with chronic algal burial and decomposition, where flux of
ammonium ranged from 200 to 2000 pm01 m-' h ' S e d ~ m e n tconcentrations and benthic flux of
ammonium from sandy subtidal and surf-zone sediments are generally low in Nahant Bay; however,
beaches with chronic deposition and burial of free-living P. littoralis have very high ammonium content
and flux owing to the decomposition of algae that have effectively concentrated nitrogen from a much
larger area of the bay.

INTRODUCTION

Sandy beaches are generally characterized by lower
content of organic matter and nutrients than sheltered
mudflats or subtidal sediments, owing to the high
degree of sediment reworking and interstitial water
percolation from waves and tides (Eagle 1983, Kaspar
1983, McLachlan 1983, Nowicki & Nixon 1985). While
substantial amounts of organic detritus may be cast
upon beaches, rapid fragmentation a n d leaching generally prevent the long-term accumulation of nutrients
within beach sediments (Koop et al. 1982, Pugh 1983,
McLachlan & McGwynne 1986), although distinct
enrichment may occur when elevated inputs become
chronic (Oliff et al. 1970).Because of the rapid regeneration of organic matter, nutrient inputs to the adjacent
surf zone may be considerable even though concentrations often remain quite low (McLachlan 1980, 1982,
McLachlan et al. 1981).
A free-living population of the filamentous brown
'
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alga Pilayella littoralis grows throughout the year in
Nahant Bay, Massachusetts, USA, where it often
accumulates in large surf-zone drifts (Wilce et al. 1982,
MIilce & Quinlan 1983). The presence of this algal
population and the decomposition of cast algae in
beach sediments have led to the popular suggestion
that Nahant Bay has become eutrophied, perhaps
through nutrient inputs from a sewage treatment plant
outfall in the bay. Initial work on this question concluded that the outfall did not contribute sufficiently
high amounts of nitrogen and phosphorus to be blamed
a s a point source of nutrients that could cause the
buildup of biomass of the nuisance population of algae
(Quinlan 1982, Quinlan et al. 1983). Furthermore,
Quinlan (1982) suggested that nitrogen availability
limits the productivity of free-living P. littoralis in Nahant Bay, after consideration of N:P ratios for the algae
and for inorganic and total dissolved nutrients.
Since the free-living algae periodically and persistently accumulate in surf-zone drifts a n d are often
stranded a n d resuspended by the tides, much of the
nitrogen demand of the population must be met by
what is available in the nearshore area. One potential

162

Mar. Ecol. Prog. Ser. 50: 161-167, 1988

pool of inorganic nitrogen is the interstitial pore water
of beach sediments, where microbial decomposition of
organic matter provides newly regenerated nutrients
that can diffuse or percolate into the surf-zone waters
(Koop et al. 1982, Pugh 1983). The observations that
experimental organic matter inputs can result in higher
interstitial ammonium concentrations and increased
benthic flux (Kelly & Nixon 1984, Kelly et al. 1985,
Andersen 1986) suggest that the decomposition of
buried Pilayella littoralis in Nahant Bay could provide
local increases in surf-zone nutrient availability. The
free-living algae drift suspended in the water column
within the surf zone and just above the sediments
throughout Nahant Bay, where they are in close proximity to the sediments and may readily exploit any
benthic flux of inorganic nitrogen. Furthermore, since
large amounts of P. littoralis become buried during
spring beach accretion but do not appear to decompose
fully until summer, ammonium regeneration and
availability may vary seasonally.
In order to assess the availability of inorganic nitrogen
to free-living Pilayella littoralis, we monitored levels of
ammonium, nitrate and nitrite at nearshore and surfzone stations in Nahant Bay and measured sediment
ammonium profiles at 4 beach sites at intervals through
a n annual cycle. Add~tionallywe determined the flux of
ammonium out of sediments at several intertidal,
shallow subtidal and d e e p mid-bay locations.

MATERIALS AND METHODS
Study area. Nahant Bay is located northeast of Boston,
Massachusetts, USA (Fig 1).The bay has the shape of a n
open circle, with a series of curving sandy beaches that
are separated by rocky promontories. Wave energy
dissipated against the gently sloping bottom at depth
creates directional surge that tends to move the barely
negatively buoyant Pilayella littoralis towards the
beaches, where large clouds aggregate in the surf zone.
Wind-driven circulation in the nearshore zone sporadically concentrates the algal clouds at the ends of several
beaches. If currents carry the algae around one rocky
promontory, they subsequently drift along the next
beach and accumulate against the next promontory.
Shifts in wind direction may reverse the direction of algal
drift along the beaches or drive the algae out of the surf
zone into the mid-bay region, wh.ere they again become
influenced by wave motion along the bottom and tidal
exchange of bay water. P. littoralis is chronically cast
upon the beach and buried at Little Nahant North (LNN)
(Fig. l ) ,where sediment profiles in late spring reveal as
many as a dozen distinct layers of algal deposition that
may occupy as much as 10 O/O of the sediment volume
down to 0.5 m. Algae are also cast at Lynn Shore Drive

Nahant Bay

Fig. 1 Nahant Bay, Massachusetts, USA Nearshore water
collection stations are designated 1 through 8; Stns 1 and 2 are
near the sewage outfall. The 4 beach stations for surf-zone
water and sediment profile collections are designated LSD.
TIDES, LNN and CGB. Benthic flux measurement stations are
designated ( 0 )

(LSD) but appear to b e buried more sporadically and
much more shallowly (down to 10 cm). Algae are infrequently found in the water or on the beach at the Coast
Guard Beach (CGB) or at the TIDES site (Fig. 1) and are
very rarely buried even to a shallow depth.
Water sampling. Water samples were collected at ca
2 mo intervals between December 1984 and November
1985 at 8 nearshore stations in Nahant Bay, including
the region of the outfall (Fig. 1). Water samples were
collected between May 1985 and March 1986 from 4
surf-zone stations along the beaches of Nahant Bay:
LSD, TIDES, LNN and CGB (Fig. 1). At the nearshore
stations water was collected from mid-depth with a
Nansen bottle. Triplicate 25 m1 samples were filtered
(Millipore Millex-PF 0.8 ttm and Millex-GS 0.22 pm in
series) and frozen immediately on dry ice. At the surfzone stations, triplicate samples were collected just
beneath the surface by syringe and filtered as above.
Sediment ammonium profiles. At each of the 4
beach sites, vertical profiles of total sediment
ammonium (interstitial plus exchangeable) at midintertidal elevations were measured. Sediments at
depth were exposed by digging pits during low tide.
Duplicate sediment samples (25 cm3) were taken by
inserting tipless 50 cm3 syringes laterally into sediments at 10 cm intervals between the sediment surface
and 50 cm depth. The sediment samples were
extracted w t h 20 m1 of 1 M KC1. After settling the
supernatant was decanted, filtered (0.8 and 0.22 pm in
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series), immediately frozen on dry ice, and kept frozen
until analysis. Prior to measurement of ammonium concentration, samples were acidified with concentrated
HC1 and air bubbled to drive off hydrogen sulfide
(Solorzano 1969).Dilutions were made with 3.0 OO/ (w:v)
NaCl when concentrations were beyond the linear portion of the standard curve. Sediment ammonium concentrations have been corrected for dilutions during
extraction and analysis.
Nutrient analyses. Ammonium concentrations were
determined by a modified phenol-hypochlorite method
(Solorzano 1969). Standards in both deionized distilled
water and 3.0 % (w:v) NaCl were linear through 60 pM,
and the lhinimum detection limit averaged <0.2 pM.
Serial dilutions with 3.0 % NaCl were performed on
samples having ammonium concentrations >60 p M .
After October 1985 nitrate and nitrite were determined
on a Technicon Autoanalyser using a modification of
the procedure of Strickland & Parsons (1968). At maximum sensitivity, the minimum detection level was
<0.2 P M nitrate and <0.05 p M nitrite.
Benthic flux of inorganic nitrogen. Flux of ammonium was determined from August to November
1985 at 7 locations in Nahant Bay (Fig. l ) ,including a n
offshore station (14 m depth), a shallow subtidal station
(3 m depth), and low- and mid-intertidal stations at
3 beach sites. From 3 to 8 flux chambers were placed at
each station. Flux chambers were constructed of PVC
pipe (7.6 cm inner diameter X 30 cm length). Surf-zone
turbulence prevented the use of broader and shallower
chambers; strong wave scour often exposed 10 to 15 cm
of the chamber body that had been driven into sediments. Chambers were placed into sediments to a
depth of 20 cm and capped, isolating nearly 1 1 of
sediments with an exposed area of 45.4 cm2. The
change through time in nutrient concentration in the
head space (500 ml) was measured. At Time 0 and at
l h intervals after placement, 30 m1 water samples were
removed by syringe through serum stoppers in the
chamber caps. Replacement water from the overlying
water column was allowed to enter the headspace
through fine-gauge syringe needles placed in serum
stoppers to prevent the advection of pore water into the
head space during sample withdrawal. Concurrently,
duplicate ambient water column samples were taken
above the chambers. Duplicate 250 m1 dark bottles
were incubated in situ for the entire duration of the flux
measurement to ascertain changes in nutrient concentrations owing to water column processes. Water samples were immediately filtered (0.8 and 0.22 pm in
series) and frozen on dry ice. Ammonium and nitrate
were determined as above.
Changes in head space nutrient concentration were
regressed against time, with correction for head space
volume, sampling dilution, sediment surface area, and
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dark bottle changes, to derive rates of benthic nutrient
flux. Incubations lasted from 4 (mid-intertidal) to 6.5
(shallow subtidal) hours. In several cases head space
nutrient concentration increased, but linear regression
analysis did not yield significant linear rates.

RESULTS
Nearshore water collections
Ammonium concentrations ranged from < l to 7 p M
over the duration of the study (Fig. 2). On 5 of 6
collection dates, samples in the vicinity of the outfall
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Fig. 2. Ammonium concentrations at nearshore stations. Values for Stns 1 and 2 (outfall) have b e e n combined a n d are
presented a s mean f 1 SE, as have values from Stns 3 to 8

boil had the highest ammonium levels encountered (3.5
to 7.0 PM)The other nearshore stations in Nahant Bay
had markedly lower ammonium concentrations (1 to 3
p M ) on all dates. Nitrate and nitrite analyses were not
performed on the nearshore water collections.

Surf-zone water collections
Concentrations of nitrate at the surf-zone stations
were variable and ranged from 0.5 to 4.0 y M (Fig. 3),
while nitrite levels were quite low at all times (<0.8
PM). Surf-zone ammonium levels were usually <2 p M
with one distinct exception. Water samples from LNN
frequently had elevated concentrations of ammonium
(5.9 to 12.0 PM),and on one date in the summer
exhibited a mean concentration of 33 pM. We assume
that the surf zone was enriched with interstitial drainage water on this occasion, for seepage water on the
beach face smelled of decomposition products.

Mar. Ecol. Prog. Ser. 50: 161-167, 1988

+

4 .

2
2

3.

--

2 .

,i;.,i,

1 .

r 1.0

-

r 0.5

.

z

o

n

- 12
I
= 10

;.

-

'

~

4 -

~

'

'

d

c-

'

~

'

'

'

l

0 : LNN

0: LSD.TIDES. C G B

t

-

E

O

~

-

8
6 -

2

t

'

... ...

-

E

U

o

-

70:
14

.,.

,

0 .
0

.

74

, ,

"

0

t

t

M

J

J

A

S

O

N

D

J

F

M

A

M

Sediment

Fig. 3 . Surf-zone concentrations of nitrate, nitrite, and
ammonium at the 4 beach stations. Values for LSD, TIDES and
CGB have been combined and are plotted as mean 2 1 SE,
while values for LNN are plotted a s mean i 1 SD. Note the
changes in scale for the different ions
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Fig. 4. Sediment ammonium (interstitial plus exchangeable)
profiles at the 4 beach stations from July 1985 to May 1986.
Mean range for all analyses (4 replicates per sample) was
21.8+ 16.2 nmol cm-3

sediment surface were about 1 ymol cm-3 during summer and fall, but dropped below 0.2 vmol cm-3 during
winter and spring.

Sediment ammonium profiles
Sediment ammonium concentrations (interstitial plus
exchangeable) ranged from 0.05 to 0.10 pm01 cm-3 for
2 of the 4 locations sampled, at the TIDES and at CGB
(Fig. 4). At beach station LSD, ammonium profiles were
variable; levels comparable to those seen at TIDES and
CGB were observed on 5 of the 7 collection dates, but
very high levels (1.5 to 2 pm01 cm-3) were found on
2 occasions. At LNN, extremely high concentrations of
ammonium, up to 6 ~imolcm-3, were observed on all
collection dates. Concentrations of ammonium at the

Benthic nitrogen flux
In the intertidal zone, ammonium flux from beaches
with little or no algal deposition was usually less than
our limit of detection (100 pm01 N ~ ~ + r h-')
n - for
~ lncubations of short duration (Table 1). Longer incubations
in the center of Nahant Bay and in the shallow subtidal
zone off of CGB ylelded similarly low rates of 30 to 110
limol NH,*m-2h-1. In contrast the intertidal zone at

+

Table 1. Flux of inorganic nitrogen (mean
1 SD) from surf-zone and subtidal stations in Nahant Bay. Minimum detection limit
for flux was determined by the duration of the incubations and the minimum concentration change that would have been
necessary to cause a significant increase. Variation for nitrate analyses was less than for ammonium, resulting in a lower minimum
detection 1imi.t
Site
LSD low intertidal
LNN low intertidal
LNN mid intertidal
CGB low intertidal
CGB mid intertidal
Little Nahant shallow subtidal (3 m 1

No. of chambers

Ion

6
3
3
3

NH4
NH4*
NH4+
NH4'

4

NosNHj-

3
4
4

Nahant Bay center (14 m )

8

Flux rate (pm01 m-' h - ' )
+

NH,'
No3NH, C

< 100 (below detection)
273 ' 68
1193
836
< 100 (belulv detection)
-22
13
< 100 (below detc:cti.on)
95 -L 14
-15 If 6
79 f 20

+
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LNN exhibited flux rates of 205 to 2000 pm01
~ ~ ~ + m - ~There
h - ' . appeared to be no relationship
between temperature and flux for those sites that were
visited more than once from August (19 "C) to
November (9 "C).
O n one occasion w e determined the flux of nitrate
from intertidal sediments at the CGB site and the
shallow subtidal station (Table 1). All chambers yielded
small but significant negative rates; that is, sediments
appear to take up nitrate rather than release nitrate to
the water column.

DISCUSSION

The continual reworking of beach sands by wave
action usually lowers the sediment ammonium content
relative to muddy shores or subtidal sediments, where
deposition and decomposition of organic matter under
more quiescent conditions permits the buildup of
regenerated nutrients (Martens et al. 1978, Hopkinson
& Wetzel 1982, Eagle 1983, Kaspar 1983, Boynton &
Kemp 1985, Nowicki & Nixon 1985, Pollehne 1986).
The beaches of Nahant Bay are moderately exposed to
wave action and consequently exhibit Little buildup of
organic matter or sediment ammonium with 2 important exceptions. The beach at Lynn Shore Drive (LSD)
receives periodic deposition of free-living Pilayella
littoralis, and occasionally the cast algae are buried in
the beach sediments. The north end of Little Nahant
beach (LNN) chronically receives algal deposition,
sometimes to many cm depth. While accumulations of
cast algae may begin to decompose on the beach surface, burial in sediments with subsequent decomposihon also frequently occurs. During the spring period of
beach accretion, many discrete layers of partially
decomposed algae can be observed in sediment cores
taken from LNN, but not from other beach sites that
have been sampled.
A similar situation has been observed in a Florida
lagoon, where decomposing drift algae greatly
increased the interstitial ammonium content of underlying sediments for a brief period (Zimmerman & Montgomery 1984). The condition in Nahant Bay is exceptional in that it occurs in a moderate-energy surf zone
and that it appears to be a chronic situation a t one site.
Less dramatic pore water enrichment has been
observed for sand trapped above a bedrock shelf
following decomposition of cast algae on a South African beach (Koop et al. 1982). The observation that
sediment ammonium levels fluctuate markedly at LSD
suggests that normal beach reworking by surf and
drainage of pore water during low tide can lower interstitial nutrient levels back to prior values over a matter
of weeks if further algal burial and decomposition does
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not occur (see below). At LNN very high ammonium
levels are observed right u p to the sediment surface
during the warm months of summer through early fall,
while surface concentrations decline during colder
winter and spring months. Even during the penod of
winter storms, there is a very large pool of inorganic
nitrogen within these sediments that may become
available to algae through sediment turnover and tidal
drainage.
Our measurements of ammonium flux indicate that
considerable ammonium is released from intertidal
sediments at LNN where Pilayella littoralis is chronically deposited and buried (Table 1). Rates computed
for the low intertidal zone at LNN are greater than most
published rates for muddy sediments with high organic
content (e.g. Pomroy e t al. 1983, Boynton & Kemp 1985,
Kaspar et al. 1985, Nowicki & Nixon 1985). Flux measurements from beach sands without buried algae were
below our detection limit for incubations of <4 h ( < l 0 0
pm01 ~ ~ , + m - ' h - ' ) .We were unable to distinguish
between the contributions of diffusive flux versus flux
of ammonium through bioturbation or animal excretion. Estimation of diffusive flux from diagenetic models would b e difficult, for w e d o not have fine-scale
vertical profiles of sediment ammonium content. Aside
from the flux that w e did measure, w e have ignored the
contribution of percolation and flushing of interstitial
water out of intertidal and subtidal sediments owing to
tidal fluctuation and wave pumping, which could be
considerable ( h e d l 1971, &edl et al. 1972, Johannes
1980, McLachlan 1982). Thus our estimates of
ammonium flux are conservative by some unknown but
potentially large degree.
Disregarding percolation or drainage, w e can estimate ammonium turnover time for LNN. If w e assume a
mean concentration in the upper 20 cm of about
1.5 pm01 cm-3 for much of the year (Fig. 4 ) , then there
are ca 300 mm01 NH4+m-2 available for flux in the
upper 20 cm. If w e use a mean flux rate of about 730
l m o l NH4+m-'h-'
(Table l ) , it would require a
minimum of 17 d to deplete the ammonium, or a turnover of approximately 0.058 d-' It is unlikely that the
high flux would continue as ammonium concentration
dropped or that only the upper 20 cm are involved, but
it does suggest that the infrequently observed peaks of
sediment ammonium at LSD could be depleted within a
month or two if further algal decomposition did not
contribute to ammonium levels a n d if percolation efflux
is of any importance.
Our measurements of benthic ammonium flux from
sandy subtidal sediments agree quite well with those
observed elsewhere (Nixon 1981, H o p h n s o n & Wetzel
1982, Florek & Rowe 1983, Pomroy et al. 1983, Boynton
& Kemp 1985, Kaspar et al. 1985, Nowicki & Nixon
1985). The flux of nitrate from sandy subtidal sediments
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is variable, and may be negative (Florek & Rowe 1983,
Kaspar et al. 1985, Nowicki & Nixon 1985, Asmus
1986), as observed in Nahant Bay.
Periodic measurements of ammonium at nearshore
stations in Nahant Bay indicate that slight enrichment
appears to exist near the outfall boil (Fig. 2), but does
not seem to extend beyond the immediate area. However, the contribution of ammonium to surf-zone waters
by benthic flux at LNN may be sufficient to noticeably
increase water column ammonium. If we assume the
conservative estimate of flux used above (730 pm01
~ ~ ~ + m - ~over
h - 'a) 6 h period of tidal encroachment,
4380 ~imolm-2 of ammonium would enter the water
column. If the surf zone may be considered a wedgeshaped volume with a mean depth of about 1 m for a
2 m tidal range, then the ammonium would be diluted
by 1000 1of water over each m', resulting in an increase
of 4.38 11Mif no other processes such as algal uptake or
nearshore mixing altered the situation. While this
assumption is simplistic, the estimated change in ammonium approaches the difference observed between
LNN and other surf-zone locations in Nahant Bay (Fig.
3) and elsewhere (Lewin et al. 1975, Bolter et al. 1981).
Greater flux of ammonium clearly occurs on some occasions, and drainage of pore water at low tide must
rapidly increase surf-zone ammonium at LNN; thus, it
is not surprising that even greater increases in surfzone ammonium occur despite potentially rapid algal
uptake.
Free-living Pilayella littoralis persists throughout the
year in Nahant Bay (Wilce et al. 1983). Our data indicate that there is variation in ammonium availability
between locations and times within the bay. We may
conceptually consider the situation at 2 extremes. On
one hand, population growth and maintenance would
be entirely dependent upon the flow of nitrogen
through the bay from long-shore coastal circulation.
Population size would fluctuate with and be restricted
by available nitrogen in Massachusetts Bay waters. At
the other extreme, we may consider Nahant Bay to be a
closed system with regard to nutrients, and the algal
population would be sustained by nutrients regenerated within sediments (McLachlan 1980). Changes in
the rates of burial, regeneration and flux would alter
the availability of nitrogen to drifting algae. Losses
from the bay owlng to denitnfication might be matched
by inputs from the sewage outfall. However, since the
distribution of free-living P. littoralis appears to be
governed by chance fluctuations in wind direction and
wave strength, the true situation must be a modified
combination of the 2 scenarios, which will vary spatially and temporally in relative importance. Algae
drifting offshore will be more dependent upon coastal
circulation and open-water nutrient concentrations,
while surf-zone algae will encounter the isolated reg-

ions of high benthic flux that seem to result from algal
burial and decomposition.
We suggest that free-living Pilayella Littoralis in Nahant Bay can scavenge nitrogen from the water column
throughout the bay, transforming it to algal biomass.
The aggregation of drifting algae in the surf zone by
water circulation serves to concentrate nitrogen that
was formerly diffuse. The deposition and burial of algal
biomass temporarily removes nitrogen from the system,
but decomposition within sediments and efflux to the
water column return inorganic nitrogen to an area of
high algal abundance. The delay between burial and
efflux may vary seasonally with temperature and severity of wave action. Sediment temperature, oxygen
availability from percolation or turbulence, and frequency of algal input influence the duration of elevated
ammonium levels and the concomitant stench of algal
decomposition products. We anticipate that removal of
cast algae prior to burial will ameliorate the noxious
conditions resulting from decomposition, but will not
preclude the development of large surf-zone drifts of
free-living P. littoralis. The ability of the alga to take up
nitrogen at low concentration while drifting throughout
the bay WLU permit regrowth of the population and
subsequent accumulation along the beaches.
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