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Phosphorus-limited photosynthesis and growth of Sargassum natans and
Sargassum fluitans (Phaeophyceae) in the western North Atlantic

BrianN E. LAPOINTE®

(Received 24 June 1985; in revised form 21 Ociober 1985: uccepied 4 November 1985)

Abstract—Growth enrichment studies utilizing in site cage cultures and a shipboard flowing
seawater culture system were conducted with whole-plant populations of pelagic Sargassim—S.
natans and §. fluitans (Phacophyceae)—in the western Sargasso Sea and at Looe Key Marine
Sanctuary adjacent to the Straits of Florida. Growth rates of both specics ranged from .03 o
0.04 doublings d™' in control cultures receiving no enrichment and in cultures receiving either
NO3 or NH; enrichment; in contrast, growth rates ranged from (.05 to 0.08 doublings d ' in
cultures receiving PO;" enrichment. Midday photosynthetic rates of S. natans and S. fluitans were
also two-fold higher with PO} enrichment. ca. 2.3 mgC g dry wt™' h™' compared to 1.0 1o
1.5 mgC g dry wt' h™' in the NH;, NO, and control treatments. These data suggest that pelagic
Sargassum may grow faster than previously thought and that phosphorus. rather than nitrogen,
may be the primary nuirient limiting growth and productivity of these plants.

INTRODUCTION

THE Two species of pelagic Sagassum indigenous to the Sargasso Sea—S. fluitans
Borgesen and §. natans (Linnaeus) J. Meyen—are important key industry species (sensu
Elton) to pelagic food webs of the North Atantic. Pelagic Sargassum provides habitat
and nutrition for over 100 species of oceanic organisms associated with the Sargassum
community (Morris and MOGELBERG, 1973; BUTLER et al., 1983) as well as 50 species of
fish of great commercial and sport fishing value (DootEey, 1972). Pelagic Sargassum may
also be important to detrital food webs over broad areas of the North Atlantic as
evidenced by its presence in deep sea photographs and gut contents of the deep sea
brittlestar Amphiophiura bullata (ScHoENER and Rowe, 1970).

Despite the importance of these plants, our knowledge of their productivity remains
quite limited. Parr’s (1939) early model of abundance and growth of pelagic Sargassum
proposed a total standing crop of 7.3 million tons which he speculated grew quite
slowly—doubling on the order of every 10 to 100 years. Subsequent indirect ('*C, O,)
productivity estimates (CArPENTER and Cox, 1974; Howarp and MENzies, 1969; BLAKE
and JoHNsON, 1976) also suggested low productivity of these plants. Consequently, pelagic
Sargassum is considered unproductive (e.g. Mann et al., 1980) and therefore does not
figure significantly in current models of oceanic productivity in the North Atlantic (e.g.
Jenkins, 1982; Kerr, 1983). However, recent evidence that traditional indirect algal
productivity methods may underestimate in situ productivity due to a variety of bottle
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302 B. E. LAPOINTE

effects (Harris, 1978; Girskes ef al.. 1979) suggests the need for direct growth rate
measurements of pelagic Sargassum populations cultured under natural conditions.

Nutrient limitation is often cited as the reason for the apparent low productivity of
pelagic Sargassum (c.g. Mann er al., 1980). Carventer and Cox (1974) found Os
evolution of Sargassum was consistently higher north of 30°N latitude compared to more
southerly latitudes, presumably because of a higher degree of winter mixing and nutrient
resupply to surface waters in the northern Sargasse Sea compared to the southern
Sargasso Sea. Although N and P are generally thought to be primary limiting nutrients in
surface waters of the North Atlantic Ocean gyre (Parsowns e al., 1977), the relative
importance of these elements in limiting organic production in the oceans is still poorly
known, For example, whereas phytoplankton ecologists regard the oceans to be N-
limited systems (RYTHER and Dunstan, 1971; GoLpman er al.. 1979; PERRY and ErpPLEY,
1981), geochemists maintain that the oceans as a whole are P-limited systems (Smirit,
1984). Considering the current uncertainties of the relative importance of N vs P
limitation in the marine environment, studies 10 determine which nutrient element, if
either. limits growth rate of Sargassum under natural conditions needs to be resolved.

The present study sought to determine: (1) the growth rate of populations of 8. natans
and S. fluitans grown under natural conditions in surface waters of the Sargasso Sea and
Gulf Stream systems, and (2) the relative importance of N and P in regulating growth of
these plants upder ambient nutrient conditions.

MATERIALS AND METHODS

To assess growth of §. natans and S. fluitans over an approximation of their wide
geographic range, growth enrichnient studies were performed at two different locations,
one adjacent to the Straits of Florida in Looe Key Marine Sanctuary in the Jower Florida
Keys, and the other during a cruise on the R.V. Columbus Iselin (cruise No. C18311) to
the western Sargasso Sea approximately 30 miles east of Eleuthra. Bahamas (Fig. 1). At
both locations, whole plants of 8. natans and §. fluitans were collected by dip netting and
cleaned of macroepiphytes and macroepizoa before exposing the plants to four experi-
mental treatments: (1) NO3 enriched, (2) NH{ enriched. (3) POI™ enriched and (4)
control (no enrichment). Growth rates were determined as a function of these treatments
as doublings d™' by measuring changes in wet weight over approximately a 7- to 10-day
growth interval.

Different culture techniques were used at the different geographic locations. The
growth experiments in L.ooe Key Marine Sanctuary, performed between 20 July and
2 August 1983, utihzed Vexar cage cultures (23 cm diameter X 41 cm long) in which
replicate (N = 2) 100 g wet weight populations of S. natans and S. fluitans were grown.
Enrichments consisted of soaking the Sargassum populations twice weekly in acid-
washed polyethylene plastic bags containing seawater spiked to either 0.2 mM NO3
(NaNO3). 0.2 mM NH (NH,CI) or 0.2 mM POj~ (NaH-PQ,). After a 5-h exposure to
these nutrients, the Sargassum was returned to the cages where growth was monitored.
Frequent observations by divers indicated thar loss of plants from the cages was
negligible. During these experiments, irradiance ranged from 39 to 60 Ein m™ d™',
temperature ranged from 28 to 30°C. and salinity was constant at about 36%..

The growth experiments in the western Sargassc Sea utilized a shipboard continuous-
flow seawater system equipped with plexiglass growth tubes (10 cm diameter X 74 cm
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adjacent 1o the Strais of Florida.

long; volume = 2.5 1). Within each growth tube replicate (N = 2) populations of 50 g
wet weight each of S. natans and S. fluitans were grown. Seawater flow rates to each
growth tube were monitored and maintained at 200 culture volumes d™' to insure that
seawater flow rate itself was not growth limiting (LapoinTe and Ryrier, 1979). Nurtrient
enrichments weve achieved by stopping the seawater flow to the growth tubes and
injecting either NO3, NHJ or POY™ to result in identical entichment concentrations as in
Looe Key experiments. Seawater flow to the contro) tubes was also stopped but no
nutrients were administered. These nutrient pulses lasted for 5 h during which seawater
circulated around the growth tubes within the seawater system to maintain temperatures
to ambient surface temperatures in the Sargasso Sea. During these experiments,
irradiance ranged from 48 to 60 Ein m™ d™', temperature ranged from 28 to 30°C. and
salinity was constant at 36%o.

Daily photosynthetic patterns of S. fluitans aad §. natans in response to the nutrient
enrichments were also measured in the western Sargasso Sea by measunng inflow and
outflow O, concentrations from the growth tubes with a YSI model 57 O, meter.
Differences between inflow and outflow O, concentrations, combined with seawater flow
rate estimates and population weights. were used to calculate population photosynthetic
rates as mg O, g dry wt™ h™" for each experimental treatment. These rates were
converted to mgC g dry wt™' h™' by assuming a photosynthetic quotient of 1.0.

Surface (1 to 2 m) seawater samples were collected at 3-day intervals during both the
Sargasso Sea and Straits of Florida experiments to determine concentrations of dissolved
inorganic nutrients. After collection of triplicate samples with a Niskin bottle, the
samples were filtered through a 0.45 pm Gelman filter and frozen in a Nalgene bottle.
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Within 1 month, the samples were thawed and analyzed for NH7, NO3, NO3, and POy~
according to methods described by ZimmerMAN et al. (1977).

RESULTS

Growth rates of 8. natans and S. fluitans ranged from ca. 0.03 to 0.08 doublings d™!
during the growth enrichment experiments at both geographic locations (Table 1). Lower
growth rates, ranging from 0.03 to 0.04 doublings d™', occurred in the control and NOz
and NH¢ enriched treatments, compared to almost two-fold higher rates, 0.05 to 0.08
doublings d™!, in the PO enriched treatments. Two-tailed t-tests indicate that PO~
enrichment significantly (P < 0.05) enhanced growth over the controls whereas NO3 and
NHZ enrichment did not (P > 0.05).

Photosynthetic responses of S. natans and S. fluitans exposed to PO3~ enrichment also
increased two-fold over the controls and those exposed to N enrichment. Midday (1100 to
1300 h) photosynthetic rates of PO3~ enriched treatments were ca.2.0 mgC g dry wt™' h™!
compared to lower rates of ca. 1.0 to 1.5 mgC dry wt™' h™" in the control, NH; and NO;
enriched treatments for both S. natans (Fig. 2) and S. fluitans (Fig. 3). Pairwise t-tests of

Tuble ). Growth rates (doublings d”') of S. natans and S. fluitans in the western Surgasso Seu and Straits of
Florida (Looe Key Marine Sanctuary) in response 1o different rypes of nutrient enrichment. Values represent
means + 1 S.D. (N = 2)

Treatment
Species Control NGO, NH; PO}
S. natans
W. Sargasso Sca 0.035 £ 0.006 0.029 £ 0.005 0.032 £ 0.004  0.055 + 0.004
Straits of Florida 0.045 £ 0.002 0.048 £ 0.007 0.043 £ 0.009 0.072 £ 0.083
S. fluitans
W. Sargasso Sea 0.031 * 0.006 0.039 £ 0.005 0.030 £ 0.006  0.056 + 0.007
Straits of Florida 0.036 + 0.007 0.041 £ 0.005 0.042 £ 0.006  0.061 * 0.007
SARGASSUM NATANS
25 - B} © CONTROL
1 1 NOj
TINC 7 O NHY
T b | T s POY
2.0 | ) N ,J\

0.5 1

PHOTOSYNTHESIS, mg C g dry wi™-hr
>

L

0900 1000 1100 1200 1300 1400 1500 16UC 1700 1800
TIME OF DAY, HRS
Fig. 2. Daily photosynthetic patterns of S. natans in response to various types of nutrient

enrichment and to no enrichment (controls) in the western Sargasso Sea. Values represent means
£ 18.D. (N=2).
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Fig. 3. Daily photosynthetic patterns of S. fuitans in response 1o various types of nulricnt

enrichment and to no enrichment (controls) in the western Sargasso Sea. Values represent means
+ S.D.(N=2)

Table 2. Concentrations of dissolved nuiriews in surfuce seawuier of the western Sargasso
Sea and Straits of Florida during the growth enrichinent studies. Values represent meany

£] S.D. (N = 9)
Location NH,; NO, NO- PO;
W. Sargasso Sea 0.24 £ 0.09 uD.” U D.¥ U.D.g
Straits of Florida 0.19 £ 0.05 0.10 £ 0.03 U.D. uU.D.

<0 10 pM, + <002 M. § <0.03 pM.

the midday photosynthetic rates for both species indicate that PO}~ enrichment signifi-
cantly (P < 0.05) enhanced photosynthesis over that of the controls. whereas NHy and
NO7 enrichment did not (P > 0.05).

Concentrations of dissolved inorganic nutrients in surface seawater of the western
Sargasso Sea and Straits of Florida were low to undetectable during these experiments.
Concentrations of NHZ ranged from 0.19 to 0.25 uM, while concentrations of NO3,
NO;3, and PO3" were at low to undetectable levels (Table 2).

DISCUSSION

Compared to previous estimates of Sargassum growth rate as based on speculation and
indirect methods, direct growth rate measurements during this study suggests that
pelagic Sargassum may be growing faster than previously thought. Assuming the
doubling times of the controls (approximately 0.03 doublings d™') to be representative of
natural Sargassum populations, pelagic Sargassum populations may be turning over up to
10 times per year. These biomass turnover times agree with previous '*C-based turnover
times of ca. 40 days (Carpenter and Cox, 1974) but are much shorter than the doubling
times on the order of 10 years often reported for pelagic Sargassum in the literature (e.g.
PaRrR, 1939; MicHANEK, 1975; ManN et al., 1980). That pelagic Sargassum appears to be
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growing faster than previously thought supports the idea that growth must be relatively
rapid to offset continuous loss of plants by sinking. stranding. herbivory. etc. Considering
the tremendous capacity of these removal mechanisms (e.g. Parg. 1939) and that the
abundance of pelagic Sergassum appears not to have changed in the last 50 years in the
Sargasso Sea (ButLEr and StoneRr, 1984), a relatively rapid growth rate would appear to
be required to maintain dynaric equilibrium in these poputations.

Because productivity of Sargassum in the Sargasso Sea is the product of standing crop
and growth rate. the relatively short doubling times of pelagic Sargassum also suggests
Sargassum may be more productive than previously thought, The doubling times of the
control cultures combined with ParR’s (1939) estimate for total standing crop of pelagic
Sargasswmn (7.3 million tons) suggest that pelagic Surgassim could account for up to 10%
of the total phytoplankton productivity in the Sargasso Sea (as compared to phyto-
plankton productivity data of Rymier and MenzeL, 1960). This estimate is greater than
previous estimates of 0.5% (Carpenter and Cox, 1974) and 4.0% (Howarn and
MEenzies, 1969). Clearly. standing crop data are critical to these productivity estimates
and although Parr’s standing crop data are 50 years old they still represent the best
estimate for total Sergassum abundance (e.g. BUuTLER and STONFR, 1984). However. the
significance of pelagic Surgassum may lie not so much in 1ts contribution to the
productivity of the Sargasso Sea as a whole. but rather in its contribution to a unique and
highly productive community that serves as a nursery ground for commercially valuable
fish as well as sea turtles and pelagic birds. The relatively minor fraction of total
productivity of Sargassum in the Sargasso Sea does not preclude its importance to overall
higher food chain production; established herbivory (BuTtLER ef al.. 1983) combined with
relatively short food chains associated with the pelagic Sargassim community suggests
that Sargassum patches should be properly perceived as “floating reefs” and need to be
considered for accurate modehng of C and N dynamics in the North Atlantic.

Furthermore. estimates for doubling times of pelagic Surgassuim based on the P-limited
control cultures may. to some extent. underestimate true productivity of Sargassurn.
Depending on sca state. oceanic frontal convergences can produce Surgassum patches
that range from 0.3 m- o several km” in size (Parr, 1939). Although open water nutrient
concentrations during this study were low and typical of nutrient impoverised tropical
blue surface waters, CutLivey (1970) found that concentrations of PO3~ were two- or
three-fold higher within Sargassum patches than in surrounding Sargasso Sea seawater—
due presumably to metabolism within the patches. i.e. bacterial mineralization of dying
Sargassunt and excretion by resident animals. Considering the high degree of P limitation
observed in the present study. association of pelagic Sargassum with a patch enriched in
POy~ may be ecologically important in supplying a major growth-limiting nutrient. For
example. pelagic Sargassunt having a recent association with a patch containing elevated
PO;™ may have midday photosynthetic rates comparable to our P-enriched rates. i.e. 2.1
to 2.4 mgC g dry wt h™', or almost twice the photosynthetic rate observed in the N-
enniched or control treatments. This finding suggests that much of the variability in
previously reported photosynthetic rates of Sargassum may be due 10 variability in
degree of P Himitation alone and not solely to methodological differences among studies
[see BLaxe and Jounson (1976) for 2 discussion; Table 3]. Because growth rates were
also two-fold higher in the P-enriched treatments (about 0,08 douolings d™'). the effects
of P ennchment are also translated to greater rates of organic productivity in pelagic
Sargassum. Thus, the temporal and spatial variability of Sargassum patches as well as
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Tuble 3. A comparison of photosynthetic rates in pelagic Sargassum as measured in
previous studies and the present smdy

Net photosynthesis
(mgCadrywt'h') Mcthod Reference

0.14-0.76 O.. flowing scawater BLAKE and JOUNSON (1976)
system. cntire
Sargassum community

0.13 - 1.04 Os. light and dark CarPENTER and Cox (1974)
bottle. whole plants
0.44 - 5.50 O.. light and dark HowaRD and MuNzies (1969)

bottle apical meristems

2,10 - 2,40 O-. flowing scawater This study
system, whole plants,
PO} cnriched

1.00 - 1,50 O, flowing scawater This study
system. whole plants,
NGO, and NH; enriched
and controls receiving
no enrichment

their degree of community development (e.g. relative abundance of fish, crabs, etc. that
would affect PO3™ cycling) in the Sargasso Sea may be important ecological factors
regulating growth and productivity in these populations.

These data, suggesting P-limited growth and productivity of Sargassum. are particu-
larly interesting as they support the view held by most geochemists (LErMaN et al.. 1975;
MEYBECK, 1982; BroeCKER and PeENnG, 1982; Smith, 1984) and particularly REDFIELD
(1958) that P availability limits net organic production in the sea. ReprieLD (1958)
pointed out that N deficiency can be made up by N fixation in that N compounds can
accumulate until the available P is utilized. Accordingly, enhancement of Sargassum
growth by P enrichment may be due in part to its effects on N fixation; the occurrence of
a N-fixing blue-green algal flora on the surface of pelagic Sargassum is well known
(CARPENTER, 1972; HansoN, 1977) and other evidence exists that N-fixing phytoplankton
in the oceans are indeed P limited (DoreMus , 1977, MAGUE et al., 1977). However,
research with phytoplankton bioassays (e.g. THoMas, 1970; RyTHER and Dunstan, 1971;
Perry and EppLEY. 1981) has resulted in a paradigm among marine biologists that N, not
P, is the primary limiting nutrient for marine algal productivity. On the basis of
phytoplankton grown experimentally under N and P limitation. GoLDMAN et al, (1979)
recently concluded that “‘severe phosphorus limitation probably does not occur in the
world's oceans'. The data of this study suggest this is unlikely in the case of pelagic
Sargassum although further studies are needed 10 determine the spatial and temporal
extent of P limitation in Sargassum populations in the Sargasso Sea and its boundary
currents before any accurate generalizations can be made.

R.V. Columbus Iselin and to Billy Causey and the NOAA Marine Sanctuary Division personnel for their
assistance during this study. 1 also thank Charissa Baker for drufting the figures. Carl Zimmerman for
performing nutrient analyses, and Debi Straight and Karen Campbell for typing this manuscript. Des John
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Ryther and Dennis Hanisak reviewed this manuscript. This paper is contribution No. 477 from the Harbor
Branch }foundation. Division of Applied Biology, and reports results from a project that contributes to a
cooperative program between the Institute of Food and Agricultural Sciences of the University of Florida and
the Gas Rescarch Institute entitled “Methane from Biomass and Waste™.
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