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ABSTRACT. Nutrient enrichment experiments were conducted to assess the relationship between 
nutrient concentration in the tissue of the macroalga Enteromorpha sp. and nutrient history. Experi- 
mental units were outdoor microcosms containing mixed assemblages of algae representative of com- 
munities commonly found in coastal lagoons of southern California, USA. We determined the relation- 
ship between nutrient supply rates (nitrogen and phosphorus as well as N:P ratio), water-column 
nutrient concentrations, and nlacroalgal tissue nutrient concentration in samples taken from experi- 
mental microcosms containing macroalgae, phytoplankton, and cyanobacterial mats, and treated with 
13 combinations of mtrogen and phosphorus addition. The regression coefficients that descnbed the fit 
of the relationships between tissue P and both P supply rate and water-column concentration were 
greater than for the same relationships for N. The relationship between tissue nutrients and either mea- 
sure of nutrient history (water-column concentration or supply rate) was most useful when the nutrient 
was not limiting. 
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INTRODUCTION 

Nutrient supply sets the 'productivity potential' of 
algae in marine systems. If nutrients are limiting, nutri- 
ent availability will control algal productivity, abun- 
dance or biomass (for a review see Howarth 1988) and 
competition for nutrients can control algal community 
structure (Tilman & Kilham 1976, Tilman 1977, Smith & 
Horne 1988, Fong et al. 1993a). Nutrient enrichment 
may change community structure by favoriny oppor- 
tunistic algae with rapid nutrient uptake and growth 
potentials (Fujita 1985, Bjornsater & Wheeler 1990, 
Fong et al. 1993b). Many foliose green macroalgae are 
adapted to survive in an uncertain environment, where 
nutrient supply is variable and unpredictable (Littler & 
Littler 1980, Ramus & Venable 1987, Duke et al. 1989). 
A simulation model of an algal community dominated 
by foliose green macroalgae (Fong et al. in press) 

based on physiological experiments (Fujita 1985, 
Wheeler & Bjornsater 1992) and field surveys (Fong 
1986, Rudnicki 1986, Wheeler & Bjornsater 1992) sug- 
gests that the initial response of opportunistic green 
macroalgae to nutrient enrichment was to increase 
internal stores of nutrients. If so, then nutrient concen- 
tration in algal tissue may be a good indicator of nutri- 
ent enrichment (Bjornsater & Wheeler 1990) and the 
potential for future changes in the structure of 
macroalgal communities. 

Nutrient enrichment of bays (Cambridge & McComb 
1984, Cambridge et al. 1986, Silberstein et al. 1986, 
Lapointe 1987, 1989), estuaries (Gordon et al. 1981, 
Day et al. 1989), and coastal water (Lapointe & O'Con- 
nell 1989) is a major problem in many parts of the 
world. For many years, scientists have been trying to 
develop an effective indicator of nutrient enrichment 
that provides early warning and predicts the response 
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of the ecosystem with a high level of accuracy (Shubert 
1984). In many freshwater lakes in temperate zones, 
monitoring the magnitude of the phosphorus (P) maxi- 
mum during spring turnover is a good indicator of the 
abundance of phytoplankton the following summer 
(Wetzel 1975). In some temperate estuaries, water- 
column P concentration in inflowing waters has been 
used to predict the phytoplankton abundance 'down- 
stream' in the estuary (Lee & Jones 1981). 

Monitoring of water-column nutrient concentrations 
is the traditionally used method to indicate nutrient 
enrichment. However, in warm temperate (Fong et 
al. 1987, 1993a, b) and subtropical P. Fong & M. E. 
Jacobson unpubl.) coastal ecosystems there is little 
correlation between water-column nitrogen (N) or P 
concentrations and either productivity or abundance 
of primary producers. In southern California (USA) 
lagoons and estuaries, nutrients are often supplied in 
pulses that are spatially and temporally variable (Pe- 
ters et al. 1986); frequency and duration of these pulses 
depend on seasonal rainfall as  well as unpredictable, 
but increasingly frequent, influxes of untreated waste- 
water. Although pulses of high nutrients produce tran- 
sient peaks of water-column nutrients (Peters et al. 
1986), unless loading rates are very high, nutrients do 
not accumulate in the water column (Fong et al. 199313, 
in press). However, the macroalgal community re- 
sponds by changing composition a t  lower nutrient- 
supply rates (Fong et al. in press). Thus, traditional 
methods of monitoring water-column nutrients to pre- 
dict changing community structure may not be useful 
in warm temperate or subtropical coastal systems. 

Monitoring the concentration of nutrients in the 
tissue of macroalgae may be a more useful indicator 
of enrichment or eutrophication potential. In order to 
develop this type of indicator, however, the relation- 
ship between tissue nutrients and nutrient history 
must be determined for a given alga. Macroalgae re- 
spond to nutrient enrichment by taking up nutrients, 
growing, and storing 'excess' nutrients for future 
growth (Hanisak 1979, Fujita 1985, Bjornsater & 
Wheeler 1990). Thus, nutrient concentration in the 
algal tissue integrates the nutrient regime over some 
period of time (Wheeler & Bjornsater 1992). Modeling 
of these 2 physiological processes suggests that this 
time is species specific and depends on the differ- 
ences between maximum uptake and growth rates 
(Fong et al. in press). Many laboratory studies link 
nutrient uptake, tissue nutrient concentration, and 
growth for different species of macroalgae (Hanisak 
1979, Wheeler & North 1980, Rosenburg & Ramus 
1982, Lapointe & Duke 1984, Fujita 1985). Results of 
both modellng and experiments suggest foliose green 
macroalgae may be an especially useful indicator for 
assessing nutrient enrichment as they are oppor- 

tunists with very fast nutrient uptake and growth 
rates, as well as a large internal storage capacity for 
nutrients (Waite & Mitchell 1972, Birch et al. 1981, 
Gordon et al. 1981, Lapointe & Tenore 1981, Duke et 
al. 1986, 1989). 

Monitoring of tissue nutrients to detect enrichment 
could occur at less frequent intervals than monitoring 
of the water-column nutrients. A sequential enrich- 
menWstarvation study demonstrates that, following 
enrichment, internal stores of nutrients within the tis- 
sue of Enteromorpha spp. may not be depleted for up 
to 10 d (Fujita 1985). A simulation model of Enteromor- 
pha spp. from lagoons in southern California suggests 
that the time lag between uptake and growth may be 
as long 20 d (Fong et  al. in press). 

Bjijrnsater & Wheeler (1990) have demonstrated the 
relationship between both the concentrations of N and 
P as well as the N:P ratio in the tissue of the chloro- 
phytic macroalgae Enteromorpha intestinalis and Ulva 
fenestrata grown in laboratory cultures and their nutri- 
ent status. Low N and either high or low P supply rates 
result in low concentrations of N in the tissue and low 
N:P ratios (< 16). Low P and high N supply rates result 
in low abundance of P and high N:P ratios (>24). High 
supplies of both nutrients result in high N and P tissue 
concentrations and intermediate N:P ratios (16 to 24). 
From these results, Bjornsater & Wheeler (1990) sug- 
gest that monitoring of tissue N and P is a useful 
method of assessing the nutritional sufficiency of 
macroalgae, and use this method to determine the in 
situ nutritional status of 5 species of macroalgae com- 
mon in Oregon (USA) coastal water (Wheeler & Bjorn- 
sater 1992). 

Using in situ microcosms, we determine the relation- 
ship between nutrient supply rates, water-column 
nutrient concentrations, and the N and P content and 
relative abundance in tissue of Enteromorpha puta- 
tively intestinalis from southern California lagoons. 
This microcosm experiment differs from the previous 
approach for determining nutritional status of macro- 
algae for several reasons. First, the microcosms contain 
a mixed assemblage of algae representative of coastal 
communities of primary producers in southern Califor- 
nia. We use a mixed community to include interactions 
such as competition for nutrients or space among 
groups of primary producers that commonly CO-exist. 
These interactions may influence the relationship 
between nutrient supply and tissue nutrients by 
changing the amount of nutrients available in the 
water column. Second, the microcosms are outdoors 
near the coast and therefore subject to more natural 
environmental variability than can be simulated in a 
laboratory. Third, although microcosms allow us to 
introduce more realistic environmental conditions, the 
nutrient supply rate can be carefully controlled. 
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METHODS Table 1. Experimental design of microcosm experiment. Thir- 
teen treatments were administered in 5 N:P ratios and UD to 

Approach. We used the results of an enrichment 4 concentrations. Nutrients were added every 3 d at supply 
rates given (in ~.IM 3 d-l). Numbers in parentheses are nurn- 

experiment to determine which of several variables bers of revlicate microscosms for each treatment 
correlated with the concentration and relative abun- 
dance of N and P found in the tissue of Enteromorpha 
sp. We assessed the relationship between nutrient 
supply rate, water-column nutrient concentration, and 
the concentration of nutrient in the tissue of Entero- 
morpha sp. for N, P, and the N:P ratio. Details of the 
design of the microcosm experiment are published 
elsewhere (Fong et al. 1993b) and summarized below. 

Experimental design. Experimental microcosms 
were 100 1 plastic drums, 0.58 m in diameter and 
0.64 m deep, lined with polyethylene bags and 
installed at the Pacific Estuarine Research Laboratory 
(PERL), an outdoor facility adjacent to the Tijuana 
estuary and north of the United States-Mexico border. 
Microcosms were open to the air but did not include 
sediment. Although sediments are very important to 
the nutrient budget of most coastal systems, acting as 
both sources and sinks of nutrients, we chose not to 
include sediments because we wanted to control the 
availability of inorganic nutrients to the algal cornrnu- 
nity. With sediment, there would be concentration- 
dependent adsorption and desorption of nutrients that 
would affect availability; without sediments, the rate 
addition would reflect availability more closely. How- 
ever, the influence of sediment on nutrient availability 
must be considered before applying the results of this 
experiment to real systems. 

Microcosms were randomly selected and assigned to 
13 treatments involving nutrient supply rates at 5 N:P 
atomic ratios (1:1, 5:1, 15:1, 30:1, and 60 : l )  and up to 
4 loading levels for each ratio (Table 1). There was also 
a control treatment with no nutrient addition. Due to 
time and budgetary constraints, only a subsection of 
treatments (9 of 13) was replicated to assess variability 
among microcosms. This partial replication resulted in 
22 experimental units. The nutrient loading rates were 
representative of those measured monthly for 7 yr 
entering 6 southern California lagoons (Peters et al. 
1986). The ranges of N and P supply were very wide 
because nutrient supplies to these systems varied from 
low in natural stream flow to very high during influxes 
of wastewater. Nutrients often occurred as pulses, so 
we chose to add nutrients every third day. 

On 13 July 1986, each microcosm was inoculated 
with macroalgae, cyanobacterial mats, and phyto- 
plankton; this experiment lasted for 61 d. One week 
before beginning the experiment, floating mats of the 
green macroalga Enteromorpha sp. and associated 
cyanobacterial mats were collected from San Elijo 
Lagoon, San Diego County, and placed in a holding 
pool filled with seawater. The day each experiment 

Nutrient N:P rat10 

1:l 5: 1 15-1 30:l 60:l 

N 1.00 1.25 3.75 30.00 15.00 
P 1.00 0.25 0.25 1.00 0.2 

(2) (2) (2) (2) (2) 

N 4.00 5.00 15.00 120.00 60.00 
P 4.00 1.00 1.00 4.00 1 .OO 

(1) (2) (2) (1) (1) 

N 16.00 20.00 
P 16.00 4.00 

(1) (2) 

N 80.00 
P 16.00 

(2) 

was initiated, microcosms were filled with 85 1 of sea- 
water from the Scripps Institution of Oceanography 
pier and 15 1 of freshwater from the city water supply to 
give a final salinity of 30 ppt. These water sources were 
chosen because they were accessible and representa- 
tive of the source of water in the natural systems as 
coastal lagoons in southern California are bar-blocked 
marine embayments with periodic freshwater dilution. 
Salinity in each microcosm was monitored every third 
day, and we added approximately 1 to 2 1 of freshwater 
to maintain the salinity at  30 * 2 ppt. 

Each microcosm was inoculated with a 250 rnl sam- 
ple of unfiltered water with phytoplankton from San 
Elijo Lagoon; initial chlorophyll a concentration in 
each microcosm was 1.82 pg 1-' (SE = 0.08). Initial 
chlorophyll values were within the range found in 
estuaries (Fong 1986) and lagoons (Peters et al. 1986) 
in southern California, though near the lower limit. 
Macroalgae and cyanobacterial mats were removed 
from the holding pool, blotted dry, and divided into 5 g 
(wet wt) subsamples that were added to each micro- 
cosm. Subsamples were homogeneous and within the 
range of abundance for these 2 groups of algae during 
the annual growing season (Rudnicki 1986). During 
the first 20 d of the experiment, growth rates of Entero- 
morpha sp. were relatively low, ranging from 0 to 5 % 
d-' ;  after this initial lag phase, growth rates ranged 
from 2 to 75% d-' (Fong et al. 1987). Although the 
macroalgae in all but the lowest nutrient treatments 
appeared green and healthy throughout the ex- 
periment, there was no simple relationship between 
addition rate or ratio and growth (Fong et al. 1993b). 
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Fiberglass screening was placed over the tanks to 
reduce variability from colonizing insects. Screens 
attenuated approximately 30% of the photosyntheti- 
cally active radiation. Samples taken from each micro- 
cosm at harvest had few species of animals, most of 
which were detritus feeders or microalgal scrapers 
(dominated by harpacticoid copepods: S. A. Por pers. 
comm.). Concentrated stock solutions of nitrate 
(NaN03) and orthophosphate (NaHPO.,) were added in 
appropriate amounts to each microcosm every third 
day. Contents were thoroughly mixed at this time. 
Temperatures of the mesocosms were similar to lagoon 
temperatures; afternoon readings ranged from 24 to 
29 "C with a die1 change of 2 to 8°C. 

Water-column nutrient analysis. Every sixth day we 
sampled the water column and determined nutrient 
concentrations. Data are only shown for the final 
sampling date. To determine nutrient concentration, a 
100 m1 water sample was taken from each microcosm 
after thorough mixing. In each case, nutrient sampling 
occurred prior to a scheduled nutrient addition, and 
therefore 3 d after the previous addition. Thus, nutrient 
concentrations represented the amount of nutrients that 
had accumulated or been depleted during the 3 d inter- 
val between additions. The samples were filtered in the 
field with Whatman GF/C glass fiber filters. The filtrate 
was collected, preserved with concentrated sulfunc acid 
(2 mll-l), and stored at 4 "C for no longer than 30 d. Us- 
ing a Technicon AutoAnalyzer 11, the filtrate was ana- 
lyzed for dissolved nitratehitrite (referred to as nitrate, 
Technicon 158-71W, 1977), orthophosphate (Technicon 
155-71 W, 1973). and ammonium (Technicon 154-7 lW, 
1973). Use of GF/C filters probably resulted in low levels 
of ammonium contamination; however, this additional 
source of ammonium was constant for each sample, and 
so would not introduce variability or change the out- 
come of the regression or correlation analyses. Atomic 
N:P ratios of the inorganic forms of nitrogen and phos- 
phorus in the water column were calculated. 

Tissue nutrient analysis. Tissues of Enteromorpha sp. 
were analyzed for total nitrogen and phosphorus con- 
centration. At the end of the experiment, macroalgae 
were collected with a 5 mm mesh net for determination 
of tissue nutrient concentration. We removed the at- 
tached fauna, primarily brine fly larvae, and removed 
the blue-green algae that were mixed with Enteromor- 
pha sp. in several treatments. Algae were briefly rinsed 
in freshwater, wrapped in aluminurn foil, and placed in a 
forced air oven at 105 ' C  until constant weight (about 
72 h; APHA 1980). Dried algae were sent to Environ- 
mental Engineering Laboratory, San Diego, CA, a state 
certified laboratory, where Technicon methods for total 
Kjeldahl nitrogen and total phosphate (#329-74W) 
(Technicon AutoAnalyzer, Inc. 1977) were used to de- 
termine nutrient content. 

Tissue nitrogen content as an indicator of nutrient 
history 

Our first objective was to test if there were any 
relationships between nitrogen supply, water-column 
nitrogen concentration, and the amount of nitrogen in 
the tissue of Enteromorpha sp. Nitrogen is thought to 
be limiting in most warm temperate estuaries and 
coastal lagoons (Fong 1986, Day et al. 1989), and nitro- 
gen was limiting in 10 of 13 of our experimental treat- 
ments, when supply rate was 160 pM 3 d '  (Fong et al. 
1993b). We hypothesized that, in treatments where 
nitrogen was limiting, added nitrate would be removed 
rapidly, keeping water-column concentrations low. In 
all but one of the treatments, water-column nitrate 
concentrations were close to the daily loading concen- 
trations (Fig. la) ,  indicating that nitrate was removed 
as quickly as it was added. The exception was the 
experimental treatment where nitrate supply was 
115.7 pM 3 d-'. In this treatment, nitrate accumulated 
to > 780 pM in the water, over 20 times the daily addi- 
tion rate. In the other treatments, there was no pattern 
of increasing nutnents in the water as supply increased 
(r2 = 0.11 for a linear regression). 

There was a positive linear relationship between the 
nitrogen supply rate to each microcosm and the con- 
centration of nitrogen in the tissue of Enteromorpha sp. 
grown in a mixed algal community within the micro- 
cosm (Fig. lb ;  r2 = 0.43, p = 0.0007). However, when we 
removed the microcosms with nitrogen supply rates 
above saturation from the analysis, there was no rela- 
tionship between nitrogen supply and tissue nitrogen 
(r2 < 0.01). 'Luxury' consumption, or storage of nitrogen 
within the algal tissues prior to growth, occurred only 
in microcosms with the highest nitrogen supply rates. 
Therefore, there was only a relationship between sup- 
ply and tissue concentration in the treatments where 
nitrogen was not limiting. 

Tissue nitrogen concentrations were a function of the 
amount of nitrate in the water column (Fig. lc).  The 
relationship was asymptotic (logarithmic relationship; 
r2 = 0.57) at a tissue nitrogen concentration of ca 3.5 %. 
This may be the maximum storage capacity for nitro- 
gen for Enteromorpha sp. in southern California 
lagoons. When we removed the treatments where 
nitrogen was not limiting, the best-fitting line was 
linear (r2 = 0.65; p = 0.0002). Thus, when nitrogen was 
limiting, tissue nitrogen concentration was not a good 
indicator of nitrogen supply rate, but may be a useful 
indicator of water-column concentrations. When nitro- 
gen was not limiting, the amount of 'excess' or stored 
nitrogen may be used as an indicator of both supplies 
and water-column nitrogen. 
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Nitrogen supply rate 
( P M  3d- ')  

Nitrogen supply rate 
( P M  3 d-') 

*01 C l. 

Water column nitrate 
(PM) 

Fig. 1. Relationship between (a) N supply rate and water- 
column nitrate in experimental microcosms (bars: * SE; n = 2), 
(b)  N supply rate and the amount of N In the tissue of Entero- 
~norpha sp., and (c) water-column nitrate concentration (log 
scale) and tissue N in Enteromorpha sp. grown for 61 d in 
experimental microcosms with a mixed assemblage of algae 

(bars: i SE; n - 2) 

U), g 2 
g$ 
2 -i 
a m  

Phosphorus supply rate 
( P M  3d-')  

Phosphorus supply rate 
( P M  3 d-l) 

0 1 0  2 0 3 0 

Water column phosphate 
(PM) 

Fig. 2. Relationship between (a) P supply rate and water-col- 
umn orthophosphate in experimental microcosms (bars: * SE; 
n = 2), (b) P supply and the amount of P in the tissue of 
Enteromorpha sp., and (c) water-column P concentration and 
tissue P in Enteromorpha sp. grown for 61 d in experi- 

mental microcosms (bars: & SE, n = 2) 

Tissue phosphorus as an indicator of nutrient history phorus accumulation in the water column ranged from 
S to 20 times the daily loading rates, suggesting that 

The relationship between phosphorus supply, water- phosphorus was never limiting. Growth rate and bio- 
column phosphorus concentration, and the amount of mass data (Fong et al. 1993b) supported this conclu- 
phosphorus in the tissue of Enteromorpha sp. was sion. There was 'luxury' consumption of phosphorus, 
investigated. A hyperbolic relationship was the best fit as phosphorus accumulated in the algal tissue in pro- 
between phosphorus supply and the amount of phos- portion to the supply rate (Fig. 2b; r2 = 0.840, p = 

phorus in the water column (Fig. 2a; r2 = 0.83). Phos- 0.0001). There was also a significant linear relationship 
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between water-column phosphate and tissue phospho- 
rus concentration (Fig. 2c; r2 = 0.78, p = 0.001). Thus, in 
the non-limiting range of P supply that we tested, the 
amount of phosphorus that accumulated in the algal 
tissue was a good indicator of both water-column con- 
centration and supply rate of phosphorus. 

Tissue N:P ratio as an indicator of nutrient history 

There was a low, but significant, linear relationship 
(r2 = 0.24, p = 0.03) between the N:P ratio of the nutri- 
ent supply and the N:P ratio of the nutrients measured 
in the water column 3 d after addition (Fig. 3a). Water- 
column N:P ratios ranged from 0.05 to 850. When sup- 
ply N:P was 55 ,  N was preferentially removed (N:P 
ratio lower in water than supply), with no pattern with 
the rate of addition. With a supply N:P 2 15 the re- 
sponse bifurcated, with water-column ratios increasing 
greatly when nitrogen supply rate exceeded 0.270 mg 
N 1-l d-' but low water-column ratios when supply 
rates were lower. Thus, it appears that there was a 
threshold supply rate and ratio above which inorganic 
nitrogen accumulated in the water column. However, 

the accumulation did not result in a water-column ratio 
that reflected the supply ratio. 

The N:P ratio of the nutrient supply was not reflected 
in the N:P ratio of the macroalgal tissue; the r2 for lin- 
ear regression was 0.07 (p = 0.24; Fig. 3b). There was 
considerable variability within treatments (coefficient 
of variation ranges from 5.7 to 60.0). The N:P ratio in 
the algal tissue ranged from 4 :  1 to 75: 1, with the max- 
imum ratio occurring in algae from a treatment with a 
nutrient supply ratio of 5: 1 and a low rate of addition. 

There was not a significant relationship between the 
N:P ratio in the water column and the N:P ratio in the 
algal tissue (Fig. 3c; Line of best fit was logarithmic; r2 = 

0.17). However, this relationship was strongly affected 
by a single datum with the highest water-column N:P 
ratio and a relatively low N:P tissue ratio; note that the 
x-axis is a log scale, and this water-column ratio is an 
order of magnitude greater than the others. This datum 
came from algae taken from a microcosm where 
nitrate accumulated in the water column. When we 
removed this point from the analysis, the relationship 
was significant (Fig. 3d; logarithmic; r2 = 0.61). With 
the one exception noted above, the maximum N:P ratio 
in the algal tissue exceeded 60: 1 while the ratio in the 

a o 1 0  2 0  3 0  4 0  s o  6 0  7n 
z N:P Supply Ratio 

0.01 0.1 1 1 0  100 

N:P Water Column Ratio 

N:P Supply Ratio 

0 1 2 3 4 

N:P Water Column Ratio 

Fig. 3. Relationship between (a) nutrient supply ratio in the experimental treatments and in the water column at the end of the 61 
d experiment and (b) N:P supply ratio and the nutrient ratio in the tissue of Enteromorpha sp. Water-column N:P ratio is related 
to the ratio found in the tissue of Enteromorpha sp. (c )  with all 3 treatments, and (d) with the treatment with the highest nitrate 

supply rate eliminated. In (a), (c ) ,  and (d) values are means; bars: i SE; n = 2 
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water never exceeded 4: 1. Thus, small changes in the 
water-column ratio resulted in large changes in the tis- 
sue N:P. These results suggested that: (1) when nutri- 
ent supply saturated community uptake, the nutrient 
ratio in algal tissue was not an adequate indicator of 
the relative availability of nitrogen and phosphorus in 
the water column, and (2) Enteromorpha sp. preferen- 
tially removed nitrogen from the water. 

DISCUSSION 

The range of concentrations of N in the tissue of 
Enteromorpha sp. grown in our experimental micro- 
cosms (0.7 to 3.5% dry wt) compared to the range of 
N found for the genus Enteromorpha and other gen- 
era of green foliose macroalgae grown in laboratory 
cultures and collected from the field. The nitrogen 
content of E. intestinalis grown in laboratory cultures 
subjected to a wide range of N treatments ranged 
from 0.57 to 5.43% (Fujita 1985, O'Brien 1987, Bjorn- 
sater & Wheeler 1990), while tissue samples from field 
populations collected along the Oregon Coast con- 
tained 2.0 to 5.5 % N (Wheeler & Bjornsater 1992). 
Ulva spp. had a similar range of N content in labora- 
tory experiments, from 1.02 to 5.42% (Fujita 1985, 
Bjornsater & Wheeler 1990). When N pools within tis- 
sue of Ulva spp. were partitioned into inorganic and 
dissolved organic forms (Rosenburg & Ramus 1982, 
Fujita et  al. 1988), it was found that most of the 
non-structural N was stored as soluble organics. This 
result suggested that analysis of soluble organic N 
rather than total N may eliminate the need to estab- 
lish a minimum N content for each indicator species. 
The minimum N content of Enteromorpha sp. in our 
experiment was similar to that found in the other 
studies, but the maximum N content was lower, de- 
spite the large amount of nitrogen available in the 
water column. This suggested that the Enteromorpha 
sp, in our experiment may not have had as large a 
maximum storage capacity for N as other species of 
foliose green macrophytes. 

The concentration of tissue P in the Enteromorpha 
sp. from our microcosms (0.08 to 0.15 %) fell within the 
lower portion of the range found in other nutrient 
experiments. E. prolifera contained from 0.10 to 0.33 % 
dry wt P (O'Brien 1987) while Cladophora intestinalis 
treated with very high concentrations of P contained 
0.84 % P (Schramm & Booth 1981). Our values also 
compared to the lower ranges found in field popula- 
tions of Ulva fenestrata and E, intestinalis collected 
along the coast of Oregon (0.32 to 0.86%; Wheeler & 

Bjornsater 1992), and Cladophora spp. from the Baltic 
(0.07 to 0.54 %; Wallentinus 1981), but exceeded the P 
content of C. prolifera from Bermuda (Schramm & 

Booth 1981). Because the P content in our samples was 
relatively low despite accumulation of inorganic phos- 
phorus in the water column, we suggest that Entero- 
morpha sp. from southern California lagoons may not 
have as high an affinity or as great a storage capacity 
for P as other opportunistic green macroalgae. 

The N:P ratios of Enteromorpha linza cultured in 
sewage-enriched seawater (38.7; Prince 1974) and 
field-collected samples of E. flexuosa (16; Atkinson & 
Smith 1983) fell within the broad range of N:P ratios 
found in the tissue of Enteromorpha sp. in our micro- 
cosm experiment (3 to 75). Ranges of N:P  ratios in 
field-collected E. prolifera and Ulva fenestrata (10.1 to 
29.3 and 11.2 to 30.1, respectively; Wheeler & Bjorn- 
sater 1992) were within our lower range, although 
experimental enrichment of laboratory cultures of U. 
fenestrata with high concentrations of nitrogen in- 
creased the ratio above 40 (Bjornsater & Wheeler 
1990). The highest ranges of N:P ratios in the tissues of 
green foliose macroalgae were for both field popula- 
tions (8 to 66; Wallentinus 1981) and laboratory cul- 
tures (4 to 42; Gordon et al. 1981) of Cladophora spp. 

Our results showed that tissue P concentrations may 
be used as an indicator of the P regime or P 'history' of 
Enteromorpha sp. grown in a mixed algal assemblage 
as long as P was not the limiting nutrient. In this exper- 
iment, the amount of P that accumulated in the tissues 
integrated the pulsed supply rate as well as the amount 
of 'excess' P that accumulated in the water column 
after the community nutrient demand was satisfied. 
Our results also suggested that the amount of N stored 
in the algal tissue may be used as an indicator of both 
supply and water-column N when N was not limiting. 
However, N was only in excess in a subsection of our 
treatments and the relationship between tissue N and 
both water-colun~n N and N supply rate was more vari- 
able than those for P. This relationship may improve 
with sample size. When N was limiting, tissue N con- 
centrations were not very useful indicators of N supply 
rate, and were only slightly better as indicators of 
water-column N concentrations. 

The results of this experiment support the hypothesis 
that the concentrations of nutrients in the tissue of 
opportunistic macroalgae are a function of their nutri- 
ent history. We developed a conceptual model (Fig. 4) 
to summarize the relationships developed between tis- 
sue nutrients, nutrient limitation, water-column nutri- 
ent concentration, and nutrient supply rates. When the 
concentration of N or P in the tissue of a foliose green 
macroalga is low relative to the metabolic or structural 
demand, that nutrient limits biomass. When a nutrient 
is limiting, a transient relationship between the water- 
column and tissue concentration of that nutrient may 
be established. The strength of this relationship 
depends on whether sampling of water-column nutri- 
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Nutrients nutrients 
do not 
limit algal \ 

Fig. 4. Conceptual model summarizing the experimental 
results 

ents is frequent enough to detect the transient peak in 
water-column nutrients between supply pulse and 
depletion through algal uptake. Thus, the water col- 
umn must be sampled during the interval when uptake 
or assimilation rates rather than nutrients are  limiting. 
Our results suggest that there is no relationship 
between supply rate and water-column nutrient con- 
centration. Although, to be limiting, supply must 
remain below the maximum uptake of the algal com- 
munity, it may vary considerably depending on the 
biomass and structure of the algal community. Water- 
column nutrients will be removed quickly in a commu- 
nity dominated by opportunists. 

When nutrient concentration in the tissue of an 
opportunistic macroalgae is high relative to the mini- 
mum structural demand, then that nutrient is not limit- 
ing and there will be relationships between supply 
rate, tissue nutrients, and water-column nutrients (Fig. 
4 ) .  Supply must exceed demand if a nutrient is not lim- 
iting, and water-column nutrients should be a function 
of supply. If nutrients are available in the water column 
in proportion to supply, then tissue nutrients should 
accumulate in proportion to both of these factors. 
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