
603SPORE SETTLEMENT AND SURVIVAL 

pho1ogy, i.e. the availability of sheltered sites for 
further development, seem to be of prime impor­
tance in determining the extent of colonization. 
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EFFECT OF NITROGEN AND PHOSPHORUS SUPPLY ON GROWTH AND
 
TISSUE COMPOSITION OF ULVA FENESTRATA AND ENTEROMORPHA INTESTINALIS
 

(ULVALES, CHLOROPHYTA)l
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ABSTRACT 

The chlorophyte macroalgae VIva fenestrata (Postels 
and Ruprecht) and Enteromorpha intestinalis (Lin­
naeus) Link. were grown under various nutrient regimes 
m indoor semi-continuous and batch cultures. Tissue ni­
trogen contents ranged from 1.3-5.4% N (dry wt), where­
as tissue P ranged from 0.21-0.56% P (dry wt). Growth 
m low nitrogen medium resulted in N:P ratios of 5-8, 
whereasgrowth in high nitrogen medium resulted in N:P 
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ratios of21-44. For V. fenestrata, tissue N:P < 16 was 
indicative ofN-limitation. Tissue N:P 16-24 was optimal 
for growth and tissue N:P > 24 was indicative of P­
limitation. Growth of V. fenestrata was hyperbolically 
related to tissue N but linearly related to tissue P. Phos­
phorus-limited V. fenestrata maintained high levels of 
tissue N, but N-limited algae became depleted of P. For 
E. intestinalis, tissue N remained at maximum levels 
during P-limitation whereas tissue P decreased to about 
85% of maximal levels during N-limitation. Growth rates 
for V. fenestrata decreased faster during P-limitation 
than during N-limitation. Simultaneously, tissue P was 
depleted faster than tissue N. Our results suggest that 
comparing tissue Nand P of macroalgae grown in batch 
cultures is useful for monitoring the nutritional status of 
macroalgae. 

s
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T ABLE I. Growth rates (% wet ut-d:'} obtained during high nutrient 
conditions (HNHP). Al'erage Il is calculated from daily growth during 
entire experiment. Maximum Il is the highest dail» growth observed; n 
= 4 for Enteromorpha Expt. 1. n = 2 for other EX/itS. 

Algae Expt. (n) Average J.L ± SD Max J.L ± SD 

U fenestrata I (22) 14.1 ± 9.3 344 ± 4.9 
2 (20) 17.2 ± 64 29.6 ± 2.8 

E. intestinalis I (2 I) 12.6 ± 6.8 21.5 ± 2.9 
2 (8) 7.3 ± 4.6 14.1 ± 0.5 

Key index words: Chlorophyta; Enteromorpha intes­
tinalis; growth rates; nutrient limitation; tissue nitrogen; 
tissue phosphorus; Viva fenestrata 

The majority of work on nutrient uptake and 
chemical composition of algae has been done with 
microalgae (see McCarthy 1981). In recent years, 
research on the physiology and ecology of marine 
macroalgae has increased due to potential commer­
cial usage (Bird and Benson 1987) and environmen­
tal changes in polluted areas (Wallentinus 1981). 
Since nitrogen (N) has been considered to be the 
primary limiting nutrient for macroalgal growth in 
temperate coastal marine waters (Ryther and Dun­
stan 1971, Smith 1984), many studies have focused 
on the uptake and metabolism of N and its effects 
on growth rates (e.g. Topinka and Robbins 1976, 
DeBoer et al. 1978, Hanisak 1979a, Morgan and 
Simpson 1981, Wheeler and Weidner 1983). 

Many species among the perennial brown (Phaeo­
phyceae) and red (Rhodophyceae) seaweeds have the 
ability to store nutrients which can then be used for 
growth during periods of low ambient nutrient con­
centrations. The relationship between N uptake, in­
ternal N levels and growth has been investigated in 
a number of studies (e.g. Chapman and Craigie 1977, 
Chapman et al. 1978, Hanisak 1979b, Wheeler and 
North 1980, Gerard 1982, Rosenberg and Ramus 
1982, Lapointe and Duke 1984, Fujita 1985, Hwang 
et al. 1987). Similar studies with annual seaweeds 
have used opportunistic, pollution-related species, 
especially among the green (Chlorophyceae) mac­
rophytes (e.g. Waite and Mitchell 1972, Harlin 1978, 
Lapointe and Tenore 1981, Duke et al. 1986, 
O'Brien 1987, Duke et al. 1989). 

Relatively few studies have examined the uptake 
of both nitrogen and phosphorus (P). Ketchum 
(1939) investigated N- and P-limited growth of the 
diatom Nitzschia closterium. Other studies with mi­
croalgae relate Nand P uptake to internal pigment 
and nutrient composition (e.g. Vince and Valiela 
1973, Rhee 1974). The pollution of coastal waters 
with phosphate and the assumption that P could be 
a limiting nutrient in certain marine environments 
(e.g. in estuaries and tropical waters, Smith 1984) 
have led to investigations of Nand P regulation of 
macroalgal growth. These studies have examined 
the relationship between Nand P supply, chemical 
composition and its effect on growth rates (Steffen­

sen 1976, Birch et al. 1981, Gordon et al. 1981 
Wallentinus 1981, Kautsky 1982, Lapointe 1987).' 

The purpose of our study was to investigate the 
effects of Nand P supply on tissue nutrient levels 
and growth rates of Uloa fenestrata and Enteromorpha 
mtestinalis grown in semi-continuous and batch cui. 
tu res under controlled laboratory conditions. 

MATERIALS AND METHODS 

Collection sites. U [enestrata and E. intestinalis (Ulvales, Chlo­
rophyta) were collected from Yaquina Bay (44°41' N, 124°05' W) 
and Boiler Bay (44°50' N, 124°03' W) Oregon, respectively. U. 
[enestrata thalli were collected from mudflats 10 Yaquina"Bay es­
tuary in late November 1988. The e~tuary is well-mixed during 
summer and fall and partly-mixed dunng winter and spring (Kulm 
1965). The average tidal fluctuations are about 3 m with a semi­
diurnal tidal cycle. Epiphyte-free, fresh-looking E. intestinalis thal­
li were collected during June and July 1988 from partly exposed 
tidepools in the upper intertidal of Boiler Bay. This bay has a 
rocky shore with mudstone benches and conglomerate flat rocks 
and receives moderate wave action. The inner part of the bay is 
a sandy beach which receives freshwater runoff and is exposed 
to waves only during storms. 

Culturing system. The algae were cultured in eight acid-washed 
(10% HCI) 2-L glass containers illuminated with fluorescent light 
(Philips Cool White 40 W) with a 14:10 h LD cycle. Photon 
fluence rate ranged from 320-360 IlE·m~'·s'l. Ufenestrata was 
cultured at 13 ± 2° C and E. intestinalis at 18 ± 2° C. Cultures 
were aerated by air-bubbling. 

Medium. Sand-filtered and UV -treated seawater was filtered 
through Whatman glass-fiber filters (pore size 1.2 Ilm) and then 
filtered through a Gelman MiniCapsule Filter (0.2 Ilm). A mod­
ified version of Guillard's f/2 medium (Guillard 1975) with trace 
metals and vitamins was used for the nutrient enrichments. When 
supplied, NO, ~ and PO," (NaNO, and NaH,PO,) were added 
daily at concentrations of 100-200 and 6-12 IlM, respectively. 
The medium was changed daily for E. mtestuuilis. To conserve 
seawater in later experiments nutrients were added to medium 
daily for U [enestrata. 

Experimental design. Algal tissue (1.2-g.0 g wet weight) was 
cultured in 1.5 L of medium. Four nutrient treatments were used; 
low NO, ~ and PO;- (LNLP), high NO, ~ and low PO;- (HNLP), 
low NO,- and high PO,'- (LNHP) and high NO,' and high PO;­
(HNHP). Two growth experiments were conducted for each alga, 
and within each experiment each treatment was run in duplicate 
(i.e. two containers per treatment). Background nutrient levels 
in the seawater were 9-13 IlM NO,-, 1-2 IlM NH: and 0.8 I'M 
PO;-. The dailv nutrient additions for HN and HP treatments 
were sufficient to allow growth of 30%' d -I assuming tissue levels 
of 5% Nand 0.5% P. These levels approximate the calculated 
daily nutrient use for Enteromorpha spp in Yaquina Bay dunng 
high nutrient conditions (O'Brien 1987). Tissue samples we:e 

ta ken at y rom each cu ture and kept rozen prror . hdail f 1 Frozen pri to analySIS. 

Growth measurements. Growth rates of the algal mass 10 ea~t 
container were measured daily as changes in tissue wet,welg

. ~ . . h emoved byfor a period of 1-12 days. Excess water was ett er r. Dr 
careful blotting on Kimwipes or spinning in a salad splOne~ ~d 
30 s before weighing. Specific growth rates (Il) were calcu at 
using the equation 

Il = [In(wt,/wtl))/(t, -~ tl) 

Pecti"ely. 
where wt, and wt, are wet weights at times t 1 and t., res . the 
". d . I . N . a1)'zed dunngNutrient an tissue ana Y5'S. utrients were an' d uate 

growth experiments to insure that daily additions were adeqleted 
. ere ep

for the supplemented cultures and that nutrients w deter­
. he Iow nutri N' d PO ,. were
1O. t e ow nut:lcnt treatments. itrate an _ 4 Nitrate and 
mined as descnbed by Stnckland and ParSOn>(1972).. trient 

es 10 nu
P04'~ uptake rates were calculated from net chang 
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TABLE 2. Nitrate and phosphate uptake rates for high nutrient treatments. Rates are means and SE for daily measurements. 
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N03 uptake N03 uptake P01'~ uptake PO~5- uptake 
(,Ltmoj'g wet wl-1h- ') 

HNLP HNHP LNHP HNHP 

U. fenestrata 

Expt. I 36.4 ± 6.9 86.5 ± 4.2 1.0 I ± 0.36 3.24 ± 0.53 
(n) (14) (12) (14) (12) 

Expt. 2 27.1 ± 6.9 133.7 ± 9.3 2.30 ± 0.60 5.04 ± 0.38 
(n) (12) (16) (12) (16) 

E. intestinalis 
aExpt. I - 56.7 ± 2.8 3.42 ± 0.18 

(n) (36) (36) 

Expt. 2 105.0 ± 1.6 109.7 ± 2.4 6.34 ± 0.27 6.54 ± 0.12 
(n) (14) (14) (14) (14) 

a Data not taken. 

concentrations in the media normalized to wet wt of the algal supplied (Table 1). Maximum growth rates were sig­
tissue. nificantly higher (Student'S t-test, P < 0.01) for U. 

Total Nand P in algal tissue was determined by alkaline per­ fenestrata (32 ± 3%'d- 1
, mean ± SD) than for E. 

sulphate digestion using a modified version of the procedure 
intestinalis (18 ± 5%'d- 1

, mean ± SD). The lowdescribed by D'Elia et al, (1977). Algal tissue was dried for 24 h 
growth rates in the second experiment with E. in­at 60°C, ground in a Mixer Mill (Spex 5100), weighed (500-700
 

I1g) on a Perkin-Elmer Microbalance (AD 22) and put into sil­ testinalis were due to a spore release, which caused
 
anized 250 mL glass bottles with screw caps. Five mL of deionized inaccurate (lower) estimates of algal mass.
 
water (DIW) and 30 mL of oxidizing reagent (3.0 g NaOH and Nitrate uptake rates ranged from 57-149 umol­

6.7 glow N potassium persulphate dissolved in I L of deionized g-l·d- 1 for both algae when NO g - and P04 3 - were 
water) were added to each bottle. Samples were autoclaved at added simultaneously to the medium, whereas P04s­100-110° C (at 15 psi) for I h. After cooling to room temperature, 

uptake ranged from 3.0-6.5 /-lmol·g-l·d- 1 (Tablethe samples were acidified with 3 mL 0.3 M HCl and buffered 
with 4.0 mL of borate buffer (30.9 g H,BO, and 100 mL 1 M 2). For U. fenestrata, NOs-and P04s- uptake rates 
NaOH in 1 L DIW, pH 8.0). The volume was then brought to for U. fenestrata were reduced by 53-91 % when only 
50mL by adding 8 mL ofDIW. Nitrate and PO;- were measured one of the two nutrients was supplied. For E. intes­
calorimetrically (Strickland and Parsons 1972). A bovine protein tinalis, however, high uptake of NOs-and P04 3 ­
gammaglobulin (BPGG) solution was used as a standard for the was maintained even in the absence of POl- and
N assay. Due to turbidity, the samples were filtered through a 

N0 3- supplements, respectively (Table 2).Whatrnan GF IF filter before the PO;- analysis. Disodium car­

bamyl phosphate was used as a standard for the P assay. Per­ Residual NOs-and P043 - levels in the medium
 
sulfate digestions were done in duplicate for each tissue sample, for LN and LP treatments, respectively, were below
 
and NO,- and PO.'- were measured in duplicate for each di­ detection limits within 1-2 days (data not shown)
 
gested sample. which prevents calculation of uptake rates. When 

As a cross calibration for tissue P we compared the persulfate both nutrients were added (HNHP), residual P04 3 ­
method to electron probe elemental analyses for Porphyra sp. For levels ranged from 1-9 /-lM (Table 3) indicating thattissue P levels of 0.40-0.60% P, we found a mean difference of 

excess P was always available. Residual NOs-levelsless than 20% between the two methods. Since the difference was 
neither consistently high or low, no adjustments have been made were low « 1 /-lM) for E. intestinalis for both the 
to the data presented here. HNLP and HNHP treatments. Nonetheless, the high 

growth rates achieved in these experiments suggest 
RESULTS 

Growth rates, nutrient uptake rates and residual nu­
trient levels. Ulva fenestrata and E. intestinalis grew 

TABLE 4. Nitrogen and phosphorus content ofalgal tissue. Values are 
well in semi-continuous cultures when Nand P were means for low and high nutrient treatments respectively (n = 4). 

Low nutrient mean High nutrient mean 
(% dry wt) ± SD (% dry wt) ± SD 

TABLE 3. Residual nutrient levels for high nutrient treatments. 
Nitrogen 

Residual nutrients. (pM) U.[enestrata 1.32 ± 0.22 5.42 ± 0.30 
S 

E. intestinalis 1.38 ± 0.34 4.07 ± 0.33NO,­ NOs P04 ­

HNLP HNHP LNHP 
Phosphorus

U. [enestrata 

Expt. 1 (n = 
Expt. 2 (n = 

14, 12) 
12, 16) 

238 
151 

11.3 
28.2 

20.4 
20.4 

5.8 
9.4 

U. fenestrata 
E. intestinalis 

0.21 ± 0.05 
0.30 ± 0.05 

N:P 

0.51 ± 0.07 
0.56 ± 0.10 

E. intestinalis 

Expt. 1 (n = 36) - a 0.27 1.03 
LNHP mean HNLP mean 

Expt. 2 (n = 14) 0.92 0.06 3.83 1.29 U. [enestrnta 7.8 ± 3.9 44.0 ± 15.6 
E. intestinalis 4.6 ± 0.9 21.1 ± 0.9 

, Data not taken. 
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FIG. 1A-D. Changes in growth rate, tissue N and tissue P of U.[enestrata. Error bars indicate one standard deviation. Each treatment 
was run in duplicate. A) HNHP medium. B) HNLP medium. C) LNLP medium. D) LNHP medium. (e) tissue 1\, (0) tissue P, (0) 
growth rate. 

that N availability was not limiting in these experi­ P-limited growth (HNLP) (Fig. 2A). In contrast, 
ments (see below). growth was linearly related to tissue P over the range 

Tissue Nand P. The highest tissue N levels were of 0.2-0.6% P (Fig. 2B). Furthermore, both tissue 
obtained for U. fenestrata whereas maximum tissue Nand P levels decreased during N-limited growth 
P levels were similar for both algae (Table 4). The (LNHP) (Fig. ID). Growth of U. fenestrata could be 
maximum/minimum ratios for tissue N were about divided into three regions of nutrient status as a 
40% higher compared to those for tissue P, sug­ function of N:P (Fig. 2C), i.e. N:P < 16, N-limita­
gesting a greater storage capacity for the nitroge­ tion; N:P 16-24, N-sufficient and P-sufficient; N:P 
nous constituents. Alternatively, there may be a > 24, P-limitation. Tissue N:P S; 16 resulted from 
greater tolerance for nitrogen deprivation. Tissue minimum tissue N (about 2% dry wt) and variations 
N:P ratios were generally higher during all treat­ in tissue P from 0.25-0.40% dry wt. Tissue N:P in 
ments for U. fenestrata (Table 4). the range 16-24 resulted from high tissue N (4.0­

Effect of nutrient deprivation on growth rates. For U. 4.5% dry wt) and high tissue P (0.40-0.55% dry wt) 
fenestrata, there was a 3-4 day lag period with little (Fig. 3). Tissue N:P greater than 24 resulted fr?m 
change in growth rate or tissue composition (Fig. 1). maintenance of maximum tissue N during depletion 
During the HNLP treatment, after an initial tran­ of tissue P (Fig. 3). . 
sient increase in growth rate to ca. 30%' d - I, growth The rate of change in growth rate and nssue .m~­
decreased rapidly from day 5-7, followed by a slower trients for U. fenestrata during either N- or p-hml­
decrease during the five last days, finally ending in tation (LNHP and HNLP, respectively) was a~a­
a complete cessation of algal growth on day 12 (Fig. lyzed for the 5 last days of the experiment. USlOg 
1B). An increase followed by a decrease in growth day 7 as a reference, growth rates were generally 
also occurred during the LNLP treatment, although higher (30-70%) during N-limitation c<?mpared to 

with less pronounced differences (Fig. 1C). With only P-limited growth (10-50%) (Fig. 4). TIssue N de­
N limiting (LNHP), growth rate decreased more creased about 30% initially but remained consta~t 
slowly, compared to the other treatments (Fig. 1D). during the remaining period (Fig. 4A), whe!;a(sFtt 
In order to assess the effect of tissue composition sue P decreased at a steady rate (~1 0%'d) g. 
on growth rate for U. fenestrata, we considered the 4B). d b 
first 7 days as an acclimation period. Means for du­ As a consequence of sporulation induce ~ 
plicate cultures for each treatment for the next 5 weighing procedures for E. intestinalis, we were ~n 
days were used to establish the relationship between able to obtain accurate estimates of growth ra~e~ ~r e
tissue composition and growth rate. . the nutrient-deprivation treatments. Nonet e r~

lt 
Growth of U.fenestrata was hyperbolically related the algae did grow well during the 9.days of~u ~u­

to tissue N, with a maximum growth rate of 16%' ing when both nutrients were provIded an .acthe 
d- I , and sustenance level of 1.8% N (Fig. 2A). High mulation of algal mass was significantly lo,:,,~r lOnces 
N levels but low growth rates were characteristic of deprivation treatments. Moreover, large di ere 
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in tissue composition resulted from the various treat­
ments. Nitrogen deprivation resulted in tissue N lev­
els of 1.38% N, whereas P deprivation resulted in 
tissue P levels of 0.30% P (Table 4). Tissue N reached 
maximum levels during both HNHP and HNLP 
treatments, whereas tissue P for LNHP treatments 
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FIG, 3A, B, Tissue nutrient plotted as a function of N:P for 
U [enestrata. A) Tissue N. B) Tissue P. (e) HNHP medium. (0) 
HNLP medium, (.a.) LNLP medium, and (6) LNHP medium, 

accumulated to about 85% of maximum levels for 
HNHP treatments (data not shown). 

Patterns of changes in tissue Nand P for E. inies­
tuialis were similar to those observed for U. fenestra­
tao Tissue N:P < 12 resulted from low tissue N (1­
2% dry wt) and variations in tissue P from 0.3-0.6% 
dry wt. (Fig. 5), For E. intestinalis, accumulation of 
tissue P did occur during N limitation. In the region 
of Nand P sufficiency (as defined for U. fenestrata), 
tissue N ranged from 3.0-4.5% dry wt, whereas tis­
sue P ranged from 0.4-0.7% dry wt (Fig. 5). Tissue 
N:P > 16 resulted from high tissue N (~4%) and 
relatively low (0.4-0.5%) tissue P (Fig. 5). 

DISCUSSION 

The maximum growth rates for U. fenestrata and 
E. intestinalis reported here are lower than growth 
rates obtained for other ulvoids by Lapointe and 
Tenore (1981), Ramus and Venable (1987), and 
Duke et al. (1989) (36,30 and 52% wet wt-dav:', 
respectively). This difference is probably due to our 
use of a lower temperature for cultivation. Growth 
rate of Enterornorpha prolifera in continuous outdoor 
cultures (O'Brien 1987) was about the same (21 % 
wet wt -day:") as the maximum for the semi-contin­
uous cultures in this study. Although the temporal 
pattern of nutrient supply in situ may be variable 
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(Fujita 1985). our results (O'Brien 1987, Fujita et 
a!. 1989, present study) indicate that both contin­
uous and semi-continuous culture regimes can be 
used to obtain high growth rates with a controlled 
nutrient supply. 

The presence or absence of nutrient supplements 
in our experiments resulted in large differences in 
tissue Nand P for both species. The range for U. 
fenestrata (1.32-5.42% N) here is greater than that 
reported earlier for Ulua by Fujita (1985) who ob­
tained tissue N levels between 1.02-3.59% N dry 
wt. The lower maximum/minimum ratio in tissue 
N for E. intestinalis could be a sporulation effect. 
Algal strands began sporulating during incubation, 
and this may have influenced tissue N levels. Both 
Fujita (1985) and O'Brien (1987) reported greater 
tissue N ranges for Enteromorpha (0.57-3.85% N dry 
wt and 1.78-5.43% N dry wt, respectively) than we 
observed (1.38-4.07% N). 

The ranges of tissue P levels (maximum/mini­
mum) were smaller than those for tissue N for both 
species, with U. fenestrata showing the greater vari­
ability in tissue P levels. Tissue P for E. intestinalis 
was greater than found by O'Brien (1987) who re­
ported tissue P levels between 0.10-0.33% dry wt 
for E. prolifera. When exposed to extremely high 

--'--'5 

• 
•
6 

6 
4 • c 

• ~ 0••
.0f­3 

tIl 
0z 2 

~ •
6·6
6 • •(lJ 

::J 
in 
Vl 

II-i= 
A 

0.7 l ­ • 
~
 

~
 • c 
6 

•6••
• 00Q> ~ 6.6.f- •a. 
0 

<1> 
::J •:3 0.3 f­ • 
I­

B 
I I0.1 
8 12 16 20 24 

N:P 
FIG. 5A. B. Tissue nutrient plotted as a function of N:P for 

E. intestinalis. A) Tissue N. B) Tissue P. Data are means for days 
1-7. (e) HNHP medium, (0) HNLP medium, (A) LNLP medium, 
and (,6) LNHP medium. 

phosphate concentrations (1000 ,uM), accumulation 
of even higher levels of surplus P (-0.84% P dry 
wt) was found for Cladophora intestinalis by Schramm 
and Booth (1981). Average P content in field sam­
ples of Cladophora from Bermuda was extremely low, 
0.04% P dry wt (Schramm and Booth 1981), while 
Cladophora from the Baltic varied between 0.07­
0.54% P dry wt (Wallentinus 1981). The ma~imum 
tissue nutrient levels for Ulua in our semi-contInuOUS 
cultures were similar to field data from Boiler Bay, 
Oregon, where maximum tissue Nand P levels dur­
ingJuly and November-December 1988 were 5.73% 
dry wt and 0.62% dry wt, respectively (Wheeler and 
Bjornsarer, unpub!. results). Tissue Nand P le~els 
for field samples of Enteromorpha collected durmg 
spring and early summer were higher (5.34% N dry 
wt and 0.75% P dry wt) than for our laboratory 
cultures (Wheeler and Bjornsater, unpub.!. results)~ 

The low and high extremes of N:P ratios fat ~h 
LNHP and HNLP treatments reflect N- and p-I.Im­
itation respectively. Enteromorpha linza cul.tured I~; 
sewage-seawater mixture had an N:P rano of 3 . 
(Prince 1974), while a lower field value of 16 w;s 
reported for E. fiex1wsa (Atkinson and Smith 198 ~ 
Tissue N:P ratios ranging from 8-66 have been fou~ 
in field samples of Cladophora glomerata from t e 

" ultu res 
Baltic (Wallentinus 1981) and laboratory c 
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with the same species had a N:P range of 4-42 (Gor­
don et al. 1981). 

Information on the relationship between growth 
rate and internal nutrient concentration of seaweeds 
generally indicates a threshold response (Hanisak 
1979b, Gordon et al. 1981, Manley and North 1984). 
Nitrate-limited batch and Aow-through cultures of 
Maerocystis pyrifera showed a linear relationship be­
tween tissue nitrogen and growth rates (Wheeler 
and North 1980). In our experiments with U. Jenes­
trata a hyberbolic relationship was found between 
growth rat~ and. tissue N (Fig. 2A). In contrast, a 
linear relationship was found between growth rate 
and tissue P (Fig. 2B), suggesting that no storage of 
P occurred over the range examined. 

Nitrogen has been considered to be the most lim­
iting nutrient in the marine environment for both 
phytoplankton (Ryther and Dunstan 1971, Vince 
and Valiela 1973) and macroalgae (Topinka and 
Robbins 1976, Chapman and Craigie 1977, Hanisak 
1979a, b). However, in certain marine waters P has 
been shown to be the primary limiting nutrient to 
algal growth (Birch et al. 1981, Myers and Iverson 
1981). Indications of P-limitation are provided by 
elevated N:P ratios for macroalgae from a variety 
ofgeographical locations (Atkinson and Smith 1983). 
Seasonal shifts between N- and P-limitation have 
been indicated for phytoplankton growth in both 
lakes and seawater (Rhee 1978) and for seaweeds 
(Wallentinus 1981, Lapointe 1987). 

The relationship between changes in tissue Nand 
P and growth rate for U. [enestrata in this study dif­
fered between treatments. The results show that 
growth decreases faster during P-limitation than 
during \I-limitation. At the end of the experiment, 
tissue P was decreasing at a steady rate during 
P-limitation, whereas tissue N remained high. Ni­
trogen pools in Ulua, consisting mainly of chloro­
phyll-protein complexes and other soluble organic 
N (Rosenberg and Ramus 1982) are apparently de­
pleted at a slower rate than the P pools, which prob­
ably consist of polyphosphates (PoP). This is sup­
ported by studies showing that Enteromorpha and 
VIva are capable of hydrolysis of PoP (Eppley 1962). 
Enzymatic hydrolysis of PoP can be extremely fast 
(58 nrnol P04 3 - 'min-1'mg- 1) for Cladophora (Lin 
1977). 

Phosphorus uptake was highest when N was non­
limiting. When tissue N was being depleted (LNHP), 
however, a rapid depletion of tissue P was evident. 
The opposite situation (depletion 'of tissue N during 
Pvlimitation) also occurred, although it was less pro­
nounced. These results are consistent with those of 
Gordon et al. (1981) for Cladophora, where removal 
of either N or P from the medium, in the presence 
of the other, resulted in a reduction in growth rates 
with a corresponding decrease in both tissue Nand 
P. Since the rate of decrease in tissue N (or P) in 
our experiments was about the same during both N 
and P limitation, the algae seem to regulate the N 

or P uptake in order to maintain a "balanced" in­
ternal N: P ratio. The effect of P limitation on growth 
rate was more pronounced than was N-limitation. 
This could be due to a more rapid depletion of in­
ternal phosphorus pools compared to nitrogenous 
constituents, yielding a faster response in growth 
rate. 

Early attempts to evaluate the nutritional status 
of macroalgae on the basis of ambient nutrient con­
centrations were unsuccessful as a result of 1) rapid 
fluctuations in nutrients and difficulty in assessing 
the nutrient regime and 2) the ability of macroalgae 
to store nutrients. The relationship between tissue 
composition and growth provides a more useful cri­
terion for evaluating nutrient status since tissue 
composition integrates the available nutrient supply 
for some period prior to collection of the samples. 
Steady-state nutrient-limited growth experiments 
can be used to determine the critical light- and tem­
perature-dependent tissue nutrient level, i.e. the lev­
el at which growth rates start to decrease. Such ex­
periments are time-consuming and limited 
information is available in the literature on critical 
N and critical P levels for macroalgae. Our results 
suggest that determination of N:P ratios in batch 
and semicontinuous cultures may provide a better 
index for nutritional status of macroalgae. We see 
clear transitions in the relationship between changes 
in tissue N and tissue P and the N:P ratio that appear 
to delineate regions of N-limitation, nutrient suffi­
ciency, and P-limitation. 

For phytoplankton, N:P of 10-20 is considered 
relatively constant and representative of nutrient 
sufficiency with respect to both Nand P. Ratios < 10 
indicate N-limitation, and ratios> 20 indicate P-lim­
itation (Goldman et al. 1979). Our results suggest 
that, for U. [enestrata, an N:P tissue compostion of 
16-24 reflects nutrient sufficiency, whereas N:P < 
16 reflects N-limitation and \I:P > 24 reflects 
P-limitation. The region of N-limitation is charac­
terized by low tissue N and decreases in N:P which 
result from the accumulation of tissue P. The region 
of nutrient sufficiency is characterized by both high 
tissue Nand P. The region of P-limitation is char­
acterized by high tissue N but increases in N:P re­
sulting from decrease in tissue P. For U. jenestrata, 
delineation of these nutrient status regions was sup­
ported by the relationship of tissue Nand P to mea­
sured growth rates. We were unable to determine 
growth rates for E. intestinalis. Nonetheless, the re­
lationship between tissue N and tissue P and the N:P 
ratio suggest that the same pattern may occur as 
observed for U. jenestrata. Thus, for E. intesiinalis, 
12-16 could reflect nutrient sufficiency, whereas N:P 
< 12 could reflect N-limitation, and N:P > 16 could 
indicate P-limitation. 

Our results suggest that simultaneous monitoring 
of tissue Nand P is a very useful means of moni­
toring nutritional sufficiency of macroalgae. Exper­
imental determination of the range of tissue Nand 
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P under nutrient limited growth conditions and 
comparisons of changes in tissue Nand P as a func­
tion of tissue N:P appears to provide a clear indi­
cation of Nand P status at defined light and tem­
perature. Moreover, these relationships can be 
determined easily in batch culture starvation exper­
iments. 

This work was supported by a grant from the Swedish-American 
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ABSTRACT 

Attached algal populations were sampled at weekly or 
biweekly internals to characterize successional changes in 
the secondary clarifiers of a wastewater treatment plant. 
Three communities were compared [rom areas of slow, 
mediumand rapid current velocities. In general, the algae 
resembled those reported for other hypereutrophic flowing 
waters. Of the twenty-three algae recorded, Stigeocloni­
urn, Oedogonium, Oscillatoria, Lyngbya, and Pleu­
rocapsa were dominant at some point in the 15 month 
sampling period. Nutrient concentrations were consis­
tently high (N = 1.1-21.4 mg-L::'; P = 0,1-10.4 mg' 
L-1); therefore, changes in temporal distribution of algae 
were probably dependent on seasonal changes in light and 
temperature. Colonization ofartificial substrates was also 
observed. Small unicellular algae were thefirst autotrophs 
to attach and these were followed by larger filamentous 
forms. 

Key index words: periphyton; sewage;succession; tertiary 
treatment; wastewater 

Many sewage treatment processes utilize a step in 
which particulate matter is removed by settling in 
secondary clarifying tanks. The nutrient-rich su­
pernatant flows over the weirs of these tanks and is 
disinfected before returning to the environment (Fig. 
1). Approximately 60% of the total influent nitrogen 
and 70% of the total influent phosphorus remain in 
the final effluent (Hammer 1977). The clarifying 
tanks are open and the combination of high nutrient 
loads, flowing water, and daylight permit the de-
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velopment of extensive periphyton commumues. 
The potential for rapid algal growth in these hy­
pereutrophic systems has promoted recent interest 
in using periphyton communities for biological 
treatment ofwastewater (Chan et al. 1982, Pretorius 
and Hensman 1984, Lavoie and de la Noue 1985, 
Cook et al. 1986, Wood 1987). However, literature 
on secondary clarifier periphyton is scarce. Two 
studies compiled a list of algae in secondary clarifiers 
in the Ukraine (Dogadina et al. 1970, Dogadina and 
Chukhlebova 1971) but provided quantitative in­
formation only for phytoplankton. Ohtake et al. 
(1978) provide some information on taxonomic 
composition in experimental troughs receiving ef­
fluent discharged from secondary clarifiers in Japan. 
Traaen (1975, 1978) used outdoor channels to study 
the effects of different wastewater treatments on 
periphyton, but the effluents were greatly diluted. 
Sladeckova et al. (1983) used both indoor and in situ 
stream models to follow nutrient uptake and com­
munity composition of attached algae in enriched 
influents in drinking water reservoirs. In general, 
previous studies have not provided data on seasonal 
changes, relative abundance, or population dynam­
ics of algal periphyton. 

Here we provide a descriptive analysis of the algae 
present in a secondary clarifier over a 15 month 
period. Frequent sampling enabled determination 
of colonization sequences, taxonomic richness, and 
correlations of physicochemical parameters with in­
dividual taxa. This study should provide a base upon 
which future investigations of community structure 
and dynamics may be built. Thus it may enable bet­
ter application of the periphyton in tertiary waste­
water treatment. 


