
Nitrogen Uptake Dynamics of Macroalgae and Phytoplankton in Shallow Marine Systems 

Introduction and Hypotheses
Eutrophication is the process in which there is “an increase in the rate of 

supply of organic matter to an ecosystem” (Nixon 1995).  Within estuaries, nutrient 

enrichment is often in the form of nitrogen (N), which leads to a shift in primary 

producer assemblage, a decrease in water quality, and a decrease in invertebrate 

species richness in some systems (Valiela 1992, McGlathery et al. 2007).  The 

system-specific response to an increase in organic matter will depend on system 

“filters” such as filter feeder presence, water residence time, depth, and optical 

properties (Cloern 2001, Nixon et al. 2001).

Duarte (1995) and Valiela et al. (1997) found that as N levels increase in 

shallow estuarine systems, seagrass beds are replaced by faster-growing 

macroalgae and eventually phytoplankton.  However, a compilation study of more 

than 30 shallow systems with varying depths, water residence times and N input 

rates showed that this pattern does not always hold (Nixon et al. 2001).  Although 

seagrass beds were replaced at fairly low levels of N loading, there was not always 

a succession from macroalgal dominance to phytoplankton dominance during 

further enrichment.  In fact, in a study of 51 estuaries, only 36% of the variance in 

phytoplankton density was correlated with N loading rate (Cloern 2001).

Given the inconsistency of shallow system responses, it is evident that 

factors other than nitrogen levels play a role in determining species dominance. To 

model primary producer response to nutrient enrichment, however, we first need 

system-specific estimates of the rate of nutrient uptake. For shallow marine 

systems, we proposed that:  1. Macroalgae and phytoplankton would show 

Michaelis-Menten uptake kinetics and that biomass specific uptake rates 

would vary as follows: phytoplankton>>>Ulva spp. >Gracilaria spp.>, at all N 

concentrations.  2. The total uptake rate would be higher for macroalgae 

than for phytoplankton, despite lower biomass specific uptake rates, due to 

a higher biomass in the system.  3. Nutrient uptake dynamics under 

competitive conditions are predictable using individual nutrient uptake 

curves.  4. Under nutrient enrichment, macroalgae would be dominant 

simulated systems with short residence times and phytoplankton in 

simulated systems with long residence times, provided that they are shallow 

enough to allow sufficient light penetration.

Methods
Macroalgae genera (Ulva spp. and Gracilaria spp.) and phytoplankton samples were collected from Hog Island 

Bay, Virginia on June 26, 2007.  This shallow system has a salinity of 33 ppt, relatively low nitrogen levels (1.2 µM 

DIN), and water residence times ranging from days to weeks (McGlathery et al. 2001).   The collected macroalgae 

were cleared of epiphytes and sediment before use, and were held in low nutrient seawater in oxygenated, glass 

aquaria.  All experiments were conducted at the Virginia Institute of Marine Science (VIMS) in Gloucester Point, 

Virginia in an environmental chamber set to 20.0°C and a fluorescent irradiance level of ~450 µE/m2/s (measured 

using a LiCorTM quantum sensor ), above the light saturation of Gracilaria spp. (200 µE/m2/s) and approximately 

equal to that of Ulva spp. (465 µE/m2/s) (Rosenberg and Ramus 1982).  Shaker tables were used at 60rpm to break 

down diffusion barriers.

To determine uptake kinetics, producers were exposed to eight ammonium (NH4
+) concentrations (1, 2, 5, 10, 

15, 20, 30, and 50 µM).  Phosphate (PO4
3-) was added in a 1:5 molar ratio to the nitrogen source.  Biological Oxygen 

Demand (BOD) bottles (60mL) were filled with 50mL of site water and spiked with their respective stock solutions (3 

replicates/concentration).  Phytoplankton concentration was determined by filtering 40mL of site water and 

measuring chlorophyll concentration after acetone/DMSO extraction.  This concentration was converted to 

phytoplankton dry-weight (g) using the following conversion values available in the literature: g C:g dw= 0.4 and g C: 

g Chl= 70 (Duarte 1992).  After a 5 hour incubation period in the environmental chamber, 25-30 mL of each bottle 

were filtered with an 0.45 µm acrodisc syringe filter and analyzed for [NH4
+]  on a Lachat autoanalyzer.

To avoid measurement of the surge uptake stage (Dy and Yap 2001), macroalgae were placed in 200mL 

beakers with site water and pre-spiked with their experimental NH4
+ concentrations once an hour for 3 hours prior to 

the experiments.  The macroalgae samples were then placed in separate 60ml BOD bottles filled with 50mL of 

artificial seawater and the respective concentration spike (3 replicates/concentration/algal genera) and incubated for 

2 hrs.  After this period, 25-30 mL of each sample were filtered with an 0.45 µm acrodisc syringe filter and analyzed 

for [NH4
+] on a Lachat autoanalyzer.  Algae were rinsed with distilled H20 to remove salts, placed on pre-weighed 

aluminum tins, and dried at 60°C until a stable dry-weight was reached.  Uptake was expressed as µmol N·g dw-1·L-

1.  Using SPSS, the resulting nutrient uptake data for each producer were statistically fit to Michaelis-Menten 

hyperbolic uptake curves.  The Vmax and Ks values, respectively, of each group were statistically compared using 

SPSS 95% confidence interval bounds.  Producer uptake rates at each concentration were compared using a single 

factor ANOVA.

To determine producer uptake dynamics under competitive conditions, all three producers were incubated 

together in 250mL of site water in 300 mL BOD bottles.  Macroalgae were pre-spiked with their respective treatment 

concentrations.  Each bottle was then spiked with one of three NH4
+ concentrations (2, 10, or 30 µM; 5:1 mol N:mol 

P; six replicates per concentration), labeled with ~20 atom % 15N and incubated for 2 hours.  The measurement of 

[NH4
+], filtering of phytoplankton, and drying of phytoplankton and algae were performed in the same manner as 

described for the individual uptake experiment.  Dried plankton and algal samples were sent to UC Davis where the 

C:N ratio, 15N ratio, and atom % of each sample was determined using an isotope ratio mass spectrometer.  The 

atom percent values were used to compute total 15N uptake by each producer.  Producer uptake was compared by 

finding the percent of total uptake that each producer was responsible for.  Percent total uptake was compared 

across producer groups using a single factor ANOVA.  To determine if competitive nutrient uptake dynamics are 

predictable based on individual nutrient uptake curves, the percent of 15N taken up by producers at each 

concentration (2, 10, and 30µM) was compared to the amount predicted from the individual uptake curves at the 

same concentrations (uptake rate · average dw) using a chi-sq test.

To predict producer dominance under specific sets of environmental factors, we used an intermediate 

complexity model for shallow systems (Brush and Nixon, in review).  This model is composed of a number of sub-

models including those for phytoplankton, Ulva spp. and Gracilaria spp. population dynamics, nutrient loading and 

loss terms, and nutrient partitioning based on individual producer uptake rates.  The model runs on a 365 day cycle 

for which daily light data were forced using CB NEERS data measured in 2006 and daily temperature were forced 

using an average cycle for Gloucester Point (Buzzelli et al. 1999). The four factors that we decided to alter in this 

study were nitrogen loading level (0-250 gN ·m-2·d-1, based on values found in McGlathery et al. 2007), depth (0.5-5 

m, based on the generally accepted definition of a shallow system), residence time (0-60 days, based on values 

found in Nixon et al. 2001), and filter feeder density (0-30 feeders·m-2, based on previous model values).  A t-test 

assuming equal variance was used to compare model outcomes based on the presence or absence of filter feeders.

Abstract
The purpose of this study was to determine individual and competitive nutrient 

uptake dynamics of Ulva spp., Gracilaria spp., and phytoplankton for use in 

modeling the outcome of competition between these producers in systems 

undergoing eutrophication.  Producers were collected from Hog Island Bay, a 

low nutrient lagoon on the Eastern Shore of Virginia.  The NH4
+ uptake rate of 

each producer was measured at 8 concentrations (1-50 µM) and the total 15N 

uptake of each producer was measured at 3 concentrations (2, 10 and 30 µM) 

after incubation in a temperature and light controlled environmental chamber.  

Individual uptake curves were reflective of literature values from past studies.  

The 15N experiment confirmed that, as seen in situ at Hog Island Bay, 

phytoplankton cannot outcompete macroalgae, despite higher biomass-specific 

nitrogen uptake rates, due to a lower biomass in the system.  However, 

individual nutrient uptake parameters could not be used to predict the outcome 

of producer competition.  Modeled simulations confirmed the importance of 

ecosystem “filters”, such as filter feeders and residence time, in determining 

producer dominance.

Keywords: Nitrogen, eutrophication,Virginia Eastern Shore, Gracilaria, Ulva

Acknowledgements
We thank the National Science Foundation grant number OCE-0552612 

for funding provided for this project.  We thank Dr. Rochelle Seitz, Dr. 

Linda Schaffner, and Heidi Geisz for coordinating the Research 

Experience for Undergraduates program.  We thank Carol Pollard, Dr. 

David Harris, Juliette Giordano, Benjamin Lawson, and Beth Cordon for 

laboratory assistance with this project.  

Competitve Nutrient Uptake

IndividualUptake Kinetics

References
Brush, M.J. and S.W. Nixon. An intermediate complexity model for shallow marine ecosystems: formulation 

and calibration. Submitted to Marine Ecology Progress Series.

Cloern, J. E. 2001. Our evolving conceptual model of the coastal eutrophication problem.  Marine Ecology 

Progress Series 210: 223-253.

Duarte, C. M. 1995. Submerged aquatic vegetation in relation to different nutrient regimes. Ophelia 41: 87-

112.

Hein, M., M.F. Pedersen, and K. Sand-Jensen. 1995. Size-dependent nitrogen uptake in macro- and micro      

algae. Marine Ecology Progress Series118: 247-253.

Nixon, S. W. 1995. Coastal marine eutrophication: a definition, social causes and future concerns. Ophelia 

41: 199-219.

Nixon, S., B. Buckley, S. Granger, and J. Bintz. 2001. Responses of very shallow marine ecosystems to 

nutrient enrichment. Human and Ecological Risk Assessment 7: 1457-1481.

Valiela, I., K. Foreman, M. LaMontagne, D. Hersh, J. Costa, P.Peckol, B. DeMeo-Andreson, C. D’Avanzo, M. 

Babione, C. Sham, J. Brawley, and K. Lajtha. 1992. Couplings of watersheds and coastal waters: sources     

and consequences of   nutrient enrichment in Waquoit Bay, Massachusetts. Estuaries 15: 443-457. 

Valiela, I., J. McClelland, J. Hauxwell, P. J. Behr, D. Hersh and K. Foreman.  Macroalgal blooms in shallow      

estuaries: Controls and ecophysiological and ecosystemconsequences 1997.  Limnology and    

Oceanography 42: 1105-1118.

0

5

10

15

20

25

30

35

0 10 20 30 40 50 60

U
p

ta
ke

 R
a
te

 (µ
m

o
l N

·g
-1
·h

-1
)

[NH4
+ ]  (µM)

Gracilariaspp.

 
 

90.

22
34

2

4

4
























R

NH

NH
v

0

5

10

15

20

25

30

35

40

0 10 20 30 40 50 60

U
p

ta
ke

 R
a
te

 (µ
m

o
l N

·g
-1
·h

-1
)

[NH4
+ ]  (µM)

Ulvaspp.

 
 

97.

47
63

2

4

4
























R

NH

NH
v

-200

-100

0

100

200

300

400

500

600

700

0 10 20 30 40 50 60

U
p

ta
ke

 R
a
te

 (
µ

m
o

l N
·g-1

·h
-1
)

[NH4
+] (µM)

Phytoplankton

 
 

78.

6.3
570

2

4

4
























R

NH

NH
v

0

100

200

300

400

500

0 10 20 30 40 50 60

U
p

ta
ke

 R
a
te

 (µ
m

o
l N

·g
-1
·h

-1
)

[NH4
+ ]  (µM)

Ulva spp.

Gracilaria spp.

Phytoplankton

P< 0.05 except 

for 1 µM  and 5 

µM treatments

Natasha Gownaris 

(gownna01@gettysburg.edu)

Gettysburg College

Gettysburg, PA 17325 USA

Mark Brush(brush@vims.edu)               

Virginia Institute for Marine Science

College of William and Mary

Gloucester Point, VA 23062 USA

Modeling Shallow Marine Systems

PHYTO C
(& Chl -a, N)

DIN  

External N Load

Light

WATER

COLUMN

RESP

SEDIMENT
C  (& N)

MACRO
C &  N

DENIT

Temp

CLAMS

Flushing

Grazing &

Mortality

Depth

0

100

200

300

400

500

600

700

0 10 20 30 40 50 60

R
e
la

tiv
e
 M

a
xi

m
u

m
 B

io
m

a
ss

Residence Time (days)

No Filter Feeders

Phytoplankton

Gracilaria

Ulva

0

100

200

300

400

500

600

700

0 10 20 30 40 50 60

R
e
la

tiv
e
 M

a
xi

m
u

m
  
B

io
m

a
ss

Residence Time (days)

30 Filter Feeders·m-2

Phytoplankton

Gracilaria

Ulva

0

20

40

60

80

100

P
e
rc

e
n
t 
1

5
N

 U
p
ta

ke

30µM
P=1.5E-09

15N

NH4+

0

20

40

60

80

100

P
e
rc

e
n
t1

5
N

 U
p

ta
ke

2µM
P=5.7E-17

15N

NH4+

0

20

40

60

80

100

P
e
rc

e
n
t 
1

5
N

 U
p
ta

ke

10µM
P=1.4E-04

15N

NH4+

Residence Time: 1-60 days

Depth: 1 meter

N Loading Level: 125 g N·m-2·d-1

Phytoplankton=µgcholorphyll·L-1

Macroalgae= g dw·m-2

P values (0 vs. 30 filter feeders·m2)

Phytoplankton = 5.9E-05 

Ulva spp.=6.8E-05 

Gracilaria spp.=8.3E-06 

Ulva spp. had a higher average uptake rate than Gracilaria spp. at all 

concentrations above 15µM, but this difference was only significant at 15 µM 

(F=102.4, df=1, P=0.00054) and 50 µM (F=23.29, df=1, P=0.0085).  Ulva spp. 

had a higher Ks and Vmax than Gracilaria spp, but this difference was 

insignificant based on 95% confidence intervals.  Phytoplankton had a lower Ks

than both algal genera and a significantly higher Vmax based on 95% 

confidence interval bounds.

Our hypothesis that biomass specific uptake rates would be highest for 

phytoplankton at all concentrations and would be slightly greater for Ulva spp. 

than Gracilaria spp. was supported.  This is consistent with a compilation study 

by Hein et al. (1995), in which SA:V was found to have a strong positive 

correlation with Vmax and a strong negative correlation with Ks.  As 

hypothesized, all producers fit the Michaelis-Menten model for uptake kinetics, 

with R2 values above 0.90 for both algal genera and above 0.75 for 

phytoplankton.  The resulting uptake curves were consistent with previous 

compilation curves used in the intermediate complexity model of Brush 2002 

(Brush and Nixon in review), validating the use of these uptake parameters in 

the model.

Uptake of 15N increased with 15N concentration 

for both algal genera but not for phytoplankton.  

Producer-specific percent uptake differed 

significantly between producer groups at 2, 10 

and 30 µM (P<0.05).  As hypothesized, 

phytoplankton took up the lowest percentage of 
15N at all experimental concentrations and 

Gracilaria spp. took up the highest percentage. 

However, the percentage uptake was significantly 

different than that predicted by the individual 

uptake kinetics at 2,10, and 30 µM.

In models of marine systems that incorporate 

multiple producers, individual uptake curve 

parameters are often used to predict how the 

producers will compete with one another in terms 

of nutrient uptake.  However, it is difficult to know 

how a producer’s uptake kinetics would change 

when in the presence of a competitor.  As 

hypothesized, when we used 15N as a tracer, 

phytoplankton did have significantly lower rates 

of uptake (non-biomass specific) due to their 

lower biomass. The results did not, however, 

support our hypothesis that individual uptake 

curves would accurately predict total uptake 

under competitive conditions.  

Treatment (µM 

NH4
+)

df (between 

groups) F P-value

2 2 224 6.8E-12

10 2 239 4.2E-12

30 2 1350 1.2E-17

One Factor ANOVA for Difference between Total Uptake of 

Producers in 15N Experiment.

The maximum modeled phytoplankton concentration increased logarithmically 

(R2=0.93) with residence time while the biomass of both algal genera showed the 

opposite trend and was negatively correlated with predicted phytoplankton 

concentration (Ulva spp. R2=0.787, Gracilaria spp. R2=0.836).  In the presence of 30 

filter feeders·m-2, phytoplankton density was still predicted to increase with residence 

time but began to level off around 300 µg cholorphyll·L-1, notably lower than the 680 

µg cholorphyll·L-1 reached in the absence of filter feeders.  In addition, algae 

remained at fairly constant levels of maximum modeled biomass, independent of 

residence time.  Modeled algal biomass and phytoplankton concentrations were 

significantly different in the presence and absence of filter feeders, respectively.  

In this modeled system, our hypothesis that macroalgae tend to dominate in systems 

with short residence times and phytoplankton in systems with high residence times 

was supported.  However, other system “filters” must be taken into account.  For 

example, when filter feeders were added at a high density to the modeled system, 

the maximum modeled concentration of phytoplankton was relatively low and the 

maximum modeled algal biomass stayed fairly constant at long residence times.  

These results are consistent with experimental data showing that when filter feeder 

bivalves are added to a non flow-through system at high densities, the water column 

chlorophyll remains low at even high fertilization rates (Nixon et al. 2001).  

Conclusion
This study showed that individual uptake curves from Hog Island Bay of the Eastern Shore, 

VA are reflective of literature values used in the intermediate complexity model of Brush and 

Nixon (in review).  The 15N experiment confirmed that, as seen in situ at Hog Island Bay, 

phytoplankton cannot outcompete macroalgae due to biomass differences.  In this study, 

individual nutrient uptake parameters could not be used to predict the outcome of producer 

competition.  More research is needed to test the applicability of individual nutrient curves to 

shallow marine system models. Modeled systems confirm the importance of Cloern’s (2001) 

“filters” in determining producer dominance. Future research using models to better 

understand shallow system dynamics could eventually aid us in allowing these systems to 

regain their natural primary producer balance.
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