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Abstract Ten Mile Creek (TMC) is a major

tributary of the Indian River Lagoon (IRL), one of

the largest and most ecologically diverse estuaries of

the east coast of Florida. Recent algal blooms within

the IRL have focused attention on the role of different

watersheds playing in the supply of growth-limiting

nutrients. The goal of this study was to determine the

nutrient-limiting status of the TMC outflow, which is

influenced by both agricultural input and urban

development. Four laboratory experiments were

conducted with water samples from TMC, adding

different concentrations of phosphorus (P) and nitro-

gen (N) under controlled conditions. The results

showed that turbidity and phytoplankton biomass (in

terms of chlorophyll a concentration) in TMC water

samples were responsive to N additions. Turbidity

and phytoplankton biomass increased with addition

of available N, but were not affected by addition of

reactive P. The results indicate that available N is the

limiting nutrient for the growth of phytoplankton in

the TMC.

Keywords Nitrogen � Phosphorus �
Phytoplankton biomass � Water turbidity

Introduction

Nutrients entering rivers, lakes, and oceans from

surface runoff water of agricultural lands and urban

areas have become a major environmental concern

around the world (Nixon, 1995). Eutrophication of

aquatic environments stimulates primary production

and leads to deleterious impacts on the structure and

function of ecosystems, including the proliferation of

harmful algal blooms (Paerl, 1988; Rosenberg et al.,

1990; Harding, 1994; Vargo et al., 1996; Katz et al.,

1999; Mortazav et al., 2000; Phlips, 2002; Bledsoe

et al., 2004; Webster et al., 2005). Some algal bloom

species produce toxins that can enter the food chain,

harming animal and even human health (Chorus &

Bartram, 1999; Landsberg, 2002).

The occurrence and growth of phytoplankton in

fresh waters are affected by nutrient level, and

Handling editor: L. Naselli-Flores

Y. Lin � Z. L. He (&) � Y. Yang � P. J. Stoffella �
C. A. Powell

University of Florida, Institute of Food and Agricultural

Sciences, Indian River Research and Education Center,

Fort Pierce, FL 34945, USA

e-mail: zhe@ufl.edu

Y. Lin

Fujian Agriculture and Forestry University, Fuzhou,

Fujian 350002, China

Y. Yang

Institute of Geochemistry, CAS, Guiyang 550002, China

E. J. Phlips

Department of Fisheries and Aquatic Science, University

of Florida, 7922 NW 71st Street, Gainesville, FL 32653,

USA

123

Hydrobiologia (2008) 605:247–258

DOI 10.1007/s10750-008-9360-x



hydrological and meteorological conditions (An

et al., 2003; Li et al., 2004; Jeppesen et al., 2007).

The specific effects of increases in nutrient loads are

strongly dependent on the structure of the ecosystem

in question and the nature of nutrient availability

prior to changes in load. In many ecosystems,

phytoplankton biomass is correlated with the avail-

ability of nitrogen (N) or phosphorus (P) (Hecky &

Kilham, 1988; Tomasky & Valiela, 1995; Phlips

et al., 1997; Sarnelle et al., 1998; Bledsoe & Phlips,

2000; Cloern, 2001; Bledsoe et al., 2004). The

composition of phytoplankton species are also

affected by the concentrations of N and P (Smayda

& Reynolds, 2001; Reynolds, 2006). The eutrohpi-

cation thresholds of P for fresh waters (rivers and

lakes) are from 20 to 100 lg P l-1 and of N from 500

to 1,000 lg N l-1. In Florida, these critical values are

10 lg P l-1 and 520 lg N l-1 for lakes and reser-

voirs and 40 lg P l-1 and 900 lg N l-1 for rivers

and streams (US EPA, 2000). Water bodies with

naturally low P or N concentration will, therefore, be

highly sensitive to external inputs of P or N (Ruley &

Rusch, 2002; An, 2003; Vos & Roos, 2005). In

addition, the ratio of N:P in the water body (referred

to as the ‘‘Redfield ratio’’) is an important indicator of

which nutrient is limiting eutrophication. If the

Redfield ratio is 16:1, P is most likely the limiting

factor for algal growth; lower ratios indicate that N is

of great importance (Redfield et al., 1963; Hodgkiss

& Lu, 2004).

Phosphorus has been shown to be the principal

limiting nutrient for primary production of phyto-

plankton in many freshwater environments

(Schindler, 1978; Vollenweider & Kerekes, 1980;

Hecky & Kilham, 1988; Tilzer, 1990; Tomasky &

Valiela, 1995; Phlips, 2002), while N is commonly

limiting in marine ecosystems (Cloern, 2001), how-

ever, there are many exceptions to this general pattern.

Fig. 1 Ten Mile Creek, St. Lucie estuary and Site 2 of the water sampling collection sites
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In some freshwater environments, particularly in the

tropics and subtropics, N has been found to be the

primary limiting nutrient for phytoplankton produc-

tion, due in large part to excessive P load and long

growing seasons (Toerien et al., 1975; Henry et al.,

1985; Thornton, 1987; Rast et al., 1989; Phlips et al.,

1997; Phlips, 2002). Likewise, some marine environ-

ments may become predominantly P-limited due to an

excess of N availability (Phlips et al., 1999).

The Indian River Lagoon (IRL), a nutrient-rich

environment that stretches 350 km along the east

coast of Florida, is one of the most important water

ways in Florida, and its health has been a concern for

years due to growing pressures from anthropogenic

sources of nutrients and pollutants (Chamberlain &

Hayward, 1996; Phlips et al., 2002). One of the most

important watersheds flooding into the southern IRL

is Ten Mile Creek (TMC) (Fig. 1), which annually

contributes approximately 150,000 acre-feet (or

185.2 million m3) of water to the IRL. TMC has

been identified as having poor water quality due to

pesticide and nutrient contamination from soil and

stormwater runoff (Hand et al., 1994; Chamberlain &

Hayward, 1996). The sources of N and P for TMC

include runoff not only from agricultural activities,

but also from rapidly growing commercial and

residential communities in the region. Mean total N

(TN) and total P (TP) concentrations in TMC range

from 385 to 1,058 lg l-1 and 158 to 336 lg l-1,

respectively (Powell & He, unpublished; Phlips et al.,

2002). The relative TN and TP levels in TMC suggest

the existence of N-limiting conditions for phyto-

plankton growth.

The environmental impacts of eutrophication on

water quality, and subsequently on human and animal

health, have resulted in major efforts to develop

management strategies to reduce nutrient inputs to

surface waters and to remediate eutrophic water

bodies. Controlling eutrophication requires both N

and P enrichment of surface waters be minimized.

The objective of this study was to test this hypothesis

using nutrient limitation bioassay methods, as a

means of determining the relative bioavailability of

N and P entering TMC via the watershed. This

information is essential to the development best

management practices to reduce N or P transport

from land to surface waters and models for the

prediction of future trends in eutrophication of TMC

and the downstream environments.

Materials and methods

Physical and chemical characteristics

The water used in the nutrient limitation bioassay

experiments was collected from Site 2, one of seven

sites in an on-going monitoring study of water quality

of the St. Lucie estuary and TMC. This site is strongly

influenced by surface water runoff from a watershed

dominated by agricultural land uses and urban devel-

opment. Water was collected with a grabbing sampler

at 0.5 m from the surface. The electrical conductivity

(EC), dissolved oxygen (DO), and temperature of the

water samples were determined using an YSI envi-

ronmental multi-probe in field. Water pH and

turbidity were measured immediately after water

samples were transported into the lab using a pH/

ion/conductivity meter (pH/Conductivity Meter,

Model 220, Denver Instrument, Denver, CO) and a

Turbidity meter (DRT 100B, HF Scientific, Inc.,

USA), respectively. Total dissolved solid (TDS)

concentrations of unfiltered water samples were

measured using a gravimetric method. The concen-

trations of NO3
--N, NH4

+-N, total Kjeldahl N (TKN),

total N (TN), PO4
-3-P, dissolved total P (DTP),

reactive P, and TP of water were determined follow-

ing EPA standard methods (USEPA 300.0 for

NO3
--N; USEPA 350.1 for NH4

+-N and TN; USEPA

351.2 for TKN; USEPA 300.0 for PO4
-3-P; USEPA

200.7 for DTP; USEPA 365.1 for reactive P; and

USEPA 365.2 for TP) using an inductively couple

plasma atomic emission spectrometer (ICP-AES)

(Ultima, YJ Horiba, Inc., Edison, N.J.), a N/P Discrete

Autoanalyzer (EasyChem, Systea Scientific LLC., Oak

Brook, IL), and an Ion Chromatograph (IC) (DX 500,

Dionex Corporation, Synnyvale, CA), respectively.

For chlorophyll a determination, water samples

were filtered on to glass fiber filters (47 mm, 0.7 lm,

Whatman, GF/F). The filters were frozen at -20�C

prior to extraction. The samples were removed from

the freezer (-70�C), thawed at room temperature for

15 min, then, placed into the appropriate test tubes.

Chlorophyll a was extracted using the hot ethanol

method (Sartory & Grobbelaar, 1984; APHA, 1998;

Bledsoe & Phlips, 2000; Phlips et al., 2000). Absorp-

tion (Å) values of the extracts were determined using

a spectrophotometer (Digital Ab. Hitachi, model U-

2810) in accordance with standard methods (APHA,

1998).
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Nutrient limitation bioassay experiments

The nutrient limitation experiments were conducted in

a climate controlled culture room at the Indian River

Research and Education Center, University of Florida,

Ft. Pierce, FL. Twenty-one 37.85-l (10-gallon) glass

aquaria were used as the experimental mesocosms.

Water samples collected from TMC were pooled

together in a large container, mixed well, and divided

among the tanks (20 l per tank). Tanks were aerated

with a SL56 Sweetwater air pump (Aquatic Eco-

System, Inc., Apopka, FL, USA). The temperature was

maintained at 23 ± 1�C, and the light intensity above

the surface of the tanks was 52 ± 6 lmol m-2 s-1,

with a photoperiod of 12:12 (dark: light, hours).

Four experimental treatment groups were estab-

lished for the study: (1) various N concentrations

added to the TMC water, (2) various P concentrations

added to the TMC water, (3) various N concentra-

tions with an enforced higher available P level added

to the TMC water, and (4) various P concentrations

with an enforced higher available N level added to

the TMC water. The sources of available N (NO3
- and

NH4
+-N) and P (PO4

-3-P) used in the experiment were

ammonium nitrate (NH4 NO3) (for N) and sodium

phosphate monobasic dehydrate (NaH2PO4 H2O) (for

P) (Sigma, St. Louis, MO, USA).

The first experiment was initiated on March 02,

2006 and included six N levels, i.e., 187.5, 375, 750,

1,500, 3,000, and 6,000 lg N l-1. The second exper-

iment was initiated on April 04, 2006 with six P

levels, i.e., 62.5, 125, 250, 500, 1,000, and 2,000 lg

P l-1. The third experiment was initiated on June 01,

2006, with six N levels (187.5, 375, 750, 1,500, 3,000,

and 6,000 lg N l-1) and an enforced higher-back-

ground reactive-P level (1,000 lg P l-1) by adding

sodium phosphate. The fourth experiment started on

July 19, 2006 with six reactive P levels (150, 300, 600,

1,200, 2,400, 4,800 lg P l-1) and an enforced higher-

background available N concentration (750 lg N l-1)

by adding ammonium nitrate. The final concentrations

of available N and/or reactive P in the treatments in

20 l of water were obtained by analyzing the back

ground available N and reactive P levels in the water

and adding supplement N and P amount to it. A

control (TMC water without any nutrient additions)

was included in each of the four experiments. There

were three replicates for each treatment (including the

control), and all the tanks were arranged randomly

with a factorial design.

Table 1 Physical,

chemical and biological

properties of the water

collected from site 2 of

TMC for the laboratory

experiment

Date of collection 03/02/06 04/12/06 06//01/06 07/19/06

Physical properties

Water Temp (�C) 21.2 22.1 19.2 22.9

pH 7.57 7.61 7.83 7.24

EC (lS cm-1) 1,742 2,133 2,148 1,679

Salinity (PSS) 0.90 1.10 1.10 0.80

DO (mg l-1) 5.18 6.34 5.35 4.92

Turbidity (NTU) 3.01 4.29 7.29 3.76

Solids (g l-1) 1.31 0.42 1.42 1.45

Chemical properties

NO3-N (mg l-1) 0.13 0.00 0.00 0.15

NH4
+-N (mg l-1) 0.19 0.05 0.01 0.08

TKN (mg l-1) 0.43 1.00 1.07 1.04

TN (mg l-1) 0.56 1.00 1.07 1.19

PO4
3-P (mg l-1) 0.00 0.13 0.28 0.23

DTP (mg l-1) 0.15 0.26 0.39 0.34

Reactive P (mg l-1) 0.12 0.22 0.33 0.25

TP (mg l-1) 0.22 0.36 0.43 0.44

Biological properties

Chlorophyll a (lg l-1) 6.94 9.56 18.5 27.1
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Water samples from the tanks were collected at

day 1, 7, 14, 21, 28, and 35 of the experiment and

analyzed for physical, chemical, and biological

properties. The amount of water lost from each tank

due to evaporation and sampling was measured

weekly and replenished with ultra-pure deionized

water, which was obtained from a Barnstead Ultra-

pure Water System (Nanopure Infinity Inc.). Prior to

each sampling, the water in the tanks was thoroughly

mixed by stirring, and 1 l of water was sampled from

each tank. Three hundred milliliters of each sample

were used for chlorophyll a determination and

500 ml for determining the concentrations of P and

N, and the changes in phytoplankton biomass were

estimated in two ways, as chlorophyll a concentration

and turbidity.

Results

Physical, chemical and biological characteristics

The range of values for selected water column

characteristics observed on the four collection dates

are shown in Table 1. Some parameters showed

relatively small variation between sampling dates,

including pH, electrical conductivity, salinity, dis-

solved oxygen, turbidity, TKN, TN, DTP, and TP.

Other parameters showed an over 3-fold range of
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Fig. 2 Comparison of water turbidity in the Ten Mile Creek

(TMC) water with additions of nitrogen (N), phosphorus (P) or

the combinations of N and P at 21 day after treatment. (A-1)

Treatments of TMC water with addition of N, but no addition

of P. The background reactive P (PO4
3+-P) concentration was

0.13 mg l-1. (A-2) Treatments of TMC water with addition of

N and P. The final reactive P concentration in all the treatments

was 1.0 mg l-1. (A-1) and (A-2) 1, Control; 2, 0.1875 mg N

l-1; 3, 0.375 mg N l-1; 4, 0.75 mg N l-1; 5, 1.5 mg N l-1; 6,

3.0 mg N l-1; 7, 6.0 mg N l-1). (B-1) Treatments of TMC

water with addition of P, but no addition of N. The background

available N concentration was 0.19 mg l-1. 1, control; 2,

0.0625 mg P l-1; 3, 0.125 mg P l-1; = 4, 0.25 mg P l-1; 5,

0.5 mg P l-1; 6, 1.0 mg P l-1; 7, 2.0 mg P l-1. (B-2) Treat-

ments of TMC water with addition of P and N. The final

available N in the treatments was 0.75 mg l-1. 1, control; 2,

0.3 mg P l-1; 3, 0.45 mg P l-1; 4, 0.6 mg P l-1; 5, 1.2 mg P

l-1; 6, 2.4 mg P l-1; 7, 4.8 mg P l-1. Means ± SD (n = 3)
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values, including nitrate, ammonium, orthophos-

phate, and chlorophyll a concentration.

Response of turbidity to N addition

The turbidity of the TMC water was most affected by

the addition of N (Fig. 2A-1). Greater N addition

resulted in higher turbidity of the water after 21 days

of culture (Fig. 2A-1). T-test analysis showed that the

turbidity of the TMC water treated with 750–

6,000 lg l-1 of N was significantly higher than that

of the control (P \ 0.01). In the treatments with

added P, N additions of 375–6,000 lg l-1 yielded

higher turbidities than the control (Fig. 2A-1).

Over the 35-day culture period, water turbidities

leveled off or declined after 21 days in the treatment

group without P addition, with a maximum turbidity

of 20 NTU (Fig. 4A-1). By contrast, for the treatment

with P addition (1,000 lg l-1) turbidities in the

1,500–6,000 lg l-1 N addition groups increased

throughout the entire culture period, with a maximum

observed value of 35 NTU (Fig. 4A-2). This result

indicates that the water samples in the group without

P addition reached a condition of P-limitation in

approximately 14–21 days of culture.

Response of turbidity to P addition

The turbidity of the TMC water was not affected by

the addition of P (reactive P) (Fig. 2B-1). The

turbidity of the TMC water treated with 62.5–

2,000 lg l-1 of reactive P was not significantly

different from that of the control at day 21 of culture

(t-test, P \ 0.05). In the treatment group with added

Fig. 3 Comparison of phytoplankton biomass (chlorophyll a,

lg l-1) in the Ten Mile Creek (TMC) water with additions of

nitrogen (N), phosphorus (P) or the combinations of N and P at

21 day after treatment. (A-1) Treatments of TMC water with

addition of N, but without addition of P. The background

reactive P (PO4
3+-P) concentration was 0.13 mg l-1. (A-2)

Treatments of TMC water with addition of N and P. The final

reactive P concentration in all the treatments was 1,000 lg l-1.

(A-1) and (A-2) 1, Control; 2, 0.1875 mg N l-1; 3, 0.375 mg

N l-1; 4, 0.75 mg N l-1; 5, 1.5 mg N l-1; 6, 3.0 mg N l-1; 7,

6.0 mg N l-1. (B-1) Treatments of TMC water with addition of

P, but no addition of N. The background available N

concentration was 0.19 mg l-1. 1, control; 2, 0.0625 mg P l-1;

3, 0.125 mg P l-1; 4, 0.25 mg P l-1; 5, 0.5 mg P l-1; 6,

1.0 mg P l-1; 7, 2.0 mg P l-1. (B-2) Treatments of TMC

water with addition of P and N. The available N concentration

in all the treatments was 0.75 mg l-1. 1, Control; 2,

0.3 mg P l-1; 3, 0.45 mg P l-1; 4, 0.6 mg P l-1; 5, 1.2 mg P

l-1; 6, 2.4 mg P l-1; 7, 4.8 mg P l-1. Means ± SD (n = 3)
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available N (750 lg l-1), the turbidity of TMC water

treated with additions of 450–4,800 lg l-1 reactive P

were higher than the control (P \ 0.05), but there

were no significant differences in turbidity among the

different levels of reactive P (Fig. 2B-2). Over the

course of the 35-day culture period, turbidity

increased moderately for all the treatment groups,

including the control (Fig. 4B-1, B-2), perhaps

reflecting release of N from the decomposition of

existing biomass.

Response of chlorophyll a to N addition

Chlorophyll a concentrations in TMC water treated

with available N additions of 373–6,000 lg l-1 were

significantly higher than the control after 21 days of

culture (Fig. 3A-1). Chlorophyll a concentrations

were proportional to available N additions, up to

3,000 lg l-1. The same trend was observed for the

relationship between available N addition and chlo-

rophyll a concentration in the treatment group with

reactive P addition (Fig. 3A-2).

Over the course of culture, chlorophyll a concen-

trations increased over time for up to 21–28 days at

the higher N addition levels (Fig. 5A-1, A-2). In the

treatment groups without additional reactive P,

chlorophyll a levels peaked at 210 lg l-1 for the

6,000 lg l-1 available N addition group, after

21 days of culture. In the treatment groups with P

added, chlorophyll a levels peaked at 280 lg l-1 for

the 6,000 lg l-1 N addition group, after 28 days of

culture.

Response of chlorophyll a to phosphorus

additions

Chlorophyll a concentration of the TMC water was

not affected by the addition of reactive P (Fig. 4B-1).

Chlorophyll a concentrations in the TMC water

treated with 62.5–2,000 lg l-1 of reactive P were not

significantly different from that of the control at day

21 of culture (t-test, P \ 0.05). In the treatment

groups with added available N (750 lg l-1), chloro-

phyll a concentrations in the TMC water treated with

additions of 300–4,800 lg l-1 reactive P were higher

than the control (P \ 0.05), but there were no

significant differences in the turbidity among the

reactive P addition groups (Fig. 2B-2). Over the

course of the 35-day culture period, chlorophyll a

concentrations increased moderately for all treatment

groups, including the control (Fig. 5B-1, B-2).

Fig. 4 Turbidity changes

in the TMC water with

addition of nitrogen,

phosphorus, or in

combination at different

concentrations under

laboratory conditions. (A-1)

N addition only; (A-2) N

addition plus 1.0 mg P l-1;

(B-1) P addition only; (B-2)

P addition plus

0.75 mg N l-1

Hydrobiologia (2008) 605:247–258 253

123



Changes in N and P concentration over the culture

period

Available N concentrations in water of the N

treatment groups and the control declined over the

culture period. In the treatment groups without added

P, available N (NO3-N and NH4-N) concentrations

declined to below detection limit (10 and 15 lg l-1

for NO3-N and NH4-N, respectively) in all addition

groups except 6,000 lg l-1 over the 35-day culture

Fig. 5 Phytoplankton

biomass dynamics in the

TMC water with additions

of nitrogen, phosphorus, or

in combinations at different

concentrations under

laboratory conditions. (A-1)

N addition only; (A-2) N

addition plus

1,000 lg P l-1; (B-1) P

addition only; (B-2) P

addition plus 750 lg N l-1

Fig. 6 Changes in

available nitrogen (NH4-N

plus NO3-N) concentration

in the TMC water with

additions of nitrogen,

phosphorus, or in

combinations at different

concentrations under

laboratory conditions. (A-1)

N addition only; (A-2) N

addition plus

1.000 mg P l-1; (B-1) P

addition only; (B-2) P

addition plus

0.750 mg N l-1
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period (Fig. 6A-1). The same result was observed

for the treatment groups with reactive P added

(Fig. 6A-2).

Available N concentrations in water of the reactive

P treatment groups and the control declined to

detection limits within 14 days of the culture period

(Fig. 6B-1). In the treatment group without added N,

available N concentrations declined to near detection

limits for most addition groups (Fig. 6B-2).

Reactive P concentrations in the N addition

treatment groups and control declined over time in

the higher N addition samples (Fig. 7A-1). In the

treatment group with added P, P concentrations

declined moderately over the culture period, except

in the control group (Fig. 7A-2).

Reactive P concentrations in the P addition

treatment groups remained relatively constant (Fig. 7

B-1). In the treatment group wit added N, P

concentrations declined only in the 4,800 lg l-1

addition group (Fig. 7B-2).

Discussion

The results of this study show that the phytoplankton

biomass, in terms of turbidity and chlorophyll a

concentrations, in TMC water are responsive to the

addition of available N, but not reactive P, indicating

that available N is the primary limiting nutrient for

the growth of phytoplankton in this body of water.

This result agrees with previous finding that in the

southern Indian River Lagoon (IRL), N is the primary

limiting nutrient affecting the abundance of phyto-

plankton (Phlips et al., 2002). The basis for N

limitation in TMC and IRL is the high P emanating

from the watershed where high P concentrations were

detected from surface runoff water from agricultural

fields (He et al., 2003). Reactive P levels in the TMC

are well above the critical P concentration identified

by the US EPA as excessive (i.e., 40 lg l-1), while

available N levels are below the critical level

(900 lg l-1) (Grobbelaar & House, 1995; USEPA,

Fig. 7 Changes in

available phosphorus

(reactive phosphorus)

concentrations in the TMC

water with additions of

nitrogen, phosphorus, or in

combinations at different

concentrations under

laboratory conditions. (A-1)

N addition only; (A-2) N

addition plus

1.000 mg P l-1; (B-1) P

addition only; (B-2) P

addition plus

0.750 mg N l-1
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2000; Phlips et al., 2002). Over the study period, the

TMC water contained 120–326 lg l-1 of reactive P, but

only 0–150 lg l-1 of NO3
--N and 0.007–193 lg l-1 of

NH4
+-N.

If phytoplankton production follows the general

stoichiometry defined by the Redfield Ratio, i.e.,

7 g N:1 g P (Redfield et al., 1963), reactive P levels

observed in TMC are roughly an order of magnitude

higher than that the available N levels can support, in

terms of phytoplankton production. In the bioassay

experiments, available N enrichment (up to 1,500–

6,000 lg l-1) should be sufficient to cause P limita-

tion. The consumption of added available N by

phytoplankton was rapid. For example, in the

1,500 lg l-1 available N addition treatment (the

N:P ratio was about 12.5, much higher than 7:1),

the available N in the water was completely depleted

in less than 3 weeks of phytoplankton growth. These

uptake relationships would be expected from the

Redfield Ratio, which predicts that 120–300 lg l-1

of reactive P should be used up with the addition of

840–2,100 lg l-1 of bio-available N. Given typical

literature values of chlorophyll/dry weight and P/dry

weight ratios in freshwater phytoplankton, which

range from 0.5 to 2 and 0.8 to 1.45, respectively

(Reynolds, 2006), the reactive P observed in TMC

should roughly yield 100–300 lg l-1 of chlorophyll.

The increases in chlorophyll observed in the bioas-

says for the highly available N enrichment treatments

fell within this expected range. This observation

indicates that reactive P load to the SLE and IRL

from TMC represents a substantial nutrient potential

for algal growth and bloom formation. The highest

levels of chlorophyll observed in TMC during the

study period fell within the range of 25–35 lg l-1,

far below the potential represented by the reactive P

present in the water, highlighting the effects of N

limitation on phytoplankton growth. Outside of the

peak periods of phytoplankton biomass, chlorophyll

concentrations in TMC were typically below 10 lg l-1,

most probably a reflection of the additional effects of

short water residence times within TMC limiting the

time available for the accumulation of phytoplankton

biomass, as observed in other lotic ecosystems

(Phlips et al., 2007). The results also highlight the

fact that further increases in available N load to the

ecosystem would be expected to greatly enhance

algal bloom potential in the St. Lucie estuary and

IRL, given the continued presence of surplus P

emanating from the agriculturally enriched water-

sheds of TMC. Currently, great emphasis was placed

on the reduction of P loads into fresh water bodies

(St. Lucie Estuary and Indian River Lagoon). Results

from this study strongly indicate that P load reduction

is important, but N load reduction is probably more

critical for controlling algal boom in these water

bodies. Therefore, the development of best manage-

ment practices in the St. Lucie watershed should take

consideration of reducing loads for both N and P.
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