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Nutrients
INTRODUCTION

More has been written about the relationship between algae and nutrients than any other

physical factor affecting growth of these primary producers.  This is largely related to the

question of productivity in the oceans from a fisheries yield perspective, as well as over-

productivity (blooms) of nearshore algae, a result of nutrients entering from anthropogenic

activities that are altering watershed dynamics globally (Nixon 1981; Nixon et al. 1986;

Howarth 1988).

Eutrophication

Eutrophication can be defined as the process of natural or anthropogenic enrichment of

inorganic nutrients, mainly nitrogen (N) and phosphorus (P), beyond the maximum critical

level of the self-regulatory capacity of the system for a balanced flow and cycling of

nutrients (Duarte 1995; DeVries et al. 1996; Schramm and Nienhuis 1996).  Increasing

amounts of nutrients enter coastal waters via rivers, direct discharges from drainage

systems, diffuse terrestrial runoff, dumping, and about 20% via the atmosphere (Schramm

and Nienhuis 1996; Castro et al. 2001; Valigura et al. 2001).  Eutrophication problems,

however, are largely restricted to bays and estuaries with restricted water flow and poor

exchange with open ocean waters that are low in nutrients (Nixon et al. 1986; Brand et al.

1991; Fletcher 1996).  Nutrient concentrations return to near-background levels with

mixing of the high-nutrient low-salinity waters and oceanic waters, such that relatively

strong nutrient gradients exist within an estuary (Nixon 1981; Nixon and Pilson 1983;

Brand et al. 1991).

 5
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In the nearshore environment, nutrients (N and P) are, therefore, relatively high

compared to open waters (Lapointe et al. 1987), and although there may appear to be

sufficient nutrients to sustain high levels of macroalgal production, growth may at times

become limited by the availability of either N or P (Gordon et al. 1981; Raven 1981; Dring

1982; Lobban et al. 1985).  There is greater variability in the concentration of total

inorganic N (nitrate 1-100 µM, ammonium 1-15 µM) among estuarine systems than there

is for phosphorus (1-5 µM) (Nixon 1981).

Nitrogen

Various forms of dissolved inorganic nitrogen (nitrate, nitrite, ammonium) and

dissolved organic N (urea, amino acids) are the main sources of N for seaweeds (Nixon

and Pilson 1983; Lobban and Harrison 1994; Bronk et al. 1994).  The most abundant

biologically active form of inorganic N in the ocean and unpolluted coastal waters is nitrate

(0-30 µM), while nitrite and ammonium are less abundant (0-<3 µM) (Spencer and Brewer

1970; Sharp 1983; Chapman and Harrison 1988).  However, with terrigenous input,

ammonium values can become elevated in open coastal waters and in poorly flushed

estuaries with significant urban development (Nixon 1981; Sharp 1983; Brand et al. 1991).

In spite of the attention typically given to N in the water column, most of the fixed N in

estuarine systems is found in the sediments dissolved in porewaters, adsorbed on the

sediment, or contained in particulate organic detritus of various sizes (Nixon and Pilson

1983).  Tight benthic-pelagic coupling of the rapid rates of N release and uptake may result

in little measurable change in free dissolved N in the water column (Carpenter and

McCarthy 1975; Nixon 1981; Schramm and Nienhuis 1996).

In general, the most important sources of total inorganic N for macroalgae are

ammonium (NH4
+) followed by the more abundantly available nitrate (NO3

-) ions (Lüning

1990).  Ammonium is usually taken up at a higher rate, and in many cases nitrate uptake is

inhibited by the presence of ammonium (Hanisak 1983; Chapman et al. 1977, 1978),
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because of feedback inhibition on enzymes responsible for nitrate reduction (Morris 1974;

DeBoer 1981; Fujita et al. 1988).  To assimilate nitrate, plants must first reduce it to

ammonium and then into an amino form for incorporation into organic compounds (Morris

1974; Chapman and Harrison 1988).  Many algae can also readily use organic sources of

N, such as amino acids, urea, and purines (Hanisak 1983; Morris 1974; Vymazal 1995;

Fletcher 1996).

Phosphorus

Inorganic P in the ocean is present in the form of orthophosphate (PO4
3-), which

comprises about one third of the free phosphorus in seawater, with organic forms

comprising the rest (Rigler 1964; Spencer and Brewer 1970; Chapman 1992; Lobban and

Harrison 1994).  Many algae assimilate P as phosphate ions or from organic compounds

through extracellular cleavage of phosphate moieties using the enzyme alkaline phosphatase

(Vymazal 1995).  The P-requirement for optimal growth is generally low, but does differ

considerably among species, even when not limiting (Kuhl 1974; Lapointe 1986).

Nutrient Physiology

Nutrient Uptake

Uptake is defined as the net accumulation in plant tissues or net disappearance from the

medium of the nutrient element of interest (Harlin and Wheeler 1985).  Uptake is the start

of a three step process initiated by transport across the cellular membrane, followed by

assimilation into soluble amino compounds, and finally the incorporation of these soluble

compounds into macromolecules.  Any one of these three steps may become rate limiting in

the determination of nutrient uptake rates (Hanisak 1983; Wheeler 1983; Hwang et al.

1987; Fujita et al. 1988).  Uptake rates of macroalgae are usually calculated as the rate of

nutrient depletion from the medium per unit biomass per unit time.
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Physical and chemical environmental, as well as biological factors affect the rate of

uptake.  Physical factors that influence uptake rates are the amount of light available, the

temperature, water movement, and for intertidal plants, the level of desiccation (Hanisak

1983; Harlin and Wheeler 1985; Lobban and Wynne 1981).  Chemical factors include

concentration of the nutrient in the medium, and the ionic form of the element (Lobban and

Wynne 1981; Vymazal 1995).  Biological factors that influence uptake include the type of

tissue, the size and age of the plant, its past nutritional history, and interplant variability

(Lobban and Wynne 1981; Vymazal 1995).

For complex macroalgae with large thalli (e.g., Sargassum and temperate kelps) uptake

rate differs within tissues, with younger plants and apical portions in older plants exhibiting

higher uptake than older, more corticated portions (Topinka 1978; Wheeler 1979; Gerard

1982; Hanisak 1983).  Nutrient uptake rates are higher in filamentous and sheet-like

species than coarsely branched plants (sensu Littler and Littler 1980), because of the higher

surface area:volume (SA:V) ratios, allowing for greater diffusive uptake of nutrients from

the external medium (Lüning 1990; Lobban and Harrison 1994).

The rate at which algae take up nutrients depends largely on their nutritional history

(D’Elia and DeBoer 1978; Hanisak 1983; Lobban and Harrison 1994), with nutrient-

starved plants showing higher uptake rates than those plants that are not initially nutrient-

limited (D’Elia and DeBoer 1978; Hanisak 1983).  When grown under nutrient-saturated

conditions, the uptake rate is equal to the growth rate (Vymazal 1995; Borchart 1996).

When cells become nutrient-limited and then encounter a nutrient pulse, high uptake rates

permit rapid replenishment of internal nutrient stores, a process known as luxury uptake

(Dring 1982; Harrison 1988).

Luxury uptake is the uptake and storage of a nutrient beyond the immediate metabolic

demands of the cell (Kuhl 1974; Vymazal 1995).  It is this surplus that allows algae to

grow when external concentrations later become limiting (Hanisak 1983; Harlin and

Wheeler 1985; Vymazal 1995).



140

Nutrient Kinetics

Three simple empirical models: Michaelis-Menten, Monod, and Droop, form the

mathematical core for most nutrient kinetic studies (Harrison 1988; Lobban and Harrison

1994; Borchart 1996).  Combining Michaelis-Menten uptake and Droop growth

formulations creates a two-step model of nutrient uptake and utilization that can describe the

dynamics of external nutrient concentration, cellular nutrient quota, and algal biomass over

time (Borchart 1996).

Three processes are involved in the acquisition of nutrients by macroalgae (Hanisak

1983):

1) diffusion of nutrients across the boundary layer adjacent to the plant surface

(Borchart 1996; Mann and Lazier 1996);

2) uptake across the cell membrane (Harrison 1988; Vymazal 1995);

3) assimilation into cellular constituents and active metabolism (Lobban and Harrison

1994; Vymazal 1995; Borchart 1996).

Active uptake across the cell membrane is generally described by a rectangular

hyperbolic function, analogous to the Michaelis-Menten equation of enzyme kinetics

(Dugdale 1967; Stewart 1974; Auer and Canle 1982; Harrison 1988).  The Michaelis-

Menten model implies that at low nutrient concentrations the rate of uptake increases rapidly

with a small increase in external nutrient concentration, but at higher concentrations an

increase in concentration adds progressively less to the uptake rate, until Vmax is reached,

above which concentration the uptake is virtually constant and is independent of the

external nutrient concentration (Fig. 1).  However, active uptake may not follow the simple

saturation kinetics described by the Michaelis-Menten function (Lobban and Harrison

1994).

Uptake-kinetics of both ammonia and nitrate are usually interpreted in terms of the

Michaelis-Menten model; however, uptake-kinetics may vary depending on the form of N

(Syrett 1962; Topinka 1978; Rosenberg and Ramus 1982; Wallentius 1984; Thomas and
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Harrison 1985; O’Brien and Wheeler 1987), and can be influenced by past N-supply

(D’Elia and DeBoer 1978; Bird et al. 1982; Rosenberg et al. 1984).  Nitrate uptake-kinetics

generally follow Michaelis-Menten saturation kinetics (D’Elia and DeBoer 1978).

Ammonium uptake, however, is commonly non-linear (Haines and Wheeler 1978; Fujita

1985; Thomas and Harrison 1985, 1987; Thomas et al. 1987; Vergara et al. 1995) with

high uptake rates when external concentrations are low, but at higher nutrient levels non-

saturating, diffusive uptake predominates. (D’Elia and DeBoer 1978; Thomas and Harrison

1985).
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Fig. 1. Graphical representation of a theoretical algal nutrient uptake model described by A)
Michaelis-Menten, and theoretical nutrient-limited growth models described by the B)
Monod and C) Droop functions (adapted from Borchart 1996).  D) shows the relative
differences among the three models, with uptake rates generally higher than growth rates in
most macroalgae.
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Phosphate exhibits hyperbolic uptake-kinetics at low concentrations followed by non-

saturating diffusion kinetics at higher concentrations (Friedlander and Dawes 1985), or

may exhibit linear uptake proportional to external substrate concentrations (Björnsäter and

Wheeler 1990).

Once nutrients have entered the cell, growth can occur.  The relationship between

growth rates and nutrient supply is usually described by one of two hyperbolic functions

(Fig. 1).  Either nutrient-limited growth can be modeled by the Monod equation (Monod

1942; Vymazal 1995; Borchart 1996) or, more commonly, growth is expressed in the form

of the Droop equation.  This latter formulation proposes that growth rate is related to the

intracellular concentration of the limiting nutrient, rather than its external concentration

(Droop 1968; Vymazal 1995; Borchart 1996).  A critical assumption of the Droop model is

that the total cellular pool of limiting nutrient (Q) is proportional to that cellular pool most

closely coupled to growth processes (Borchart 1996).

Under steady-state conditions both Monod and Droop formulations describe nutrient-

limited growth equally well because uptake (a function of external nutrient concentration) is

in equilibrium with the cell quota of the nutrient (Turpin 1991; Vymazal 1995).  When

nutrients become limiting, as is often the case in the real world, uptake is less than

metabolic demand and growth must rely on internal storage reserves from previous luxury

uptake.  This results in temporal uncoupling of uptake and growth rates (Frank and

Dubinsky 1999).  The Droop equation serves as a better model for growth under these

conditions (Lobban and Harrison 1994; Borchart 1996).

Nutrient Limitation

An important concept underlying algal nutrient dynamics is nutrient limitation.  Growth

of an algal species can be limited by only one nutrient at a time (Borchart 1996).  Liebig’s

“Law of the Minimum” (Liebig 1840; Rawlence 1988) states: “the essential element present

in the smallest quantity is that which governs growth, if all other factors are optimal”



143

(Lobban and Harrison 1994).  It has been adopted by phytoplankton and benthic

phycologists as a truism for well over a century since Brandt (1899) published his theory

of phosphates and nitrates as minimum substances for production in the ocean (Nixon and

Pilson 1983).

Algae may respond to nutrient limitation in a threshold manner, with sharp transitions

between limitation by one nutrient or another.  The transition occurs at that ratio of nutrients

within the cell that perfectly matches the growth requirements of the alga (Droop 1974;

Borchart 1996).  Whether the growth-limiting nutrient is N or P can be gauged roughly

from the ambient and cellular N:P ratios (Borchart 1996).  The optimal ratio of N:P varies

among species, with typical ratios of 16:1 (Redfield ratio) found in phytoplankton

(Redfield 1958; Redfield et al. 1963).  Macroalgae tend to be more enriched in N, with a

median ratio of 30:1 (Atkinson and Smith 1983; Duarte 1992).  Low ratios of N:P (usually

<10:1) may indicate N-limitation, whereas higher values (>20-30:1) may indicate P-

limitation (Rhee 1978; Lapointe 1986; Fujita et al. 1989; Vymazal 1995; Borchart 1996).

N-limitation

Nitrogen is the element that most frequently limits macroalgal growth under

experimental conditions (Ryther and Dunstan 1971; Nixon 1981; Smith 1984; Raven and

Richardson 1986; Howarth 1988), but P may also be limiting in some cases (Lobban and

Harrison 1994; Lapointe et al. 1992).  Evidence for N-limitation comes from increased

macroalgal growth following in situ N-additions (Hanisak 1983; Howarth 1988; DeVries et

al. 1996).  Many of these bioassays have found that additions of N and P have more of a

stimulating effect than N alone, suggesting a secondary P-limitation (Howarth 1988).

P-limitation

In some systems algae can become P-limited; these include tropical limestone-

dominated systems, because of preferential adsorption and binding of phosphates to CaCO3
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particles, thereby removing the available orthophosphate from the water column and

sequestering it into the sediments (Griffin and Jurinak 1974; Kitano et al. 1984; Lapointe et

al. 1992).  This contrasts with the results of N-limitation typically quoted from temperate

systems (Lobban and Harrison 1994).  Some tropical macroalgae were found to be P-

limited primarily in summer, and tended to become N-limited in winter when growth rates

were higher (Lapointe 1987a,b); however, this was found to be both species- and location-

specific (Lapointe et al. 1987; Delgado and Lapointe 1994).  Other tropical algae tended to

be N-limited year-round, or were not significantly more productive after N and P

enrichment (Delgado and Lapointe 1994).

Aims

The concentration of a nutrient measured in a water sample will give some indication of

whether or not a nutrient is limiting, but the nutrient’s supply rate or turnover time is more

important in determining the magnitude or degree of limitation (Smith 1983; Lobban and

Harrison 1994).  A combination of techniques, including monitoring of water-column

nutrients, measuring short-term nutrient-uptake rates, and evaluating photosynthesis and

growth rates are all essential to determine the dynamic relationship between nutrient supply

and algal production (Wheeler 1985).  Therefore, the aims of this section of my dissertation

were to:

• collect and analyze data on temporal and spatial trends in water-column nutrients (PO4
3-,

NO3
-, NH4

+) within Biscayne Bay, as well as plant tissue nutrient ratios from selected

sites;

• determine nutrient response functions for the three functional groups to increasing

water-column nutrient levels;

• determine the limiting nutrients for growth of drift and rhizophytic algae, and measure

nutrient uptake rates and tissue N:P elemental ratios for these two functional groups;
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• determine what the interaction of salinity stress and nutrients are on the productivity of

the three functional groups of macroalgae.

METHODS

Nutrient Regime

DERM (Dade County Department of Environmental Resources Management) has been

monitoring the quality of surface waters in Biscayne Bay on a monthly basis since 1979

(Alleman et al. 1995).  The water-column nutrients they sample include: phosphates (PO4
3-)

, ammonia (NH4
+), and nitrates and nitrites (NO2

 + NO3
-).  Concentrations are reported by

DERM in mg·L-1 and were converted to µM concentrations in this dissertation.

1. Temporal nutrient dynamics

Temporal trends in monthly water-column nutrient concentrations (mean, min., max.)

were plotted for a ten year time series (1990-99) in the canal, sheet-flow, and oceanic

salinity regimes.  Canal sites were chosen to include all the DERM stations along the

mainland coastline between Miami River (MR01) down to Turkey Point (MW01) (Fig. 2).

Sheet-flow sites included stations from BB47 south to AR01 in the Card Sound region

(Fig. 2).  Oceanic sites were defined as those stations along the eastern side of Biscayne

Bay from Bear Cut south to Elliot Key (BB46).  Other points indicated in Fig. 2 were used

in the spatial interpolation maps developed for each nutrient (see Appendix), but were not

included in the analyses for this portion.

Water-column nutrient concentrations were measured at my six field sites (canal =

BKP, FP; sheet-flow = BS, LCS; ocean = BC, SK) in 1996 during the dry (April) and wet

(August) season (CMEA, unpubl. data), the only months we collected data at these sites.

Water-column samples were collected in separate acid-rinsed and conditioned 1L Nalgene

bottles, passed through a Whatman GF/F filter, and the filtrate frozen for later analysis.

Nutrient concentrations (PO4
3-, NO3

-, NH4
+) of the frozen water samples were determined
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using standard colorimetric methods (Spencer and Brewer 1970; Strickland and Parsons

1972; Wheeler 1985) on a Bran+Luebbe TRAACS 2000 Continuous Flow Analyzer (Bran

+ Luebbe, Norderstedt, Germany).  Total inorganic N reported here is the sum of NO3
- and

NH4
+ concentrations.  Statistical analyses for differences in the means for each nutrient

were carried out by a two-way ANOVA testing the effects of salinity regime (canal, sheet-

flow, ocean) and season (dry = April; wet = August) on water-column nutrient

concentration.

TRIUMPH

PACIFIC

Fig. 2: Locations of DERM stations and three reefs (Fowey, Triumph, and Pacific).  These
points were used for spatial interpolation of Biscayne Bay water-column nutrient data
available for the period 1990-99.

2. Spatial nutrient dynamics

Spatial trends in the three water-column nutrient concentrations were identified over the

ten-year time period from the DERM data.  Data used as a boundary condition outside the
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Bay was obtained from Szmant and Forrester (1996) for Pacific Reef, and Fowey and

Triumph Reefs (Szmant, unpubl. data).  The mean decadal monthly concentration (±SD)

for each nutrient was calculated and maps of mean monthly water-column nutrient

concentrations were generated using a spatial interpolation algorithm provided in ArcView

ver. 3.2 Geographical Information System (GIS) software for the PC produced by ESRI

(Environmental Systems Research Institute, Inc., San Bernadino, CA).  The interpolation

algorithm I used to develop these GIS coverages employed the Inverse Distance Weighting

(IDW) function provided in ArcView’s Spatial Analyst Extension module.  See the

Appendix (p. 201) for more details on interpolation, boundary conditions, and the IDW

algorithm used.

3. N:P Elemental ratios in algae

Tissue nutrient concentrations may be indicative of integrated nutrient availability

(Wheeler and Björnsäter 1992; Fong et al. 2001) and may therefore be a more accurate

representation of the nutrient regime experienced by the algae than point samples taken

from the water column (Fong et al. 1994a, 1998, 2001).  This may be especially true for

regimes where high-nutrient concentrations occur in a pulsed delivery mode; these nutrients

may be rapidly taken up by the algae and then sequestered until required for metabolism

(Hanisak 1983; Fujita 1985; Thomas and Harrison 1987).  However, the sensitivity of

tissue nutrients to differences in nutrient availability remains poorly understood.

Tissue nutrient concentrations of algae occurring in Biscayne Bay were determined

from representative samples of drift and rhizophytic algae collected from canal and oceanic

regimes, the two extremes of the nutrient gradient across the Bay.  Tissues were picked

clean of debris, rinsed in reverse osmosis water, dried at 60˚C to constant weight, and then

ground through a 50 µm mesh using a Wiley Intermediate Mill (Thomas Scientific,

Swedesboro, NJ).  Ground samples (1-2g) were stored in 1/2 dram glass screw top vials

in a dessicator cabinet until analysis for C- and N-content on a Carlo Erba EA 1108
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Elemental Analyzer (FISONS Instruments, Beverly, MA).  P was extracted from the

sample after combustion with MgNO3 at 400˚C for 24 hr, followed by HCl extraction.

One milliliter of acid solution was filtered though a conditioned #1 Whatman filter and the

filtrate collected.  After 1:10 dilution, P-concentration was determined on the TRAACS

using the same methods as for the water samples above.  %P content was calculated from

the µM concentrations after correcting for dilution and sample weight.  N:P elemental ratios

were determined from the percent tissue contents corrected for elemental weight for each

nutrient and tabulated.  For each functional group, t-tests on tissue nutrient content (%N,

%P) and N:P elemental ratios were performed to assess differences between salinity

regimes (canal vs. oceanic).

Nutrient Responses

Two different types of experimental designs were employed to elucidate the responses

of the three functional groups of algae to nutrients in the water column.  First, I tested the

algal response, measured as growth and photosynthesis, over a range of increasing water-

column nutrient concentrations (Nutrient Addition Experiment).  Second, I tested the

importance of N vs. P as limiting nutrients by adding N, P, or N+P to the microcosm units

(Limiting Nutrient Experiment).  Both types of experimental approaches were repeated

seasonally because of the significant seasonal differences demonstrated in Chapter 3.

1. Nutrient Addition Experiment

Drift algae and rhizophytic macroalgae (Penicillus capitatus and Halimeda incrassata)

were collected and grown under experimental conditions for one week in the wet season

(June 1998) and dry season (Dec. 1998) using the same methods outlined previously for

the multi-factorial experiments (see Chapter 3).  Rhizophytic algae were “planted” into 500

ml plastic flower pots using weathered gravel that had been rinsed and air-dried prior to

use, to minimize the addition of nutrients coming from sediments, as I was interested in
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this dissertation only in measuring water-column nutrient uptake.  Epiphytes were

cultivated on artificial substrates as outlined previously in Chapter 3.

Nutrients were added to 35 psu seawater in the static microcosm tubes (n = 8-10) as N

(1:1 nitrate:ammonia) and P in a 10:1 N:P elemental ratio, 1 hr prior to adding the algae.

Nutrients were added again half-way through the week-long incubation of the drift and

rhizophytic algae.  Nutrient-pulse addition experiments in P-limited tropical systems need

to use low N:P elemental ratios (e.g., 10:1) in the nutrient medium to offset the

differentially higher uptake of ammonium over phosphate at high concentrations (Lapointe

1985).  The concentrations added (in µM units) for the drift and rhizophytic algae were:

control = no nutrients added, +5N:0.5P, +10N:1P, +20N:2P, and +40N:4P.  Epiphytes

were subject to a wider range of nutrient additions: control, +1N:0.1P, +10N:1P,

+100N:10P to ensure a measurable response over the shorter 2 day incubation period.

Growth       and        Photosynthesis   : The responses of the algae, using these two metrics, were

determined as defined in the methods section of Chapter 3.  Growth of the epiphytes was

determined from photosynthesis results using the methods outlined in Chapter 4.

Photosynthesis was measured at the end of the exposure period.  Not all nutrient additions

were used to test photosynthesis; only a subset of the treatments were used (control, 10:1,

40:4) because there were not enough incubation bottles for all treatments.  Statistical

analysis of the results obtained for growth and photosynthesis was by two-way ANOVA.

Data were tested for normality and homoscedasticity and ln-transformed where necessary.

Significant ANOVA results were analyzed by Tukey’s post-hoc comparisons.

N:P       elemental       ratios:    Tissue nutrient content (%N, %P) of representative samples of

drift and two species of rhizophytic algae (Penicillus capitatus and Halimeda incrassata)

were analyzed as per the methods outlined for the field, following a one-week exposure in

the Nutrient Addition Experiment.  N:P elemental ratios were determined for each nutrient

addition.  Epiphytes were not analyzed as there was insufficient biomass.  Data were

analyzed by one-way ANOVA.
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Nutrient        x        Salinity        Response-Surfaces:    Response-surfaces for mean daily growth of the

three functional groups were plotted over the range of nutrients and salinities tested in the

two seasons (summer wet season and winter dry season).  The nutrient data were

determined in the Nutrient Range Experiments (above) and the salinity data were previously

discussed in Chapter 4.

2. Limiting Nutrient Experiments

The Limiting Nutrient Experiments aimed to test whether N or P limits growth of drift

and rhizophytic algae over a range of salinities.  The nutrient concentrations added to the

microcosm tubes described in Chapter 3 were either 2µM P, 20µM N (1:1 ratio of

nitrate:ammonia), or a 20:2µM N:P treatment, representing a 20 times increase over

threshold nutrient concentrations for oligotrophic tropical systems (Lapointe 1997).

Measurements of photosynthesis and growth rates were as previously described in Chapter

3 for the multi-factorial experiments.

Water samples were collected 1 hour after the addition of the nutrient solution to the

microcosm tubes, and again every 24 hours thereafter for 3 days.  Nutrients were added

initially before the algae and again half-way through the week-long incubation of the drift

and rhizophytic algae.  The water samples were analyzed for PO4
3-, NO3

-, and NH4
+ using

the same methods described previously for the field samples.

Nutrient         Uptake   : Nutrient-uptake rates for the two functional groups were determined

from the change in mean water-column nutrient concentration (N or P) per nutrient addition

per day.  Uptake rates were determined only for the season of greatest productivity: for

drift algae this was the dry season, while for the rhizophytic algae this was the wet season

(see Chapter 3).  Cumulative uptake was calculated from the decrease in mean nutrient

concentration per day (24hr), summed over the three day incubation.  A logarithmic

function was fitted to this time series at each of the three salinities (10, 20, and 35 psu)

tested using a least squares approach.  Mean daily uptake was the average uptake over the
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entire three day period (n=3 days).  Two-way ANOVAs were performed on the resulting

data to test the significance of nutrient additions and salinity on uptake rates.

Growth       and        Photosynthesis:    These were measured as per the methods described in

Chapter 3 for the drift and rhizophytic algae.  Photosynthesis was measured at the end of

the week-long exposure.  Photosynthesis was not measured for all nutrient addition

treatments; only a subset of the treatments were tested, controls (C) and +NP addition,

because there were not enough incubation bottles for all treatments.  Seasonal effects were

already determined to affect production (measured as either growth or photosynthesis) in

Chapter 3, with significant differences between the summer wet season and the winter dry

season in both the drift and rhizophytic functional groups.  For this reason, growth and

photosynthetic responses were grouped into wet and dry seasons, and nutrient and salinity

effects tested in each season.  Growth and photosynthesis data were analyzed using the

non-parametric Sheirer-Ray-Hare extension of the Kruskal-Wallis test (Sokal and Rohlf

1995) because transformations did not fulfill either the assumption of normality, or more

importantly, equality of variances, required for a two-way ANOVA.  Significant results

were followed by Tukey’s post-hoc analyses to determine groups with like means.

N:P        elemental        ratios:    Nutrient contents of tissues from representative drift and

rhizophytic algae in the November 1998 trial (dry season) were determined after one-week

exposure to the various salinity by nutrient exposures.  The data were analyzed by two-way

ANOVAs testing nutrients and salinity for each of the three algae.  Significant results were

followed by Tukey’s post-hoc comparisons to determine groups that had significantly

different means.

Statistics

All statistical analyses described in this section were performed using JMP version

3.1.5 for Apple Macintosh from the SAS Institute Inc., Cary, N.C.  Data were tested for

normality and heteroscedasticity where appropriate, and transformed where possible.  Non-
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parametric analyses were performed on those data that did not fulfill the assumptions

required for parametric tests.  Post-hoc tests using Tukey’s HSD were performed on

significant results obtained to determine groups that had statistically different means.

RESULTS

Nutrient Regime

1. Temporal nutrient dynamics

Mean monthly water-column nutrient concentrations from the DERM dataset averaged

over ten years were higher in the canal regime than in either sheet-flow or oceanic regimes

(Fig. 3).  Phosphates were enriched in the canal regime by a factor of about five times,

NO3
- by 10-20, and NH4

+ by 2-3 times compared to sheet-flow and oceanic regimes (Fig.

3).  No distinct seasonal signature in the decadal average monthly water-column

concentration was evident in the three nutrients from of the DERM data.  There did

appeared to be somewhat higher mean monthly concentrations of NO3
- in July-December in

all three salinity regimes (Fig. 3).  This is the time period when low salinity plumes from

rainfall runoff and canal discharges occur in the Bay (see Chapter 4, Fig. 3).

Water-column nutrient concentrations measured at my study sites (canal = BKP, FP;

sheet-flow = BS, LCS; oceanic = BC, SK) were generally higher for PO4
3-, equal for NO3

-

, and lower for NH4
+, than the decadal monthly average calculated from the DERM data

measured in the same three salinity regimes (Figs. 3&4).  The CMEA and DERM data were

not measured at exactly the same locations but the concentrations measured in my study

sites fall within the long-term decadal range of the DERM data.  Therefore, the DERM data

can be used to describe the water-column nutrient concentrations in these three salinity

regimes in the absence of other data specific to my study sites.
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Fig. 3: Water-column nutrient concentrations (mean±SD, max., min.) for monthly DERM
samples collected from 1990-99 under three different salinity regimes.  Compare with
CMEA samples (mean±SE) collected at my study sites in 1996, and shown in Fig. 4.  Note
different scales on Y-axes between the canal and other two salinity regimes.
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Water-column concentrations of all nutrients measured by CMEA in the wet season

(Aug.) were significantly higher than those measured in the dry season (Apr.) with the

exception of PO4
3- in the canal regime, and inorganic-N and NH4

+ in the oceanic regime

(Fig. 4, Tables 1A&B).  The canal and sheet-flow regimes receive nutrients from canal

discharges and terrestrial runoff, resulting in significantly higher nitrogen concentrations

(inorganic-N and NH4
+) compared to the oceanic regime in the wet season, but not PO4

3-

(Fig. 4, Tables 1A&B).  This contrasts with the situation in the dry season, where

concentrations of PO4
3-

 were not significantly different among the three salinity regimes,

and for NH4
+ and inorganic-N the concentration in the sheet-flow regime was significantly

greater than in the canal and oceanic regimes (Fig. 4).  The different spatial trends between

N and P across the three salinity regimes, obtained from the CMEA data, may be a function

of the source and transport of these nutrients into Biscayne Bay.  This can be assessed by
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examining the spatial distribution of the nutrients within the Bay, and determining probable

sources to the system.

Table 1A: a,dResults of separate two-way ANOVAs performed on water-column nutrient
concentrations testing the effects of salinity regime (fixed factor) and season (fixed factor),
and presented in Fig. 4.  b,cTwo-way Sheirer-Ray-Hare extension of non-parametric
Kruskal-Wallis tests on water-column nutrient concentrations by salinity regime and season
(both fixed factors) presented in Fig. 4.  The appropriate chi-square test is SS/MStotal
(Sokal and Rohlf 1995).  Significant results at α = 0.05 are highlighted in bold.

Nutrient Source df      SS       MS F or 2 P
aPO4

3- Season (S) 1 12.133 12.133 39.3843 <0.0001
Regime (R) 2 0.074 0.037 0.1205 0.8866
S x R 2 1.953 0.977 3.1699 0.0468
error 88 27.109 0.308

bTotal Inorg. N Season 1 19503.41 19503.410 21.7886 <0.0001
Regime 2 31578.93 15789.465 35.2790 <0.0001
S x R 2 15458.89 7729.445 17.2702 <0.0001
error 96 23865.74 248.601
Total 101 90406.97 895.119

cNO3
- Season 1 29104.63 29104.630 37.9050 <0.0001

Regime 2 1311.77 655.883 1.7084 <0.75
S x R 2 2362.35 1181.177 3.0767 <0.25
error 96 44772.22 466.377
Total 101 77550.97 767.831

dNH4
+ Season 1 9.948 9.948 64.0423 <0.0001

Regime 2 25.910 12.955 83.4026 <0.0001
S x R 2 15.985 7.993 51.4534 <0.0001
error 92 14.291 0.155

aData for PO4
3- were ln-transformed to achieve normality (Shapiro-Wilk’s W=0.9789, P<0.4883), and

homoscedasticity (Bartlett’s F=0.9792, P<0.4287), with r2=0.3385 for the ANOVA, n=13-18.  bData for
total inorganic N were analyzed by two-way Sheirer-Ray-Hare extension of the non-parametric Kruskal-
Wallis test with r2=0.7301 for the ANOVA, n=16-18.  cData for NO3

- were analyzed by two-way Sheirer-
Ray-Hare extension of the non-parametric Kruskal-Wallis test with r2=0.4213 for the ANOVA, n=16-18.
dData for NH4

+ were ln-transformed to achieve normality (Shapiro-Wilk’s W=0.9671, P<0.0900), and
homoscedasticity (Bartlett’s F=2.1429, P<0.0573), with r2=0.7809 for the ANOVA, n=13-18.



156

Table 1B: Tukey’s post-hoc comparisons, on the significant interaction effects in Table 1A,
indicate groups with like means and significantly higher water-column concentrations are
highlighted.

Source Tukey’s
PO4

3- Canal Sheet Ocean
dry n.s .
wet n.s .

dry wet
Canal n.s .
Sheet B A
Ocean B A

Total Inorg. N Canal Sheet Ocean
dry B A B
wet A B B

dry wet
Canal B A
Sheet B A
Ocean n.s .

NO3
- dry wet

Season B A
NH4

+ Canal Sheet Ocean
dry B A B
wet A A B

dry wet
Canal B A
Sheet B A
Ocean n.s .

2. Spatial nutrient dynamics

The spatial distributions of the water-column nutrient concentrations (see Appendix, p.

202 for the output maps of PO4
3-, NO3

-, NH4
+ and total inorganic N) indicate that terrestrial

sources are the main route of entry of nutrients in Biscayne Bay, either from point-source

canal inputs, or diffuse non point-source sheet-flow runoff.  The maps also demonstrate

the spatial extent to which nutrient inputs may affect benthic communities within the Bay.

Higher mean concentrations of both N and P occurred along the western, mainland

coastline of the Bay (Figs. A2-A5).  P-concentrations were generally low, less than 0.5

µM (Fig. A2).  In contrast, N-concentrations could be high, up to 100 µM in near-shore,
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canal-influenced zones (Fig. A3).  Elevated N levels (>10 µM) were largely due to

ammonia, although NO3
- was an important contributor to total inorganic N for certain

portions of the southern Bay towards the latter part of the year (Figs. A4&A5).  Elevated

NO3
- and NH4

+ concentrations were restricted to an area near the canal mouths draining the

South Dade Agricultural Area and entering the southern portion of the Bay in Biscayne

National Park (Figs. A4&A5).  The inter-annual variance, expressed as the standard

deviation of P-concentration, was low (<0.1 µM) indicating a low inter-annual variability

for this nutrient (Fig. A6).  In contrast, the standard deviation for N was often quite high,

especially in areas near canal mouths (Fig. A7).  This was probably related to inter-annual

differences in rainfall and concomitant discharges into the Bay over the ten year data

record.

3. Tissue nutrient contents

Tissue nutrient contents (%N and %P) and N:P elemental ratios indicate nutrient

enrichment in the tissues of drift and rhizophytic algae collected from canal, compared to

oceanic regimes (Fig. 5).  Tissue nutrient contents were comparable to values reported

previously for tropical marine macroalgae (Atkinson and Smith 1983; Lapointe et al. 1987;

Hanisak and Siemen 2000), with N = 0.5-1.5% and P = 0.04-0.12% by dry wt of the

thallus (Fig. 5).  Significantly higher N was present in the tissues of both drift and

rhizophytic algae collected from the canal regime (Table 2).

Phosphorus content in the tissues of the drift algae was not significantly different

between salinity regimes (Table 2), although there was a trend for slightly higher %P in the

thalli of drift algae from the canal regime (Fig. 5).  In contrast, there were significantly

(α=0.1) higher P-contents in rhizophytic algae collected from the canal regime compared to

the plants from the oceanic regime (Fig. 5).  The low significance-level appears

inappropriate for the data in Fig. 5, however, this figure hides a highly significant
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functional groups of algae from two different salinity regimes in Biscayne Bay.  Groups
that have significantly different means by Tukey’s test are indicated.
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Table 2: Results of t-tests on nutrient content (ln-%N, ln-%P) and N:P elemental ratios of
tissues from two functional groups of algae (drift and rhizophytes) collected at canal and
oceanic regimes presented in Fig. 5.  aFor data that were normal, but heteroscedastic
Welch’s approximate t-test was calculated.  Significant results at α = 0.05 are highlighted
in bold, and at α = 0.1 are highlighted in italics.

Nutrient Algae n df t P
%N Drift 10-12 20 3.650 0.0016

Rhizo 11-12 21 2.063 0.0517
%P Drift 10-12 20 0.5184 a 0.6144

Rhizo 11-12 21 1.7724 a 0.0994
N:P Drift 10-12 20 3.3432 a 0.0057

Rhizo 11-12 21 0.6767 a 0.5101

difference (t=26.455, df=9, P<0.0001, n=4-7) between rhizophytic algae collected from

Fender Point (0.263±0.006 %P) compared to Manatee Bay (0.040±0.005 %P), showing

the grand mean of these two sites instead (0.121±0.034 %P).

N:P elemental ratios were significantly higher in the canal regime for the drift algae,

because of the significant enrichment of %N in the thallus (Fig. 5).  N:P elemental ratios

were not significantly different between regimes in the rhizophytes (Fig. 5).  On both sides

of the Bay drift and rhizophytic algae appeared to be P-limited by the definition of Atkinson

and Smith (1983) (Fig. 5).

Nutrient Responses

1. Nutrient Addition Experiments:

1.1        Photosynthesis   

Increasing nutrient concentrations resulted in higher gross photosynthesis (Pg) in the

three functional groups of algae (Fig. 6).  Photosynthesis at the end of the week-long

incubation was higher in the 40 µM nutrient addition than in the ambient (control) seawater

for drift and rhizophytic algae, but not significantly so (Tables 3A&B).  Photosynthetic

productivity was significantly greater in the winter dry season than the summer wet season

in the drift algae and epiphytes, while the two rhizophytic algae had higher photosynthesis

in the summer wet season, but this was not significant (Fig. 6, Table 3A).
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Table 3A: a,b,cTwo-way Sheirer-Ray-Hare extension of non-parametric Kruskal-Wallis tests
on photosynthesis by season and nutrient concentration (both fixed factors) from the
Nutrient Range Experiments presented in Fig. 6.  The appropriate chi-square test is
SS/MStotal (Sokal and Rohlf 1995).  dTwo-way ANOVA on photosynthesis by season
(fixed factor) and nutrient concentration (fixed factor) presented in Fig. 6. Significant P
values are highlighted by bold case at α = 0.05 level of significance.

Algae Source df     SS      MS F or 2     P
aDrift Season (S) 1 413.67 413.670 11.5493 <0.0001

Nutrients (N) 2 56.98 28.490 1.5908 <0.50
S x N 2 69.95 34.975 1.9529 <0.50
error 17 247.39 14.552
Total 22 787.99 35.818

bEpiphytes Season 1 2924.10 2924.100 21.3959 <0.0001
Nutrients 3 183.80 61.267 1.3499 <0.75
S x N 3 496.10 165.367 3.6300 <0.50
error 32 1726.00 53.938
Total 39 5330.00 136.667

cPenicillus Season 1 42.49 42.489 1.1886 <0.25
Nutrients 2 34.29 17.146 0.9592 <0.75
S x N 2 27.70 13.849 0.7748 <0.75
error 17 681.98 40.117
Total 22 786.46 35.748

dHalimeda Season 1 0.148 0.148 0.2576 0.6191
Nutrients 2 2.121 1.061 1.8488 0.1916
S x N 2 0.326 0.163 0.2840 0.7567
error 15 8.604 0.574

aFor drift algae data were analyzed by two-way Sheirer-Ray-Hare extension of the non-parametric Kruskal-
Wallis test with r2=0.6787 for the ANOVA, n=3-4.  bFor epiphytes data were analyzed by two-way Sheirer-
Ray-Hare extension of the non-parametric Kruskal-Wallis test with r2=6762 for the ANOVA, n=4-5.  cFor
Penicillus data were analyzed by two-way Sheirer-Ray-Hare extension of the non-parametric Kruskal-Wallis
test with r2=0.1143 for the ANOVA, n=2-4.  dFor Halimeda data were normal (Shapiro-Wilk’s W=0.9597,
P<0.5008), and homoscedastic (Bartlett’s F=0.5326, P<0.7518), with r2=0.2463 for the ANOVA, n=3-4.
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Table 3B: Tukey’s post-hoc comparisons of significant results in Table 3A indicate groups
with like means by the same letter, and significantly higher photosynthesis is highlighted.

Source Tukey’s
Drift winter summer

Season A B
Epiphytes winter summer

Season A B

Drift algae and epiphytes showed significantly higher gross photosynthesis in the

winter dry season compared to the summer wet season across all nutrient concentrations

tested (Tables 3A&B).  There was a trend, but not significant, for an increase in Pg

between the control and the highest nutrient enrichment in both seasons (Fig. 6, Table 3A).

In contrast, the two species of rhizophytic algae had low Pg in the winter dry season, when

cooler conditions likely induced dormancy.  In the summer wet season, warmer

temperatures stimulated photosynthesis, although Pg was not significantly greater than in

the winter dry season (Table 3A).

1.2         Growth    

Increasing nutrient concentrations resulted in higher growth rates in all three functional

groups of algae (Fig. 7).  Growth rates were significantly greater in the winter dry season

than the summer wet season in the epiphytes (Table 4B).

In the drift algae, mean daily growth in the winter dry season increased from -0.25%

day-1 in the control to 3.13% day-1 in the 40 µM nutrient concentration, an increase of 3.5%

day-1, this was statistically significant (Fig. 7).  In the summer wet season mean daily

growth increased from -0.6% day-1 in the control to 4.46% day-1 at the highest nutrient

concentration, an increase in mean daily growth rate of 5% day-1, this was statistically

significant (Fig. 7).  There were no significant differences in mean growth rates between

seasons (Tables 4A&B).
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Fig. 7: Mean (±SD) daily growth of three functional groups of algae exposed one week to a
range of increasing water-column nutrient concentrations (N:P in µM) at 35 psu.  Separate
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Table 4A: a,b,cTwo-way Sheirer-Ray-Hare extension of non-parametric Kruskal-Wallis tests
on growth by season and nutrient concentration (both fixed factors) from the Nutrient
Range Experiments presented in Fig. 7.  The appropriate chi-square test is SS/MStotal
(Sokal and Rohlf 1995).  dTwo-way ANOVA on growth by season (fixed factor) and
nutrient concentration (fixed factor) presented in Fig. 7.  Significant P values are
highlighted by bold case at α = 0.05 level.

Algae Source df     SS      MS F or 2     P
aDrift Season (S) 1 11.12 11.115 0.0284 <0.90

Nutrients (N) 4 4823.39 1205.846 12.3375 <0.025
S x N 4 3420.88 855.219 8.7501 <0.10
error 58 17938.50 309.284
Total 67 26193.88 390.953

bEpiphytes Season 1 1232.10 1232.100 9.0154 <0.005
Nutrients 3 644.00 214.667 4.7122 <0.25
S x N 3 852.30 284.100 6.2363 <0.25
error 32 2601.60 81.300
Total 39 5330.00 136.667

cPenicillus Season 1 6189.14 6189.136 12.9786 <0.0001
Nutrients 4 2264.94 566.236 4.7496 <0.50
S x N 4 4656.44 1164.111 9.7645 <0.05
error 66 22655.00 343.258
Total 75 35765.52 476.874

dHalimeda Season 1 6.311 6.311 15.3466 0.0002
Nutrients 4 1.985 0.496 1.2068 0.3172
S x N 4 5.976 1.494 3.6332 0.0101
error 61 25.086 0.411

aFor drift algae data were analyzed by two-way Sheirer-Ray-Hare extension of the non-parametric Kruskal-
Wallis test with r2=0.3152 for the ANOVA, n=4-8.  bFor epiphytes data were analyzed by two-way Sheirer-
Ray-Hare extension of the non-parametric Kruskal-Wallis test with r2=0.5119 for the ANOVA, n=3-5.  cFor
Penicillus data were analyzed by two-way Sheirer-Ray-Hare extension of the non-parametric Kruskal-Wallis
test with r2=0.3806 for the ANOVA, n=4-8.  dFor Halimeda data were normal (Shapiro-Wilk’s W=0.9869,
P<0.9008), and homoscedastic (Bartlett’s F=1.0697, P<0.3815), with r2=0.3903 for the ANOVA, n=4-8.
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Table 4B: Tukey’s post-hoc comparisons of significant results in Table 4A indicate groups
with like means by the same letter, and significantly higher growth is highlighted.

Source Tukey’s
Drift 0        µ         M 5:0.5        µ         M 10:1        µ         M 20:2        µ         M 40:4        µ         M

Nutrients B A A A A
Epiphytes winter dry summer wet

Season A B
Penicillus 0        µ         M 5:0.5        µ         M 10:1        µ         M 20:2        µ         M 40:4        µ         M

winter dry n.s .
summer wet n.s .

winter dry summer wet

0 µM B A

5:0.5 µM n.s .

10:1 µM B A

20:2 µM B A

40:4 µM n.s .

Halimeda 0        µ         M 5:0.5        µ         M 10:1        µ         M 20:2        µ         M 40:4        µ         M
winter dry n.s .

summer wet n.s .

winter dry summer wet

0 µM n.s .

5:0.5 µM n.s .

10:1 µM B A

20:2 µM n.s .

40:4 µM n.s .

For the epiphytes, mean daily growth in the winter dry season increased from 0.93%

day-1 in the control to 33.06% day-1 in the 100 µM nutrient concentration, an increase of

32% day-1 (Fig. 7).  In the winter dry season, growth in the 100 µM treatment was greater

(not significant) than growth in the other nutrient-enrichments (range 0.93-2.26% day-1).

In the summer wet season, mean daily growth ranged from 0.61% day-1 in the control to

0.96% day-1 at the highest nutrient concentration, but these differences were not significant

(Tables 4A&B).  All growth rates were significantly greater in the winter dry season than

the summer wet season (Tables 4A&B).
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The two rhizophytic species grew less than the drift algae or the epiphytes.  During the

summer, Penicillus grew on average 0.13% day-1 in the control, and up to a mean of 0.9%

day-1 in the most enriched treatment (Fig. 7).  In contrast, during the winter, biomass was

lost from the experimental plants in all but the 40 µM nutrient enrichment, where mean

daily growth was 1.2% day-1 (Fig. 7).  Growth rates were significantly greater in the

summer wet season than the winter dry season for the controls and two of the nutrient

enrichments, but not for the 5 and 40 µM treatments (Tables 4A&B).  Halimeda had low

mean growth rates in both seasons.  In the summer wet season, growth ranged from 0.46-

1.25% day-1, whereas, in the winter dry season it was <1%, even at the highest nutrient

enrichment (Fig. 7).  For this species there was no significant effect of nutrient

concentration on the measured daily growth rates (Tables 4A&B).  Seasonal differences

were also not significant, except for the 10 µM nutrient enrichment where growth was

significantly greater in the summer wet season than the winter dry season (Tables 4A&B).

1.3        Tissue        nutrients   

The %N and %P content, and N:P elemental ratios changed significantly with nutrient

availability in all the algae except for Halimeda, where %N content did not change

significantly (Fig. 8).

For drift algae, N-content increased significantly from 1.9% by dry weight in algae

grown in seawater (= control) to 4.3% in the 20 µM enrichment (Fig. 8, Table 5).

Phosphorus contents stayed below 0.015% in the controls to the 20 µM enrichment and

then increased significantly to 0.053% in the 40 µM treatment (Fig. 8, Table 5).  N:P

elemental ratios were well above the critical 30:1 ratio of Atkinson and Smith (1983) across

all the nutrient additions, indicating P-limitation on growth of the drift algae.  Nitrogen

content was higher in the drift algae than the two rhizophytes.
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Fig. 8: Mean (±SD) of tissue contents (%N and %P by thallus dry weight) and N:P
elemental ratios for drift algae and two rhizophytes after one week growth in a range of
increasing nutrient enrichments.
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Table 5: Results of separate one-way ANOVAs on tissue nutrient content (fixed factor) for
the three algae presented in Fig. 8.  Significant P values are highlighted by bold case at α =
0.05 levels.  Tukey’s post-hoc comparisons indicate groups with like means by the same
letter.

Algae Source df     SS      MS      F     P
aDrift
ln-%N Nutrients 4 2.749 0.687 24.8819 <0.0001

error 25 0.691 0.028
ln-%P Nutrients 4 9.897 2.474 31.1397 <0.0001

error 25 1.986 0.079
N:P Nutrients 4 751689.9 187922 15.6975 <0.0001

error 25 299286.9 11971

1:0.1        µ         M 5:0.5        µ         M 10:1        µ         M 20:2        µ         M 40:4        µ         M     
Tukey’s: %N A AB BC C C

%P B B B B A
N:P B B BC C A

bPenicillus
%N Nutrients 4 2.5423 0.634 3.0500 0.0355

error 25 5.210 0.208
ln-%P Nutrients 4 3.762 0.941 7.5748 0.0004

error 25 3.104 0.124
N:P Nutrients 4 2811.28 702.82 6.0219 0.0016

error 25 2917.77 116.71

1:0.1        µ         M 5:0.5        µ         M 10:1        µ         M 20:2        µ         M 40:4        µ         M     
Tukey’s: %N A AB AB B AB

%P AB A BC BC C
N:P AB B A AB A

cHalimeda
ln-%N Nutrients 4 1.679 0.420 1.9356 0.1357

error 25 5.422 0.217
ln-%P Nutrients 4 1.371 0.343 8.7444 0.0001

error 25 0.980 0.039
ln-N:P Nutrients 4 65777.76 16444.4 4.0965 0.0109

error 25 155135.24 6205.4

1:0.1        µ         M 5:0.5        µ         M 10:1        µ         M 20:2        µ         M 40:4        µ         M     
Tukey’s: %N n.s .

%P BC AB A AB BC
N:P A AB B AB AB

aFor drift algae: %N data were ln-transformed to achieve normality (Shapiro-Wilk’s W=0.9775, P<0.7862),
and homoscedasticity (Bartlett’s F=1.2779, P<0.2760), with r2=0.7992 for the ANOVA, n=6; %P data were
ln-transformed and remained slightly non-normal (Shapiro-Wilk’s W=0.8392, P<0.0002), but were
homoscedastic (Bartlett’s F=0.9474, P<0.4352), with r2=0.8328 for the ANOVA, n=6; and N:P data were
normal (Shapiro-Wilk’s W=0.9662, P<0.4877), and homoscedastic (Bartlett’s F=0.7710, P<0.5439), with
r2=0.7152 for the ANOVA, n=6.
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bFor Penicillus: %N data were normal (Shapiro-Wilk’s W=0.9686, P<0.5470), but slightly heteroscedastic
(Bartlett’s F=3.3043, P<0.0103), with r2=0.3280 for the ANOVA, n=6; %P data were ln-transformed to
achieve normality (Shapiro-Wilk’s W=0.9465, P<0.1595), and homoscedasticity (Bartlett’s F=1.1708,
P<0.3214), with r2=0.5479 for the ANOVA, n=6; and N:P data were normal (Shapiro-Wilk’s W=0.9465,
P<0.1597), and homoscedastic (Bartlett’s F=0.8232, P<0.5100), with r2=0.4907 for the ANOVA, n=6.
cFor Halimeda: %N data were ln-transformed to achieve normality (Shapiro-Wilk’s W=0.9699, P<0.5827),
and homoscedasticity (Bartlett’s F=0.9060, P<0.4593), with r2=0.2365 for the ANOVA, n=6; %P data were
ln-transformed to achieve normality (Shapiro-Wilk’s W=0.9546, P<0.2598), and homoscedasticity
(Bartlett’s F=1.0394, P<0.3851), with r2=0.5832 for the ANOVA, n=6; and N:P data were ln-transformed to
achieve normality (Shapiro-Wilk’s W=0.9427, P<0.1266), and homoscedasticity (Bartlett’s F=1.9095,
P<0.1058), with r2=0.3959 for the ANOVA, n=6.

For Penicillus, N-content increased significantly from 1.2% in algae grown in seawater

(= control) to 2.0% in the 20 µM enrichment, and then declined again to 1.4% in the 40 µM

enrichment (Fig. 8, Table 5).  Phosphorus contents increased significantly from 0.07% in

the 5 µM treatment to 0.19% in the 40 µM treatment (Fig. 8, Table 5). N:P elemental ratios

for Penicillus fluctuated around the critical 30:1 ratio over the range of nutrient additions.

In Halimeda, the N-content was less than 2.3% over the range of nutrient enrichments

(Fig. 8, Table 5).  Phosphorus contents remained around 0.04% over the range of nutrient

additions (Fig. 8).  N:P elemental ratios for this alga were above 30:1 in all the nutrient

additions, indicating P-limitation on growth.

The results from the analyses of the tissue nutrient concentrations indicated that the

algae showed species-specific responses of higher N and P incorporation into thallus

tissues when grown under increasing nutrient enrichments.  The %N and %P values

obtained from the experimental algae were comparable with results from these two

functional groups of algae collected from canal sites in the field (Fig. 5), with the exception

of the drift algae having almost double the N-content compared with the field specimens at

the two highest nutrient enrichment levels (20 and 40 µM).  N:P elemental ratios were very

different among the three algae, however all three appeared to be P-limited over the range

of nutrient enrichments tested (Fig. 8).
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1.4         Nutrient        x        Salinity        Response-surfaces   

Integrating the growth results obtained in the Nutrient Range Experiment with those from

Chapter 4 on salinity tolerance gives the response-surfaces (Fig. 9) of each of the three

functional groups to two environmental variables associated with canal discharges. The

seasonal response-surfaces show differences exist among the three functional groups.

Drift and epiphytes had higher growth in the winter dry season than in summer wet season,

while the opposite was true for the two rhizophytes (Fig. 9); this response was predicted

from the analyses of seasonal light and temperature effects on growth in Chapter 3.  In all

algae, and in both seasons, mean daily growth tended to increase with increasing salinity

up to 35-45 psu.  Also, at a given salinity, growth appeared to be further stimulated as

nutrient concentration increased (Fig. 9).  Low salinity stress tended to be more deleterious

to growth during the season when abiotic conditions were less favorable, i.e., the summer

wet season for drift algae and epiphytes, and the winter dry season for the two rhizophytes

(Fig. 9).

To further inspect these seasonal response-surfaces, the difference between the

observed values (Fig. 9) and those predicted if salinity and nutrients behaved in an

independent manner were plotted (Fig. 10).  From this figure it is immediately apparent that

the drift algae responded in a manner different from the other two functional groups.  The

drift algae grew less than predicted (2% day-1) at low salinities, but higher than expected at

high salinities (1% day-1).  In contrast, the other two functional groups were found to have

higher than expected growth rates at low salinities, while growth rates observed were less

than predicted at high salinities (Fig. 10).  This indicates that there is an interaction between

these two abiotic variables that differently influences growth rates depending on the alga.



171

5 10 15 20 25 30 35 40 45
0

5

10

20

40

-2

-1

0

1

2

3

4
gr

ow
th

 (
%

 d
ay

 -1
)

5 10 15 20 25 30 35 40 45
0

5

10

20

40

salinity (psu)  

µM N

Drift - winter

5 10 15 20 25 30 35 40 45
0

5

10

20

40

-2

-1

0

1

2

3

4

gr
ow

th
 (

%
 d

ay
 -1
)

5 10 15 20 25 30 35 40 45
0

5

10

20

40

salinity (psu)  

µM N

Drift - summer

5 10 15 20 25 30 35 40 45
0

1

10

100

-5

0

5

10

15

20

25

gr
ow

th
 (

%
 d

ay
 -1

)

5 10 15 20 25 30 35 40 45
0

1

10

100

salinity (psu)  

µM N

Epiphytes - winter

5 10 15 20 25 30 35 40 45
0

1

10

100

-5

0

5

10

15

20

25

gr
ow

th
 (

%
 d

ay
 -1

)
5 10 15 20 25 30 35 40 45

0

1

10

100

salinity (psu)  

µM N

Epiphytes - summer

5 10 15 20 25 30 35 40 45
0

5

10

20

40

-0.5

0.0

0.5

1.0

1.5

2.0

gr
ow

th
 (

%
 d

ay
 -1

)

5 10 15 20 25 30 35 40 45
0

5

10

20

40

salinity (psu)  

µM N

Penicillus  - winter

5 10 15 20 25 30 35 40 45
0

5

10

20

40

-0.5

0.0

0.5

1.0

1.5

2.0

gr
ow

th
 (

%
 d

ay
 -1

)

5 10 15 20 25 30 35 40 45
0

5

10

20

40

salinity (psu)  

µM N

Penicillus  - summer

5 10 15 20 25 30 35 40 45
0

5

10

20

40

-0.50

-0.25

0.00

0.25

0.50

0.75

1.00

gr
ow

th
 (

%
 d

ay
 -1

)

5 10 15 20 25 30 35 40 45
0

5

10

20

40

salinity (psu)  

µM N

Halimeda  - summer

5 10 15 20 25 30 35 40 45
0

5

10

20

40

-0.50

-0.25

0.00

0.25

0.50

0.75

1.00

gr
ow

th
 (

%
 d

ay
 -1

)

5 10 15 20 25 30 35 40 45
0

5

10

20

40

salinity (psu)  

µM N

Halimeda  - winter

Fig. 9: Seasonal response-surfaces of mean daily growth (% day-1) across salinity and
water-column nutrient enrichments for three functional groups of algae.  Note different
scales for growth  among algae (indicated by different colors), and that the nutrient axis
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Fig. 10: Difference between predicted and observed mean daily growth for three functional
groups of algae.  Note different scales for ∆ growth among algae (indicated by different
colors), and that the nutrient axis (µM N) is non-linear.
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2. Limiting Nutrient Experiments:

Four different measurements were made on the drift and rhizophytic algae in the

Limiting Nutrient Experiment. Nutrient uptake rates of N and P were measured from the

decrease in water-column nutrient concentrations.  Photosynthesis was measured after one

week incubation in the various nutrient additions to provide one measure of productivity.

Growth was recorded over a week-long period to provide a second measure of

productivity.  Tissue-nutrient contents of the plants were analyzed to determine if external

nutrient concentrations were reflected by internal thallus concentrations after uptake and

growth metabolic processes had occurred.

2.1         Nutrient         Uptake   

Uptake by the alga was determined from the decrease in the mean measured water-

column nutrient-concentration per day (n=4), and the cumulative uptake determined by

adding these daily values (Figs 12&13).  As each daily value was a single datum, no

statistical tests could be done on this data.

Uptake decreased over time, with the highest uptake per alga (greatest decrease in

water-column N and P concentration) occurring during the first day (Figs 12&13).  Uptake

was usually highest at 35 psu, although in four treatments uptake was greater at 20 psu.

These were nitrogen uptake by the drift algae in the +N and +P additions, and P-uptake by

the rhizophytic algae in the +NP and +P additions (Figs 12&13).

Mean nutrient uptake rates (N, P) averaged over three days (Table 6A) were not

significantly influenced by nutrient addition or salinity in either the drift or rhizophytic algae

(Table 6B).  The 3-day averaged uptake rate was generally highest in the 35 psu salinity

(drift = 4.6 µmol P day -1, 17.6 µmol N day -1; rhizo = 6.6 µmol P day -1, 7.5 µmol N day -1)

in all nutrient additions, except in five treatments where uptake was higher at 20 psu;

uptake was never greatest at 10 psu in any of the treatments (Table 6A).
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Table 6A: Mean (±SD) uptake (µmol plant-1 day-1) of water-column N and P averaged over
3 days across the range of salinities tested for the drift and rhizophytic algae presented in
Figs. 12 & 13; n=3 days.  Shaded cells indicate highest mean uptake rate across all four
treatments.

Algae Salinity  C +N +NP +P
Phosphate Uptake
Drift   10 psu 2.2 (1.39) 2.6 (1.19) 1.8 (0.58) 1.6 (0.59)

20 psu 1.9 (1.11) 3.7 (1.59) 2.8 (1.11) 2.7 (1.09)
35 psu 4.1 (2.60) 3.4 (2.86) 4.6 (0.75) 3.7 (1.97)

Rhizophytic   10 psu 2.6 (1.24) 1.2 (0.23) 3.9 (1.82) 3.9 (1.86)
20 psu 5.2 (2.35) 1.7 (0.81) 5.7 (1.14) 6.9 (1.03)
35 psu 6.6 (4.77) 6.5 (2.69) 1.9 (0.64) 3.3 (1.02)

Nitrogen Uptake
Drift   10 psu 2.0 (1.06) 8.3 (3.27) 8.0 (3.85) 5.5 (2.33)

20 psu 2.0 (1.01) 13.8 (4.90) 9.9 (7.21) 8.4 (2.35)
35 psu 11.3 (2.94) 11.6 (4.55) 17.6 (8.01) 7.5 (3.24)

Rhizophytic   10 psu 2.1 (0.75) 3.3 (2.90) 3.6 (2.63) 2.7 (0.89)
20 psu 4.9 (2.52) 6.4 (4.22) 4.3 (1.53) 3.0 (0.84)
35 psu 8.5 (6.59) 7.5 (4.03) 5.5 (3.89) 4.5 (2.47)

The cumulative uptake (Figs 12&13) and 3-day averaged uptake (Table 6A) rates

indicate that the addition of P (e.g., +P or +NP addition) did not have any stimulating

influence on the uptake of P, however, the addition of N (+N and +NP) did result in higher

(not significant) average uptake of N in both the drift and rhizophytic algae.  This may

indicate that N is limiting, or may reflect a higher affinity for N, than P by the algae.

Further, from the cumulative uptake rates (Figs 12&13) it appears that the addition of both

N and P results in higher uptake of P, but the addition of P by itself does not result in N-

uptake rates as high as when N is added (compare +P addition, with +N or +NP treatments

on N uptake) in both functional groups.
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Table 6B: Two-way ANOVAs on 3-day mean uptake rate by nutrient added (fixed factor)
and salinity (fixed factor) from the Limiting Nutrient Experiments presented in Table 6A.

Algae Source df     SS      MS      F     P
Phosphate Uptake
a    Drift Salinity (S) 2 0.022 0.011 0.1510 0.8607

Nutrient (N) 3 0.022 0.011 0.0980 0.9603
S x N 6 0.275 0.046 0.6188 0.7133
error 24 1.776 0.074

b    Rhizophytes   Salinity 2 3.342 1.671 1.7477 0.1956
Nutrient 3 1.930 0.643 0.6728 0.5771
S x N 6 5.877 0.980 1.0244 0.4336
error 24 22.948 0.956

Nitrogen Uptake
c    Drift   Salinity 2 0.136 0.068 0.1241 0.8838

Nutrient 3 2.850 0.950 1.7387 0.1859
S x N 6 3.764 0.627 1.1480 0.3658
error 24 13.108 0.546

d    Rhizophytes   Salinity 2 4.524 2.262 1.1766 0.3255
Nutrient 3 0.071 0.024 0.0123 0.9981
S x N 6 2.199 0.367 0.1907 0.9765
error 24 46.141 1.923

aFor drift algae data were near-normal (Shapiro-Wilk’s W=0.8942, P<0.0201), and homoscedastic (Bartlett’s
F=0.8696, P<0.5698), with r2=0.1522 for the ANOVA, n=3.  bFor rhizophytes data were ln-transformed to
achieve normality (Shapiro-Wilk’s W=0.9644, P<0.3682), and homoscedasticity (Bartlett’s F=1.0816,
P<0.3714), with r2=0.3270 for the ANOVA, n=3.  cFor drift algae  data were near-normal (Shapiro-Wilk’s
W=0.8801, P<0.0080), and homoscedastic (Bartlett’s F=1.1391, P<0.3251), with r2=0.3398 for the
ANOVA, n=3.  dFor rhizophytes data ln-transformed to achieve normality (Shapiro-Wilk’s W=0.9622,
P<0.3209), and homoscedasticity (Bartlett’s F=0.8257, P<0.6143), with r2=0.1284 for the ANOVA, n=3.

2.2        Photosynthesis   

This metric compared only the +NP enrichment and the controls (C) due to equipment

limitations.  Gross photosynthesis (Pg) was greater in the drift algae than either of the two

rhizophytic species, and Penicillus tended to have higher Pg than Halimeda (Fig. 13).

In the drift algae, Pg was higher in the winter dry season than the summer wet season,

with the exception of the +NP 10 psu treatment (Fig. 13).  In the winter dry season, both

salinity and nutrients were significant main effects, but there was no significant interaction

(Table 7A).  Plants in the +NP enrichment exhibited significantly greater Pg (18.37
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mgO2·g
-1·hr-1) than the those in the control (13.26 mgO2·g

-1·hr-1) (Tables 7A&B).  Pg

increased significantly with salinity (10 < 20 < 35 psu) (Tables 7A&B).  In the summer

wet season, the salinity by nutrient interaction effect was significant (Table 7A).  Plants in

the +NP 10 and 20 psu treatments had significantly higher Pg (12-16 mgO2·g
-1·hr-1) than

those in the control (5-7 mgO2·g
-1·hr-1), but the 35 psu treatment was not significantly

different between control (11.8 mgO2·g
-1·hr-1) and +NP (11.9 mgO2·g

-1·hr-1) enrichment

(Table 7B).  In the control Pg in the C10, C20 psu treatments was significantly lower

(<7.28 mgO2·g
-1·hr-1) than in C35 psu (11.78 mgO2·g

-1·hr-1), whereas there was no

significant effect of salinity on Pg in the +NP enrichment (Table 7B).

In both species of rhizophytic algae there was no significant interaction effect between

nutrients and salinity (Table 7A).  In Penicillus, salinity was a significant main effect in

both seasons, and nutrient a significant main effect in the summer wet season only (Table

7A).  In Penicillus in the winter dry season, there was no significant difference in Pg

between control (2.6 mgO2·g
-1·hr-1) and +NP (3.4 mgO2·g

-1·hr-1) enrichment (Table 7B).

There was significantly lower Pg in the 10 psu (2.4 mgO2·g
-1·hr-1) than the 35 psu (3.9

mgO2·g
-1·hr-1) salinity, with Pg in the 20 psu (2.7 mgO2·g

-1·hr-1) not significantly different

from either extreme (Tables 7A&B).  In the summer wet season, Pg in the +NP enrichment

(2.3 mgO2·g
-1·hr-1) was significantly greater than in the control (5.5 mgO2·g

-1·hr-1) (Table

7B).  In both the control and +NP enrichment, Pg declined significantly with decreasing

salinity.  As for the winter dry season, there was significantly lower Pg in the 10 psu (2.1

mgO2·g
-1·hr-1) than the 35 psu (5.1 mgO2·g

-1·hr-1) salinity, with Pg in the 20 psu (4.6

mgO2·g
-1·hr-1) not significantly different from either extreme (Tables 7A&B).

In Halimeda, salinity was not a significant effect, whereas nutrient was significant in

both seasons (Table 7A).  In Halimeda in both seasons, Pg in the +NP enrichment (1.4-2.1

mgO2·g
-1·hr-1) was significantly greater than in the control (0.23-1.1 mgO2·g

-1·hr-1) (Table

7B).  In both seasons, there was no significant effect of salinity on Pg (Tables 7A&B),

although there was a trend for increasing Pg with salinity in the dry season (Fig. 13).
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Fig. 13: Mean (±SD) photosynthesis of two functional groups of algae exposed to one
nutrient enriched treatment and a control at three different salinities in two seasons.  Note
the different Y axis scales among algae.
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Table 7A: Two-way Sheirer-Ray-Hare extension of non-parametric Kruskal-Wallis tests on
photosynthesis by nutrient addition and salinity (both fixed factors) presented in Fig. 13.
The appropriate chi-square test is SS/MStotal (Sokal and Rohlf 1995).  Significant results at
α = 0.05 are highlighted in bold.

Algae Source df    SS    MS      2 P
aDrift

winter dry Salinity (Sal) 2 6518.78 3259.390 26.3385 <0.001
Nutrients (N) 1 2307.57 2307.570 9.3235 <0.005
N x Sal 2 239.81 119.907 0.9689 <0.75
Error 48 4051.33 84.403
Total 53 13117.49 247.500

summer wet Salinity 2 1000.11 500.055 4.0408 <0.25
Nutrients 1 3472.02 3472.020 14.0284 <0.001
N x Sal 2 2197.37 1098.685 8.8783 <0.025
Error 48 6448.00 134.333
Total 53 13117.50 247.500

bPenicillus
winter dry Salinity 2 1626.08 813.040 6.3581 <0.05

Nutrients 1 779.13 779.125 3.0464 <0.10
N x Sal 2 381.33 190.665 1.4910 <0.50
Error 49 11023.96 224.979
Total 54 13810.49 255.750

summer wet Salinity 2 6240.50 3120.250 10.4882 <0.01
Nutrients 1 2811.86 2811.860 4.7258 <0.05
N x Sal 2 67.07 33.535 0.1127 <0.95
Error 78 40265.57 516.225
Total 83 49385.00 595.000

cHalimeda
winter dry Salinity 2 1320.11 660.055 5.3338 <0.10

Nutrients 1 971.13 971.130 3.9238 <0.05
N x Sal 2 87.37 43.685 0.3530 <0.90
Error 48 10738.89 223.727
Total 53 13117.50 247.500

summer wet Salinity 2 192.15 96.075 0.6741 <0.75
Nutrients 1 3010.23 3010.230 10.5605 <0.005
N x Sal 2 22.92 11.460 0.0804 <0.975
Error 52 13022.28 250.428
Total 57 16247.58 285.045

aFor the drift algae the winter ANOVA r2=0.6912, n=9, and summer r2=0.5084, n=9.  bFor Penicillus the
winter ANOVA r2=0.2046, n=9-10, and summer r2=0.1847, n=14.  cFor Halimeda the winter ANOVA
r2=0.1813, n=9, and summer r2=0.1989, n=8-10.
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Table 7B: Tukey’s post-hoc comparisons for significant results in Table 7A.  Groups with
like means are indicated by the same letter.

Source Tukey’s
Drift Winter - dry season
Salinity (Sal) 10 psu 20 psu 35 psu

Tukey’s C B A
Nutrient (N) C +NP

Tukey’s B A
Summer - wet season

Sal        x         N 10 psu 20 psu 35 psu
C B B A

+NP n.s .

C +NP
10 psu B A
20 psu B A
35 psu n.s .

Penicillus Winter - dry season
Salinity 10 psu 20 psu 35 psu

Tukey’s C BC AB
Summer - wet season

Salinity 10 psu 20 psu 35 psu
Tukey’s BC AB A

Nutrient C +NP
Tukey’s B A

Halimeda Winter - dry season
Nutrient C +NP

Tukey’s B A
Summer - wet season

Nutrient C +NP
Tukey’s B A

Photosynthesis increased with salinity in the three algae in both seasons, with the

exceptions of +NP 35 in the drift algae in the summer wet season, and C20 in Penicillus in

the winter dry season.  There was no trend in Pg with salinity in Halimeda plants in either

C or +NP in the summer wet season (Fig. 13).  In the three algae, photosynthesis in the

+NP treatment was significantly higher than the control, with the exception of Penicillus in

the winter dry season (Table 7A).

2.3         Growth    

Mean daily growth in the dry season was greatest in the drift algae, with little growth

occurring in the two rhizophytes.  In contrast, mean daily growth was higher in Penicillus
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and Halimeda in most treatments compared to the drift algae during the wet season (Fig.

14).

In the drift algae, mean daily growth was positive in all treatments in the dry season,

but only the +N 20 and 35 psu and +NP 35 psu in the wet season (Fig. 14).  In the dry

season, salinity and nutrients were significant main effects, while the interaction was not

significant (Table 8A).  Growth was significantly greater in the +NP addition (2.3% day-1)

than the +P addition (1.3% day-1) with C and +N not significantly different from either of

these (Table 8B).  Across all four nutrient treatments, growth declined significantly at 10

psu (0.8% day-1) compared to 20 and 35 psu (2.2-2.5% day-1).  In the wet season, there

was a significant salinity x nutrient interaction (Table 8A).  Comparing nutrient additions

across salinity first, there was no significant difference in growth across nutrients at 10 psu

(Table 8B).  At 20 and 35 psu growth was significantly higher in the +N addition (1.8-

3.2% day-1) than the other three treatments (-1.8-0.8% day-1).  Now comparing salinity

within a nutrient treatment, in the control and +N, +NP additions growth was significantly

less at 10 psu (-2.4 to -1.5% day-1) than 35 psu (-0.3-3.2% day-1), while in the +P addition

there was no significant effect of salinity on growth, which was all negative (Table 8B).

Penicillus had higher mean daily growth in the summer wet season than the winter dry

(Fig. 14).  In the dry season, there was no significant effect of either nutrient addition or

salinity on growth (Table 8A).  However, in the wet season both nutrient addition and

salinity were significant main effects (Table 8A).  Growth was significantly greater in the

+NP addition (0.36% day-1) than either the control or +P (0.07-0.08% day-1), while

growth in the +N addition was in between these values (Table 8B).  Across all four nutrient

treatments, growth declined significantly at 10 psu (0% day-1) compared to 20 and 35 psu

(0.29-0.36% day-1).  Plants in salinities of 10 psu had no growth at all (Table 8B).
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Fig. 14: Mean (±SD) daily growth of two functional groups of algae exposed to three
nutrient enriched treatments and a control at three different salinities in two seasons.  Note
the different Y axis scales between the two functional groups.
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Table 8A: Two-way Sheirer-Ray-Hare extension of non-parametric Kruskal-Wallis tests on
growth by nutrient addition and salinity (both fixed factors) presented in Fig. 14.  The
appropriate chi-square test is SS/MStotal (Sokal and Rohlf 1995).  Significant results at α =
0.05 are highlighted in bold.

Algae Source df SS   MS      2 P
aDrift

winter dry Salinity (Sal) 2 166700.44 83350.220 42.6780 <0.001
Nutrients (N) 3 45509.00 15169.667 11.6510 <0.01
N x Sal 6 31618.67 5269.778 8.0949 <0.25
Error 204 595961.89 2921.382
Total 215 839790.00 3906.000

summer wet Salinity 2 345283.83 172641.915 50.9131 <0.001
Nutrients 3 4629.24 1543.080 0.6826 <0.90
N x Sal 6 90735.16 15122.527 13.3792 <0.05
Error 188 908935.2 4834.762
Total 199 1349583.43 6781.826

bPenicillus
winter dry Salinity 2 39.58 19.792 2.1770 <0.50

Nutrients 3 36.92 12.307 2.0305 <0.75
N x Sal 6 91.08 15.181 5.0094 <0.75
Error 84 1559.75 18.568
Total 95 1727.34 18.182

summer wet Salinity 2 25514.68 12757.338 45.1541 <0.001
Nutrients 3 9554.29 3184.763 16.9085 <0.001
N x Sal 6 5751.40 958.567 10.1784 <0.25
Error 192 73886.47 384.825
Total 203 114706.84 565.058

cHalimeda
winter dry Salinity 2 27.77 13.885 4.2459 <0.25

Nutrients 3 71.42 23.807 10.9199 <0.025
N x Sal 6 46.90 7.816 7.1701 <0.50
Error 84 475.25 5.658
Total 95 621.34 6.540

summer wet Salinity 2 1990.94 995.471 4.8515 <0.10
Nutrients 3 9680.21 3226.737 23.5888 <0.001
N x Sal 6 6811.33 1135.222 16.5979 <0.025
Error 192 64823.18 337.621
Total 203 83305.66 410.373

aFor the drift algae the winter ANOVA r2=0.2903, n=18, and summer r2=0.4244, n=16-17.  bFor Penicillus
the winter ANOVA r2=0.0970, n=8, and summer r2=0.3559, n=17.  cFor Halimeda the winter ANOVA
r2=0.2351, n=8, and summer r2=0.2219, n=17.
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Table 8B: Tukey’s post-hoc comparisons for significant results in the S x N interaction in
Table 8A.  Groups with like means are indicated by the same letter, and significantly higher
growth is highlighted.

Source Tukey’s
Drift algae Winter - dry season
Salinity (       Sal) 10        psu 20        psu 35        psu

Tukey’s B A A
Nutrient (N) C +N +NP +P

Tukey’s AB AB A B
Summer - wet season

Sal        x         N 10        psu 20        psu 35        psu
C B A A

+N C B A
+NP B AB A

+P n.s .
C +N +NP +P

10 psu n.s .
20 psu B A B B
35 psu B A B B

Penicillus Winter - dry season
n.s .

Summer - wet season
Salinity 10 psu 20 psu 35 psu

Tukey’s B A A
Nutrient C +N +NP +P

Tukey’s B AB A B
Halimeda Winter - dry season
Nutrient C +N +NP +P

Tukey’s B A AB B
Summer - wet season

Sal        x         N 10 psu 20 psu 35 psu
C n.s .

+N n.s .
+NP n.s .

+P n.s .
C +N +NP +P

10 psu n.s .
20 psu n.s .
35 psu n.s .

In Halimeda. in the dry season nutrient was a significant main effect , while in the wet

season both nutrient and the interaction effect were significant (Table 8A).  In the dry

season, growth was significantly greater in the +N addition (0.18% day-1) than either the

control or +P (0-0.007% day-1), while growth in the +NP addition was in between these

values (Table 8B).  In the wet season, while there was a significant SxN interaction,

Tukey’s post-hoc analyses did not indicate significant differences among nutrient additions
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or salinities (Table 8B).  Growth in the +N 35 psu (0.85% day-1) and +NP 20 psu (0.47%

day-1) treatments was higher than in the other treatment combinations (Fig. 14).

In both drift and rhizophytic functional groups, the addition of +N or +NP resulted in

higher mean daily growth rates compared to the seawater control or the addition of +P

alone.  The low salinity exposure (10 psu) resulted in reduced mean growth rates in all

three algae.

2.4        Tissue         Nutrients   

N-content was higher in the drift algae (0.4-1.6% dry wt) than in the two rhizophytes

(<0.7%); P-content was higher in Penicillus (0.04-0.085% dry wt) than the other two algae

(<0.04% dry wt); N:P elemental ratios were greatest in the drift algae (30-250:1) than in the

two rhizophytic algae (Halimeda = 50-130:1, Penicillus = 12-32:1) (Fig. 15).

In the drift algae, nutrient and salinity were significant main effects on %N, there was

no significant effect of nutrients or salinity on %P, and there was a significant interaction

effect between nutrients and salinity on the N:P elemental ratio (Table 9A).  The N-content

in the +N and +NP enrichments (1.06-1.34% dry wt) were significantly higher than in the

C and +P  (0.45-0.53% dry wt) treatments (Table 9B).  N-content was also significantly

affected by salinity, with 10 psu (0.7% dry wt) significantly less than 35 psu (1.01% dry

wt), while 20 psu was not significantly different from either 10 or 35 psu (Table 9B).

Neither nutrients nor salinity had a significant effect on P-content in the drift algae,

however, %P tended to decline with increasing salinity, except in the control at 35 psu

(Fig. 15).  Nutrients and salinity each had a significant effect on the N:P elemental ratios

(Table 9A).  The +N nutrient addition resulted in significantly greater N:P elemental ratios

than the other three treatments (Table 9B).  Drift algae were, mostly P-limited, with N:P

elemental ratios >30:1 (Fig. 15).
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Fig. 15: Mean (±SD) tissue nutrient contents (in % dry wt) and N:P elemental ratios of
three algae after 1 week exposure to three enrichment treatments and a control across three
salinities.
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Table 9A: Results of separate two-way ANOVAs on tissue nutrient contents (%N, %P,
N:P) by nutrient addition (fixed factor) and salinity (fixed factor) for the three algae
presented in Fig. 15.  Significant P values are highlighted by bold case at α = 0.05 and
italics at α = 0.1 levels.

Algae Source df     SS      MS      F     P
aDrift
ln-%N Nutrients (N) 3 9.935 3.312 97.5995 <0.0001

Salinity (Sal) 2 0.850 0.425 12.5226 <0.0001
N x Sal 6 0.333 0.055 1.6332 0.1664
error 36 1.222 0.034

ln-%P Nutrients 3 2.503 0.834 2.2404 0.1002
Salinity 2 0.416 0.208 0.5591 0.5766
N x Sal 6 5.245 0.874 2.3480 0.0513
error 36 13.404 0.372

ln-N:P Nutrients 3 13.992 4.664 14.0823 <0.0001
Salinity 2 2.507 1.254 3.7851 0.0325
N x Sal 6 1.160 0.193 0.5837 0.7408
error 36 11.592 0.322

bPenicillus
ln-%N Nutrients 3 0.099 0.033 1.4485 0.2449

Salinity 2 0.029 0.015 0.6464 0.5299
N x Sal 6 0.156 0.026 1.1418 0.3586
error 36 0.820 0.023

ln-%P Nutrients 3 1.490 0.497 3.6345 0.0218
Salinity 2 0.297 0.149 1.0854 0.3486
N x Sal 6 0.459 0.077 0.5594 0.7595
error 36 4.920 0.137

ln-N:P Nutrients 3 2.728 0.909 4.8846 0.0060
Salinity 2 0.794 0.397 2.1331 0.1332
N x Sal 6 0.521 0.087 0.4660 0.8288
error 36 6.702 0.186

cHalimeda
%N Nutrients 3 0.527 0.176 17.0297 <0.0001

Salinity 2 0.034 0.017 1.6468 0.2069
N x Sal 6 0.144 0.024 2.3288 0.0530
error 36 0.360 0.010

ln-%P Nutrients 3 1.197 0.399 9.3289 0.0001
Salinity 2 0.135 0.068 1.5735 0.2212
N x Sal 6 0.860 0.143 3.3504 0.0100
error 36 1.540 0.0428

ln-N:P Nutrients 3 2.651 0.884 7.2401 0.0006
Salinity 2 0.133 0.067 0.5449 0.5846
N x Sal 6 1.956 0.326 2.6716 0.0301
error 36 4.410 0.123

aFor drift algae: %N data were ln-transformed and remained slightly non-normal (Shapiro-Wilk’s W=0.9064,
P<0.0007), but were homoscedastic (Bartlett’s F=0.5181, P<0.8926), with r2=0.9010 for the ANOVA,
n=4; %P data were ln-transformed and remained slightly non-normal (Shapiro-Wilk’s W=0.9013,
P<0.0004), but were homoscedastic (Bartlett’s F=0.7001, P<0.7398), with r2=0.3785 for the ANOVA,
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n=4; and N:P data were ln-transformed to achieve normality (Shapiro-Wilk’s W=0.9766, P<0.6154), and
homoscedasticity (Bartlett’s F=0.6216, P<0.8121), with r2=0.6057 for the ANOVA, n=4.
bFor Penicillus: %N data were normal (Shapiro-Wilk’s W=0.9820, P<0.8085), and homoscedastic
(Bartlett’s F=0.4925, P<0.9093), with r2=0.2576 for the ANOVA, n=4; %P data were ln-transformed to
achieve normality (Shapiro-Wilk’s W=0.9668, P<0.3051), but remained slightly heteroscedastic (Bartlett’s
F=2.0956, P<0.0174), with r2=0.3134 for the ANOVA, n=4; and N:P data were ln-transformed to achieve
normality (Shapiro-Wilk’s W=0.9756, P<0.5784), and homoscedasticity (Bartlett’s F=1.7309, P<0.0604),
with r2=0.3763 for the ANOVA, n=4.
cFor Halimeda: %N data were normal (Shapiro-Wilk’s W=0.9638, P<0.2381), and homoscedastic (Bartlett’s
F=1.3241, P<0.2033), with r2=0.6550 for the ANOVA, n=4; %P data were ln-transformed to achieve
normality (Shapiro-Wilk’s W=0.9653, P<0.2708), and homoscedasticity (Bartlett’s F=1.6528, P<0.0775),
with r2=0.5873 for the ANOVA, n=4; and N:P data were ln-transformed to achieve normality (Shapiro-
Wilk’s W=0.9574, P<0.1336), but remained slightly heteroscedastic (Bartlett’s F=1.8676, P<0.0384), with
r2=0.5190 for the ANOVA, n=4.

Table 9B: Tukey’s post-hoc comparisons for significant results in Table 9B.  Groups with
like means are indicated by the same letter, and significantly higher growth in the S x N
interaction is highlighted.

Source Tukey’s
Drift Salinity (Sal) 10 psu 20 psu 35 psu

%N Tukey’s B AB A
Nutrient (N) C +N +NP +P

Tukey’s C A B C
N:P Nutrient (N) C +N +NP +P

Tukey’s B A B B
Salinity (Sal) 10 psu 20 psu 35 psu

Tukey’s n.s .
Penicillus Nutrient C +N +NP +P

%P Tukey’s AB B AB A
N:P Nutrient C +N +NP +P

Tukey’s AB A AB B
Halimeda N        x        Sal C +N +NP +P

%P 10 psu n.s .
20 psu B B B A
35 psu B B A AB

10 psu 20 psu 35 psu
C n.s .

+N n.s .
+NP B B A

+P n.s .
N:P N        x        Sal C +N +NP +P

10 psu B AB A AB
20 psu B A AB AB
35 psu n.s .

10 psu 20 psu 35 psu
C n.s .

+N n.s .
+NP n.s .

+P AB B A
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In Penicillus there was no significant effect of nutrients or salinity on %N, whereas

nutrient was a significant main effect on %P and the N:P elemental ratio (Table 9A).  The

P-content was significantly greater in the +P addition (0.08% dry wt) than in the +N

addition (0.05% dry wt), with the control and +NP intermediate and not significantly

different from either +P or +N (Table 9B).  The N:P elemental ratios were significantly

greater in the +N enrichment (29.2:1) than in +P (14.3:1), with the control and +NP

intermediate and not significantly different from either (Table 9B).  Salinity had no

significant influence on thallus nutrient content (%N or P) in Penicillus (Table 9A).

Penicillus was N-limited in all treatments, except +N 10 and 35 psu (Fig. 15).

In Halimeda there was a significant effect of nutrients on %N, and the nutrient by

salinity interaction effect was significant for %P and the N:P elemental ratio (Table 9A).  In

the +NP addition %P was significantly higher at 35 psu (0.02% dry wt) than either 10 or

20 psu (0.011% dry wt) (Table 9B).  At 20 psu P-content was significantly greater in the

+P addition (0.015% dry wt) than the other treatments (<0.011% dry wt), while at 35 psu

P-content was significantly greater in the +NP additions (0.02% dry wt) than the control

(0.01% dry wt) or +N addition (0.01% dry wt), but not significantly different from the +P

addition (Table 9B).  The N:P elemental ratio was significantly affected by the salinity

nutrient interaction (Table 9A).  In the +P addition the N:P elemental ratio was significantly

higher at 35 psu (93.5:1) than 20 psu (86.3:1) with the N:P elemental ratio at 10 psu not

significantly different from either (Table 9B).  At 10 psu the N:P elemental ratio was

significantly greater in the +NP addition (100.3:1) than the control (62.7:1), but not the +N

or +P addition (Table 9B).  At 20 psu N:P elemental ratio was significantly greater in the

+N addition (106.7:1) than the control (62.7:1), but not the +NP or +P addition (Table

9B).  Halimeda was P-limited in all treatments (Fig. 15).
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Summary of Nutrient Responses

The results from the two experiments (Nutrient Range, Limiting Nutrient) manipulating

the nutrient and salinity regime available to three functional groups of algae exhibited a

number of trends:

• Growth and photosynthesis were influenced primarily by seasonal differences in light

and temperature, then by salinity stress, and finally by the addition of nutrients.

• Growth and photosynthesis were greater for drift algae and epiphytes in the winter dry

season, while the two rhizophytes were more productive in the summer wet season.

• Low salinity stress affected nutrient uptake rates, photosynthesis, and growth, but had

no effect on tissue nutrient contents.

• Addition of nutrients resulted in significantly increased growth and photosynthesis in

all three groups, but did not influence uptake rates equally significantly.

• The addition of nitrogen was the primary nutrient responsible for stimulating growth in

both the drift algae and two rhizophytes.

• Tissue nutrient contents may indicate potential N-limitation in drift algae and Penicillus,

while Halimeda may be P-limited under the nutrient enrichment scenarios tested.

DISCUSSION

Nutrient Regime

Water-column nutrient concentrations in Biscayne Bay had elevated N-concentrations,

especially in areas with canal-discharge, while P was typically low through-out the Bay.

Biscayne Bay is typically described as a well flushed estuary (Chin-Fatt and Wang 1987;

Cofer-Shabica et al. 1989; Alleman et al. 1995) but has indications of nutrient problems,

especially in the heavily urbanized north basin (Brand et al. 1991).  Historically, untreated

sewage from the city of Miami was disposed directly into the Bay (McNulty 1961).  While
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this source of pollution has largely been alleviated, agricultural runoff from the South Dade

Agricultural Area may contain pollutants such as nutrients and other agro-chemicals, and

has been implicated as a source of water quality degradation in southern Biscayne Bay

(Alleman et al. 1995).  Water quality monitoring at the mouths of canals discharging into

Biscayne National Park show chronically elevated N-concentrations (primarily ammonium)

at about 40 times ambient levels (Chapman 1992; Alleman et al. 1995).  The excessive

loading of nitrate and ammonium into south Biscayne Bay is related largely to agricultural

uses, which comprise about 16% of the Bay’s watershed (Fig. 16).

In Biscayne Bay, nutrients are often supplied in pulses that are spatially and temporally

variable.  The frequency and duration of these pulses depend on seasonal rainfall, as well

as unpredictable influxes from canal releases.  Brand et al. (1991) found the highest

concentrations of phytoplankton (indicative of elevated nutrients) after the first major rains

in the rainy season, as a direct result of the large amount of nutrients flushed into the Bay.

In many shallow, tidally-driven systems, like Biscayne Bay, storms and rainfall events

are influential to nutrient additions via surface runoff, groundwater flows, and rainfall

(Mallin et al. 1993, 1994; Hubertz and Cahoon 1999; Castro et al. 2001).  In the Neuse

River estuary (North Carolina) pulsed additions of nutrients from rainfall runoff

occasionally double concentrations of N within 1-2 tidal cycles following heavy rainfall

events, although response times to nutrient pulses are variable, depending on the magnitude

and duration of the discharge event (Hubertz and Cahoon 1999, and also Randall and Day

1987; Fisher et al. 1988; Rudek et al. 1991; Boyer et al. 1993; Stanley 1993).

In the Florida Keys summer rainfall events result in low-salinity, high-nutrient plumes

that can reach up to 9 km offshore (Lapointe and Matzie 1996).  Higher concentrations of

ammonium, nitrate, and total inorganic N measured in summer in the Florida Keys

correlated well with increased rainfall, while P did not show any such relationship

(Lapointe 1989; Lapointe et al. 1990; Lapointe and Matzie 1996).  This dissertation showed

similar correlations occur in Biscayne Bay.
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Fig. 16: Land use in the Biscayne Bay watershed.  Reproduced from Alleman et al. (1995).

Although pulses of low-salinity, high-nutrient water from canal-discharges can produce

transient peaks in water-column nutrient concentrations (Peters et al. 1986; Alleman et al.

1995), unless loading rates are very high, these concentrations may not be sustained
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because of rapid biological uptake (Fong et al. 1993a; Valiela et al. 1997; Hauxwell et al.

2001; McGlathery 2001).  However, the macroalgal community can respond rapidly and

sensitively with changing species composition at lower nutrient levels than are typically

measured in water samples in nutrient-poor tropical regions (Fong et al. 1994a; McCook

1999).  Thus, traditional methods of monitoring water-column nutrients to predict changes

in algal community structure may not be warranted (Fong et al. 1994a, 2001), as there is

usually little correlation between water-column N and P and either productivity or

abundance of primary producers (McCook 1999; Fong et al. 2001).

Monitoring the concentration of nutrients within the tissue of macroalgae may be a more

useful integrated indicator of long-term enrichment in the environment (Fong et al. 1994a,

1998, 2001).  Further, monitoring of macrophyte tissue nutrients to detect enrichment

could occur at less frequent intervals than monitoring of water-column nutrients.  In this

dissertation I found that algae from canal-influenced sites had higher tissue N:P elemental

ratios, indicative of higher N-loadings, than the same species from sites that were not

impacted by elevated nutrients.

Algal Responses to Elevated Nutrients

Functional-form strategies predict that opportunistic seaweeds with a high SA:V ratio,

such as the drift alga Polysiphonia, show high levels of nutrient uptake and high net

primary productivity (Rosenberg and Ramus 1984).  In contrast, persistent forms with low

SA:V ratio and more structural tissue, such as the calcified rhizophytic alga Halimeda,

show lower nutrient uptake and hence slower growth rates (Littler and Littler 1980; Littler

et al. 1983).  Photosynthesis and growth were stimulated with increasing external nutrient

concentrations in the three functional groups tested.  Drift algae and epiphytes had higher

photosynthesis and growth rates than the two species of rhizophytic algae, in accordance

with the functional-form predictions.  Further the nutrient-acquisition strategies of these

functional groups differ, with drift algae and epiphytes relying solely on water-column
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nutrients to satisfy their demand, while rhizophytes can take up nutrients from the sediment

porewaters as well (Raven 1981; Lobban and Harrison 1994).

Rhizophytic algae can obtain some to most of their nutrients from sediments using their

rhizoidal hold-fasts (Raven 1981; Williams 1984).  Sediments are sites of remineralization

and have concentrations of available N and P that are an order-of-magnitude greater than in

the overlying water column (Rosenfeld 1979; Williams et al. 1985; Lapointe and O’Connell

1989; McGlathery et al. 1992).  Porewater nutrients also have longer turnover times

compared to water-column nutrients (Williams et al. 1985).  The anaerobic properties of

many fine sediments can inhibit nutrient uptake by the algae (Raven 1981).  Perhaps, then,

it is not surprising that many rhizophytes are coenocytic conceivably allowing faster

nutrient transport within the thallus to promote uptake of nutrients from the sediments

(Raven 1981; McGlathery et al. 1992).  This ability to take up nutrients from the sediments

could confer a competitive advantage to rhizophytes growing in nutrient-limited tropical

waters (Williams 1984, Williams et al. 1985), like the oceanic sites studied.

In contrast, drift algae occurred predominantly at canal sites where nutrient levels in the

water column were high during the wet season, a period of high freshwater discharge in

Biscayne Bay (Chin-Fatt and Wang 1987; Cofer-Shabica et al. 1989; Alleman et al. 1995;

Martins et al. 1999); however, production by drift algae was found to be greater during the

dry season (Josselyn 1977; Day et al. 1982; Virnstein and Carbonara 1985), when nutrient

inputs were reduced.  Biomass of drift algae declined during the summer, even though this

was a period of high nutrient loadings to the Bay.  How to reconcile these differences?

Part of the reason why drift algae may exhibit this seasonal response with higher

abundance in the dry season is because low salinities and high temperatures in the summer

wet season may cause stress and senescence of these algae.
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The Interaction of Elevated Nutrients and other Abiotic Variables

In addition to increased nutrients, seasonal increases in light and temperature in the

summer resulted in higher photosynthesis and growth in the rhizophytic algae.  However,

salinity reduced growth of both rhizophytes and drift algae, indicating the potential

overriding effects of abiotic factors, like temperature and salinity, on measured growth

rates (Lapointe and Duke 1984; Lapointe 1987a,b; Floreto et al. 1993).

Differential tolerances to salinity and nutrient requirements may determine in part the

pattern of seasonal species succession of dominant macroalgae in some coastal lagoons

(Fong et al. 1996; Kamer and Fong 2000).  When nutrients are in sufficient supply (canal

conditions), then salinity is the primary environmental influence determining which species

is most abundant (drift algae).  However, under nutrient limitation (oceanic conditions),

competition for nutrients results in the better competitor exploiting the limiting resource

(rhizophytic algae) (Tilman 1982; Fong et al. 1996).  The exclusion of rhizophytic algae

from canal regimes may be in part due to the stress posed by the low salinities, while drift

algae may be less abundant in oceanic conditions because of their higher nutrient

requirements (e.g. DeBoer et al. 1978; Fujita 1985; Chaoyuan et al. 1993).

Limiting Nutrients

Nutrient limitation of primary production in marine ecosystems is largely a function of

the relative availability of N and P (Nixon 1981; Atkinson and Smith 1983; Smith 1984;

Howarth 1988; McGlathery et al. 1992).  Factors that control whether N or P will limit

primary production in a coastal marine system are: the ratio of N:P in the external inputs to

the system, different biogeochemical processes acting on N and P in the system, and the

potential for N-fixation to supply nitrogen (Ryther and Dunstan 1971; Lapointe et al. 1976;

Lapointe and Ryther 1979; Howarth 1988; Chopin et al. 1990).

For macroalgae in subtropical and tropical habitats, evidence to date suggests that some

species may be simultaneously limited by N and P (Gordon et al. 1981; Lapointe et al.
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1987; Lapointe and O’Connell 1989), some may switch seasonally between limiting

nutrients (Lapointe 1987a, 1987b), and some may be limited by either N or P (Hanisak

1979; Birch et al. 1981; Nelson 1985; Littler et al. 1988; Lapointe et al. 1992; McGlathery

et al. 1992; Delgado and Lapointe 1994; Hanisak and Siemen 2000).  Nutrient limitation

may therefore be both species- and habitat-specific, depending in part on ambient nutrient

supplies (Lapointe et al. 1987).  Nutrient limitation may differ between rhizophytic algae

capable of acquiring porewater nutrients, and drift algae for which the water column is the

sole source, depending on the relative concentrations of N and P in the sediments and the

water column (McGlathery et al. 1992).

Nitrogen appears to be the limiting nutrient for growth of the drift and rhizophytic algae

in this study, as phosphate did not significantly stimulate growth.  However, nutrient-

limitation inferred from the tissue nutrient concentrations indicated that drift and Halimeda

were P-limited, while Penicillus was potentially N-limited.  It is interesting to note that

while Halimeda may be P-limited, the opposite appeared to hold for Penicillus (N-limited),

suggesting that there may be differences in nutrient requirements among genera of

rhizophytic algae that are filling a similar ecological niche.

These differences in N and P-limitation in the drift and rhizophytic algae appear to be linked

to both seasonal nutrient inputs (Lapointe 1987b; Lapointe 1989; Lapointe et al. 1990;

Lapointe and Clark 1992; Fourqurean et al. 1993), sedimentary biogeochemical cycles

(Berner 1974; Morse and Cook 1978; Fourqurean et al. 1993), and N-fixation within the

system (Capone and Taylor 1980; Corredor and Capone 1985; Williams et al. 1985; France

et al. 1998).  Nutrient enrichment may change community structure by favoring

opportunistic algae with rapid nutrient uptake rates and growth potentials, like the drift

algae (Fujita 1985; Thomas and Harrison 1985; Björnsäter and Wheeler 1990; Lyngby and

Mortensen 1994; Fong et al. 1994b).
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Benthic pelagic coupling and algal mats

In coastal and estuarine systems, seaweeds are important in nutrient cycles, alternately

acting as nutrient sources or sinks (Hanisak 1983; Lavery and McComb 1991).

Macroalgae are capable of assimilating and storing large quantities of nutrients when

ambient water-column concentrations are higher than what is required for growth, thus

macroalgae act as nutrient sinks (Ryther et al. 1981; Hanisak 1983).  Nutrients

incorporated into seaweed tissues cycle through the system via decomposition or

herbivory, thus becoming nutrient sources.

Macroalgal mats often accumulate in areas of increased N-loading (Lapointe and

O’Connell 1989; Bell 1992; Lapointe and Clark 1992; Lapointe and Matzie 1996; Lapointe

1997). The mat form alters the local hydrodynamic environment of the algae by

establishing a micro-environment that limits nutrient diffusion into the interior of the mat

(Reiter 1989; Borchart 1996).  Nutrients must enter the mat from the overlying water

column, or from below via porewater exchange with the sediments.  A vertical nutrient

gradient, combined with the presence of a boundary layer above the mat surface, creates the

potential for algae within the mat to be separated from the overlying water-column nutrient

source (Borchart 1996).

Opportunistic mat forming species, such as Laurencia and Cladophora, are subject to a

highly reducing environment, characterized by elevated ammonium concentrations (>100

µM) within the mats (Lapointe and O’Connell 1989; Peckol and Rivers 1995).  Dominance

of these mat forming species in areas undergoing eutrophication has been attributed to their

successful procurement and storage of N (Gibor 1973; Raven 1981), as well as rapid

growth rates (Lapointe and Matzie 1996; Lapointe 1997).  Also, the ability of these algae to

tolerate episodic and chronic disturbances related to eutrophication (e.g., hypoxia and

anoxia, elevated and toxic ammonium levels, and turbidity) may be instrumental to their

success (Gordon et al. 1981; Lapointe and O’Connell 1989).  Nutrient availability becomes

the limiting factor under high irradiance conditions at the top of the mat (Lapointe and
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Tenore 1981; Lapointe and Duke 1984), whereas light-levels are more important in the

shaded portion within the mat, where nutrients are non-limiting because of exchange with

porewaters (Lapointe and O’Connell 1989).

In Florida and elsewhere, seaweed mats are abundant in coastal bays and lagoons, and

sharp declines in standing crop occur during the summer related to increases in temperature

(Dawes et al. 1979; Dawes 1985; Virnstein and Carbonara 1985).  Decomposition of drift

algal mats is associated with rapid increases in sediment porewater concentrations beneath

the mat (Zimmerman and Montgomery 1984; Hanisak 1993; D’Avanzo and Kramer 1994).

The decomposing algae reverse the nutrient concentration gradient from the sediment to the

water-column and are responsible for the subsequent build-up of dissolved nutrients into

the sediments.  Once the algal mat dissipates, the concentration gradient is returned to

previous levels.  This demonstrates the ability of drift algal mats to influence nutrient

dynamics in a local area (Zimmerman and Montgomery 1984; Hanisak 1993).  Among the

first benefactors of N-release from seaweed decomposition may be other algae and bacteria

within the mat (Hanisak 1993).  Rapid cycling of nutrients within the drift mats may be an

important mechanism by which high standing crops can be maintained, even when external

concentrations may appear to be limiting.

Increases in N-supply from increased loading to estuaries results in blooms of drifting

macroalgae, which can pervasively and fundamentally alter ecosystem structure and

function (Valiela et al. 1997; Hauxwell et al. 2001, McGlathery 2001).  Macroalgae

intercept nutrients regenerated in the sediments and can uncouple biogeochemical

sedimentary cycles from those in the water column.  For this reason, nutrient availability

based on water-column N and P-concentrations may be poor indicators of limitation,

because storage by macroalgae introduces time lags between high water-column

concentrations and algal growth (Fong et al. 1994b, 1998, 2001).  Macroalgae can take up

so much N, that water quality seems high even under high N-loading (Valiela et al. 1997).  
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Nutrient enrichment seems to be involved in the initiation of most macroalgal blooms,

and represents the primary bottom-up control (Duarte 1995).  Top-down controls are

primarily mediated by grazers; however, the habitat quality changes associated with

macroalgal blooms will result in changes in herbivore abundance and reduced effectiveness

at controlling the primary producers (Norkko and Bonsdorff 1996).  Termination of

macroalgal blooms may not occur until phytoplankton blooms reach levels that limit light

available to the benthic macroalgae (Valiela et al. 1997).

SUMMARY

Water-column nutrients (NO3
- and NH4

+) are elevated at canal-influenced sites

compared to sheet-flow and oceanic sites.  Growth and photosynthesis of the three

functional groups were stimulated by the addition of N, but not P in experimental

microcosms.  Analyses of tissue nutrients indicated P is the limiting nutrient.  Tissue

nutrient contents ranged from 1-4%N and 0.01-0.2%P by dry weight, yielding N:P

elemental ratios ranging from 12:1-250:1.  Growth and photosynthesis were influenced by

seasonal light and temperature effects > salinity effects > nutrient addition.  The chemical

and physical effects of canal discharges on macroalgal physiology appear to be complex,

and may require further investigation.  Macroalgae play important roles in energy transfer

and nutrient recycling in coastal and estuarine areas that have complex seaweed

communities.
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APPENDIX: Spatial Interpolation and Inverse Distance Weighting:

Spatial interpolation is part of geostatistics and the technique can be simply stated as:

given a set of spatial data, either as discrete points or sub-areas, find the function that best

represents the whole surface and this will enable the prediction of values at other,

unsampled points (Lam 1983).  Interpolation as a technique has long been applied in

geography and cartography for developing continuous coverages from discrete data points,

and is frequently applied in contour mapping (Burrough 1986; DeMers 1997).  In any

given interpolation, the success of the algorithm used will depend on the complexity of the

surface, the density and arrangement of the sample points, and the size of the area (Davis

1986).

A number of point-interpolation algorithms have been developed including: tessellation

of polygons, triangulation, neighborhood and inverse distance interpolations, trend

surfaces, and kriging.  The selection of an appropriate interpolation model depends largely

on the type of data and the degree of accuracy required (Lam 1983; Webster and Oliver

2001).  One of the most common methods of interpolating a value of a variable Z at an

unsampled point, is to compute a weighted average value from a local neighborhood or

“window” (Fig. A1).  The size of the window affects the form of the interpolated surface,

with small windows emphasizing local variation, and large windows favoring long range

effects (Burrough 1986).

Often a weighted moving average is used to calculate Z, with the contribution of a given

sample point (zi) to the interpolated value (Z0) weighted by a function of the distance

between zi and Zo (Fig. A1).  The weighting function assigns proportional weights to the

sample points expressing the relative influence of each to the control point (Davis 1986;

Webster and Oliver 2001).  A commonly employed form of the weighting function is

inverse squared distance weighting, IDW (Burrough 1986; Watson 1992).  This weighting
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a)

b)

c)

= "window"

Fig. A1: Spatial interpolation using Inverse Distance Weighting (IDW), where sample
points (zi) closer to an estimation point (Z0) are weighted more heavily.  a) IDW uses a
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circular zone of influence or “window” (Bonham-Carter 1994).  b) Effect of increasing
power on the rate of decay of the weighting function (ω) with distance (Davis 1986).
Weight (ω) applied to each distance (D1 - D5) is a power function of the decay rate.  c)
Effect of varying the power using a constant window size (Burrough 1986).

relationship has the effect of giving data points (zi) close to the estimation point (Z0)

relatively large weights, whereas those further away exert less influence on the estimated

value (Fig. A1).  Instead of using inverse distances raised to the power of 2, other

exponents can be used, increasing the rate of decay of the weighting function with distance

(Fig. A1) (Davis 1986; Bonham-Carter 1994).

This approach works well if the surface to be interpolated is highly auto-correlated, and

all of the neighboring sample points have approximately the same value, so that their

average is a reasonable estimate for the intermediate point.  An attractive feature of

weighting by inverse distances is that the relative weights diminish rapidly as the distance

increases, and so the interpolation is sensibly local.  Further, because the weights never

become zero, there are no discontinuities (Webster and Oliver 2001).  In contrast, if the

surface is poorly auto-correlated, for instance, due to few sample points spread over a large

area, then neighboring sample points will be poorly related to one another, nor will they be

related to the location to be estimated (Davis 1986).  Another disadvantage of the weighting

method is that it is easily affected by the uneven distribution of data points, especially when

the points are clustered (Lam 1983).

The upshot is that there is a trade-off in the different objectives we might set for an

interpolation approach.  In order to reproduce faithfully the original sample points using a

distance weighting algorithm, it is necessary to use a weighting function that drops off

rapidly with distance (e.g., 1/D6), and uses only a few nearest neighbors (e.g., n = 5) (Fig.

A1).  Such an approach will produce poorer predictions at locations where no sample

points are available.  To make the best prediction of values for a surface at unsampled

locations, many sample points (e.g., n = 20) need to be used in each calculation of an

interpolated value, and distant sample points need to be weighted relatively heavily (e.g.,
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1/D0.5).  In other words, weighting methods produce a smooth generalized surface with

maxima and minima of the interpolated surface only at the known sample points (zi)

(Burrough 1986; Davis 1986; Bonham-Carter 1994).

The squared inversed distance interpolation of the nutrient concentrations from the

DERM stations was used (see Fig. 2), as the gradient changes only slowly across the Bay.

Although local variation in nutrient concentration can occur at short time scales, the decadal

monthly mean is a smoothed average for each variable.  Further, mixing and diffusion of

low-salinity, high-nutrient water leaving the canals with high-salinity, low-nutrient Bay and

ocean waters will occur over relatively short time and small spatial scales.  In looking at the

Bay as a whole, these small-scale variations are unlikely to affect the larger scale gradient

present.

For the IDW interpolation 5 neighboring sample points were used and a distance

weighting of 1/d2 to calculate the interpolated values on a 0.005 degree grid over the entire

Bay.  The formula used for the IDW was:

Z 0 =
w (di)zi∑
w (di)∑

where:

Z0 = point to be estimated

zi = sample point

w(di) = distance weighting function using 1/d2

For each month output maps of the mean concentration for each nutrient, and a measure of

the variation (SD) about the mean for N and P were plotted.  Water-column nutrient

concentrations measured in 1990 for three reefs outside Biscayne Bay: Fowey Rocks,

Pacific Reef, and Triumph Reef (Szmant and Forrester 1996), were used to develop a

boundary condition on the outside of the Bay for spatial interpolation (see Fig. 2).
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Jan. Feb. Mar. Apr.

May Jun. Jul. Aug.

Sept. Oct. Nov. Dec.

PO4 (µM)    0-0.03  0.03-0.06 0.06-0.1 0.1-0.15  0.15-0.2  0.2-0.3    0.3-0.4   0.4-0.6

Fig. A2: Spatial interpolation, using an IDW algorithm, of mean monthly water-column
phosphates from the 1990-99 DERM data.
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Jan. Feb. Mar. Apr.

May Jun. Jul. Aug.

Sept. Oct. Nov. Dec.

Inorg. N
   (µM)          0-2        2-5      5-10     10-15    15-20    20-30   30-50     50-75   75-100

Fig. A3: Spatial interpolation, using an IDW algorithm, of mean monthly water-column
inorganic nitrogen (NH4

+ & NO3
-) from the 1990-99 DERM data.
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Jan. Feb. Mar. Apr.

May Jun. Jul. Aug.

Sept. Oct. Nov. Dec.

NOx (µM)     0-1        1-2        2-5       5-10     10-15    15-20    20-30    30-40   40-50

Fig. A4: Spatial interpolation, using an IDW algorithm, of mean monthly water-column
nitrates and nitrites (NO3

-) from the 1990-99 DERM data.
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Jan. Feb. Mar. Apr.

May Jun. Jul. Aug.

Sept. Oct. Nov. Dec.

NH3 (µM)     0-2        2-5       5-10     10-15   15-20     20-30    30-50   50-75   75-100

Fig. A5: Spatial interpolation, using an IDW algorithm, of mean monthly water-column
ammonia nitrogen (NH4

+) from the 1990-99 DERM data.
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Jan. Feb. Mar. Apr.

May Jun. Jul. Aug.

Sept. Oct. Nov. Dec.

PO4x10(µM) 0-0.5    0.5-1    1-1.5     1.5-2     2-2.5     2.5-3       3-4       4-5        5-6

Fig. A6: Spatial interpolation of the variation (SD) around the mean monthly water-column
phosphate concentrations from the 1990-99 DERM data.



210

Jan. Feb. Mar. Apr.

May Jun. Jul. Aug.

Sept. Oct. Nov. Dec.

Inorg. N
   (µM)             0-5          5-10        10-15        15-20        20-40       40-60       60-80

Fig. A7: Spatial interpolation of the variation (SD) around the mean monthly water-column
total inorganic nitrogen from the 1990-99 DERM data.
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