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Few phosphorus-depleted coastal ecosystems have been examined for their ability to hydrolyze phos-
phomonoesters. We examined seasonal (August 2006–April 2007) alkaline phosphatase activity in
Florida Bay, a phosphorus-limited shallow estuary, using fluorescent substrate at low concentrations
(�2.0 mM). In situ dissolved inorganic and organic phosphorus levels and phosphomonoester concen-
trations were also determined. Water column alkaline phosphatase activity was partitioned into two
particulate size fractions (>1.2 and 0.2–1.2 mm) and freely dissolved enzymes (<0.2 mm). Water column
alkaline phosphatase activity was also compared to leaf and epiphyte activity of the dominant tropical
seagrass Thalassia testudinum. Our results indicate: (1) potential alkaline phosphatase activity in Florida
Bay is high compared to other marine ecosystems, resulting in rapid phosphomonoester turnover times
(w2 h). (2) Water column alkaline phosphatase activity dominates, and is split equally between
particulate and dissolved fractions. (3) Alkaline phosphatase activity was highest during cyanobacterial
blooms, but not when normalized to chl a. These results suggest that dissolved, heterotrophic and
autotrophic alkaline phosphatase activity is stimulated by phytoplankton blooms. (4) The dissolved
alkaline phosphatase activity is relatively constant, while the particulate activity is seasonally and
spatially dynamic, typically associated with phytoplankton blooms. (5) Phosphomonoester concentra-
tions throughout the bay are low, even though potential hydrolysis rates are high. We propose that
bioavailable dissolved organic P is hydrolyzed by dissolved and microbial alkaline phosphatase enzymes
in Florida Bay. High alkaline phosphatase activity in the bay is also promoted by long hydraulic residence
times. This background activity is primarily driven by carbon and phosphorus limitation of microor-
ganisms, and regeneration of enzymes associated with cell lysis. Pulses of inorganic phosphorus and
labile organic phosphorus and nitrogen may stimulate autotrophs, particularly cyanobacteria, which in
turn promote biological activity that increase alkaline phosphatase activity of both autotrophs and
heterotrophs in the bay.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction excretion (Jansson et al., 1988; Li et al., 1998; Hoppe, 2003). Upon
In phosphorus-depleted oceans with high rates of nitrogen fixa-
tion (Cotner et al., 1997; Karl et al., 2001; Vidal et al., 2003; Ammer-
man et al., 2003), and in coastal areas with high nitrogen availability
(Hernández et al., 1996; Ammerman and Glover, 2000; Cotner et al.,
2000; Glibert et al., 2004; Labry et al., 2005; Boyer et al., 2006),
phytoplankton and bacteria can satisfy their phosphorus (P)
requirements by producing hydrolytic enzymes such as alkaline
phosphatase (AP) to sequester organic P. Phosphatases have a broad
range of organic substrate specificities; thus, hydrolyze a wide variety
of organic phosphomonoesters or PMEs (Ammerman, 1991; Shan
et al.,1994). Phosphatase enzymes are attached to cell surfaces or are
freely dissolved in the water column resulting from cell lysis or
All rights reserved.
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enzyme hydrolysis, PMEs release inorganic phosphate into the water,
along with their organic moiety, thereby increasing inorganic P
availability for planktonic, as well as benthic organisms in shallow
marine systems. APA has been identified and associated with all major
groups of eukaryotic algae (Cembella et al., 1984; Lapointe and Clark,
1992; Lapointe, 1997; Hernández et al., 1999; Dyhrman and Rutten-
berg, 2006), cyanobacteria (Ray et al.,1991; Yelloly and Whitton,1996;
Glibert et al., 2004), heterotrophic bacteria (Martinez et al., 1996;
Cotner et al., 2000) and submerged macrophytes, including seagrass
(Pérez and Romero, 1993; Lapointe et al., 1994). Because of the high
activity of phosphatases in various biotic (aquatic plants, microbes)
and freely dissolved forms when P is limiting primary production,
and suppressed when inorganic P levels are replete, it is presumed
that APA promotes organic P mineralization and recycling within
P-limited systems (Ammerman et al., 2003; Vidal et al., 2003;
Sebastián et al., 2004; Labry et al., 2005; Boyer et al., 2006).
ctivity of water column fractions and seagrass in a tropical carbonate
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Coastal marine environments are characterized as having high
dissolved organic nutrient inputs from bordering land-margin
ecosystems and internal regeneration of dissolved organic nutrients
from shallow benthic-dominated systems, such as lagoons and
estuaries with fringing mangrove and shallow seagrass communities
(Meybeck, 1993; Rudnick et al., 1999; Boyer et al., 2006). However,
the organic chemistry and bioavailability of these organic nutrients
are not well understood (Suzumura et al., 1998; Boyer et al., 2006;
Williams and Jochem, 2006). While plankton use various forms of
organic P, including phosphonates (Dyhrman et al., 2006), most
aquatic primary producers and bacteria appear to be limited to the
hydrolysis of simple organic P moieties, such as PMEs (Cembella
et al., 1984). Karl and Yanagi (1997) distinguished two chemically
distinct dissolved organic P pools in the oligotrophic north Pacific
ocean: UV-labile phosphorus (primarily PMEs) and UV-stable
phosphorus (primarily nucleotide di- and tri-phosphates) nucleic
acids and other compounds that are resistant to UV treatment,
accounting for 51% and 26% of the total dissolved phosphorus pool
(0–100 m), respectively. In coastal areas of Tokyo Bay, Suzumura et al.
(1998) identified the presence of three forms of high molecular
weight dissolved organic P: easily hydrolyzable monoesters and
diesters and unhydrolyzable nonreactive organic P. In this case,
nonreactive forms made up the most significant fraction (up to 67%)
of the high molecular weight dissolved organic P pool, including
esters forming submicron particles or macromolecular complexes. In
marine systems, variable percentages of labile PMEs constitute the
dissolved organic P pool, ranging from negligible up to 70% (Shan
et al.,1994; Karl and Yanagi,1997; Huang and Hong,1999; Hernández
et al., 2000b; Labry et al., 2005). Regardless of this uncertainty,
identifying labile organic P pools and hydrolysis rates of PMEs in
marine ecosystems has only recently received the examination it has
in freshwater systems over the last few decades (Hoppe, 2003).

Few P-depleted coastal marine ecosystems have been examined
for their ability to hydrolyze the bioavailable PME pool, and only one
study has simultaneously examined phosphatase activity of the
water column and benthos (Hernández et al., 2000a, b). Most benthic
studies have used APA as an indicator of P-limitation of macroalgae
and seagrass, rather than determining the turnover rate of PME at
levels found in the field (Pérez and Romero, 1993; Lapointe et al.,
1994; Lapointe, 1997). In the present study, we examined APA of
several ecosystem components across a well established P-gradient
(Zieman et al., 1989; Fourqurean et al., 1993; Zhang et al., 2004) in
a seagrass-dominated oligotrophic coastal estuary, Florida Bay.
Seasonal APA was discriminated between two particulate water
column fractions (>1.2 mm and 0.2–1.2 mm) and freely dissolved
enzymes (<0.2 mm), applying fluorescent substrate at low concen-
trations (0.05–2.0 mmol MUF-P L�1). Cell-surface enzyme activities
were also determined on leaves and associated epiphytes of Thalassia
testudinum, a dominant tropical seagrass of the tropical Atlantic-
Caribbean region. We hypothesized that a phosphorus gradient
across the bay would significantly influence water column and sea-
grass APA, and that this activity would be dominated by the small
particulate fraction in the water column associated with hetero-
trophs in this organic-rich P-limited estuary. Further, that seagrass
and epiphyte ectoenzymes would increase water column PME
hydrolysis rates. APA kinetics and in situ PME concentrations were
also determined to estimate PME turnover and potential PME
hydrolysis rates at organic P levels found in Florida Bay.

2. Materials and methods

2.1. Study sites

Florida Bay is a large (2200 km2), shallow (mean depth <2 m),
seagrass-dominated semi-enclosed lagoon. Inorganic P levels are
Please cite this article in press as: Koch, M.S., et al., Alkaline phosphatase a
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low in surface waters bay-wide (average 0.03� 0.01 mM; Boyer
et al., 1997, 1999); however, a sediment P gradient exists from west
(high P) to east (low P) across the Bay (Zhang et al., 2004; Nielsen
et al., 2006). This sediment P gradient, which leads to high seagrass
biomass in the western, relative to the eastern bay (Zieman et al.,
1989), is a result of high P loads along the western margin of the bay
from the Gulf of Mexico, and low P inputs from the Everglades
marsh along the northeastern boundary of the bay (Rudnick et al.,
1999). The three Florida Bay sites chosen for this study (Fig. 1) span
this east–west nutrient gradient with a site in the western bay,
Rabbit Key (RK; 24

�
5805000N/80

�
5001100W), in the northeastern bay,

Black Betsy Key (BLBK; 25
�
0802300N/80

�
3805100W), and in the

northcentral bay, Dump Key (DK; 25
�
0604000N/80

�
4601500W).
2.2. Field sampling and APA determination

APA was determined on station water that was size-fractionated
and seagrass (Thalassia testudinum) leaves with and without
epiphytes in August and November 2006, and January and April
2007. Station water was collected in large carboys (10 L), while
Thalassia testudinum leaves were collected in the field by cutting
the short shoot with scissors and allowing leaves to float into
plastic bags. Leaves were immediately placed in a cooler at ambient
temperature (without ice). While precautions were taken not to
disturb epiphytes, some epiphytes were dislodged from the leaves
in transport (personal observation). Station water and seagrass
were immediately transported to the lab, filtered and APA assays
conducted within 5–10 h of collection. During each sampling event,
mid-depth water temperature, salinity and pH were recorded.

In the lab, leaves were sectioned into 5 cm segments with and
without epiphytes (removed by gently sliding leaf between two
gloved fingers) and placed into low-P artificial seawater for 10 min.
The area of the leaves varied across the bay reflecting the P gradient
with RK leaves having the largest average surface area (7.4� 0.09 cm2)
followed by DK (7.0� 0.08 cm2) and BLBK (5.2� 0.06 cm2) (n¼ 144
for each site). The water column was fractioned into non-filtered
(total), as well as large particulate (>1.2 mm), small particulate (0.2–
1.2 mm) and dissolved (0.2 mm) enzyme fractions using micropore
filters. All water column and water column with leaf incubations were
run in black 15 mL centrifuge tubes (n¼ 2) with the fluorogenic
substrate, 4-methylumbelliferyl phosphate (MUF-P; Hoppe,1983) at P
concentrations (MUF-P; 0 [blank], 0.05, 0.1, 0.25, 0.5, 0.75, 1.0, 1.5, and
2.0 mM) found in the bay (Boyer et al., 1997). Tubes were incubated in
a water bath at field temperatures for 2-h, an incubation time
consistent with APA determinations in a long-term (1989–2008) bay-
wide water quality monitoring program (Boyer et al., 1999, 2006).
During incubations, tubes were gently shaken every 20–30 min to
allow efficient mixing and to optimize substrate flow around leaves.

After the incubation, 80 mL aliquots of the assay medium were
pipetted into a 384-well microplate (two replicates for each sample)
and read at 25 �C with a spectrofluorometer (SpectraMax Gemini
XPS) at l 360 nm excitation and 450 nm emission. Duplicate (n¼ 2)
tubes for all MUF-P levels (n¼ 9) bysystem component combinations
(three water column size fractions, leaves, and leavesþ epiphytes;
n¼ 5) were run for each of the three sites (total treatment # tubes
run¼ 270). Replicate blanks were also run for each MUF-P level,
along with one set amended with alkaline phosphatase used in PME
determinations in the field (described below) to test recovery.

Fluorescence units were calibrated with 12 standard concen-
trations (0, 0.025, 0.05, 0.075, 0.10, 0.15, 0.25, 0.5, 0.75, 1.0, 1.5 and
2.0 mM) of 4-methylumbelliferone sodium salt (MUF). Standards
were prepared using site-specific non-filtered station water, as tests
had shown that the standard curve varied slightly using water from
different sites; all standard curves were highly linear (R2> 0.99).
ctivity of water column fractions and seagrass in a tropical carbonate
09.04.007



North

80°30’0”W81°0’0”W

Florida Bay

Gulf of Mexico

Everglades National Park

25°07’00”N

24°55’20”N

10 km

DK

BLBK

RK

25

26

27

28

20

19

18

17

16

14

15

13

21

22

12

23

24

11
9

5

6

810
7

4

3

Fig. 1. Three alkaline phosphatase study sites in Florida Bay at the southern terminus of the south Florida peninsula: Black Betsy Key (BLBK) in the northeast, Dump Key (DK) in the
northcentral and Rabbit Key (RK) in the western region of the Bay. The 28 long-term monitoring sites by Boyer et al. (1999) where PMEs were measured are also shown with sites 1
and 2 just east of map extent. Note: In the bay, shallow mud banks are depicted in white and numerous mangrove islands in gray. The bay is bordered to the south by the Florida
Keys and to the north by the Florida Everglades.
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Total water column APA and particulate forms were normalized to
volume (L) and chl a.
2.3. Water column chlorophyll a and phytoplankton classification

Station water (2 L) was collected for pigment analysis, trans-
ported in coolers on ice, and filtered (GFF filter) immediately upon
reaching the lab. Filters were kept in a dark freezer (Harris Ultra-
Cold �81 �C) until chl a and accessory pigments were determined
using high pressure liquid chromotography (HPLC; Louda, 2008).
We attempted to quantify pigment composition on the micropore
filters used to determine water column APA (1.2 and 0.2 mm);
however, because of HPLC interference with dissolved cellulose
filters, we used glass fiber filters for pigment analysis (0.7 mm).
2.4. Water column total P, total dissolved P, inorganic P and PME
analyses

During each sampling trip, station water was also collected (2 L,
n¼ 4) and sub-sampled into acid washed 20 mL scintillation vials
for the determination of total P (unfiltered), dissolved organic P,
inorganic P and PMEs (GFF [pre-filter] and 0.2 mm millipore filters).
PME concentrations were determined as the difference between
inorganic P levels before and after exhaustive hydrolysis with calf
intestinal mucosa alkaline phosphatase (Hernández et al., 1993). At
each site, 1 mL of enzyme solution (1000 units of bovine intestinal
mucosa in 100 mL artificial seawater; 10 units mL�1, Sigma P-6772)
was added to 20 mL of seawater in the field and further incubated
in a water bath at in situ temperature for 4 h.

All nutrient samples were placed on ice in transport and
immediately frozen after filtration. Alkaline phosphatase assays for
PMEs were completed within 10 h of collection and nutrient
determinations within 1–10 d. A test was run to determine if PME
concentrations would be higher with immediate filtration in the
field, but no differences between lab and field filtration was found.
Nutrients were analyzed using an autoanalyzer with digital color-
imeters (Technicon AA3) following a low inorganic P seawater
analysis protocol (Bran Luebbe Inc.) after Murphy and Riley (1962).
Please cite this article in press as: Koch, M.S., et al., Alkaline phosphatase a
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Total P and total dissolved P were determined using a high
temperature ashing and hydrolysis method after Monaghan and
Ruttenberg (1999) and dissolved organic phosphorus calculated by
subtracting inorganic P from total dissolved P.

To explore the spatial representation of PME concentrations in
the bay, in support of our seasonal data from three stations in the
bay, we also measured PME levels at 28 long-term water quality
sites (Fig. 1; Boyer et al., 1997, 1999) during September 2006,
applying the same methods stated above.
2.5. APA and PME statistics and modeling

APA dynamics at 0–2 mM MUF-P were described using satura-
tion kinetic parameters (Km and Vmax) generated from a two-
parameter hyperbolic model (Michaelis Menten; Sigma Plot v.10).
The linear rate constant, a (slope), was also calculated at low
substrate concentrations (0–0.5 mM MUF-P) using least squares
regression (Sigma Plot v.10). Phosphomonoester turnover times (h)
were estimated using both nonlinear and linear rate parameters
Km/Vmax and 1/a (Labry et al., 2005). We statistically compared rates
of hydrolysis at 2 mmol L�1 among water column fractions (using
ranked data), and between nonfiltered water column and leaves
with and without epiphytes across sites and seasons, using
a repeated measure (season) multivariate analysis (MANOVA, Wilks
Lambda statistic; SAS v 9.1). Mean comparisons for APA across sites,
seasons and components were analyzed using a Tukey–Kramer
test. Statistical differences are reported at the p< 0.05 level.
3. Results

3.1. Seasonal water column APA and chl a

At northcentral (DK) and western (RK) bay sites, relatively high
total water column APA was found during all seasons sampled, while
at the eastern bay site (BLBK) activities only peaked during the
summer (Table 1, Fig. 2). Peak hydrolysis rates at BLBK coincided with
high chl a levels that were 2- to 4-fold higher in August than in
November, January and April (Table 2). chl a levels at the eastern bay
ctivity of water column fractions and seagrass in a tropical carbonate
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site were always< 1 mg L�1, depicting the low phytoplankton
biomass in the eastern site compared to northcentral and western
bay sites (Table 2). Total AP also peaked at DK and RK coincident with
high chl a levels in the water column. At these two sites, phyto-
plankton biomass increased 10–45 times resulting in algal blooms
(Tables 1 and 2; Fig. 2), loosely defined as chl a levels> 10 mg L�1.
When chl a and APA was high in the summer at BLBK, and during
algal blooms at DK and RK in November and January, respectively,
the phytoplankton community was dominated by cyanobacteria
(>99%; Table 2). Seasonal peaks in APA were more closely associated
with chl a levels rather than temperature (Tables 1–3).

3.2. Alkaline phosphatase activities normalized to chl a

Although potential enzyme hydrolysis rates were highest when
chl a levels were maximum, normalizing APA to chl a, as a proxy for
phytoplankton biomass, resulted in low enzyme activities at DK and
RK (Table 1). When examining the chl a normalized APA of the large
and small particulate fractions at central and western bay sites,
albeit the chl a represented only the >0.7 mm fraction, APA
remained low (Table 1). Even at BLBK, chl a normalized activities
were greatest when chl a levels were lowest during November 2006.

3.3. Size fractionated APA

During our study, the dissolved (<0.2 mm) water column frac-
tion dominated the potential PME hydrolysis rates in Florida Bay,
averaging approximately 50% of the total (Table 1). In comparison
to the APA of the particulate pool, the dissolved fraction was rather
stable with some site-specific variability. The activity of dissolved
enzymes was greatest at BLBK and DK in August, but fairly stable at
high levels at RK throughout the seasons (Fig. 2, Table 1). The small
particulate size fraction (0.2–1.2 mm) averaged 20% of the total APA,
and exhibited the greatest variance over the season at all three
sites, ranging from close to zero (0–2 nM P h�1) to 100–
945 nM P h�1, and had the highest activities in the northcentral bay
at DK. In contrast, the western bay particle enzyme hydrolysis
potential was primarily (39%) controlled by the larger size fraction
Table 1
Seasonal APA in the water column size fractions (<0.2 mm, 0.2–1.2 mm, >1.2 mm) and non
column fraction to the NF total are given in parentheses. Chlorophyll-normalized APA (n
>0.2 mm. Values are based on replicate 2 h incubations using station water from Black Be
and January and April, 2007.

Date Site nmol P L�1 h�1

<0.2 mm 0.2–1.2 mm >1.

08/06 BLBK 518 (76) 41 (06) 127
11/06 BLBK 190 (53) 85 (24) 84
01/07 BLBK 62 (45) 2 (02) 73
04/07 BLBK 121 (48) 116 (45) 17

Avg BLBK 223 (50) 61 (19) 75

08/06 DK 370 (49) 291 (39) 88
11/06 DK 190 (17) 945 (83) 0
01/07 DK 251 (37) 54 (08) 367
04/07 DK 248 (56) 0 (00) 311

Avg DK 265 (37) 322 (33) 192

08/06 RK 308 (79) 10 (03) 72
11/06 RK 346 (57) 91 (15) 166
01/07 RK 353 (29) 0 (00) 886
04/07 RK 387 (49) 121 (15) 281

Avg RK 349 (54) 56 (08) 351

Avg All Sites 279 (49%) 146 (20%) 206

Please cite this article in press as: Koch, M.S., et al., Alkaline phosphatase a
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(>1.2 mm) along with dissolved enzyme activity, and on average
only 8% was attributable to the small particulate fraction.

At RK, when phytoplankton shifted dominance from diatoms to
cyanobacteria in November (Table 2), although maintaining rela-
tively similar chl a levels, the APA associated with the particulate
fractions and Vmax doubled (Tables 1 and 4). During the subsequent
sampling in January, cyanobacteria continued to dominate the
phytoplankton community and chl a levels increased 10-fold. At
this time APA of the large particulate fraction dominated enzyme
hydrolysis and the fraction attributable to small particles declined
precipitously (Table 1).

Water column APA overwhelmed the potential for seagrass
leaves or leaves with epiphytes to contribute significantly to
seasonal enzyme hydrolysis at all three sites when incubated with
station water. This minor contribution of cell surface enzymes was
notable at DK and RK during peak phosphatase activities (Fig. 3).
However, when water column APA was low, the contribution of
enzyme hydrolysis from seagrass leaves and epiphytes increased.
This primarily occurred when rates of water column hydrolysis
were saturated at 1.5 and 2.0 mM MUF-P. These data indicate that
seagrass can contribute to PME hydrolysis in the bay (up to 60%),
but on average, Thalassia testudinum leaves with and without
epiphytes contribute only 20� 4% and 14�1%, respectively, of total
enzyme hydrolysis across sites and seasons. This percentage would
be even lower within moderately deep (2 m) basins of the bay
where plankton surface area and dissolved APA would contribute
more to enzyme hydrolysis on an area basis.
3.4. Phosphorus concentrations and PME hydrolysis rates

While potential PME hydrolysis rates are high in Florida Bay,
their concentrations in the water column were below detectable
limits of inorganic P (<0.02 mM). This was the case for most of the
seasonal sampling events (83%) at BLBK, DK and RK sites, as well as
during our spatial sampling (68%) that covered 28 stations across
Florida Bay (Fig. 1). Even when PMEs were detected, their concen-
trations were low based on seasonal (33–64 nM, Table 3) and
spatial sampling (23–61 nM, data not shown).
filtered (NF) station water at 2 mmol L�1 MUF-P. Percent contributions of each water
mol APA-P per mg chl a) is shown for NF and water column size fractions >1.2 and
tsy Key (BLBK), Dump Key (DK) and Rabbit Key (RK) in August and November 2006,

nmol P mg chl a�1 h�1

2 mm Total-NF >1.2 mm >0.2 mm NF

(19) 686 277 365 1491
(23) 359 700 1406 2993
(53) 137 348 360 653
(07) 254 87 665 1271

(26) 359 353 699 1602

(12) 748 48 208 411
(00) 951 0 69 70
(55) 673 240 275 440
(44) 558 942 942 1690

(31) 732 308 374 653

(19) 390 77 88 415
(27) 603 125 194 456
(73) 1220 60 60 83
(36) 790 127 181 356

(39) 751 97 131 328

(32%) 619 253 401 861

ctivity of water column fractions and seagrass in a tropical carbonate
09.04.007



0

200

400

600

800

1000

1200

MUF-P (µM)

0

200

400

600

800

1000

1200

0

200

400

600

800

1000

1200

0

200

400

600

800

1000

1200

A
P

A
 
(
n

m
o

l
 
P

 
L

-
1
 
h

-
1
)

Black Betsy Key Dump Key

August

November

January

April

X
(1,220)

0.0 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0 2.5

Rabbit Key

x NF-Total
<0.2 µm

>1.2 µm
0.2 - 1.2 µm

Fig. 2. Seasonal water column alkaline phosphatase enzyme kinetics fit to a hyperbolic model (Michaelis–Menten), and fractionated into non-filtered (NF), >1.2 mm, 0.2–1.2 mm and
<0.2 mm at three sites in the bay (Black Betsy Key, northeastern Bay; Dump Key, northcental Bay; Rabbit Key, western Bay) during August and November 2006, and January and April 2007.

M.S. Koch et al. / Estuarine, Coastal and Shelf Science xxx (2009) 1–11 5

ARTICLE IN PRESS
When the spatial distribution of PMEs were measured on
September 2006, inorganic P levels were high, averaging
188� 110 nM (�SE) with a minimum of 23 nM and a maximum of
486 nM. This range in inorganic P concentration was region specific,
with concentrations greater than 200 nM, mainly in the north- and
south-central regions of the bay (stations 12–16 and 18–22, Fig. 1).
Inorganic P was also high in the northcentral and western bay sites
in August and November, before and after our bay-wide sampling
for PMEs (Table 3). Following these high inorganic P levels in
January at RK, and during November at DK, total P levels spiked and
algal blooms were recorded at these two stations (Tables 2 and 3).
Some of this increase in total P, probably accounted for by cyano-
bacteria, may have been associated with or was the result of recy-
cling of organic P in the water column. Hydrolysis of organic P
during the phytoplankton bloom at DK is evidenced by a drop in
DOP levels to<20 nM, and at the same time, the Pi proportion of TDP
approached 100% (August and November; Table 3).

Also, we observed a positive linear relationship between
particulate P and PME hydrolysis Vmax (Fig. 4, P< 0.01, R2¼ 0.74),
Please cite this article in press as: Koch, M.S., et al., Alkaline phosphatase a
estuary, Florida Bay, Estuar. Coast. Shelf Sci. (2009), doi:10.1016/j.ecss.20
applying all sites and seasons, except for RK in January when APA
was so high saturation was not reached and Vmax could not be
calculated (Fig. 2). It is unclear from this regression analysis, if the
particulate P is driving Vmax or a high Vmax is increasing the
particulate P (Fig. 4).

3.5. APA kinetics and PME turnover rates

Labile organic P at the levels of detection in Florida Bay may be
a result of rapid organic P recycling. We estimated turnover rates of
PMEs in the bay to be 1.3–1.9 h and 1.8–3.0 h using nonlinear and
linear hydrolysis kinetic parameters, respectively (Table 4). On
average, rates of PME turnover followed the order: BLBK<DK< RK;
however, seasonal variance was also evident within sites. Turnover
rates were averaged to calculate the potential hydrolysis rates using in
situ levels of PMEs and a maximum turnover potential at the highest
concentration of DOP measured in the bay during this study (Tables 3
and 4). Using a minimum concentration of 33 nM PME, organic P
hydrolysis rates would range from 10 to 32 nmol P L�1 h�1, and
ctivity of water column fractions and seagrass in a tropical carbonate
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Table 2
Water column chlorophyll a (chl a) and phytoplankton group dominance based on
HPLC-determined pigment composition of station water (GFF, 0.7 mm) from Rabbit
Key (RK), Dump Key (DK) and Black Betsy Key (BLBK) at the time of seasonal APA
determinations: cyanophytes (cyan), diatoms (diat), cryptophytes (crypt), and
dinoflagellates (dino). Means� SE (n¼ 3).

Date Site chl a (mg L�1) Cyan (%) Diat (%) Crypt (%) Dino (%)

08/06 BLBK 0.46� 0.07 100�<1 bd bd bd
11/06 BLBK 0.12� 0.04 bd 100�<1 bd bd
01/07 BLBK 0.21� 0.03 13� 7 87� 7 bd bd
04/07 BLBK 0.20� 0.06 bd 67� 3 bd 33� 3

08/06 DK 1.82� 0.12 75� 2 9� 1 16� 1 bd
11/06 DK 13.64� 2.44 100�<1 bd bd bd
01/07 DK 1.53� 0.62 88� 2 12� 2 bd bd
04/07 DK 0.33� 0.07 19� 3 35� 5 15� 8 31�<1

08/06 RK 0.94� 0.15 13�<1 87�<1 bd bd
11/06 RK 1.32� 0.10 90� 3 10� 3 bd bd
01/07 RK 14.75� 2.34 99�<1 1�<1 bd bd
04/07 RK 2.22� 0.69 86� 4 4�<1 6� 2 5� 1

bd, Below HPLC analytical detection.
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applying a maximum of 64 nM, rates would double (19–
61 nmol P L�1 h�1). We estimated the maximum rate of organic P
hydrolysis from APA inFlorida Bay to be500 nmol P L�1 h�1 using total
DOP levels, but these rates may be closer to 10–61 nmol P L�1 h�1, if
field PME levels reflect enzyme hydrolyzable organic P.
4. Discussion

4.1. Florida Bay potential APA-comparison among marine systems

Potential PME hydrolysis rates in Florida Bay are among the
highest measured in marine ecosystems based on APA (Table 5).
Florida Bay APA only compare to those from the interior of
Whitewater Bay along the southwest Florida coast, a semi-enclosed
estuary within the largest contiguous mangrove forest of North
America (Table 5a). The southwest Florida coastal mangrove creeks
(Whitewater Bay coastal region; Boyer et al., 1997), characterized by
a moderate tidal influence (w1 m), and in Biscayne Bay, Rookery
Bay and along the southwest Florida shelf, APA was about 10 times
lower than in Florida Bay and interior Whitewater Bay (Table 5a).
Even when normalized to chl a, APA rates are relatively high in
Florida Bay (Table 5a).

Only a few estuarine and coastal zones have been shown to have
potential PME hydrolysis rates within the range estimated for Florida
Bay, including the Bay of Biscay during late spring, the Mississippi
plume in the Gulf of Mexico and the Baltic Sea (Table 5b). These
Table 3
Salinity (S), temperature (T), pH, total phosphorus (TP), total dissolved phosphorus
concentrations in the water column at Black Betsy Key (BLBK), Dump Key (DK) and Rabb

Date Site S (psu) T (�C) pH TP (mM) TDP

08/06 BLBK 31 31 – 0.57� 0.05 0.43
11/06 BLBK 29 22 8.2 0.49� 0.02 0.43
01/07 BLBK 28 20 8.2 0.52� 0.04 0.44
04/07 BLBK 31 25 8.0 0.43� 0.05 0.30

08/06 DK 37 31 – 1.62� 0.28 0.27
11/06 DK 33 21 8.5 1.77� 0.07 0.35
01/07 DK 34 20 8.3 1.06� 0.06 0.59
04/07 DK 35 25 8.4 0.53� 0.06 0.37

08/06 RK 36 31 – 0.72� 0.02 0.53
11/06 RK 39 22 8.3 0.72� 0.04 0.48
01/07 RK 38 21 8.4 1.48� 0.04 0.50
04/07 RK 32 25 8.3 0.74� 0.06 0.48

–, Missing data.
Mean� SE (n¼ 4).

a Calculated as the difference in Pi concentration before and after AP enzyme hydrolys
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mesotrophic systems show a positive relationship between APA and
biological productivity, a fact also noted by Hoppe (2003). Sebastián
et al. (2004) suggested that in areas of high biological productivity,
such as in upwelling areas of the North Atlantic, high APA may be the
result of constitutive enzyme activity, in addition to enzymes
being induced in response to P-limitation. In oceanic ecosystems,
APA represents the low end-member with maximum rates
�50 nmol P L�1 h�1 (Table 5c). APA reported for the Indian Ocean and
northeast Atlantic, and the P-limited Mediterranean Sea, was at least
10 times lower than those of Florida Bay (Table 5c). Low open ocean
estimates for AP may be attributable to a low volumetric (L�1) biotic
(e.g., phytoplankton, bacteria, zooplankton) production, the source
for phosphatase enzymes (Sebastián et al., 2004) and their substrates.
In open oceans, APA has been shown to increase with depth, some-
times >10-fold (Hoppe and Ullrich, 1999), because the activity is
associate with rapidly sinking particles (Koike and Nagata, 1997).

In contrast to low APA systems, Florida Bay, with its fringing
wetlands and shallow benthic macrophyte communities, has a high
capacity to regenerate organic P for hydrolysis (Brylinsky, 1977;
Rosch and Koch, 2009). The Everglades pulse organic nutrients into
the northern basins of the bay during the rainy season and tropical
storms (Rudnick et al., 1999). Hurricane tidal surges also suspend
sediment nutrients into the water column. These continuous and
pulsed organic nutrient inputs, along with rapid turnover (0.04–
0.95 h) and uptake of inorganic P (Cotner et al., 2000; Nielsen et al.,
2006), which supports active microbial and cyanobacterial
communities (Cotner et al., 2000; Boyer et al., 2006; Williams and
Jochem, 2006) and an active microbial loop (Lavrentyev et al.,
1998), probably contribute to the relatively high APA in Florida Bay
in comparison amongst other marine systems.
4.2. Partitioning and potential sources of APA in Florida Bay

Although seagrass leaves and macroalgal thalli are recognized to
possess active ectoenzymes and high rates of APA (Pérez and
Romero, 1993; Lapointe, 1997; Hernández et al., 2000a), Thalassia
testudinum leaves showed relatively little contribution (w20%) to
enzyme hydrolysis during this study when incubated with surface
water. Rather than site differences across the P gradient in the bay,
seagrass leaves only accounted for a significant amount of total
enzyme hydrolysis when water column APAs were low. These
results indicate a greater competitive dominance of enzyme
hydrolysis by the water column than ectoenzymes associated with
seagrass leaves or their epiphytes. A portion of this water column
dominance may be explained by the higher surface area of
(TDP), inorganic soluble reactive phosphorus (Pi) and phosphomonoester (PME)
it Key (RK) during APA determinations.

(mM) Pi (mM) Pi: TDP (%) DOP (mM) PMEa (mM)

� 0.04 0.071� 0.004 17 0.36 0.064
� 0.02 0.047� 0.007 11 0.38 <0.020
� 0.05 0.036� 0.003 8 0.40 <0.020
� 0.09 0.070� 0.018 23 0.23 <0.020

� 0.10 0.277� 0.020 100 0.00 0.033
� 0.04 0.330� 0.005 94 0.02 <0.020
� 0.02 0.062� 0.011 11 0.53 <0.020
� 0.03 0.107� 0.024 29 0.26 <0.020

� 0.07 0.365� 0.009 69 0.17 <0.020
� 0.05 0.315� 0.017 66 0.17 <0.020
� 0.02 0.289� 0.016 58 0.21 <0.020
� 0.05 0.204� 0.014 43 0.28 <0.020

is; thus, 0 or negative values reported at limits of detection for Pi (<0.02 mM).
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Table 4
Total water column non-linear (NL) kinetic parameters (Vmax and Km) at 0–2.0 mM MUF-P and the linear (L) kinetic parameter (a) at 0–0.5 mM MUF-P. Kinetics were applied to
determine phosphate monoester (PME) turnover times (TT; Km/Vmax and 1/a) and averaged to estimate in situ PME hydrolysis rates using minimum (PMEmin¼ 33 nM) and
maximum (PMEmax¼ 64 nM) PME concentrations, and the highest levels of dissolved organic phosphorus (DOPmax¼ 530 nM) measured in Florida Bay during this study.

Date Site Vmax (mM h�1) Km (mM) a (h�1) TTNL (h) TTL (h) PME hydrolysis (nM P h�1)

PMEmin PMEmax DOPmax

08/08 BLBK 2.94 6.37 0.41 2.2 2.4 14 28 230
11/06 BLBK 0.52 0.74 0.46 1.4 2.2 18 35 292
01/07 BLBK 0.16 0.35 0.22 2.2 4.6 10 19 157
04/07 BLBK 0.34 0.56 0.36 1.7 2.8 15 29 239

Avg BLBK 0.99 2.01 0.36 1.9 3.0 14 28 229

08/08 DK 8.50 20.45 0.41 2.4 2.4 14 26 219
11/06 DK 4.26 6.97 0.54 1.6 1.9 19 37 303
01/07 DK 3.46 8.01 0.38 2.3 2.6 13 26 214
04/07 DK 0.97 1.46 0.38 1.5 2.6 16 31 256

Avg DK 4.30 9.22 0.43 2.0 2.4 15 30 248

08/08 RK 0.64 1.11 0.39 1.7 2.6 15 30 246
11/06 RK 1.10 1.34 0.52 1.2 1.9 21 41 339
01/07 RK na na 0.66 na 1.5 22 42 349
04/07 RK 1.28 1.13 0.83 0.9 1.2 32 61 506

Avg RK na na 0.60 1.3 1.8 22 43 360

na, Not applicable for RK 01/07 because of linear kinetics with no saturation to 2.0 mM MUF-P.
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phytoplankton and bacterial cells than seagrass leaves, as was
found for macroalgae (Hernández et al., 2000a); however, the
greatest percentage of water column APA was attributed to the
dissolved constituent. Thus, freely dissolved enzymes also compete
to hydrolyze PMEs in Florida Bay.

In this study, dissolved APA alone represented approximately
half of the total activity at all three sites examined (49% on average).
Significant contributions of dissolved to total APA have also been
observed in coastal waters of the northern Red Sea (42–74%, Li et al.,
1998), in the Bay of Biscay (13–44%, Labry et al., 2005) and in the
central Atlantic (40–100%, Vidal et al., 2003). In freshwater
ecosystems, free dissolved APA also accounted for high proportions
(71–83%) of total APA (Hernández et al., 2000b) and has been
correlated to bacteria and phytoplankton maximums where cell
biotic lyses is high (Reichardt et al., 1967). Sloppy feeding by
zooplankton on algal cultures, and other forms of cell lysis, for
example viruses (Suttle, 2005) can release alkaline phosphatases
into the water column (Boavida and Heath, 1984). Li et al. (1998)
found that dissolved forms of alkaline phosphate produced by the
cyanobacterial picoplankton, Synechococcus, were stable for 2–40
days. In Florida Bay, the percent of the total AP measured as dis-
solved constituents were highest in the summer at eastern (76%),
northcentral (49%) and western (79%) bay sites, indicating that AP
enzyme accumulation may have been accounted for by high bio-
logical activity and turnover of bacteria, phytoplankton or seagrass
biomass in the summer. Dissolved APA was fairly stable across sites
and seasons (average� SE; 279� 37 nmol P L�1 h�1), implying
there was a constant regeneration of enzymes into the dissolved
pool or enzymes were long-lived within the bay. The bay’s long
hydraulic residence time (Nuttle et al., 2000) would promote
alkaline phosphatase accumulation, and may also account for the
rather high and stable activity of the dissolved AP pool.

In contrast to a stable dissolved AP pool, activities of the particulate
fraction were temporally dynamic, ranging seasonally from negligible
to w1 mmol P L�1 h�1, similar to seasonal variance found in other
estuaries (Hernández et al., 2000b). During the peak of particulate APA
at both northcentral (DK 945 nmol P L�1 h�1) and western bay sites
(RK 886 nmol P L�1 h�1) chl a levels were> 10 mg L�1 and dominated
by cyanobacteria. However, peaks in particulate activities were
attributed to different size classes, the small particulate size class at DK
Please cite this article in press as: Koch, M.S., et al., Alkaline phosphatase a
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and the large size class at RK. Although these size class distinctions
suggest dominance by bacteria and phytoplankton, respectively, it may
be difficult to segregate the APA of the heterotrophic community from
cyanobacteria. In the bay, cyanobacterial cells of Synechococcus elon-
gatus produce exopolysaccharide mucus sheaths to form cell aggre-
gates which are retained on 1.0 mm filters (Phlips et al., 1999). During
cyanobacterial blooms in northcentral Florida Bay, Williams and Joc-
hem (2006) found a 3-fold increase in b-glucosidase activity, indicative
of microbial decomposition of polysaccharides and autochthonously
regenerated complex carbohydrates. Further, the northcentral site has
been recognized as possessing 2–6 times more abundant bacteria than
other regions of the bay (Cotner et al., 2000), and high bacterial
biomass with cyanobacterial blooms (Williams and Jochem, 2006).
Recent microscopic studies using fluorescent substrate probes (ELF�)
have detected AP of heterotrophs in close proximity to chlorophyll-
containing cyanobacteria and within sheaths of cyanobacteria fila-
ments (Sharma et al., 2005). Thus, attributing APA in the large size class
to cyanobacteria alone is problematic beyond physical mixing of cell
size classes, as bacteria may be intimately associated with cyano-
bacterial cell aggregates.

Cyanobacteria, as the major phytoplankton bloom species in the
bay (Phlips et al., 1999), and the complex dynamics between the
microbial heterotrophs and phytoplankton complicate partitioning
of APA among size classes and groups, and probably negate the
appropriateness of normalizing AP by chl a in the bay, particularly
during blooms when chlorophyll to cell size may change. When
peak activities at DK and RK were normalized to chl a, APA declined,
while at the eastern bay site APA doubled in comparison to the
other two sites. Biomass normalization of AP in Florida Bay has led
to inconsistent APA spatial patterns. While Cotner et al. (2000) and
Glibert et al. (2004) observed higher activities normalized to chl
a in eastern versus western Florida Bay sites, consistent with the
present study, Williams and Jochem (2006) found the highest chl
a normalized activity in northcentral and lowest in eastern bay
sites. These differences appear to be related to the presence or
absence of cyanobacterial blooms during different studies and
consistently low chl a in eastern Florida Bay. Currently, it is difficult
to ascertain the hydrolysis efficiency of the particulate fractions,
as well as identify the organisms accounting for particulate
APA. However, these fractions are important and contribute
ctivity of water column fractions and seagrass in a tropical carbonate
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approximately half of the total activity that results in the high
potential rates of PME hydrolysis in this ecosystem.

4.3. Phosphomonoester turnover rate

PME turnover times in Florida Bay were rapid based on estimates
of alkaline phosphatase enzyme kinetics in the watercolumn applying
a hyperbolic (0–2 mM) and linear model (0–0.5 mM). PME turnover
rates averaged 1.6, 2.2 and 2.5 h at western, central and eastern sites,
respectively, with modestseasonal and site variance. Using Florida Bay
APA kinetic data from Williams and Jochem (2006), we also calculate
PME turnover rates thatare rapid, 6.9 h for a northeastern and 5.3 h for
a northcentral bay site. In comparison to relatively high and stable
turnover rates of PMEs in Florida Bay, PME turnover rates in the Bay of
Biscay ranged over several orders of magnitude in one season (11 h in
summer to 4,585 h in winter). Low winter PME turnover rates, several
orders of magnitude slower than found in Florida Bay, were inter-
preted by the authors to be associated with phosphate-replete
Please cite this article in press as: Koch, M.S., et al., Alkaline phosphatase activity of water column fractions and seagrass in a tropical carbonate
estuary, Florida Bay, Estuar. Coast. Shelf Sci. (2009), doi:10.1016/j.ecss.2009.04.007
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conditions in winter, with more rapid turnover rates resulting from
inorganic P depletion in late spring. The rapid turnover rates of PMEs
in Florida Bay are primarily accounted for by the high Vmax in this
estuary, as the Km values (0.99–9.2 mM) compare with those from
other systems where kinetics have been determined, including the
Bay of Biscay (0.43–9.72 mM) and the Mediterranean Sea (0.62–
12.6 mM). Vmax from Florida Bay ranged from 0.19 to 4.3 mM h�1

(Williams and Jochem, 2006; this study), several orders of magnitude
greater than maximum velocities found in the Bay of Biscay (0.002–
0.48 mM h�1, Labry et al., 2005), the Mediterranean Sea (0.001–
0.013 mM h�1, Van Wambeke et al., 2002), the Palmones Estuary
(0.16 mM h�1, Hernández et al., 2000b), and the Mississippi River
plume (0.04–0.5 mM h�1, Ammerman and Glover, 2000).

4.4. Potential organic P hydrolysis rates

It is clear from this study, as well as others in Florida Bay, that this
estuary has a high capacity to hydrolyze PMEs (Table 5). However, in
situ measurements of PMEs were below detectable limits or<65 nM
P. In this shallow P-limited estuary with high APA, labile organic P
would be rapidly hydrolyzed, and thus PME concentrations are
probably not a reliable indicator of organic P bioavailability. If we use
our kinetic data and in situ concentrations of measurable PMEs, the
Table 5
Literature comparisons of APA in marine ecosystems comparing reported activities from
systems based on studies using fluorescent substrates. Ranges presented with medians o

Psubstrate (mM) APAvol (nmol L�1 h�1) APAchla (nmol mg�1 chl a h�1) Fraction (

(a) South Florida estuarine/shelf systems
Florida Bay
– <100–1600 (400) 200 NF
– 100–2000 (500) 1000 NF
– 500–4500 (3000) 1429 NF
1.0 33–2352 (354) 20–1310 NF
– 100–1800 100–900 NF
1–200 61–1022 (103–372) 158–581 NF
2.0 137–1220 (635) 328–1602 (823) NF
2.0 62–518 (280) na <0.2
2.0 0–945 (75) na 0.2 – 1.2
2.0 0–886 (110) 0–700 (215) >1.2

South Florida
– 250–2600 (600) 300 NF
– <100–400 (100) 40 NF
– 190 (135) 424 (651) NF
– 141 (58) 20 (47) NF
– 53 (46) 12 (16) NF
– 172 (44) 49 (167) NF

(b) Other estuarine/shelf systems
0.1–10 200–500 12–146 NF
– 196–390 – NF
– 2–160 – NF
250 2–400 2–211 NF
250 <1–116 na <0.2
250 <1–40 na 0.2–1
250 1–244 1–150 (42) >1
w50 15–158 – NF
250 10–550 45–66 NF
200 0–108 (2–14) 1–6 NF
0.025–1 0.6–12 – NF

(c) Open ocean systems
10 4–50 44–200 NF
100–150 0.2–1.5 0.6–4.3 NF
1250 0.2–2.5 0.1–0.4 NF
1250 2.0–3.8 3.7–5.0 NF
– 1.4–2.7 – NF

na, Not applicable; –, data not available.
a Ranges 5th and 95th percentile with (median) monthly sampling; entire data set n w
b Median (average) monthly sampling Biscayne Bay 93-06, Rookery Bay 99-06, Shelf 9
c From Hoppe (2003).
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hydrolysis rates range from 14 to 43 nM P h�1. Using total DOP
values, as an upper limit for PME hydrolysis rates in the bay, we
calculate an order of magnitude greater range from 229 to
360 nM P h�1. Thus, the important question for understanding
organic P cycling in the bay is the bioavailability of the DOP pool.

Recent studies which attempt to characterize and determine the
bioavailability of DOM in Florida Bay implicate seagrass and algae as
the autochthonous DOM source, and suggest photodegradation as
a key digenetic process. In a recent study on nutrient recycling by
seagrass in Florida Bay, seagrass leaves were estimated to contribute
209 metric tons P y�1 to surface water or epiphytes (Rosch and Koch,
2009). Boyer et al. (2006) also suggested that high seagrass DOM
production accounts for high APA in western Florida Bay.

The biogeochemical cycling of organic nutrients and DOM in the
water column is likely complex and dynamic both spatially and
temporally. Our study provides some evidence for spatial differ-
ences in the temporal availability of the DOP pool. At the north-
central bay site low dissolved organic P concentrations coincided
with an increase in inorganic P leading up to and during a cyano-
bacterial bloom. These data lead us to suggest that the organic P at
this site was probably bioavailable. However, no similar trends
were observed at western or eastern bay sites during the study,
even under bloom conditions. The northcentral region of the bay
(a) south Florida estuaries, (b) other estuarine/shelf systems, and (c) open ocean
r averages in parentheses.

mm) Location Source

Florida Bay (Western) Boyer et al. (1997),a

Florida Bay (Eastern) Boyer et al. (1997)
Florida Bay (Northcentral) Boyer et al. (1997)
Florida Bay (East to West) Cotner et al. (2000)
Florida Bay (East to West) Glibert et al. (2004)
Florida Bay (East to West) Williams and Jochem (2006)
Florida Bay (East to West) This study
Florida Bay (East to West) This study
Florida Bay (East to West) This study
Florida Bay (East to West) This study

Whitewater Bay (Interior/mangroves) Boyer et al. (1997)
Whitewater Bay (Coastal/creeks) Boyer et al. (1997)
Biscayne Bay Boyer (2006),b

Ten Thousand Islands (Coastal) Boyer (2006)
Rookery Bay Boyer (2006)
Florida SW Shelf Boyer (2006)

Gulf of Mexico (Mississippi plume) Ammerman and Glover (2000)
Baltic Sea, Schlei Fjord (hypertrophic) Hoppe (1983),c

Baltic Sea, Kiel Fjord/Bay Hoppe (1986)c

Bay of Biscay Labry et al. (2005)
Bay of Biscay Labry et al. (2005)
Bay of Biscay Labry et al. (2005)
Bay of Biscay Labry et al. (2005)
Palmones River Estuary Hernández et al. (2000b)
Baltic Sea (River Plume) Summer Nausch (1998)
North Adriatic Sea (Coastal) Zaccone and Caruso (2002)
Mediterranean Sea (Open Sea) Van Wambeke et al. (2002)

Central Atlantic Vidal et al. (2003)
Central Pacific Koike and Nagata (1997)
Indian Ocean (Offshore) Hoppe and Ullrich (1999)
Indian Ocean (Upwelling) Hoppe and Ullrich (1999)
Sargasso Sea Cotner et al. (1997)

2500 samples (1989–1995).
5-06, Ten Thousand Isl. 94-06 (n¼ 2000–4000 samples).
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has been shown to have high bacterial biomass and activity, and
total organic carbon (Boyer, 2006). In a principal component
analysis, APA was grouped with organic components (TOC, TON),
and not TP and chl a, suggesting that AP enzyme activity is
expressed in response to substrate availability and for the acquisi-
tion of carbon (Boyer et al., 1997). Also, additions of DOM in
experimental settings stimulated APA, except for the northcentral
bay site that was believed to have been enzyme saturated. At this
site, labile carbon was also stimulated to the greatest extent with
the addition of organic substrates (2 X DOM; Boyer et al., 2006),
suggesting that it would be poised to take advantage of organic
nutrient inputs. Thus, it is likely, as has been put forth by Boyer et al.
(2006), that alkaline phosphatases in northcentral Florida Bay
hydrolyze PMEs and other organic substrates for carbon acquisition
and in doing so increase organic P turnover. Regardless of the target
for AP enzyme activity on organic moieties, APA does appear to
enhance cyanobacteria blooms and TP.

Based on a synthesis of current data, including results from this
study, we propose that in Florida Bay bioavailable DOP is hydro-
lyzed by dissolved and microbial AP enzymes. High APAs in the bay
are also promoted by long hydraulic residence times. This back-
ground activity is primarily driven by carbon and phosphorus
limitation of microorganisms, and regeneration of enzymes asso-
ciated with cell lysis. Pulses of inorganic P and labile organic P and
N may stimulate autotrophs, particularly cyanobacteria, which in
turn promote biological activity that increase APA of both auto-
trophs and heterotrophs in the bay.

5. Conclusion

The research presented herein leads us to the following
conclusions: (1) Potential APA is high in Florida Bay compared
among other marine ecosystems resulting in potentially rapid PME
turnover times (w2 h). (2) Water column APA dominates and is
split equally between particulate and dissolved enzymes, and does
not spatially correlate with P-limitation. (3) APA was highest during
cyanobacterial blooms, but not when normalized to chl a, thus APA
are attributable to dissolved, heterotrophic and autotrophic activ-
ities. (4) The dissolved APA is relatively constant, while the
particulate activity is seasonally and spatially dynamic, typically
associated with phytoplankton blooms. (5) Phosphomonoester
concentrations throughout the bay are low, even though potential
hydrolysis rates are high. (7) Further tracer studies are required to
identify DOP bioavailability in the bay, to discriminate the source
for organic P hydrolysis, and define the pathways for sequestration
of hydrolyzed P.
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