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EXECUTIVE SUMMARY

Approximately 27% of the nitrogen load to Sarasota Bay occurs via atmospheric
deposition. Nutrient loads from all sources have increased algal productivity and thus decreased
light available to seagrass meadows. Thus, there is a strong need to evaluate the relationship
between atmospheric deposition and nonpoint source concentrations, nitrogen loading to bay and
gulf waters, and the biological impact of atmospheric deposition.

The quantitative ramifications of growth stimulation due to nutrient loading from
atmospheric deposition are currently unknown. The potential linkage of enhanced atmospheric
nitrogen deposition to accelerated eutrophication in coastal waters appears to play a role in many
urbanized and industrialized regions. The development, proliferation and persistence of the toxic
dinoflagellate Gymnodinium breve within coastal waters of southwest Florida could be one key
trophic response to nitrogen enrichment.

The primary objective was to determine the effects of atmospheric nitrogen‘deposition on
the population dynamics of two distinct algal assemblages: a nearshore, nutrient enriched
community (Bay station), and an offshore, nutrient poor community (Gulf station)during both the
dry (winter) and wet (summer) seasons. Short-term bioassays were designed to measure
phytoplankton responses to additions of atmospherically-derived nitrogen (=rainfall) as well as
reagent-grade nitrate nitrogen (=nutrients).

During the summer bioassays all added nutrients were essentially depleted by the end of
the first day. There was also a rapid decline in chlorophyll a, which was a measure of the growth
response of the algal assemblages. This short-term phytoplankton response was likely due to
photoacclimation during the bioassays. These findings suggest that new nitrogen derived solely
from atmospheric deposition may not be significant enough to stimulate primary production in
Sarasota estuarine waters, but that additional sources of nitrogen (e.g., sediment resuspension and
terrestrial runoff), which are also associated with storm events, may also be necessary to increase
production.

The positive growth response to rain and nutrient treatments in the Gulf bioassays during
the winter was directly related to added nutrient concentration. Additionally, the growth
response was similar between rainfall and nutrient treatments, strongly suggesting that the
response was due primarily to nitrogen, and not some other component of the rainwater. The
positive growth response was primarily due to the diatom fraction of the phytoplankton. The
effect of atmospherically-derived nitrogen on the potential to elicit a bloom response of the toxic
dinoflagellate Gymnodinium breve could not be determined from these results.

Although there was no consistent growth response to the addition of rainfall for all
seasonal bioassays in the Gulf and Bay, there was a significant positive response under specific
conditions. The fact that any significant increase in phytoplankton population growth resulting
from rainfall additions was detected demonstrates that atmospherically derived nitrogen can be a
significant nutrient supply for phytoplankton growth.

Vi



INTRODUCTION
Atmospheric Deposition and Nutrient Loading: Nitrogen

The atmosphere has been shown to be an important source of exogenous nitrogen to
coastal and estuarine surface waters along the east coast of North America (Paerl 1985, Ryther
and Dunstan 1971, Fisher et al. 1988, GESAMP 1989). The atmosphere can deliver exogenous
nitrogen to the system in one of two ways: directly or indirectly. Direct deposition occurs as
either wet or dry deposition that falls directly on the receiving body of water. Indirect deposition
occurs through nitrogen being deposited within the watershed and reaching the estuary through
runoff. Within the Chesapeake Bay watershed, atmospheric nitrate forms 23% to 33% of the
total sources (direct and indirect) of nitrogen input (Tyler 1988). Transportation and utilities
emissions are considered the major sources of atmospheric nitrogen oxides (NO,). These
compounds can be transported over long distances and deposited through either wet or dry
precipitation (Hicks et al. 1992).

Investigations in other systems worldwide indicate that the proportion of direct input of
nitrogen from the atmosphere to an estuary can range from 13% to 50% (Duce 1986, Hicks et al.
1992), and is in part the product of the ratio of catchment area to water body surface area. It is
also of interest that few deposition programs monitor for organic nitrogen species, although some
estimates indicate that organic nitrogen contributions could be substantial (Pedulla 1988).

Initial estimates for nitrogen loadings to Tampa Bay indicated that direct atmospheric
inputs were on the order of 26-27% of total loads (Zarbock et al. 1994), with deposition to the
watershed and eventual transport to the Bay increasing the atmospherically derived nitrogen
loading by some unknown fraction. Direct atmospheric loadings of phosphorus and toxins were
less dramatic in total tonnage and percentage of total loads (Zarbock et al. 1994, Frithsen ef al.
1995). ’

Dixon et al. (1996) estimated direct atmospheric loadings of nitrogen to Tampa Bay to be
32%, which was second only to nonpoint source loadings (46%). When they compared
atmospheric loadings of nitrogen to nonpoint source loadings, Dixon ef al. (1996) estimated that,
over the watershed as a whole, estimated nonpoint source runoff is mathematically equal to 25%
of the total atmospheric deposition of nitrogen to the watershed, or a watershed retention rate of
75%. If the majority of nonpoint source loadings are assumed to represent atmospheric loadings,
then the total atmospherically derived nitrogen loading to Tampa Bay could be as high as 70-85%
of total loadings.

Biological Effects of Atmospheric Nitrogen Deposition
Atmospheric deposition, chiefly as precipitation, constitutes a significant yet frequently

overlooked source of plant nutrients in estuaries and coastal ocean waters (Ryther and Dunstan
1971, Paerl 1985, Duce 1986). Precipitation enriched in biologically available forms of nitrogen



(NO,, NH,, organic N) is of particular concern, because coastal receiving waters are often
nitrogen limited and hence sensitive to even small increases in these nutrients (Ryther and
Dunstan 1971, Nixon 1981, Mann 1982, Carpenter and Capone 1983).

Using bioassays, Paerl (1985) demonstrated that North Carolina Atlantic coastal waters
enriched with relatively large quantities (10 and 20% by volume) of natural rainfall exhibited
stimulation of phytoplankton growth, and that the most likely nutritive component responsible
was nitrogen. In a subsequent study, Paerl et al. (1990) used in situ bioassays to measure
phytoplankton growth responses to rain additions by mimicking more natural input levels.
Rainfall at naturally occurring dilutions (0.5 to 3%) stimulated both *CO, assimilation and
chlorophyll a production, in most cases in a significant way. The increase in phytoplankton
production was linked to higher levels of nitrogen species present in the rainwater. At the start of
this study it was unknown whether similar growth responses to nitrogen enriched rainfall could
be expected from algal assemblages found in the Sarasota Bay region and local Gulf waters of
Southwestern Florida.

The qualitative ramifications of growth stimulation due to nutrient loading from
atmospheric deposition are currently unknown. The potential linkage of enhanced atmospheric
nitrogen deposition to accelerated eutrophication in coastal waters appears to play a role in many
urbanized and industrialized regions (Paerl e al. 1990). The development, proliferation and
persistence of the toxic dinoflagellate Gymnodinium breve within coastal waters of southwest
Florida could be one key trophic response to nitrogen enrichment.

BACKGROUND AND OBJECTIVES
Background

In characterizing the state of Sarasota Bay, three major problem areas were reported in the
Sarasota Bay National Estuary Program’s (SBNEP) Framework for Action (FFA). These three
major problem areas were determined to be stormwater, wastewater, and habitat loss. Nutrient
loads in Sarasota Bay are approximately 300% of that expected from a pristine, undeveloped
watershed (Alderson 1992). Associated with these nutrient loads is the concern over metals
contamination, low levels of dissolved oxygen and loss of tidal wetlands and seagrass coverage
throughout the bay system.

Previous studies, as documented in SBNEP’s Comprehensive Conservation and
Management Plan (CCMP) and FFA, indicated that approximately 27% of the nitrogen load
input to Sarasota Bay occurs via direct atmospheric deposition. Nutrient loads from all sources
have increased algal productivity and thus decreased light available to seagrass meadows. Thus,
there is a strong need to evaluate the relationship between atmospheric deposition and nonpoint
source concentrations, nitrogen loading to bay and gulf waters, and the biological impact of

atmospheric deposition.



The Tampa Bay Estuary Program (TBEP), in conjunction with the U.S. E.P.A. Great
Waters Program has implemented a program to begin deposition measurements and air mass
circulation modeling in upper Tampa Bay. The SBNEP is coordinating ongoing monitoring and
modeling efforts with those of TBEP, with additional efforts focusing on the issue of identifying
potential biological and ecological impacts (this project).

Objectives

The primary objective of this project was to determine the effects of atmospheric
nitrogen deposition on the population dynamics of two distinct algal assemblages: a nearshore,
nutrient enriched community, and an offshore, nutrient poor community. This project
investigated these responses during both the dry (winter) and wet (summer) seasons.

PROJECT PLAN

The overall project plan integrated the following elements: 1) direct collection and
measurement of atmospheric inorganic nitrogen (nitrate-nitrite and ammonium) deposition from
individual storm events (once during the dry and wet season, respectively), 2) in situ bioassay
experiments using resident phytoplankton from a nutrient enriched estuarine community and a
nutrient poor offshore community and 3) measurement of algal growth rate and changes in algal
species composition over a 3 day period as a response to nitrogen enrichment.

MATERIALS AND METHODS
Atmospherically-Derived Nitrogen (ADN) Rainfall Collection

Rainfall for each seasonal sampling event was collected by one of two methods. The first
method consisted of precleaned acid-washed polyethylene buckets at Mote Marine Laboratory
(MML: R1) (Figure 1) exposed only during selected storm events. The second source of
rainwater came from the National Atmospheric Deposition Program (NADP) collecting site on
south Lido Key (R2). Both sites are coastal and met NADP criteria for being free of extraneous
sources of particulate matter, including trees, power lines and poles. At the termination of each
storm event, the samples were transferred to polyethylene beakers and analyzed for pH within 24
hours. The remaining sample was placed in Ziplock ™ freezer bags and frozen at -20° C.
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Figure 1. Area map showing locations of rainfall collection sites (R1 and R2) and

rainfall bioassay sites (Gulf and Bay).



The dates of the individual storm events composited for each season were as follows:

Winter Date Amount Method
12/12/98 0.41 cm NADP
12/13/98 1.42 cm MML

12/14/98 2.08 cm NADP
01/03/99 2.34 cm. NADP

Summer Date Amount Method
06/14/99 1.17 cm NADP/MML
06/18/99 2.03 cm NADP
06/19/99 1.60 cm NADP/MML
06/20/99 [.85 cm NADP/MML
06/21/99 1.06 cm NADP
07/01/99 4.57 cm NADP/MML

e

Prior to each seasonal bioassay experiment, individual rainfall samples were allowed to thaw at
room temperature and then combined into one composite sample. Combining the individual
rainfall samples into one composite sample enabled the characterization of “typical” seasonal
values for the constituent nutrient species. Subsamples were then analyzed for ammonium (NH,-
N), combined nitrate and nitrite (NO,,,-N) and orthophosphate (PO,- P).

In situ Bioassay Experiments

Short-term bioassays were designed to measure phytoplankton responses to additions of
atmospherically-derived nitrogen as well as reagent-grade nitrate nitrogen. Bioassay experiments
utilized 10-L polyethylene Cubitainers as bioassay vessels. These flexible, semi-transparent
(85% transparent to photosynthetically active radiation [PAR], 400 to 700 um) containers have
previously proven useful for determining nutrient limitation in North Carolina estuarine and
coastal waters (Paerl et al., 1990). Cubitainers are chemically inert, exhibiting neither toxic nor
detectable phytoplankton community altering effects (“bottle effects”) in short term (2 to S day)
in situ bioassay experiments (Paerl 1983, 1987). Because they are flexible and easily deployed
off floating incubation rigs, natural surface and subsurface turbulence can to some extent be
transferred to enclosed phytoplankton communities (Paerl et al., 1990).

Incubations of 48 - 72 h duration provide sufficient time to measure taxa-specific
responses before other (secondary) factors become limiting. Short-term incubations minimize
container artifacts and provide acceptable resolution to document changes in phytoplankton
community structure and function.

Treatments

Bioassays were designed to approximate natural rainfall dilutions in local estuarine and



coastal waters. Median weekly rainfall amounts for the NADP Verna Wellfield site during the
period 1994-1997 were 4.47 cm and 0.12 cm, respectively, for summer and winter quarters.
Following the assumptions of Paerl (1990), we calculated how much commonly encountered
rainfall amounts would dilute a 2m well-mixed water column. A | cm rainfall event corresponds
to a 0.5% dilution level, while a 2 cm event corresponds to a 1% dilution level, and so on. Based
on a 10-L Cubitainer filled with 9.5L seawater, the addition of 295 ml of 100% rainfall equates to
a 3% dilution, or a 6 cm (2 5/16") rainfall event. Likewise, the addition of 295 ml of 33%
rainfall (rainfall diluted 1:3 with laboratory deionized water) equates to a 2 cm (13/16") event.
Rainwater was diluted rather than simply adding less to keep dilution factors for all treatments
the same. Similarly controls were prepared by adding 295ml of deionized water to the 9.5L of
situ water.

The following five treatments were applied to each of the two seasonal experiments:
Treatment Conditions

1 Rainfall 1 (100% dilution) — 6 cm rainfall event

2 Rainfall 2 (33% dilution) — 2 c¢m rainfall event

3 Nutrient 1 (Combined nitrate and nitrite equal to their concerftration in
rainfall 1 treatment)

4 Nutrient 2 (Combined nitrate and nitrite equal to their concentration in
rainfall 2 treatment)

5 Control (Analyte-free water)

By designing treatments 3 and 4 to replicate the nitrogen concentration of respective rainwater
treatments 1 and 2, any differences in the algal response to these treatments would be due to
other substances in the rainwater besides nitrogen. If the responses between the treatments are
similar, then nitrogen must be the causative agent. The control treatment (equal volumes of
analyte-free water) was incubated in parallel with the other treatments to account for the actual
dilution of resident phytoplankton. Each treatment was run in triplicate.

Station Selection/Location

The estuarine station (Bay, Figure 1; Latitude 27° 16.889"; Longitude 82° 32.827') was
located in lower Roberts Bay approximately 2 mile north of the mouth of Phillippi Creek. Water
depth at this station was approximately 2 meters. Nutrient concentration and chlorophyll a levels
in Roberts Bay were ranked among the highest for the Sarasota Bay estuarine system (Lowry
1992). Mean dissolved inorganic nitrogen (DIN) (= ammonium plus nitrate-nitrite-nitrogen) in
Roberts Bay from 1995-1998 was 0.038 mg/L (see Table 1 for a summary of historical water
quality for both sampling stations as well as each seasonal composite rainfall for the present
study) . While water for the Bay bioassays was collected in Roberts Bay, incubations were
carried out near rainfall collection site R1 (MML) in waters of equivalent depth, so as to
minimize the potential for vandalism or tampering. The Gulf station (Gulf, Figure 1; Latitude
27° 19.685'; Longitude 82°41.880") was located approximately 10 kilometers due west of New
Pass in 40 feet of water. This location coincides with a sampling station for monthly nutrient
analysis from an ongoing red tide study being conducted by Mote Marine Laboratory. The mean
value for DIN from the MML red tide sampling program at this location (1996-1998) was 0.006

mg/l.



Table 1. Mean concentration of nutrients, Chl a, and N:P ratios for Sarasota Bay and adjacent
Gulf waters and rainfall. Historical Roberts Bay data from Sarasota County ambient
monitoring program. Gulf of Mexico data from station RTTS5, MML Red Tide
Studies.

Roberts Gulf of Rainfall Rainfall (NADP: 1994-1996)
__Bay _Mexico _(composite) Median for weekly values
Parameter units (1995-1998) (1996-1998) Winter Summer Winter Summer
(Jan- > (Jun-Aug)
Mar)
DNH,-N mg/l 0.017 <0.005 0.095 0.121 0.078 0.101
DNO,.;-N mg/| 0.021 <0.005 0.060 0.135 0.108 0.208
DIN mg/l 0.038 0.006 0.155 0.254 0.186 0.309
Total N mg/l 0.545 0.205 0.210 0.370 - -
DPO,-P mg/| 0.055 0.012 0.009 0.020 - -
Total P mg/l 0.154 0.026 <0.005 0.060 -
IN:[P mg/mg 0.9 0.6 17.2 12.7 - -
TN:TP mg/mg 52 82 8.4 6.2 - -
Chla g/l 53 - - - - -




Sampling Schedule

Winter (dry) season sampling was conducted during the week of January 18, 1999. Bioassays
were initiated on January 18" and ran for 72 hours, terminating on January 21¥. Summer (wet)
season bioassays were initiated on July 5™ and ran for 72 hours, terminating on July 8",

Sampling Procedures

At each site (Bay and Gulf), a 150-liter acid-washed polyethylene compositing container was
filled by repeated casts of a 5-liter Nisken water sampler from approximately 0.5 m depth. Fifteen
cubitainers (five treatments by three replicates) were each filled with 9.5 liters of water, leaving a
head space of 0.5 liters in each. Care was taken to keep the source water well mixed throughout this
process. After all cubitainers were filled, 295 ml of the appropriate treatment (100% rainfall, 33%
rainfall, 100% nutrient, 33% nutrient and analyte free water) was added to the respective Cubitainer.
After the treatments were added, subsamples for chemotaxonomic photosynthetic pigments, particle
size distribution, and nutrients were immediately withdrawn and kept at 4° C until apalysis. These
same subsamples were withdrawn at daily (~24 h) intervals until conclusion of the incubation (~72
h). Nutrient samples were passed through a 0.45u filter during sample collection.

Laboratory Analyses

Nutrients. After filtration, nutrient samples were preserved with sulfuric acid and held at 4°
C until processed. Laboratory analysis of all nutrient parameters was performed according to
standard EPA-approved methodologies, as specified in the Project Quality Assurance Plan (1998).
Minimum detection limit for all nutrient species (N, P) was 0.005 mg/1.

Particle Size Distributions: Particle size distributions for each replicate of each treatment on
each day where determined with a Coulter Multisizer Ile, electronic particle sizer. The Multisizer
was fitted with a 100 um orifice which yielded an effective particle size range of 2 to 63 pum.
Utilizing seawater as the electrolyte in whole water samples often yielded count overflows in the size
range from 2 to 5 um. Therefore, the lower size threshold was limited to 5 pm. Triplicate 0.5 ml
aliquots were counted and averaged for each sample.

Photopigments: Water samples from each cubitainer were filtered on GF/F glassfiber filters
using low vacuum (<100 mm Hg). The filters were stored in liquid nitrogen until processed for
HPLC analysis. Samples filters were extracted in approximately 1.5 ml of 100% methanol, sonicated
in an ice bath and placed in the freezer. After one hour the extract was isolated and passed through a
0.2 um syringe filter. HPLC pigment analysis was performed on an HP 1100 HPLC fitted with 3
columns: a C18 ODS-Hypersil and then 2 C18 Polymeric columns. The solvent gradient was as
described in Pinckney et al. (1996). Immediately prior to injection a mixture of 70% sample and
30% 1M ammonium acetate was prepared by the auto-injector. The analytical columns were
maintained at 38 degrees C.




Pigment data derived from HPLC analyses were imported into ChemTax®, a PC-based
software package utilizing factor analysis and a steepest descent algorithm, and were used to assess
phylogenetic group-contribution to the total chlorophyll a biomass (Mackey et al, 1996). ChemTax
optimizes pigment ratios within subsets of data (based on pigment ratios within the representative
phylogenetic groups) and as such, it is generally regarded to provide more realistic estimations than
regression models (e.g., Tester et al, 1995). Relative group contributions, expressed as a percentage
of the total chlorophyll a biomass, were determined by ChemTax® using the initial pigment ratios
suggested by Mackey et al. (1996).

[

RESULTS
Nutrient Concentration: Rainfall and Surface Waters

Table 1 summarizes information on the concentration of primary nutrients in both rainfall
and local waters from the current study as well as previous studies from Sarasota Bay. Table 2
compares in situ physical parameters from the present study to recent historical datafrom the study
area. The data from Roberts Bay came from the Sarasota County Ambient Water Quality Monitoring
Program. The data from the Gulf of Mexico was obtained from an ongoing MML red tide study in
the vicinity of the Gulf station from the present study. Unless stated otherwise, values are mean
concentrations over the period indicated. Median values for the weekly concentration of nutrients in
rainfall were obtained from the National Atmospheric Deposition Project NADP) Verna Wellfield
site in Sarasota County. NADP data were arranged by season over the most recent three year period
(1994-1997) and the median values obtained for comparison with rainfall data from the present
study. Dissolved inorganic nitrogen (DIN) in the composite rainfall for each season from the current
study closely approximated (within 80%) the seasonal DIN concentrations from the NADP site. The
concentration of DIN in the composite winter rainfall was 0.155 mg/L, while the NADP site had a
winter DIN median value of 0.186 mg/L. The concentration of DIN in the composite summer
rainfall was 0.254 mg/L., while the NADP site had a DIN median value of 0.309 mg/L. A
comparison of nitrogen concentrations from the current study and the NADP site shows that the
concentrations in rainfall used in the bioassays are well within the range of expected values during
both the winter (dry) and summer (wet) seasons for the Sarasota Bay region. Moreover, nitrogen
concentrations are typically higher during the summer. It is likely, therefore, that the observed
responses of resident algal populations to the addition of atmospheric nitrogen in the current study
are reflective of a normal response and are not the result of some unusual rainfall conditions.

In order to better understand the response of resident algal populations to nutrient additions,
it was necessary to determine the relative percent increase in nutrient concentrations in each of the
bioassay treatments over the ambient DIN for each of the source waters. The concentration of DIN
in the source water (both Bay and Gulf) was not directly measured prior to bioassay treatment
additions. However, ambient source water concentrations of DIN was calculated by taking the mean
DIN concentration from each of the control treatments and correcting for the amount of analyte free
water that was added prior to nutrient analysis. The results of these calculations are presented in
Table 3. (The relative increase in DIN concentrations for the two nutrient addition treatments are
identical to the increases reported for the rainfall treatments since the quantity of DIN added to these
treatments was the same as in their respective rainfall treatments).
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Table 2. Comparison of in situ physical parameters from the present study and recent historical
data. Historical Roberts Bay data from Sarasota County Ambient Monitoring
Program. Gulf of Mexico data form station RTT5, MML Red Tide Studies.
Historical values are mean values for the periods indicated. Data from the present
study are single measurements made on Day 0. All values were obtained from 0.5
meters below the water surface.

Roberts Bay (1995-1998) Gulf of Mexito (1996-1998)

Parameter Units Dec-Feb Jun-Aug Dec-Feb Jun-Aug
Temperature °C 17.9 29.7 19.4 314
Salinity PSU 253 254 333 33.5

Present Study

Roberts Bay Gulf of Mexico
Parameter Units Winter Summer Winter Summer
Temperature °C 20.2 29.8 18.0 28.6
Salinity PSU 27.8 23.9 31.8 36.2
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Table 3. DIN concentration (mg/l) in source water, rainfall and bioassays, including percent
increase over ambient (source water) following the addition of treatments to source

water.
Bay-Summer Bay-Winter Gulf-Summer Gulf-Winter

Source Water 0.068 0.024 0.022 0.011
Rain Water 0.254 0.155 0.254 i 0.155
Treatment 1, 3 0.074 0.028 0.029 0.016
(100% rain,

nutrients)

Increase over 0.006 0.004 0.007 0.005

ambient (mg/1)

Percent increase 8.1% 14.3% 24.1% 31.3%
over ambient

Treatments 2, 4 0.069 0.025 0.023 0.012
(33% rain)

Increase over 0.001 0.001 0.002 0.001
ambient (mg/l)

Percent increase 1.4% 4.0% 8.7% 8.3%

over ambient
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The largest relative increases in DIN due to the addition of rainwater treatments occurred
during the winter bioassays. Moreover, these increases were higher in the Gulf bioassays than in the
Bay bioassays. Although summer rainfall had a higher DIN concentration than the winter rainfall,
the source waters at both locations had a much lower DIN concentration in the winter, resulting in a
higher percent increase after the addition of rainwater to the winter bioassays. During the winter
bioassays, the addition of 100% rainwater (treatment 1) to ambient Gulf source water resulted in a
31.3% increase in available DIN. During the summer, the addition of 100% rainwater to the Bay
bioassay resulted in an 8.1% increase in available DIN. For both seasons, additions of 100% rainfall
or nutrients resulted in concentration increases between 0.004 and 0.007 mg/Il. -The addition of 100%
rainwater to all bioassays represented a 6 cm rainfall event.

By comparison, treatment 2 (33% rainwater) bioassays represented a much smaller increase
in available DIN to all bioassays. Once again, the effect of this treatment was greater in the Gulf
bioassays, but resulted in a less than 10% increase in DIN for both winter and summer bioassays.
The addition of treatment 2 to Bay bioassays only increased the available DIN 4.0 and 1.4% for the
winter and summer bioassays, respectively. For both seasons, additions of 33% rainfall or nutrients
resulted in concentration increases between 0.001 and 0.002 mg/l. The addition of 33% rainwater to
all bioassays represented a 2 cm rainfall event.

Nutrient Uptake: Bioassays

Dissolved Inorganic Nitrogen (DIN): Figure 2 shows the temporal pattern of DIN for all
treatments for both the Bay and Gulf stations during the winter bioassays. At the Bay station, DIN in
all treatments decreased in half from their original concentration within the first day. For the final
two days, DIN showed variable changes among the treatments. Treatment 1 (100% rainfall)
increased from day 1 to day 2, and then declined on day 3. Treatment 3 (100% nutrients) continued
to increase slightly after day 1. Treatments 2 and 4 (33% rainfall and nutrients, respectively)
remained relatively stable after day 1, while Treatment 5 (control), decreased slightly after day 1.

For the Bay bioassays, there were no significant differences (one-way ANOVA; p > 0.05) in mean
DIN among treatments on any day.

The Gulf station showed slightly different temporal changes among treatments during the
winter bioassays, in that there was a slight increase in DIN between day 2 and day 3 in all treatments.
Once again, there was a large decline in DIN concentrations from day 0 to day 1 in Treatments 1 and
3 (100% rain and 100% nutrients). Treatments 2 and 4 (33% rain and 33% nutrients) showed little
variation in DIN throughout the experiment, and after day 0, there was little difference in DIN among
any of the treatments. One-way ANOV A showed significant differences among treatments only on
Day 0 (p = 0.025). Tukey’s multiple comparison test revealed significant differences between
treatments 1 vs 5,1 vs 2, 1 vs4 and 3 vs 5. In this instance, the 100% rainfall treatment (and the
100% nutrient treatment) resulted in significantly different concentrations of DIN than the more
dilute treatments and control. After day 0, however, these differences were no longer significant.
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Figure 2. Rainfal and nutfient bioassay experiments with Sarasota Bay (top) and Gulf of

Mexico (bottom) waters during the winter (Jan 18-21, 1999). Changes in
dissolved inorganic nitrogen (DIN) for each treatment. Treatment legends are
shown with each graph. Error bars are SEM (n=3). When error bars are not
visible, they are smaller than symbol.
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Figure 3 shows the temporal pattern of DIN for all treatments for both the Bay and Gulf
stations during the summer bioassays. DIN was approximately three times higher in Bay samples
compared to Gulf samples at the initiation of the bioassays. Furthermore, DIN from Bay bioassays
was over two times greater in the summer than in the winter (see Table 2 for a summary of DIN
concentrations for this study). However, after day 1, DIN in all treatments from both the Bay and the
Gulf dropped to similarly low levels (ca. 0.01 mg/l) and remained low throughout the remainder of
the bioassay. In essence, during the summer bioassays, all available nutrients within the cubitainers
were utilized within one day.

Dissolved Ammonium Nitrogen (NH,-N): Figures 4 and 5 show temporal changes in the
concentration of DNH,-N for all bioassays treatments for winter and summer, respectively. During
both seasons, the temporal changes in DNH,-N reflected changes in DIN. In other words, after Day
1, dissolved nitrogen available to phytoplankton during bioassays was predominately in the form of
DNH,-N.

Dissolved Nitrate and Nitrite (NO,,;-N): Figures 6 and 7 show temporal changes in the
concentration of DNO,,;-N for all bioassay treatments for the winter and summer sampling events,
respectively. In every situation except two (the 100% nutrient treatment for the Gulf during the
winter, day 1: and the control for the Bay during summer, day 3), DNO,_;-N was reduced to below
detectable levels by the end of the first day. Values plotted are one-half of the method detection
limit, or 0.0025mg/1 for illustration only.

Particle Size Distribution

Particle size distributions in natural waters exhibit an exponential decay in particle number
with increasing particle size. The size limit of detection for this project was established as the size at
which the average number of particles in a size bin was greater than 3 x standard deviation of the
average number in that bin. This criteria yielded an effective size range for the Bay bioassays of 5 to
15 um. The Gulf water bioassays exhibited significantly fewer particles in all size ranges resulting in
an effective size range of 5 to 10 um.

Changes in particle numbers, expressed as growth, in each size bin of the Coulter Multisizer
output for each treatment were tested against changes in particle numbers of the respective size bin
of the control. Changes in particle numbers were evaluated using the growth equation:

k = log,(ny/n)/(t,-1))

where k is the growth rate in doublings per unit time, log, is the logarithm base 2, n, is the number of
particles in a size bin at time 1, and t, is the time of sampling 1. Growth rates were determined for
the time periods; day 0 to day 1, day 1 to day 2, day 2 to day 3, day O to day 2 and day 0 to day 3.
Each size-bin growth rate for each treatment was tested against the control growth rates using a
Student’s T-test (p = 0.05) and the null hypothesis that the growth rates were equal.
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Figure 3. Rainfall and nutrient bioassay experiments with Sarasota Bay (top) and Gulf of

Mexico (bottom) waters during the summer (July 5-8, 1999). Changes in
dissolved inorganic nitrogen (DIN) for each treatment. Treatment legends are
shown with each graph. Error bars are SEM (n=3). When error bars are not
visible, they are smaller than symbol. Note different vertical scales.
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Figure 4. Rainfall and nutrient bioassay experiments with Sarasota Bay (top) and Gulf of

Mexico (bottom) waters during the winter (Jan 18-21, 1999). Changes in
dissolved ammonium (NH,-N) for each treatment. Treatment legends are shown
with each graph. Error bars are SEM (n=3). When error bars are not visible, they

are smaller than symbol.
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Table 4 lists combinations of treatments, days and locations that showed significant
differences in growth in specific size ranges between the treatment and the control. It should be
noted that non-significant differences do not mean the phytoplankton populations were not growing;
it means they were not growing significantly different than the control.

During the first day (day 0 to day 1) of the Bay bioassays in the winter, all four treatments
showed a significantly lower growth rate of particles in the 12 to 13 pm size range (Table 4; first
column). However, the following day showed higher growth rates in three of the treatments (100%
Rain, 100% Nutrients and 33% Rain). One explanation is that the added nutrients of the treatments
in the first day delayed the growth cycle of the phytoplankton populations that were already utilizing
ambient nutrients. The control population did not experience the nutrient spike and therefore
continued to grow at the initial rate. After the nutrient additions were taken up during the first day
(see Figure 2) in the treatment cubitainers, those populations began to grow faster than the control.
No further significant growth was detected in Bay bioassays during the winter.

The Gulf bioassays during the winter showed no significant growth in particle size or number
during the first day (Table 4; third column). During the second day the 100% Rain and 100%
Nutrient treatments showed significant growth in the 6 to 7 pm size range. This growth continued to
be significant in the third day for the 100% Nutrient treatment. These growth events in the second
and third days contributed to significant growth being indicated for the cumulative growth periods of
day 0-to-day 2 and day 0O-to-day 3.

During first day of the summer Bay bioassays (Table 4; second column), the 33% Rain and
33% Nutrient treatments exhibited significant particle growth relative to the control, but the 100%
enrichment treatments did not (Figure 8). It should be noted that the] 00% Nutrient bioassay
showed differences in growth rates relative to the control, but the growth was not statistically
significant (p > 0.05). However, it is likely that additional treatment replicates would have reduced
the variance to a level where the differences would have been significant. During days 2 and 3
significant increases were detected in particle counts in both rain treatments relative to the control,
but only the 33% Nutrient treatment showed significant increase relative to the control during day 2.

Chemotaxonomic Photopigments

Individual pigment concentrations displayed a wide variety of responses. Some of these
responses were consistent across treatments and controls and some were due to the treatments.
Figure 9 shows the response of chlorophyll a in each season and each treatment. The rapid decline in
chlorophyll a concentration in all treatments (including the control) in the Bay bioassays in both
winter and summer suggests there was a photoacclimation response to holding the cubitainers at the
surface of the water column. Clearly, the chlorophyll a concentration in 100% Rain and 100%
Nutrients treatment in the Gulf bioassays during the winter showed a strong positive growth
response. Table 5 shows the results of the statistical analyses (Student’s T-test, p = 0.05) of the
chlorophyll a growth data for the Gulf bioassays during winter. Changes in chlorophyll a in the
100% Rain treatment from day 1 to day 2 was significantly higher than in the control. The increase
in chlorophyll a in the 100% Nutrient treatment from day 1 - day 2 compared to the control was
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nearly significant and would most likely have been if more replicates had been conducted. This is
supported by the significant increase in the 100% Nutrient treatment from day 0-to-day 2 and day 0-
to-day 3. The variability in chlorophy!l a concentration in the Gulf bioassays during summer
suggests there was no consistent handling response nor treatment response.

Table 4. Range of particle sizes ( in micrometers) in treatments that show some .size bins with
significant growth (+ or -) relative to the control over the specified time period. If a
single size bin is significant within a band of not-significant size bins it is considered
not significant. Two or more adjacent size bins must be significant to be listed. The
layout of treatments in each major block is as indicated in the block below.

Bay - Winter Bay - Summer Gulf - Winter Gulf - Summer
Day 0 — ] ] NS Nns [ ns | ns ; "
Day 1 12-13 | 11-13 5-10 7-175
] . + + NS NS NS NS
12-13 | 12-13 11-14 | 13-14
|
Day 1 - + + + NS + + NS NS
Day 2 12-13 | 12-14 7-11 6-7 6—6.5
+ NS + + NS NS NS NS
12.5 - 7-10 6-11
13
_—— ¢ ]__="
Day 2 — NS NS + NS NS + NS NS
Day 3 11-13 5-5.5
NS NS + NS NS NS NS NS
55-6
Day 0 — NS NS - + + NS + +
Day 2 5-6 9-10 9-9.5 6.5-10 8-10
NS NS + + NS NS NS NS
74-13 | 8-10
Day 0 - NS NS NS NS + + + +
Day 3 7-10 | 6-10 9-10 9-95
NS NS + NS NS NS NS NS
6-11,
12-13
100% 100%
Rain Nutrient
33% 33%
Rain Nutrient
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Table 5. Comparisons of Winter — Gulf chlorophyll a changes in the treatments versus the
control over the specified time periods. Only results from the Gulf bioassays during
winter are shown because it was the only bioassay in which detectable increases in
chlorophyl!l a were found. Significance: NS = not significant, * = p <0.05, ** =p <

0.01.

Winter — Gulf 100% rain 33% Rain 100% Nutrients 33% Nutrients
Day 0 — Day 1 NS NS NS NS
Day 1 — Day 2 + NS NS NS

*
Day 2 — Day 3 NS NS NS NS
Day 0 — Day 2 + NS + NS

* *
Day 0 — Day 3 NS NS + NS

* %
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Figures 10-16 illustrate changes in specific pigment concentrations for each series of bioassays.
The relevance of particular pigment responses to the overall phytoplankton growth response is
discussed in the section on photoacclimation.

Chemotaxonomy

ChemTax®, which accounts for the relative shifts of photosynthetic and photoprotective
pigments to reduce the impacts of photoacclimation on pigment-determined taxonomic shifts,
was used to analyze shifts in phytoplankton populations during each of the bioassays. Tables 6-
9 summarize the statistical analysis (Student’s T-test, p = 0.05) of shifts in phylogenetic groups
of phytoplankton in each treatment relative to the control. Few significant changes in
phytoplankton populations were noted.

Bay-Winter Bioassays. There were significant increases in the diatom fraction of the
population during day 1 in the 100% Rain and 100% Nutrient treatments (Table 6). There was a
concomitant significant decrease in the cryptophyte fraction on day 1 in the 100% Rain treatment
(Table 7) and a significant decrease in the chlorophyte fraction in the 100% Rain treatment
during the cumulative day 0 to day 2 time period (Table 8). Diatoms are known to respond
rapidly to nutrient availability.

Bay- Summer Bioassays. Significant phylogenetic shifts only occurred in the
cryptophyte fraction in the 33% Nutrient treatment during the cumulative day 0 to day 3 time
period. Lack of significant shifts in phylogenetic groups does not imply there was not growth
and possibly significantly different growth in the treatments, it only means the phylogenetic
makeup of phytoplankton community did not change significantly (Table 7).

Gulf-Winter Bioassays. The diatom fraction was the only phylogenetic group that
showed significant changes during this series of bioassays. The diatom fraction significantly
increased in the 100% Rain treatment during day 2 and significant decrease in the 33% Rain
treatment during day 3. Associated with all of the listed significant taxonomic shifts are non-
significant counter shifts in the other taxa. They are not detected as significant because they are
too small relative to the variance of the data.

Gulf-Summer Bioassays. There was a significant increase in the diatom fraction in the
100% Rain treatment from cumulative day 0 to day 2. There was also an increase in the
cyanobacteria (Table 9) fraction in the 100% Nutrient treatment during day 2 and a decrease in
the chlorophyte fraction (Table §) from day 0 to day 3 in the 33% Nutrient treatment.
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Chlorophyll b concentrations (ng/l) for the winter (top) and summer
(bottom) bioassays. Treatment legends are shown with each graph.
Error bars are SEM (n=3). Note different vertical scales.
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Time (days)

Lutien concentrations (ug/l) for the winter (top) and summer
(bottom) bioassays. Treatment legends are shown with each graph.
Error bars are SEM (n=3). Note different vertical scales.
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Table 6.

Shifts in percent of Diatoms in each treatment versus the control during the
specified time periods. A ‘+’ indicates the change was an increase relative to
the control and a ‘-’ indicates the change was negative relative to the control.
Significance: NS = not significant; * = p <0.05. The layout of treatments in
each major block is shown separately in the box at the bottom of the table.

(WS
(U]

Diatom | Bay - Winter Bay - Summer Gulf - Winter Gulf - Summer
Day 0 — + + NS NS | NS NS
Day 1 * * Xk
NS NS NS I NS NS NS
_.’_=' =
Day 1 — NS NS NS + NS NS
Day 2 *
NS NS NS NS NS NS
Day 2 — NS NS NS NS NS NS
Day 3
NS NSJ NS ” - NS NS
*
Day 0 — NS NS NS + + NS
Day 2 * * %k
NS NS NS NS NS NS
Day 0 — NS - NS NS NS NS
Day 3 *
NS - NS NS NS NS
*
100% Rain 100%
Nutrient
33% Rain 33%
Nutrient



Table 7. Shifts in percent of Cryptophytes in each treatment versus the control during the
specified time periods. A ‘+’ indicates the change was an increase relative to the
control and a ‘-’ indicates the change was negative relative to the control.
Significance: NS = not significant; * = p <0.05. The layout of treatments in each
major block is shown separately in the box at the bottom of the table.

Crypto Bay - Winter Bay - Summer Gulf - Winter Gulf - Summer
payo—|[ - | ~Ns [[ ns [ ns [ ns [ ns [ ns [ s
Day 1 * ‘
NS NS NS NS NS NS NS NS
Day | — NS NS NS NS NS NS NS NS
Day 2
NS NS NS NS NS NS NS NS
—_—
pay2—|[ ~Ns | nNs [ ns [ wns Ns [ Ns [ ns [ s
Day 3
NS - NS NS NS NS NS NS
*
Day 0 — - NS NS NS NS NS NS NS
Day 2 *
NS NS NS NS NS NS NS NS
Day 0 — NS NS NS NS NS NS NS NS
Day 3
| NS NS NS - NS NS NS NS
*

100% 100%
Rain Nutrient

33% 33%
Rain Nutrient




Table 8. Shifts in percent of Chlorophytes in each treatment versus the control during the
specified time periods. A ‘+’ indicates the change was an increase relative to the
control and a ‘-’ indicates the change was negative relative to the control.
Significance: NS = not significant; * = p < 0.05. The layout of treatments in each
major block is shown separately in the box at the bottom of the table.

Chloro Bay - Winter Bay - Summer Gulf - Winter Gulf - Summer
"—_— | | O ]
Day 0 — NS NS NS NS NS NS NS NS
Day 1
NS NS NS NS " NS NS | NS | NS
Day |1 — NS NS NS NS NS NS NS NS
Day 2
NS NS NS NS NS NS NS NS
Day 2 — NS NS | NS NS NS NS ‘ NS NS
Day 3
NS NS NS NS NS NS NS NS
Day 0 — I - NS NS NS NS NS NS NS
Day 2 *
NS NS NS NS NS NS NS NS
Day 0 - NS NS NS NS NS NS NS NS
Day 3
NS NS NS NS NS NS NS -
E 3
100% Rain 100%
Nutrient
33% Rain 33%
Nutrient
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(94]



Table 9. Shifts in percent of Cyanophytes in each treatment versus the control during the
specified time periods. A ‘+’ indicates the change was an increase relative to the
control and a ‘-’ indicates the change was negative relative to the control.
Significance: NS = not significant; * = p <0.05. The layout of treatments in each
major block is shown separately in the box at the bottom of the table.

Cyano Bay - Winter Bay - Summer Gulf - Winter Gulf - Summer
Day 0 — NS NS NS NS NS NS NS NS
Day 1
NS NS NS NS NS NS NS NS
Day | - NS NS NS NS NS NS NS +
Day 2 *
NS NS NS NS NS NS NS NS
Day 2 - NS NS NS NS NS NS NS NS
Day 3
| Ns | Ns NS | NS NS | Ns NS | NS
Day 0 — NS NS NS NS NS NS NS NS
Day 2
NS NS NS NS NS NS NS NS
'Day 0- NS NS NS NS NS NS NS NS
Day 3
]i Ns | ns L ns [ ns | ns [ ns [ Ns | ns
100% Rain 100%
Nutrient
33% Rain 33%
Nutrient
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DISCUSSION

Our bioassays were designed to simulate seasonal (dry and wet) phytoplankton growth
response to atmospherically-derived precipitation in amounts typically experienced in local
waters. A comparison of rainfall collected for this study with median seasonal values obtained
from the National Atmospheric Deposition Project (NADP) Verna Wellfield site in Sarasota
County revealed similar concentrations of primary inorganic nutrient species (~80% of NADP
median concentrations). Seasonal concentrations of principal nitrogenous nutrients present in
both Bay and Gulf waters from the current study also agreed well with recent data obtained
independently from other sources (Sarasota County Ambient Water Quality Monitoring Program
for Roberts Bay; MML Red Tide Monitoring Program for the Gulf of Mexico). Additionally, our
bioassay treatments were designed to test the effects of rainfall at naturally occurring dilutions
(one and three percent). Therefore, it is reasonable to conclude that the conditions under which
our bioassays were performed are representative of natural meteorological and hydrological
conditions commonly found in local waters and that the response of resident phytoplankton to
these treatments were not the result of unnatural or unusual conditions. s

Effect of Nutrients on Phytoplankton Growth in situ

Although there were not large growth responses to the addition of rainfall in our seasonal
bioassays in the Gulf and Bay, there were some significant responses observed under specific
conditions. The fact that any significant increases in phytoplankton populations resulting from
rainfall additions were detected demonstrates that atmospherically derived nitrogen can be a
significant nutrient supply for phytoplankton growth.

In the present study, the only stimulation of phytoplankton growth (measured as
chlorophyll a) as a result of rainfall (and nutrient) enrichment occurred during the winter
bioassays in the Gulf. Moreover, the growth response was greater in the two high nutrient
treatments (100% rain and 100% nutrients). The fact that these two treatments resulted in similar
growth responses indicates that the addition of inorganic nitrogen (and not some other
component of the rainwater) was responsible for the stimulated growth. In both seasonal
bioassays in the Bay, phytoplankton growth was not stimulated by nitrogen additions. In all Bay
bioassays treatments, there was a rapid decline in chlorophyll a concentration within the first two
days. The summer bioassays in the Gulf showed highly variable growth responses among the
treatments, but in general, these bioassays exhibited declines in chlorophyll a concentrations in
all treatments.

In performing similar bioassays using Neuse River estuarine water in North Carolina,
Paerl et al. (1990) observed no net stimulation of chlorophyll a concentration when using rainfall
with relatively low DIN concentrations. Only when rainwater was highly enriched in DIN did
they see significant and prolonged stimulation of phytoplankton growth. Ambient nutrient
concentrations of Neuse River waters was not determined prior to enrichment. In our Bay
bioassays, ambient DIN concentration in the summer was already quite high (0.068 mg/1), which
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is nearly twice the yearly median for these waters (Sarasota County monitoring program). The
addition of 8% more DIN to these waters (the effect of a 6 cm rain event) did not stimulate
phytoplankton growth in our bioassays. During the winter, the concentration of DIN in Roberts
Bay was 0.024 mg/l, which was much lower than during the summer and below the average
yearly mean. The DIN in the rainfall during winter was lower in DIN as well. However, even
with the addition of 14% more DIN to Roberts Bay water (again, the effect of a 6 cm rain everit),
phytoplankton growth was not stimulated. These findings suggest that new nitrogen derived
solely from atmospheric deposition may not be significant enough to stimulate primary
production in our estuarine waters, but that additional sources of nitrogen (e.g., sediment
resuspension or terrestrial runoff), which are also associated with storm events, may also be
necessary to increase production.

Potential responses of phytoplankton in the more nutrient-poor waters of the nearshore
Gulf of Mexico may be quite different from their estuarine counterparts. In this environment,
atmospherically derived nitrogen can result in a substantial increase in available nutrients. In the
present study, a 6 cm storm event led to increases in DIN concentration of 24 and 3 1%% during
summer and winter, respectively. These calculations were based on the assumption that the rain
completely mixes within the top 2 meters of the water column. Bioassays conducted with Gulf
water during winter conditions consisted of the lowest initial chlorophyll a concentrations (~ 0.1
ng/l) and lowest ambient nutrient concentrations (0.011 mg/l DIN). These results clearly show
that the level of nitrogen derived from rainfall stimulated phytoplankton growth. This growth
was primarily due to the diatom component, as detected by changes in chemotaxonomy, pigment
increases and particle size distribution.

Other investigations on phytoplankton responses to nutrient enrichment have included
additional nutrients, mainly phosphorus and trace metals, in addition to nitrogen. In Perdido
Bay, Florida, phytoplankton responses to enrichment fell into two primary categories: (1) primary
orthophosphate-P or nitrate-N stimulation (i.e., some growth with the primary nutrient but
enhanced growth with the addition of both nutrients), and (2) apparent nitrate-N and
orthophosphate-P co-stimulation (i.e., both nutrients were required to elicit a growth response
(Flemer et al. 1998). Orthophosphate stimulated phytoplankton growth primarily during the cool
season and nitrate-N during the warm season. In North Carolina, nitrate-N consistently
stimulated growth, while occasionally the combination of nitrate-N and orthophosphate-P further
stimulated growth (Paerl et al. 1990). Neither orthophosphate nor trace metals alone stimulated
growth above controls (Paerl et al. 1990). Nitrogen was determined to be the primary growth
stimulating nutrient (Paerl ef a/. 1990). Because phytoplankton productivity in coastal Sarasota
waters is considered to be nitrogen limited (N:P mg:mg ratios generally less than 7; see Table 1),
we did not consider orthophosphate to be a limiting nutrient in our bioassays.

Explanations for Observed Phytoplankton Growth Response During in situ Bioassays

Nutrient Depletion: When nutrients are suddenly added to depleted cells, the response is
often a rapid uptake of the depleted nutrient. For example, when nitrogen was added to N-
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limited diatom cultures, the nitrogen was taken up rapidly, and carbon assimilation was
depressed (Falkowski and Stone 1975). Phytoplankton, if sufficiently N depleted, have the
capacity to take up ammonium as much as 30 times faster than the steady-state growth rate when
the cells are exposed briefly (5 min) to saturating ammonium concentrations (i.e. > 1 uM)
(Falkowski and Stone 1975).

Paerl et al. (1990) observed deviations in chlorophyll a response compared to "*CO,
assimilation in bioassays (similar in design to ours) from North Carolina. They explained that
one possible explanation for the observed differences may be due to exhaustion of the added
nitrogen. Phytoplankton may be adapted to a patchy nutrient distribution, rapidly assimilating
nutrients before the temporary patches dissipate (McCarthy and Goldman, 1979; Turpin and
Harrison, 1979; Lehman and Scavia, 1982). This enhanced uptake would result in rapid
stimulation of algal growth and could quickly reduce the available DIN. Without further
additions of nitrogen to support accelerated growth, phytoplankton could undergo death and
decay, with a resultant rapid degradation of chlorophyll a. The '*C content of the particulate
fraction (not determined in the present study) would, in all likelihood, not have revealed a
parallel decrease at this stage because much of the "*C remained incorporated in organic carbon
compounds, either in live cells or detritus. In this scenario, the highest N addition (100% Rain
and 100% Nutrient treatments) could supply enough nitrogen such that the DIN would not be
completely exhausted following the initial surge in enhanced uptake and would therefore support
continued growth. Flemer et al. (1998), in a study of seasonal nutrient limitation of
phytoplankton in Perdido Bay, Fl, utilized a modified static renewal approach in their
microcosm setup, whereby the daily removal of 10% of the volume was replaced with ambient
source water, thus replenishing some of the nutrients to their microcosms. In the present study,
DIN was depleted at the end of the first day in both Bay and Gulf bioassays during the summer.
This could help explain the decline in chlorophyll a during these bioassays. However, during the
winter bioassays, where DIN was not totally exhausted, only the Gulf bioassays exhibited
positive growth. In addition, since all nutrient treatments (including the control) for the Gulf
bioassays showed increased phytoplankton growth, other factors besides nutrient depletion were
probably involved.

Zooplankton Grazing. A second explanation for the observed decrease in chlorophyll a
relates to zooplankton grazing. In our bioassays, the source water was not prefiltered and thus,
zooplankton were not excluded from the cubitainers. Under typical summer temperatures and
favorable nutritional conditions, estuarine copepods can grow through more than one
developmental stage per day (Heinle, 1996), while tintinnind protozoans can also grow very
rapidly, with generation times from one to two days (Heinbolkel, 1988). Grazing by Acartia spp.
can remove up to 30% of the standing stock of phytoplankton in estuarine waters (Deason,
1980), indicating that at times grazing pressure can be very significant. Feeding by resident
Sarasota Bay zooplankton might have caused similar reductions in the algal biomass, especially
durring the summer, within the relatively small volumes of the cubitainers. Sorensson et al.
(1989) found evidence of elevated flagellate grazing and enhanced ammonium regeneration after
two days during mesocosm enrichment studies in the Baltic Sea. Flemer et al. (1998) filtered




water through nested plankton nets during water collection in order to remove larger
zooplankton; Paerl et al. (1990) did not.

Photoacclimation. Phytoplankton adjust to changing light exposure over short time
periods (seconds to days) in a variety of ways to optimize their existence under those conditions.
This process of adjustment is referred to as photoacclimation. Typically, phytoplankton
populations are lumped into ‘sun’ or ‘shade’ acclimated groupings, but they are usually found
somewhere between these two acclimation endpoints. A shade acclimated phytoplankter has an
elevated cellular concentration of chlorophyll a and associated photosynthetic accessory
pigments to enhance its ability to capture photons in the low-light environment it occupies. The
‘shade’ acclimated phytoplankter will also exhibit depressed levels of photoprotective pigments
since there is no light stress. A ‘sun’ acclimated phytoplankter will exhibit the opposite pigment
complement, photosynthetic pigments will be depressed and photoprotective pigments will be
elevated to mitigate light stress.

Light attenuation in bays and estuaries is very rapid relative to clear oceanic water. The
dissolved color, detritus and phytoplankton in bays combine to strongly attenuate light over very
short vertical distances. Therefore, the phytoplankton at the Bay site were closer to the ‘shade’
acclimated state with high cellular concentrations of chlorophyll a and other photosynthetic
pigments. When the aliquots of water were distributed to the cubitainers and incubated at the
surface of the water column, the ‘shade’ acclimated phytoplankton in those cubitainers were
forced to remain in a high-light environment and had to photoacclimate to a ‘sun’ acclimated
state. The rapid reduction of chlorophyll a concentration (Figure 9) seen in the Bay samples over
the first two days can best be explained by photoacclimation. There was a concomitant reduction
in the photosynthetic pigments lutien and alloxanthin (see Figures 11 and 12). Conversely, there
was an increase in the concentration of the photoprotective pigments diadinoxanthin and
diatoxanthin (Figures not presented). Because there was an increase in the photoprotective
pigments, it seems unlikely that the decrease in chlorophyll a was due to nutrient reductions or
grazing, but was rather due to this photoacclimation process.

Additional Causes: Finally, differential responses to various DIN enrichments may have
indicated (1) compositional differences in phytoplankton species between bioassay dates, (2)
contrasting DIN uptake and assimilation kinetics within similar phytoplankton assemblages on
different dates, or (3) varying physical regimes (irradiance, turbulence, temperature or
combinations thereof) controlling DIN uptake and assimilation dynamics (Paerl er al. 1990).

Conclusion

During the summer bioassays all added nutrients were essentially depleted by the end of
the first day. There was also a rapid decline in chlorophyll a, which was a measure of the growth
response of the algal assemblages. This short-term phytoplankton response was likely due to
photoacclimation during the bioassays. These findings suggest that new nitrogen derived solely
from atmospheric deposition may not be significant enough to stimulate primary production in
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Sarasota estuarine waters, but that additional sources of nitrogen (e.g., sediment resuspension and
terrestrial runoff), which are also associated with storm events, may also be necessary to increase
production.

During the winter bioassays the positive growth response to rain and nutrient treatments in
the Gulf was directly related to added nutrient concentration. Additionally, the growth response
was similar between rainfall and nutrient treatments, strongly suggesting that the response was
due primarily to nitrogen, and not some other component of the rainwater. The positive growth
response was primarily due to the diatom fraction of the phytoplankton.

Although there was no consistent growth response to the addition of rainfall for all
seasonal bioassays in the Gulf and Bay, there was a significant positive response under specific
conditions. The fact that any significant increase in phytoplankton population growth resulting
from rainfall additions was detected demonstrates that atmospherically derived nitrogen can be a
significant nutrient supply for phytoplankton growth.
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