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Abstract

Unique applications of plankton ecology and productivity in Jamaican waters are presented.
While traditional indices were inadequate descriptors of mangrove lagoon water quality,
planktonic indices (total Chlorophyll a, zooplankton groups and species) were more reliable.
Phytoplankton biomass was used to indicate a longitudinal gradient along the Hellshire
Coastline, identifying non-point sources of enrichment, and movement of water masses in
the absence of expensive Eulerian current meters. Along that same coast, mean primary pro-
duction, determined by "C techniques, confirmed a gradient from the eutrophic Kingston
Harbour (21.1 g C m™year™) to the oligotrophic control site (0.52 g C m™ year™). Maximum
inshore station values (36.75-18.39 g C m™ year™') were more than 20 times greater than
offshore and exceeded Harbour values, confirming non-point sources and localized mecha-
nisms as important inshore sources of eutrophication. The novel use of Ecopath with Ecosim
(EwE) software to model trophic flows within planktonic communities was done in two
bays. For Discovery Bay, on Jamaica’s north coast, the model indicated a developing eco-
system with open mineral cycles and poor nutrient conservation while in Foul and Folly
Bays on the southeastern coast the model indicated greater resilience and ability to recover
from perturbations. These applications have facilitated informed management decisions for
sustainable use in Jamaican coastal ecosystems.

Keywords: Jamaica, mangrove lagoons, plankton, production, Ecopath, non-point
sources, Kingston Harbour

1. Introduction

Jamaica is an archipelagic state with territorial waters approximately 24 times its land mass.
Consequently, the range of water masses and associated water qualities include eutrophic

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.



74 Marine Ecology - Biotic and Abiotic Interactions

bays and harbours, mangrove lagoons, pristine and mesotrophic bays as well as oligotrophic
offshore waters. These have provided a vast and varied expanse for plankton ecology research.
Plankton research in Jamaican waters has traditionally used species composition and abun-
dances to characterize the different water masses, indicate eutrophication levels and distribu-
tion as well as to indicate the trophic status of areas and their ability to support fisheries.

Kingston Harbour, the seventh deepest natural Harbour in the world, borders Jamaica’s capital
city, Kingston and is distinctive for the inflow of 21 identifiable gullies and streams [1] that
carry storm water, partially treated sewage, agriculture run off and now large quantities of
solid waste. Kingston Harbour is the most extensively studied bay in Jamaica and consequently
the plankton have been used to characterize the Harbour as eutrophic [2-6] as well as indicate
the influence of these waters on the south coast shelf [4, 7]. Kingston Harbour waters have been
tracked using planktonic indices as leaving the Harbour and flowing south west towards the
Hellshire coastline. Relative abundance of Lucifer faxoni and Penilia avirostris [4] have been used
as indicators of Kingston Harbour waters in areas of the south-east shelf of Jamaica.

Early research [8] sought to indicate distinct assemblages of zooplankton that characterize
offshore (oceanic), shelf and Kingston Harbour waters along with associated “indicator
species”. More recent studies have also compared oceanic, shelf and Kingston Harbour
waters using zooplankton abundances as well as community composition [9]. However,
novel uses of zooplankton to indicate water quality have involved exploring the use of
these indices in mangrove lagoons threatened by anthropogenic stress.

The new and unique uses of plankton as indicators around Jamaica involve their use in char-
acterizing the eutrophication status of mangrove lagoons, their use to assess coastal dynamics
and water movement as well as the use of plankton productivity in the characterization and
understanding of ecological functions and trophodynamic flows in different water masses.

2. Plankton as indicators in mangrove lagoons

Mangroves are a diverse species of tropical woody trees found primarily in Tropical and
Sub-tropical intertidal (wetland) environments. They are estimated to cover a global area of
between 137,760 and 152,000 km? [10]. Mangroves provide a suite of regulating, supporting
and provisioning ecosystem services [10] including shoreline protection, carbon sequestra-
tion and storage, water quality enhancement and promoting high biodiversity by providing
food and shelter for fish, marine invertebrates, and birds. Mangrove forests are threatened
globally by deforestation due to coastal development, mariculture (primarily shrimp farm-
ing), timber harvest, water diversion and over-exploitation. Jamaica’s wetland area has been
estimated at ~17,700 with 9731 ha being mangrove dominated forests [11]. Mangroves are
reported to be found along 290 km or 29% of Jamaica’s coastline and covering approximately
97 km? [12]. Unfortunately, many areas of Jamaica’s mangroves are threatened by eutrophi-
cation which if left undetected and unchecked, also leads to reduction and loss of this vital
ecosystem and the services it provides.
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Water quality monitoring of mangrove waters is particularly problematic because natural
conditions in mangrove lagoons often yield unexpected or confounding values for indi-
ces commonly used in coastal water quality monitoring. Traditional coastal water quality
indices used extensively in Jamaica’s coastal waters include: nutrients, water clarity (light
penetration), biochemical oxygen demand (BOD), bacterial content as well as the planktonic
communities, especially the phytoplankton [13]. Mangrove lagoons have natural low light
conditions, high turbidity, high detritus, and often low salinity associated with land runoff.
The existing indices would therefore identify all mangrove lagoons as polluted, relative to the
non-mangrove areas of the bay [14]. Also, there is the danger of not indicating eutrophic con-
ditions in mangroves because they are “masked” or modified by the natural physiographic
conditions. For example, while high phytoplankton biomass is a reliable index of eutrophi-
cation, mangals may have low phytoplankton biomass because of the inhibitory effects of
the phenolic materials (tannins) in the water [15]. Several studies have attempted to identify
appropriate water quality indicators for use in Jamaica’s mangrove lagoons [14, 16-18]. These
have explored using planktonic communities instead of traditional water quality indices, or
mangrove root communities as water quality indices for mangrove lagoons.

2.1. The methods used

The methods used to investigate planktonic communities as effective water quality indices in
mangrove lagoons required sites with mangroves experiencing different levels of nutrients
and in relatively close proximity. Sampling was done at six contrasting mangrove areas in
the south-east coastal areas of Jamaica which ranged from eutrophic, disturbed lagoons in
Kingston Harbour and Hunts Bay to pristine mangrove areas in Wreck Bay (Figure 1).

All the lagoons, however, share the characteristics of low light penetration because of tan-
nin coloured waters, fluctuating salinities, high turbidity, and high detritus with associated
microbial activity. Sampling was usually conducted for 1 year or to represent the wet and dry
seasons and parameters included physicochemical: depth (+0.08 m), temperature (+0.10°C),
dissolved oxygen (DO) (+0.2 mg 1), Salinity (+0.2%.), pH (0.2 units) and Reduction/
Oxidation potential- REDOX (+20 mV), phytoplankton biomass (Chlorophyll a), zooplankton
abundance and species composition as well as species composition and abundance of man-
grove foot fouling communities. The suite of physicochemical variables was read in situ using
Hydrolab® or YSI® Mulit-parameter data loggers. For phytoplankton biomass water samples
were collected in replicate at all stations using a horizontal Niskin sampler (3.5 1). Samples
were filtered through a fractionating tower of nitex screening 20 um, Whatman GFD glass
fibre filters 2.7 um and Whatman GFF glass fibre filters 0.7 um at approximately 15 mmHg
pressure [19]. Chlorophyll a extraction was conducted at room temperature in the dark for
24 h using 6 ml of 90% acetone [20] and was read using a Turner Designs TD700 Version 1.8
laboratory fluorometer.

Zooplankton samples were collected using a range of standard plankton nets including
64, 100, 135 or 200 um. Replicate (n = 2) oblique or vertical hauls (depending on station depth)
were done at each station as close to the mangrove roots as was possible. Animals were always
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Figure 1. Map of Jamaica showing the mangrove areas sampled on the south-east coast of the island. BB — Bowden
Bridge; BW — Bowden West; YC — Yacht Club; FR — Fort Rocky lagoon; HB — Hunts Bay; SP — Great Salt Pond; WB — Wreck
Bay; GE — Galleon East; GW — Galleon West.

preserved immediately in the field after collection using 10% formalin. Samples were enumer-
ated and identified for all taxa present using binocular microscopes (mag. x10-x40) and with
the aid of zooplankton guides [21-26]. In most studies, in addition to species lists, community
analysis tests were employed which used species composition to investigate station affini-
ties and identify possible associations. These included Jaccard Community Coefficient (JCC),
Percentage Similarity Coefficient (PSC), and Principal Components Analysis (PCA). Cluster
analysis diagrams/dendrograms were used [18] for to display station linkages using the PSC
and JCC values. Mangrove root fouling communities were examined in the range of lagoons
using both natural and artificial substrates (settlement panels) placed in the same area as the
mangrove roots. Species composition and biomass of these root fouling communities were
analysed contemporaneously with other parameters.

2.2. Findings and significance
2.2.1. Physicochemical parameters

Plankton is sensitive to many environmental influences such as salinity, temperature, dis-
solved oxygen levels, turbidity, and other factors [2, 13, 15, 27]. It was expected that these
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influences would be significantly different between mangrove lagoons due different levels
of anthropogenic stress in each area. Hunts Bay (in Kingston Harbour) is a known eutrophic
site while Wreck Bay is pristine [28, 29]. Consequently, the ideal water quality indices were
expected to indicate a range of conditions (with Wreck Bay mangal as the pristine extreme
and Hunts Bay mangal as the eutrophic extreme).

Most physicochemical parameters used in these mangrove water quality studies showed sig-
nificant differences between stations, with the exception of particulate organic matter (POM).
However, the distribution of these parameters between lagoons did not show the expected
pattern. Furthermore, the lack of significant difference in POM values between stations was not
expected since this parameter is often an important indicator in water quality analyses [30, 31].
POM is usually suspended matter of organic and inorganic origins. Usually the mixing of fresh
water with sea water involves a marked change in pH and increases the level of dissolved salts,
which promote the coagulation of fine particulate matter [30]. With the diverse sources and the
shallow nature of mangrove lagoons, high POM may be a constant feature; irrespective of the
eutrophication levels being experienced in the lagoons. Thus, POM may not be an adequate
descriptor of the eutrophic status in mangrove lagoons.

When examining the physicochemical variables used across studies, depth at the station
should be considered because of the influence of this variable on mixing and therefore on
several physicochemical parameters (e.g. dissolved oxygen (DO), temperature, salinity). The
studies showed that shallow and more exposed stations (e.g. Hunts Bay — HB) would con-
sistently have extreme and episodic values for variables like temperature and salinity [18].
While other mangrove areas like the Great Salt Pond (GSP) which was also shallow did
not have high temperatures because of the constant shading provided by mangrove trees.
Temperature, therefore, is not an adequate descriptor of eutrophication status.

Dissolved oxygen (DO) behaved in a similar manner to temperature and was thus equally
unreliable with only the high variability in DO values about the mean (episodic variability) at
polluted stations being a consistent indicator. The eutrophic Hunts Bay (HB) had a high oxy-
gen concentration (averaging >7 mg 1) but also with the greatest fluctuation about the mean.
Poor water quality was expected at this station [13, 32, 33]; with constant blooms of some-
times toxic phytoplankton species. Ranston and Webber [32] further reported a rapid decline
in DO from super-saturation at the surface to almost anoxic conditions at depth. Dissolved
oxygen in natural waters varies with temperature, salinity, turbulence, the photosynthetic
activity of algae and plants, and atmospheric pressure. The solubility of oxygen decreases
as temperature and salinity increase. Significant variations in DO can occur over 24-h peri-
ods, in response to variation in temperature and biological activity (i.e. photosynthesis and
respiration). Biological respiration, including that related to decomposition, reduces DO con-
centrations [34]. Increases in DO relate to phytoplankton concentrations as algal blooms in
eutrophic waters can cause DO concentrations to raise dramatically. According to Gordina
et al. [35], oxygen super-saturation is indicative of a degree of eutrophication and Borsuk et al.
[36] suggested that oxygen depletion in estuarine bottom waters resulted from chemical and
biological oxygen consumption associated with the decomposition of organic matter in the
sediments and water column. This makes dissolved oxygen (DO) values in coastal systems
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difficult to explain as both extremes in DO (very high or very low values) may be indicative
of deteriorating water quality. Hence, the diurnal fluctuation in this parameter has been sug-
gested to be a better index than the absolute value.

Reduction/Oxidation Potential (REDOX) characterizes the oxidation state of natural waters.
Oxygen, iron, and sulphur, as well as some organic processes can affect REDOX. Anaerobic
respiration and the resultant increase in hydrogen sulphide are usually associated with a
sharp decrease in REDOX and is evidence of reducing conditions [34]. REDOX values ranged
between 250 and 300 mV for the mangrove stations sampled across the studies and while the
variation between stations was statistically significant the overall similarity of the relatively
low REDOX values [18] suggested that high reducing conditions are a constant feature of all
these mangrove lagoons. More pristine bays like Discovery Bay on Jamaica’s north coast have
been reported to have REDOX values in excess of 500 mV [37]. Not all studies analysed nutri-
ents across stations, however, where sampled Nitrates and Phosphates varied significantly
between stations but with no consistent spatial pattern [14].

2.2.2. Biological variables

The biological variables that have been used to assess mangrove water quality in Jamaica
include zooplankton species composition, frequency of occurrence, zooplankton community
coefficients, total abundances and totals of numerically important sub-groups (e.g. Calanoids,
harpactocoids, larvae), Chlorophyll 2 (phytoplankton biomass) and number of zooplankton
“indicator species” m=. In some studies sessile root fouling organisms (epibiota) were anal-
ysed for their value in indicating ecosystem health, however, these were deemed unreliable
for water quality. According to Hoilett and Webber [14] epibiota on the roots of the red man-
grove which hang into the lagoon or are found on artificial substrates show interesting trends
but the natural physiographic conditions (substrate type, degree of exposure, presence of
rivers etc.) associated with each lagoon must be taken into consideration before conclusions
can be made relating eutrophication to epibiota distribution. They indicated, however, that
there is some value in the use of sessile fauna of individual taxonomic groups and Todd and
Webber [16] also found Phallusia nigra (a solitary black ascidian) to be a useful indicator of
varying eutrophication in the Kingston Harbour mangroves being found in high concentra-
tions at the more disturbed sites like Buccaneer Swamp. However, the absence of P. nigra is
not in itself an indicator of pristine conditions as the species does not occur in the eutrophic
Hunts Bay.

Total phytoplankton biomass most consistently showed the expected eutrophication gradient
[14, 18] across mangrove lagoons. According to Campbell et al. [18] Chlorophyll 2 was the most
reliable planktonic index distinguishing stations as oligotrophic (0.21-0.55 mg m~) mesotro-
phic (0.57-2.55 mg m™) eutrophic (3.00-6.55 mg m~) and extremely eutrophic (>31.17 mg m™).
However phytoplankton size fractions (which are extensively used in coastal water qualities)
may be unreliable as the effect of low light negates the effect of high nutrients that would make
the larger fractions, > 20 p in diameter, dominate. Hence, eutrophic mangrove lagoons have
been shown to have greater proportions of the picoplankton fraction (0.2-2 p diameter) than
expected [14, 18].
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Principal Components Analysis (PCA) used by Campbell et al. [18] showed harpacticoids and
the animal Dioithona oculata (a cyclopoid) were major components for all stations as well as the
larval plankton. Acartia tonsa (a calanoid) was identified by Hoilett and Webber [14] as consis-
tently occurring across mangrove areas and varying along an eutrophication gradient. Mean
total numbers of zooplankton varied significantly between stations. Campbell et al. [18], for
example, showed total values ranging between 789 animals m™ at pristine Wreck Bay (WB) to
114,970 animals m™ at eutrophic Hunts Bay (HB). HB also had maximum fluctuations about
the mean. The group Larvae followed a similar pattern of distribution to the total numbers.
The zooplankton in mangrove lagoons has been consistently found to be dominated by cope-
pods and larvae [14, 18]. However, harpacticoid copepods and individual species like A. tonsa
and D. oculata show greatest potential as indicators of eutrophication in mangrove lagoons.

Taxonomic richness (number of species) varied significantly across mangrove areas for most
studies but did not seem to follow the expected eutrophication trend. For example, Fort
Rocky lagoon (FRL) in the Port Royal mangroves which would be considered mesotrophic,
had highest taxonomic richness [14, 18]; while Wreck Bay, a pristine mangrove area had con-
sistently low richness. High diversity or high richness in zooplankton communities is usually
a reliable index of pristine conditions [37]. However, the similarities in taxonomic composi-
tion between studies and across different lagoons, seem to suggest that mangrove lagoons
have a ‘basal group” of commonly occurring zooplankton species, where individual species
or sub-groups (like larvae and harpacticoids) may only be used as indicators if they vary in
relative abundance according to the levels of eutrophication of each lagoon. The entire group
Harpacticoida, though sometimes small in total numbers, occurred with great frequency
throughout the sampling period at all mangrove lagoons.

Some zooplankton species may also be useful as indicators of the influence of mangrove
waters on other systems. For example, D. oculata is known to form swarms in water <30 cm
deep among the prop roots of red mangroves (Rhizophora mangle) [38] and these swarms
persist and remain with the mangrove water [39]. Another important species in this regard
could be A. tonsa which was reported by Dunbar and Webber [5] to be one of the ‘hardier’
euryhaline species which dominated the eutrophic Hunts Bay and so has the potential to
be indicative of the eutrophic conditions associated with the mangrove lagoons. However,
A. tonsa may be indicative of eutrophic bays in general and not necessarily eutrophic man-
grove areas [40, 41].

Total zooplankton abundances in mangrove lagoons can be extremely high reaching 10°
individuals m™ [42]. This was comparable to values found in some mangrove lagoons in
Jamaica. However the values did not follow the eutrophication gradient. Total abundance of
zooplankton in the eutrophic Hunts Bay was found to be as high as 563,339 animals m™ [18].
However, Francis et al. [33] found values of 16,499 animals m™ in Hunts Bay and Hoilett and
Webber [14] reported means in excess of 1,000,000 animals m~ found in the immediate area of
the R. mangle roots at Wreck Bay. The latter being the most pristine mangrove site examined
during the study. Hunts Bay receives nutrient rich water as well as high levels of pollution
from several gullies [32] and areas of the mangroves have also been disturbed by “dredge
and fill” activities occurring in the Bay. This disturbance of the sediments will also lead to
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significant enrichment of the water column. The pristine mangrove areas of Wreck Bay (WB)
by contrast have no consistent enrichment sources and the sediments are made of coarse cal-
careous material. Total zooplankton abundances therefore were not shown to be reliable as
indicators of eutrophication in mangrove lagoons.

Mangroves are tightly bound to the coastal environments in which they occur [43, 44]. They
are influenced by physical and chemical conditions and can, also help to create them. As
a result, changes to the system can have cascading long-term effects. Monitoring of these
changes must be efficiently and accurately done and elements of the phytoplankton and zoo-
plankton communities are here shown to be reliable indices for such monitoring exercises.
The use of planktonic indices (e.g. Chlorophyll 4, zooplankton groups like harpacticoids and
larvae as well as individual species) have here been shown to be more reliable indicators of
mangrove lagoon water quality than many physicochemical variables and the sessile root
community. Furthermore, species like D. oculata and A. tonsa can be used to indicators of pen-
etration of mangrove waters to other parts of the coast.

3. Phytoplankton and coastal dynamics

3.1. Phytoplankton biomass along the Hellshire coast

Coastal circulation, in tropical waters, has been attributed to astronomical tides, river dis-
charge and meteorological forces of which wind is most important [45]. The strength and
significance of each are dependent on a wide range of topographic, hydraulic and meteo-
rological controls [46]. Gravitational circulation can also be a major contribution to the
dynamics of an estuary at sub-tidal scales; however this is not usually evident in small,
shallow, well mixed bays with weak freshwater inflows. This study seeks to use the phyto-
plankton biomass and distribution as a descriptor in the coastal dynamics of the Hellshire
Coastline. The distribution and influence of Eutrophic Kingston Harbour waters has been
of interest in Jamaica as the Hellshire Coastline has tremendous potential for tourism
development. Understanding the sources of water to this area is critical to managing the
resource.

The Hellshire coastline (Figure 2) is located to the southwest of Kingston Jamaica and cov-
ers approximately 27 km, of which the eastern portion (15 km). It has six major bays each
with white sand beaches and coral reefs associated with the seaward edge of the bay [4]. To
the north-east of the Hellshire coast is the Kingston Harbour which is highly eutrophic and
believed to be a potential source of degradation to the Hellshire area.

Sherwin and Deeming [47] reported that flow from Kingston Harbour is initially to the south
and then west towards the Hellshire coastline. Water is advected through this area along a
path of least resistance and should experience oceanic dilution with increasing distance from
the harbour. This knowledge, along with the observation of deterioration of coral reef and
seagrass bed communities along the Hellshire Coastline, led to postulating that the influence
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Figure 2. South-east coast of Jamaica showing Kingston Harbour and the Hellshire Coast.

of eutrophication from the Kingston Harbour was the source of high nutrient waters which
flowed along the Hellshire coastline.

The bays investigated along Hellshire were Half Moon Bay (HMB), Two Sister’s Bay (TS),
Sandhills Bay (SH), Engine Head Bay (EH) and Wreck Bay (WB), which are in order of increas-
ing distance from the Kingston Harbour as illustrated in Figure 3. The overall purpose is to
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indicate whether the bays are primarily influenced by the Eutrophic Kingston Harbour via or
indicate whether there are other sources and conditions that influence in the phytoplankton
distribution and hence water quality along the coastline.

3.1.1. The methods used

Thirteen stations were investigated over the study period November 1999 to January 2001.
Station positions were selected based on the location of the shoreline irregularities in order to
investigate the longshore current and so trace water masses throughout the area. Six stations
were located outside of the reef system, approximately 2 km from the shoreline (within the
continental shelf), which were termed ‘nearshore stations’. A second set of seven stations were
located within the embayments, between the shoreline and the reef system, which were termed
‘inshore stations” (Figure 3). Nutrient loads exiting the Kingston Harbour are restricted to the
upper 7 m of the water column [4, 7, 48-50] hence samples were collected in surface layers
only. These stations were included to allow for a more accurate assessment of the phytoplank-
ton biomass distribution between bays and the potential retention time of each bay.

Sampling occasions were selected based on the tidal phase, i.e. rising tide and falling tide.
This was thought to represent extremes of circulation within the region as high tide would
account for a fast turn over time or retention time and low tide accounting for longer reten-
tion time. Tidal cycle data were obtained from the Port Royal Tide Gauge and the Port Royal
Jamaica Tide Charts.

At each station, surface water samples were collected within the first meter of the water col-
umn for all inshore ad nearshore stations and the phytoplankton biomass determined as
Chlorophyll a using fluorometry, as previously described in this chapter.

3.1.2. Findings and significance

It was expected that with improved water quality or increased distance from the eutrophic
influence of the Kingston Harbour, phytoplankton total biomass would gradually decrease
[42]. It was also expected that with increased distance from the Kingston Harbour, a decrease
in netplankton biomass and an associated increase in picoplankton would also be observed.
This would be a result of netplankton being able to proliferate in nutrient rich area, whereas
picoplankton would dominate in nutrient poor area due to their surface area to body ratio. It
was also expected that total biomass should decline with distance from nutrient source. This
trend would also be expected as stations change from inshore/bay towards the nearshore and
offshore areas.

Analysis of 112 whole water samples revealed that, as expected, mean phytoplankton bio-
mass showed a gradual decrease with increased distance from the eutrophic source (Kingston
Harbour) and at nearshore stations (Figure 4). This supports the theory of dilution of Harbour
waters by oceanic with increased distance from the harbour. The biomass at inshore stations,
however, fluctuated with distance from Kingston Harbour, with a few stations found fur-
ther along the coastline having a higher biomass than stations found closer to the harbour
(Figure 5). This suggests that stations such as Engine Head Bay and Wreck Bay are atypical of
expected trends even when weak trends exist.
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Figure 3. Hellshire Coast showing nearshore (2 km from shore) and inshore (within the bay) phytoplankton sampling
stations.

To properly analyse the variations in phytoplankton biomass collections had to be sep-
arated based on tidal cycle as it was found that the phytoplankton biomass during a
rising tide varied significantly from those collected during a falling tide (ANOVA p <0.001;
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Figure 5. Mean total phytoplankton biomass (ug 1) for all samples for inshore stations along the Hellshire Coastline,
St. Catherine.

df =110). Average total biomass for nearshore surface stations collected during a rising tide

showed the expected decrease along the coastline with increased distance from the Harbour
(Figure 6).

In the case of the inshore stations the three stations closer to the Harbour showed a general
decrease in biomass from the Great Salt Pond station to the Two Sister’s Bay station followed
by an increase from the Sandhills Bay to Wreck Bay stations (Figure 7). When nearshore sta-
tions were compared to the inshore stations it was found that moving from the Kingston
Harbour towards Sandhills Bay the nearshore stations were generally higher than that of the
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Figure 7. Total phytoplankton biomass (g I'!) for inshore station during rising tide events along the Hellshire Coastline,
St. Catherine.

inshore station with the exception of Engine Head Bay and Wreck Bay where the biomass
were slightly higher in the inshore areas. This pattern was even more evident when sampling
occasions were analysed independent of each other. The variation in phytoplankton total bio-

masses was found to be significantly different between inshore and nearshore stations by way
of ANOVA (p <0.001; df =74).

A gradual decrease in total biomass with increased distance from the Kingston Harbour
was observed, although this pattern was not consistent. In some instances it was found
that stations further away from the harbour on occasion had a higher biomass than that
of the stations found closer to the harbour. Data indicate that the Two Sister’s nearshore
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station had a higher biomass than that of the Half Moon Bay Station which is closer to the
Kingston Harbour, followed by the Wreck Bay, which is located the furthest away from
the harbour.

Further Analysis of variance tests showed the falling tide event to be significantly different
from the data collected during the rising tide events. The general pattern in phytoplankton
distribution was completely different from that of trends observed on the rising tide occa-
sions. The nearshore stations showed a no significant difference between the total biomass of
the surface stations (Figure 8). Total biomass for these stations seemed to be constant in mov-
ing from Half Moon Bay to Sandhills with a reduction in biomass found at the Engine Bay
Station, followed by an increase at Wreck Bay which was greater than Half Moon Bay, Two
Sisters Bay and Sandhills but less than Hellshire Bay.

At the inshore stations (Figure 9), values demonstrated an initially decrease in total biomass
moving southwest along the coastline towards Sandhills followed by an exponential increase
for the rest of the coastline. Wreck Bay had the highest biomass of all the stations. Statistically,
inshore stations were significantly different from the nearshore stations (p < 0.001).

Interestingly Figures 6-9 illustrated that during both rising tide and falling tide occasions, the
biomass observed at Wreck Bay was not the lowest along the Hellshire Coastline as would
be expected. In fact, during the falling tide event the biomass at Wreck Bay was the highest
biomass collected on that occasion.

When percentage biomass was plotted for each station based on biomass it was seen that
this trend was observed at some stations but not all. During the rising tide events it was seen
that in some instances netplankton biomass decreased for some locations when inshore bio-
mass were compared with nearshore biomass (Figures 6 and 7). This was evident for the sta-
tions associated with Two Sisters Bay, Sandhills Bay, Engine Head Bay and Wreck Bay when
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inshore stations were compared with nearshore stations, with a corresponding increase in
picoplankton. Similar trend was observed for the percentage of netplankton during a falling
tide where increases were observed when inshore stations were compared with nearshore.
However, this was not observed for the picoplankton size class and there was no consistent
pattern as percentage composition fluctuated along the coastline.

Phytoplankton distribution fluctuates along the Hellshire coastline with bay stations dif-
fering significantly from nearshore stations. In some instances it has been seen that regard-
less of tidal regime phytoplankton biomass at some down-coast stations was greater than
up-coast (close to Kingston Harbour) stations with variables being observed especially at
Wreck Bay, which is the furthest bay from the Kingston Harbour. This observed variabil-
ity may be accounted for based on localized activity and retention due to circulation pat-
terns in the inshore waters of some bays, especially Wreck Bay. Phytoplankton biomass
was therefore successfully used to identify the existence of non-point sources of enrich-
ment along Hellshire and proved to be a useful tool in coastal assessment that could inform
management practices in an area. Therefore, in the absence of difficult to track Lagrangian
devices or expensive Eulerian current meters, the phytoplankton have been used to indicate
the influence of eutrophic waters on down-current well mixed bays on the south coast of
Jamaica.

4. Primary productivity

4.1. Phytoplankton production along the Hellshire Coast South-east Jamaica

There has been a paucity of plankton productivity studies in Jamaican waters for both phy-
toplankton and zooplankton and direct production assessment of phytoplankton have only
been conducted along the Hellshire area, south coast of Jamaica.
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Phytoplankton are important components of any marine ecosystem as they are respon-
sible for significant portions of the primary production in that environment. Three princi-
pal properties; species composition, biomass and production, have been commonly used in
the assessment of the phytoplankton community [51]. Tropical oceanic waters are typically
high diversity, low biomass and low production environments while Caribbean coastal and
inshore waters are characterized by lower diversity (few species dominating and proliferat-
ing) resulting in relatively higher biomass and productivity values [52]. This high biomass
and production in nearshore waters is often induced by sudden enrichment from land run off
from point and non-point sources [53]. These considerations are important in understanding
the ecosystem whether this understanding is needed for water quality analysis, conserva-
tion, development, ecosystem energetics or fisheries management. The Hellshire coast of the
southeastern Jamaica (Figure 2) with a eutrophic Kingston Harbour to the north [13] and an
oligotrophic Caribbean Sea to the south provided an ideal setting to evaluate the expected
gradient of impact from a point source of land based run off on the primary production of a
multiple use coastal area.

4.1.1. The methods used

Six litre samples of water were taken from a standard depth equivalent to 20-40% of sur-
face illumination at three inshore stations (Hellshire Bay, Half Moon Bay, and Wreck Bay)
three offshore stations equidistant from the Kingston Harbour and a control far removed
from both Harbour and Hellshire influences [50]. These stations were selected on the basis
of their estimated productivity since they all enjoy no light limitation. The samples were
kept in a cool dark place while being transported to the laboratory where 250 mL por-
tions from each of the seven stations were preserved for identification and enumeration,
one litre replicates were filtered for chlorophyll a biomass determination and triplicate
300 ml portions were placed into BOD bottles. Four milliliter aliquots were removed from
each filled BOD bottle to allow for the addition of the radioactive material. One millili-
ter of Sodium Bicarbonate solution containing 20 micro curies of radioactive carbon "C
was added to each BOD bottle using a 5 ml hypodermic syringe [54]. One milliliter of
3(3,4-dichlorophenyll)-1,1-dimethylurea (DCMU), a photosynthesis inhibitor was added
to one of each triplicate [19, 55]. The sealed bottles were incubated for 4 h in the sea at vari-
ous depths which simulated 20-40% of surface illumination at their original stations [56].
This was done to ensure that the algal cells remained at light intensities similar to their
natural habitat.

Determination of Primary production by “C technique was carried out as described by
Steemann Nielsen [57], modified for scintillation counting by Wolfe and Schelske [58], and
as reported by Parsons et al. [54]. The scintillation count was carried out on a Beckman liquid
scintillation system counter (model no LS 100). Size fractionating was conducted by filtering
250 mL of the incubated sample through nucleopre filters of three pore sizes (20, 2 and 0.2 pm).
Components less than 0.2 pm in size were treated by the acid bubbling method before the addi-
tion of the scintillation fluid [59, 60].
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4.1.2. Findings and significance

The mean primary production for the sampling period was greatest at the Kingston Harbour
(21.1 g Cm™year™) and lowest at the oligotrophic control site (0.52 g C m™ year™) confirming
the expected difference eutrophic and oligotrophic primary production. Although these val-
ues are not high when compared globally [61] the comparisons between the values recorded
at different areas of the Hellshire coast are important.

Primary production values and size distribution at offshore stations (2.63-0.88 g C m™ year™)
were lower with increasing distance from the Harbour and indicated an exponential decline
in production with distance from the Harbour point source. This is expected based on the
volume, consistency and significance of the point source as reported in similar studies [61].
Values at inshore stations (36.75-18.39 g C m™ year™') were more than 10 times greater than
offshore stations at the same distance from the Harbour, with primary production values at
one station (Hellshire Bay) exceeding that at the eutrophic Kingston Harbour and other turbid
and enriched estuaries [62, 63]. Inshore waters are therefore much more productive than off-
shore waters and on occasion demonstrated higher productivity than eutrophic waters with-
out significant point source inputs.

At all seven stations the nanoplankton fraction (2-20 p diameter cells) dominated production,
especially at the Harbour and inshore stations. Production in the picoplankton (0.2-2 p diam-
eter cells) and netoplankton fractions (greater than 20 u diameter cells) together contributed
40-50% of the primary production indicating some, but not great diversity in the composition
responsible for the primary production throughout the area.

Mean assimilation numbers, which are an indication of the efficiency of the biomass in pri-
mary production, were found to be similar at the offshore stations and the control station
(17-19 g C g Chl' h'"). At all offshore stations picoplankton and nanoplankton assimilation
were marginally higher than netplankton assimilation which indicates a homogenous system
with no differential efficiency with marginal dominance in efficiency by the nanoplankton at
the control station. Assimilation numbers at the inshore stations (45-70 g C g Chl™ h™) were
significantly greater (2-3 times greater) than those recorded at offshore stations and surpris-
ingly even higher than the Harbour and three time greater than assimilation values reported
by Glover in cultures in 1980. Phytoplankton at inshore stations influenced by non-point
sources of enrichment are therefore significantly more efficient at primary production than
the phytoplankton influenced by the enrichment from the known point source at the Harbour.

Within the inshore stations the picoplankton fraction (0.2-2.0 um diameters cells) dominated
the assimilation with highest values, not at stations close to the Harbour. This size fraction
dominates where nutrient enrichment is low but consistent either from the non-point sources
or by retention and regeneration mechanisms to facilitate proliferation [64, 65]. These results
indicate that the non-point sources and the mechanisms operating at the inshore stations bays
are significant sources of primary production to the Hellshire coast, a feature which is not
uncommon where ground water percolates into the coastal waters [66].
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4.1.3. An extreme rainfall event

Primary production values associated with the extreme rainfall event were variable at the off-
shore stations but only significantly higher at the offshore station furthest from the Harbour.
Production at the Harbour declined from 21.1 to 8.76 g C m™ year™ while values increased
dramatically, ten times higher than values over the normal period, to 11.39 g C m™ year™
at the station furthest from the Harbour. The reduced primary production at the Harbour
even in the presence of increased point source enrichment may be the result of reduced light
climate and reduced salinity [67] as silt laden fresh waters engulfed the entire coast. The
increased production at great distance from the point source demonstrates the influence of
the point source in flushing and providing significant enrichment but with reduced siltation
to an offshore body of water resulting in algal proliferation. The occurrence of the extreme
rainfall event resulted in marked changes in the size fractionated primary production pattern
at offshore stations. The nanoplankton fraction which normally represented 50-60% of the
production year round was as high as 90% after the rainfall event. The effect of this event on
the phytoplankton production along the Hellshire coast was the result of exploitation of the
changed condition by one genus Protoperidinium sp. which dominated the samples observed
confirming the work of Zeeman [68], Webber et al. [49] and Adolf et al. [69].

The point source of the Kingston Harbour is an important contributor to the primary pro-
duction of the Hellshire coast and under extreme rainfall events becomes the overwhelming
feature determining the quantity, efficiency and location of primary production. The non-
point sources along the Hellshire coast are also important but become significant localized
impacts limited to inshore waters with significance determined by persistence of non-point
release and nearshore mechanisms which facilitate retention and regeneration of especially
picoplankton cells.

5. Modelling trophic flows through the plankton using Ecopath

While several studies have been done on these individual ecosystems, few, if any, have
attempted to link or compare the areas, in terms of energy flow (as is possible using Ecopath).
Ecopath was first developed to estimate the standing stock and production budget of a coral
reef ecosystem in the Hawaiian Islands [70, 71]. It was further modified for use in any kind
of aquatic ecosystem [72] and requires the input of at least four basic parameters as well as
the diet composition for each consumer group. These parameters included: biomass; produc-
tion/biomass ratio; consumption/biomass ratio and ecotrophic efficiency. Once these inputs
of the basic parameters and diet compositions are completed, a mass-balanced trophic model
of the ecosystem was produced by balancing the model, that is, modifying the entries until
input = output for each consumer group.

One of the most important applications of this software is its ability to apply a selection of
Odum’s twenty four attributes of ecosystem maturity [73] to the mass-balanced model [72, 74]
in order to facilitate a description of the stage of an ecosystem’s stage of development. This
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can be a very important tool to be used for effective management of the fisheries in these areas.
The economies of a large number of countries are dependent on, or partially dependent on, the
fisheries of these countries. If any attempts are to be made to effectively manage these fisheries,
the systems which support these fisheries must be understood.

5.1. The methods used

A fairly novel use was made of the software when Ecopath 5.1 and Ecopath with Ecosim
(EwE) were used to model the trophic flows within the plankton communities in Discovery
Bay, on Jamaica’s north coast [75] and Foul and Folly Bays located in the Morant Wetlands on
the extreme eastern end of the island [76], respectively. Ecopath with Ecosim is usually used
to model trophic flows through fish and other macrofauna, with the plankton being used as
an input or source of food.

Discovery Bay was considered to be a fairly pristine bay, with mean zooplankton abundances
between 1077 + 91 and 3794 + 87 animals m™ and phytoplankton biomass between 0.4 and
0.8 mg m™ Foul and Folly Bays were found to be even more pristine with mean total zoo-
plankton abundances ranging from 282 + 56 to 3459 + 752 animals m™ and phytoplankton
biomass between 0.14 + 0.04 and 0.34 + 0.2 mg m™ [76].

5.2. Findings and significance

The Ecopath model for Discovery Bay indicated that “it was clear that this was still a develop-
ing ecosystem with open mineral cycles and poor nutrient conservation” [75]. Furthermore,
the bay “would not be particularly resistant to perturbations. It would therefore be unable to
easily recover from significant stresses (eutrophication; increased fishing efforts etc.) imposed
on the ecosystem” [75]. This was thought to be indicative of the need for management strate-
gies to control the use of the bay.

On the other hand, the Ecopath model of Foul and Folly Bays (Morant wetlands) indicated
greater resilience in these bays than in Discovery Bay. They would therefore be better able
to recover from stresses such as eutrophication [76]. The assessment of the plankton further
identified the presence of high abundance of larvae, which when coupled with fast flowing
currents through the bays, provides evidence that this area could be an “important source of
larvae to other areas of Jamaica’s south coast” [76]. Therefore, a strong recommendation for
the area’s protection could be made.

6. Overall conclusion

The new and unique uses of plankton ecology and productivity around Jamaica has been
wide and varied with some interesting examples are demonstrated in this chapter. The spe-
cialized zooplankton communities which allow water quality characterization in mangrove
lagoons, the description of coastal dynamics and the identification of point and non-point
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sources which result in spatial variation in primary production and the modelling of coastal
trophodynamic flows to influence conservation and fisheries management are all unique
and important. Through plankton ecology and production Jamaica’s coastal ecosystem has
benefited significantly from the improved understanding, meticulous monitoring, enhanced
descriptions and innovative applications. This has facilitated informed management deci-
sions for the sustained use of coastal ecosystems around Jamaica which can be extrapolated
to other small islands and archipelagic states.
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