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ABSTRACT

Extensive data sets of water quality and sediment chemistry as well as detailed
historical records were used to analyze environmental factors controlling dinoflagellate
cyst distribution in shallow estuaries (lagoons and embayments) of southern New
England. Cyst abundance, species richness, the proportion of cysts produced by
heterotrophic and autotrophic dinoflagellates, and the composition of cyst assemblages
reflect spatial and temporal variation in environmental conditions.

The cyst record in sediment cores from two embayments, New Bedford Harbor
and Apponagansett Bay, Massachusetts demonstrates cyst sensitivity to environmental
change caused by anthropogenic activity in the watersheds. Intensive industrialization
and urbanization occurred during the 20™ century in New Bedford Harbor resulted in
extreme eutrophication and toxic pollution (heavy metals and PCBs). These conditions
are reflected in declining cyst diversity and wide fluctuation in total cyst production. At
the same time, the proportion of certain heterotrophic taxa increases. As impacts of
extreme eutrophication and toxic pollution cannot be separated, the cyst response must
be interpreted as a cumulative «pollution signal». The spatial distribution of modemn
dinoflagellate cysts in the area supports this signal. Cysts vary along gradients of
nutrient enrichment, corresponding to distance from sewage outfalls.

Dinoflagellate cysts in surface sediments from New England lagoons also were
studied. A comparison of assemblages to water quality parameters, that are affected
greatly by the degree of water exchange between lagoon and ocean, indicates that
temperature and salinity are the main abiotic factors controlling cyst distribution in
these estuaries.

A new species of dinoflagellate cyst, Islandinium brevispinosum, has been
identified and described. This species was found within a narrow range of water
temperature and salinity, and at elevated nutrient levels.

Dinoflagellate cysts reflect environmental conditions at the small spatial scales
necessary to characterize variability within estuaries. However, the relative importance
of abiotic factors controlling the spatial and temporal distribution of dinoflagellate cysts

is likely to vary with the hydrological differences between lagoons and embayments.



Therefore, dinoflagellate cysts can be useful indicators of environmental conditions in

and human impacts on shallow estuaries.

RESUME

Des banques de données exhaustives sur la qualité de I’eau et sur la chimie des
sédiments, ainsi que de nombreux documents historiques ont été utilisés pour I’analyse
des facteurs contrdlant la distribution de kystes de dinoflagellés dans les estuaires peu
profonds (lagons et embayments) du sud de la Nouvelle-Angleterre. L’abondance de
kystes, la richesse en espéces, la proportion de kystes produite par les dinoflagellés
hétérotrophiques et autotrophiques, et la composition des assemblages de kystes
reflétent des variations spatiales et temporelles dans les conditions environnementales.

Les kystes dans les carottes de sédiments provenant de I’embayment du New
Bedford Harbor et du Apponagansett Bay au Massachusetts, démontrent la sensibilité
du kyste aux changements environnementaux causeés par les activités anthropiques dans
les basins hydrologiques. Au cours du dernier siecle, une industrialisation et
urbanisation intense a New Bedford Harbor a causé une eutrophisation sévere et une
pollution toxique (métaux lourds et BCP). Ces conditions se reflétent dans le déclin de
la diversité des kystes et aussi a travers de larges fluctuations dans la production totale
de kystes. En méme temps, la proportion de certains taxa hétérotrophiques a augmenté.
Puisque I’'impact de I’industrialisation et de I’urbanisation ne peut étre dissocié, la
réponse des kystes doit étre interprétée comme un «signal de pollution» cumulatif. La
distribution spatiale des kystes de dinoflagellés dans les sédiments de surface supporte
le signal. Les kystes varient sur des gradients d’enrichissement de nutriments,
correspondant & leur proximité des sorties d’évacuations des vidanges.

Les kystes de dinoflagellés dans les sédiments de surface aux lagons de la
Nouvelle-Angleterre ont aussi été étudiés. Une comparaison des assemblages de
parametres de la qualité de I’eau indique que la température et la salinité sont les
principaux facteurs abiotiques contrélant la distribution du kyste dans ces estuaires.
Dans les lagons, ces parametres de qualité de I’eau sont grandement affectés par le

degré d’échange d’eau entre le lagon et ’océan.
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Une nouvelle espece de kystes de dinoflagellés, Islandinium brevispinosum, a
été identifiée et décrite. Ces espéces ont été trouvé dans un intervalle de température et
de salinité restreint et a des niveaux élevés de nutriments.

Les kystes de dinoflagellés refletent les conditions environnementales a fine
reésolution spatiale qui caractérise les variabilités a travers un estuaire. Cependant,
I'importance relative des facteurs abiotiques contrdlant la distribution spatiale et
temporelle des kystes de dinoflagellés est susceptible de varier avec les différences
hydrologiques entre les lagons et les embayments. Les kystes de dinoflagellés peuvent
étre des indicateurs utiles des conditions environnementales et des impacts anthropiques

sur les estuaires peu profonds.
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Plate I. Photomicrographs are bright field images. Scale bar, 20 pm. 1. Cyst of

Plate I1.
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optical section, mid focus showing protoplasm within cysts. 2-3.
Nematosphaeropsis spp., Point Judith Pond 1, MGU 1247, slide 1,
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section). 110

Photomicrographs are bright field images. Scale bar, 20 pm. 1.
Spiniferites elongatus, Winnapaug Pond 19, MGU 1300-4, slide 2,
R30/0, ventral view, upper focus. 2. Tuberculodinium vancampoae,
Point Judith Pond 4, MGU 1300-2, slide 2, antapical surface, low
focus. 3. Dubridinium spp., Potter Pond 7, MGU 1300-5, slide 1,
037/1, apical view, upper focus. 4. Islandinium brevispinosum,
Winnapaug Pond 19A, MGU 1228, slide 1, P27/0, orientation
unknown, upper focus. 5. Islandinium minutum, Green Hill Pond 10,
MGU 1030, slide 2, L43/3, orientation unknown, upper surface. 6.
Cyst of Polykrikos schwartzii, Potter Pond 7, MGU 1300-5, slide 1,
F52/1, equatorial view, low focus. 7. Selenopemphix quanta, Trustom
Pond 60, MGU 1090, slide 1, R25/3, apical view, mid focus. 8.
Quinquecuspis concreta, Potter Pond 7, MGU 1300-5, slide 1, S41/3,
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ventral surface, upper focus. 9. Lejeunecysta oliva, Potter Pond 7,
MGU 1300-5, slide 1, T31/3, dorsal surface, upper view. 10.
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low focus. 112

Chapter 5.

Figure 1. Location of New England sites where Islandinium brevispinosum sp.
nov. has been found. Islandinium brevispinosum is reported from
modern sediments of: (a) Apponagansett Bay, Clarks Cove, New
Bedford Harbor; (b) Waquoit Bay and Jehu Pond (Massachusetts,
USA); (c¢) coastal lagoons of Rhode Island (USA); and (d)
Narragansett Bay. 116
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interference contrast images. (a—m) holotype from modemn sediments
of New Bedford Harbor, Massachusetts (USA), NBH-324/7, S30/3,
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canal plate; (j, m) tracings of holotype in present (j) and original (m)
condition; scale bar represents 5 um for (a—g, j-m) and 1 pm for (h,
1). (n—u) paratype from modern sediments of Apponagansett Bay,
Massachusetts (USA), sample AB-4/1, S62 1/2, MPK 12550, central
body diameter 21 um; (n—s) antapical view of antapical surface and
successively lower foci to apical surface with archeopyle; and (t, u)
tracings of paratype where (u) is a reversed image of (t) to compare
with holotype; scale bar represents 5 um. (j, m, t, u) tracings show
principal archeopyle suture (solid line), folds (dashed line), and
interpreted tabulation. Designations cp and apc represent the canal
plate and apical pore complex, the latter being presumed present but

not identified with certainty. 121

Figure 4. Islandinium brevispinosum sp. nov. Photomicrographs are
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still adherent, (o) slightly lower focus, and (p) mid focus showing

protoplasm within cyst; scale bar represents 5 pm. 124

Figure 5. Islandinium brevispinosum sp. nov. SEM images of specimen from
modemn sediments of Apponagansett Bay, Massachusetts (USA),
sample AB-4. (a) portrait showing process distribution; and (b) high
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126

Figure 6. Schematic episomal tabulation patterns of Islandinium
brevispinosum sp. nov. and morphologically similar cysts with 3A
apical archeopyles. (a—) Islandinium brevispinosum; (a) shows the
3A apical archeopyle (dashed lines indicate presumed adjoining plate
boundaries), and (b, ¢) are interpretations of the epitabulation
involving either three (1a—3a) or four (1a—4a) anterior intercalary
plates, respectively; ortho-style tabulation is assumed but not
observed (this study). (d—f) Islandinium minutum (Harland and Reid
in Harland et al., 1980) Head et al., 2001; (d) shows the 3A apical
archeopyle (dashed lines indicate presumed adjoining plate
boundaries), and (e, f) are interpretations of the epitabulation
involving either three (1a—-3a) or two (1a—2a) anterior intercalary
plates, respectively; ortho-style tabulation is assumed (from Head et
al. 2001). (g, h) Protoperidinium americanum (Gran and Braarud,
1935) Balech, 1974; (g) shows a cyst with 3A apical archeopyle, and
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anterior intercalary plates and ortho-style tabulation (from Lewis and
Dodge 1987). The abbreviations cp and apc represent canal plate and

apical pore complex, respectively. 128

Figure 7. Central body diameter vs. average process length for Islandinium
brevispinosum sp. nov. (black diamonds) and Islandinium minutum

(open circles; from the Kara Sea, based on Head et al. 2001). The two
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separate clusters demonstrate that size is a factor in distinguishing

these species. 129
Appendix.

Plate I. Photomicrographs are bright field images. Scale bar, 10 pm. 1.
Gymnodinium spp., NBH325, slide x, W53/2, lateral surface. 2.
Polykrikos schwartzii, NBH346, slide 1, 0O29/3, equatorial view. 3.
Lingulodinium machaerophorum, NBH247, slide 1, L391/2,
orientation uncertain. 4-5. Operculodinium centrocarpum sensu Wall
& Dale (1966), NBH325, slide 1, M51/4, dorsal surface (4); NBH325,
slide 1, dorsal surface (5). 6. Operculodinium centrocarpum var.
truncatum, NBH204, shide 2, S58/3, orientation uncertain. 7.
Operculodinium israelianum, AB2, slide 1, R41/1, dorsal surface. 8-9.
Nematosphaeropsis spp. indet, CPE, slide 1, V38/0, optical section (8),

ventral surface (9). 155

Plate II. Photomicrographs are bright field images. Scale bar, 10 um. 1-3.
Spiniferites bentorii, CPC, slide 1, V38/0, lateral surface (1); NBH317,
slide 2, optical section (2), ventral surface (3). 4. Spiniferites
elongatus, NBH325, slide 1, X36/1, ventral surface. 5-6. Spiniferites
membranaceus, NBH236, slide 1, optical section (5); ABS5, slide 3,
optical section. 7. Spiniferites cf. delicatus, NBH324, slide 2, optical
section. 8-9. Spiniferites spp. indet, NBH325, slide 1, lateral surface
(8); NBH204, slide 1, optical section (9). 156

Plate III. Photomicrographs are bright field images. Scale bar, 10 pm. 1.
Spiniferites spp. indet, CPG, slide 1, optical section. 2. Tectatodinium
pellitum, CPE, slide 1, X48/1, dorsal surface. 3-4. Alexandrium
tamarense, NBH247, slide 1, optical section; NBH247, slide 2, optical
section. 5. Tuberculodinium vancampoae, NBH317, slide 1, T43/1,
apical surface. 6. Pentapharsodinium dalei, CPE, slide 1, F613/4,
optical section. 7-9. Dubridinium spp. indet, NBH324, slide 1, D38/1,

X1X



apical view (7); CPB, slide 2, apical surface (8); NBH236, slide 4,

apical surface (9).

Plate IV. Photomicrographs are bright field images. Scale bar, 10 um. 1.

Brigantedinium cariacoense, CPG, slide 1, F55/4, lateral surface. 2.

Brigantedinium simplex, NBH325, slide 1, L51/1, dorsal surface. 3.

157

Islandinium brevispinosum, CPG, slide 1, D48/4, orientation uncertain.

4. Islandinium? cezare, NBH204, slide 1, orientation uncertain. 5.

Islandinium minutum, NBH317, slide 1, F41/4, optical section. 6.

Lejeunecysta oliva, CPC, slide 1, V56/4, dorsal surface. 7.

Protoperidinium minutum, CPE, slide 1, T46/2, orientation uncertain.

8. Protoperidinium oblongum, CPG, slide 2, dorsal surface. 9.

Protoperidinium spp. inde., NBH325, slide 2, orientation uncertain.

Plate V. Photomicrographs are bright field images. Scale bar, 10 pm. 1.
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Quinquecuspis concreta, NBH324, slide 2, N51/1, ventral surface. 2.

Selenopemphix nephroides, CPE, slide 1, C49/0, apical surface. 3.
Selenopemphix quanta, NBH346, slide 1, X58/4, apical surface. 4.

Stelladinium stellatum, CPC, slide 1, Y59/2, dorsal surface. S.

Trinovantedinium applanatum, CPG, slide 1, 062/3, dorsal surface. 6.

Votadinium calvum, NBH317, slide 1, dorsal surface. 7. Votadinium

spinosum, CPG, slide 1, 062/3, dorsal surface. 8-9. Cyst type E, CPC,

slide 2, dorsal surface (8), ventral surface (9).

XX
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CHAPTER 1. GENERAL INTRODUCTION

This thesis focuses on the distribution of modern dinoflagellate cysts in relation
to environmental conditions in estuaries. Dinoflagellates are single-celled organisms
(kingdom Protista), one of the major components of the phytoplankton in aquatic
environments. Dinoflagellates have two flagella and occur typically as motile cells,
capable of maintaining an optimal position in the water column. About half of the
dinoflagellates are heterotrophic and half are autotrophic, but some dinoflagellates can
feed both ways, termed mixotrophic (Dale, 1996; Jacobson and Anderson, 1996). The
distribution of heterotrophic dinoflagellates is controlled, in part, by availability of prey
(diatoms and small flagellates), whereas the distribution of autotrophic species depends
on the availability of light and dissolved nutrients. Approximately 13% to 16% of extant
species of dinoflagellates produce resting cysts during their life cycle (Head, 1996). The
organic (dinosporin) nature of walls of many cysts makes them resistant to degradation
(Fensome et al., 1993), providing a good fossil record. Assemblages of dinoflagellate
cysts accumulated in sediments can encode information about dinoflagellates in the
upper water column (Dale, 1976; Reid & Harland, 1978), thus reflect the ecology of
living dinoflagellates (Taylor, 1987).

Over the last three decades dinoflagellate cysts have been studied increasingly in
modern marine and oceanic systems, where they reflect environmental conditions with
considerable sensitivity. The distribution of dinoflagellate cysts in surface sediments
has been correlated with conditions of overlying surface water masses in marine and
oceanic environments. A number of studies showed that the composition of cyst
assemblages depends on environmental conditions such as temperature, salinity, ice-
cover, offshore/inshore proximity and upwelling zones (Wall et al., 1977; Harland,
1983; Turon, 1984; Mudie and Short, 1985; de Vernal and Giroux, 1991; Edwards and
Andrle, 1992; Edwards, 1992, Dale, 1996; de Vernal et al., 1997; Marret and de Vernal,
1997; Rochon et al., 1999). Northern North Atlantic and Arctic cyst distributions are
now well documented (Rochon et al. 1999, de Vemnal et al. 2001) and have provided the

foundation for detailed quantitative reconstructions of the Quaternary oceanic record in



this region (e.g., de Vernal et al. 2000, de Vernal and Hillaire-Marcel 2000, Hillaire-
Marcel et al. 2001).

In contrast to oceanic and marine systems where at least 2,000 surface samples
have been analyzed, our understanding of the biogeography of dinoflagellate cysts in
more variable coastal and estuarine environments is minimal. Studies on dinoflagellate
cysts solely from estuarine environments include a maximum of 200 surface samples.
The distribution of dinoflagellate cysts was studied within estuaries of sub-polar and
polar regions of Europe (Dale, 1976; Saetre et al., 1997; Thorsen and Dale, 1997; Dale
et al., 1999; Dale, 2001) and Canada (Miller et al., 1982; Mudie and Short, 1985; de
Vernal and Giroux, 1991), as well as temperate regions of Europe (Blanco, 1995) and
Australia (McMinn, 1989; 1990; 1991; Sonneman and Hill, 1997). Some samples from
estuaries were also analyzed in surveys by Wall et al. (1977), Reid (1974, 1977),
Harland (1977), Nehring (1997), and Rochon et al. (1999). Most investigators
concluded that the composition of dinoflagellate cyst assemblages in estuaries reflects
water temperature and salinity. However, to date direct comparison or calibration of
environmental parameters to modern dinoflagellate cyst assemblages in estuarine
systems 1s minimal.

Only one estuary on the east coast of North America, the river-dominated
estuary and Gulf of St. Lawrence, has been studied in detail in order to relate modern
dinoflagellate cysts to known water quality parameters (de Vernal and Giroux, 1991;
Rochon et al., 1999). Other studies have been cursory in nature (Wall et al., 1977, Dale
1996) or targeted at selected toxic species (Anderson et al. 1994, Anderson, 1998). The
lack of comprehensive surveys limits our geographical knowledge of the dinoflagellate
cysts in temperate estuarine systems. We do not know yet what the general
characteristics of dinoflagellate cyst assemblages in temperate estuarine systems of
eastern North America (cyst abundance, diversity, and composition) are and how these
characteristics change spatially and over time.

The spatial and temporal scales of environmental variability are smaller in
estuaries than in the marine and oceanic environments. This is due to the relatively
small size of estuarine water bodies, which makes them sensitive to external influences.

In marine and oceanic environments, that are usually sampled on temporal scales of



~10-1000 yr and spatial scales of ~10-1000 km, the distribution of dinoflagellate cyst
assemblages reflects abiotic environmental conditions, temperature and salinity in
particular. Can we find correlations between dinoflagellate cyst distributions and
environmental parameters in shallow estuaries where temporal and spatial scales are
order(s) of magnitude smaller than in marine and oceanic systems? At the current stage
of knowledge it is difficult to make any predictions as to what environmental parameter
or group of parameters would play a dominant role in dinoflagellate cyst distribution.
Are there any particular characteristics of assemblages that are the most sensitive to the
change of environmental conditions? The answers to these questions will test the central
hypothesis of my research: “Dinoflagellate cysts serve as indicators of abiotic
environmental conditions in estuarine systems.”

Pritchard’s (1967) general definition of an estuary (a semi-enclosed coastal body
of water, which has a free connection with the open sea and within which sea water is
measurably diluted with fresh water derived from land drainage) does not recognize the
high degree of variability amongst estuaries. Estuaries come in different sizes and
shapes, and can be classified according to tidal range or stratification. In this research, I
use the estuarine classification system of Boynton et al. (1982) which is based upon
physical circulation and geomorphology. These characteristics directly or indirectly
affect the primary mechanisms known to influence phytoplankton production: flushing
rate, nutrient input, salinity and light regime. Boynton’s classification divides estuaries
into four groups: fjord, lagoon, embayment and river-dominated. A shallow sill; deep
stratified waters; and a slow exchange with ocean waters are characteristics of fjords.
Lagoons are characterized by shallow depth, a well-mixed water column (not stratified),
slow flushing and minimal input of freshwater. Embayments are deeper than lagoons,
often stratified, only slightly influenced by riverine inputs, and have good exchange
with the coastal ocean. The river-dominated category includes estuarine systems with
seasonal changes in salinity due to river inputs and variable degrees of stratification.
Lagoons, embayments and river-dominated systems are the most common features of
the temperate northwest Atlantic coast.

Estuaries are complex systems where, in addition to natural variability of

environmental parameters, anthropogenic input of nutrients and pollutants are likely be



important. Human activity over past few hundred years has altered environmental
conditions in estuaries. The clearance of vegetation, development of farms and cities
has led to the changes in landscape, hydrology and water quality. These impacts include
increasing nutrient and toxin loads, changes of salinity and oxygen regimes, and
changes in sediment accumulation rates.

Palynological studies of Norwegian fjords (Dale and Fjellsa, 1994; Satre et al.,
1997; Thorsen and Dale, 1997, Dale et al., 1999; Dale, 2001) and Tokyo Bay
(Matsuoka, 1999; Matsuoka, 2001) have shown the potential of dinoflagellate cysts as
indicators of eutrophication and industrial pollution in those estuaries. Dale and co-
workers have investigated the dinoflagellate cyst record from several fjords which differ
in the degree of industrial and nutrient pollution. A significant increase in total
dinoflagellate cyst concentrations in the Oslofjord in the 19th-20th centuries was
interpreted as a consequence of the increase of production due to anthropogenic nutrient
enrichment (Dale and Fjellsd, 1994; Dale et al., 1999). Investigators suggested that
Lingulodinium machaerophorum is an indicator of cultural eutrophication, as its
number increased with increasing nutrient enrichment. Industrially polluted Frierfjord
showed a different pattern of dinoflagellate cyst occurrence over time (Setre et al.,
1997). The decrease in total dinoflagellate cyst concentrations since the mid-19th
century was interpreted as a possible consequence of reduced dinoflagellate production
caused by industrial pollution. This reduction was accompanied by an increase of the
relative proportion of cysts of the heterotrophic species Selenopemphix quanta (the
paleontological name for the cyst of Protoperidinium conicum). The cyst signal from
Nordasvannet Fjord (Thorsen and Dale, 1997) was similar to that observed in Frierfjord,
although the Nordasvannet Fjord was mostly subjected to eutrophication with little
industrial waste. Thorsen and Dale (1997) proposed that an increase in the cysts of
heterotrophic dinoflagellates may represent an “alternative” eutrophication signal.

Study of dinoflagellate cyst records in Tokyo Bay (Matsuoka, 1999; 2001) has
shown dinoflagellate cyst sensitivity to eutrophication. Matsuoka reported an increased
number of cysts of heterotrophic dinoflagellates as well as a sharp increase in the

abundance of Gyrodinium instriatum cysts, caused by a large bloom of this species.



However, a large increase in absolute cyst abundance (observed in some Norwegian
studies) corresponding to eutrophication was not observed in Tokyo Bay.

Studies in Japan and Norway showed that the dinoflagellate cyst record reflects
anthropogenic activity in an estuary, but the response was encoded in different ways. To
date there is no universally accepted parameter of cyst assemblages or set of parameters
that reflects nutrient enrichment and/or industrial pollution in an estuary. Thus, it is not
clear to what extent dinoflagellate cysts can be used to assess the status and trends of

ecological change in estuarine systems.

Research strategy and thesis structure

This dissertation is the first comprehensive study of the dinoflagellate cyst
records from the temperate estuaries along the southern coast of New England, USA. It
documents cyst abundance, diversity, composition and temporal and spatial
distributions of dinoflagellate cyst assemblages in a number of New England estuaries.
By examining two types of estuaries, embayments and lagoons, within a single climatic
zone, variability is expected to be due to differences in hydrology and levels of
anthropogenic activity in the watersheds.

New Bedford Harbor, Apponagansett Bay and Clarks Cove (Buzzards Bay
embayments) were studied. The most developed is New Bedford Harbor with a history
of intensive industrial activity in the watershed and highly urbanized shorelines.
Neighboring Apponagansett Bay and Clarks Cove were not subjected to the same high
degree of industrial development. The history of this area is well documented and has
been reviewed to assess the human impact on these embayments (Voyer et al., 2000;
Pesch and Garber, 1994). Extensive chemical analyses of sediments have been
performed by the Environmental Protection Agency (USA). Thus study of
dinoflagellate cyst assemblages from these embayments provides an excellent
opportunity to learn how different degrees of human impact on estuarine environments
are reflected in the cyst records.

In order to assess the applicability of dinoflagellate cysts as indicators of
environmental conditions, both temporal and spatial dinoflagellate cyst records must be

studied. Multiple sites in 11 back-barrier lagoons located along the southern coasts of



Rhode Island and Massachusetts were sampled because of the availability of a high
quality data set, providing multi-year water temperature, salinity and chemistry
coverage. Physical and chemical parameters of estuarine waters have been measured
over the last decade (Lee et al., 1997; WBNERR, 1996) as part of a water quality
monitoring program. Water quality monitoring data can be used to relate dinoflagellate
cyst distribution in surface sediments to environmental parameters.

The following four chapters present results of my research. Chapter 2 reports the
study of sedimentary records of dinoflagellate cysts from two neighboring embayments
and compares these records with the historical data of human activity in the watersheds
over the past 500 years. The observed “signals” of eutrophication and pollution are
compared with the observations from previous studies in Norway and Japan. Chapter 3
incorporates and expands the results of the Chapter 2 by describing the spatial
distribution of dinoflagellate cyst assemblages in this region in response to different
degrees of anthropogenic activity. The focus is on the distribution of dinoflagellate
cysts along environmental gradients such as nutrient enrichment and toxic pollution.
Chapter 4 reports analysis of the spatial variability and pattern of the dinoflagellate cyst
distribution in coastal lagoons of Rhode Island and Massachusetts. A comparison of
cyst assemblages to multi-year water quality measurements from 24 sites shows
correlations between dinoflagellate cyst distribution and environmental parameters at
small spatial scales. The environmental parameters controlling dinoflagellate cyst
distribution in these ecosystems are discussed. Chapter 5 describes a new species of
organic-walled dinoflagellate cyst, Islandinium brevispinosum, and its geographical

distribution.

Two chapters of this thesis have been published, one has been accepted for
publication, and one will be submitted for publication. Chapter 2 (Pospelova, V.,
Chmura, G.L. Boothman, W.S. and Latimer, J.S. Dinoflagellate cyst records and human
disturbance in two neighboring estuaries, New Bedford Harbor and Apponagansett Bay,
Massachusetts, USA) has been published in The Science of the Total Environment 2002,
298(1-3):81-102. Chapter 3 (Pospelova, V., Chmura, G.L. Boothman, W.S. and

Latimer, J.S. Spatial distribution of modern dinoflagellate cysts in polluted estuarine



sediments from Buzzards Bay (Massachusetts, USA) embayments) will be submitted to
Marine Pollution Bulletin. Chapter 4 (Pospelova, V., Chmura, G.L. and Walker, H.A.
Environmental factors influencing spatial distribution of dinoflagellate cyst assemblages
in shallow lagoons of southern New England, USA) has been accepted for publication
in Review of Paleobotany and Palynology. Chapter 5 (Pospelova, V. and Head, M.J.
Islandinium brevispinosum sp. nov. (Dinoflagellata), a new organic-walled
dinoflagellate cyst from modem estuarine sediments of New England, USA) has been

published in the Journal of Phycology 2002, 38(3):593-601.

Contributions of authors

I have written all parts of the thesis, including four main chapters (2, 3, 4 and 5).
I contributed to the collection of samples from Rhode Island lagoons and prepared all
sediment samples for microscope analysis. The latter was done solely by me and
produced the dinoflagellate cyst data presented in this thesis, including the discovery of
a new species, Islandinium brevispinosum. I also performed all analysis of the data,
including statistical treatment, evaluated the results, made the interpretations and
formulated the conclusions. My supervisor G.L.. Chmura, who initiated this study,
selected the sites and collected most of the samples from the Rhode Island and
Massachusetts lagoons. She assisted in an editorial and advisory capacity and provided
partial funding. G.L. Chmura is the second author for the papers that constitute the
content of Chapters 2, 3 and 4. J.S. Latimer and W.S. Boothman provided sediment
samples from Buzzards Bay embayments and the data on physical and chemical
characteristics of sediments. They appear as the third and fourth authors in the
manuscripts corresponding to Chapter 2 and 3. H.A. Walker contributed by suggesting
the project and by helping access and collect sediment samples from Rhode Island
lagoons. M.J. Head provided data on previously assigned species of genus Islandinium
in order to compare and establish new species of Islandinium brevispinosum. He helped
with the interpretation of its morphological features and editing the manuscript

corresponding to Chapter 5.
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ABSTRACT

The dinoflagellate cyst records in sediments from New Bedford Harbor and
Apponagansett Bay demonstrate sensitivity to environmental change caused by human
activity in the watersheds over the last 500 yr. Changes in the species richness, as well
as absolute and relative abundance of dinoflagellate cyst taxa reflect recent periods of
development around the estuaries. Cyst taxa sensitive to these changes include
Dubridinium spp., Polykrikos schwartzii, Lingulodinium machaerophorum,
Operculodinium israelianum and Selenopemphix quanta. The greatest changes in the
dinoflagellate cyst record occur during the 20" century, when New Bedford Harbor was
exposed to both toxic pollution and heavy nutrient loading from point and non-point
sources. Apponagansett Bay was not subject to industrial pollution and nutrient
enrichment has been lower (from non-point sources). In Apponagansett Bay there is an
increase in the dinoflagellate cyst species richness while species richness first increased,
then declined in New Bedford Harbor. During the same period, the total dinoflagellate
cyst concentration in New Bedford Harbor fluctuated over a wide range. The decline of
species richness and the large fluctuations in the total cyst abundances signal the
intensified anthropogenic disturbance in the watershed, notably a high degree of

eutrophication and toxic pollution.

INTRODUCTION

As a site to many of the world's major ports, estuaries have a significant
economic importance. Not surprisingly, they often suffer from inputs of sewage and
other contamination. Over history, estuarine watersheds have been subjected to
vegetation clearance, agricultural development, urbanization and industrialization, and
their waters to dredging and other physical alterations. These factors have led to
problematic changes in hydrological regimes and water quality.

One of the most acute problems in estuarine systems 1s nutrient over-
enrichment, resulting in eutrophication. Human activity has accelerated nutrient
enrichment during the last century with increased inputs of mostly nitrogen and
phosphorus, stimulating the greater production and standing crops of phytoplankton.

Comparative studies on Waquoit Bay, Massachusetts have shown that the size of the



total dinoflagellate population increased with the level of nitrogen loading in an estuary
(Evgenidou et al., 1999). High nitrogen loading, accompanied by other factors, such as
water column stratification and high allochthonous organic matter loading, may lead to
nuisance blooms of dinoflagellate species (Paerl, 1988). High levels of nutrient loading
can also change the nature of the estuarine ecosystem as shifts in phytoplankton
communities from diatoms to greater importance of nanoplankton (Eppley and Weiler,
1979). A decrease of species diversity (Cooper and Brush, 1993; Sullivan, 1999) also
has been observed in highly eutrophic systems.

Within the last few decades a concern has emerged about eutrophication caused
by continued human population growth and urbanization around North American
estuaries (Neilson and Cronin, 1981; Nixon, 1995). However, the character and extent
of eutrophication can vary from one estuary to another depending on the intensity of the
anthropogenic activity within the watershed, the basic nutrient level of the system and
the characteristics of the system itself.

Although there are many qualitative observations, long-term, empirical
measurements (decades and beyond) of estuarine water quality are rarely available.
Historical photographs can be used to document changes in indicators of eutrophication,
such as the loss of eelgrass, Zostera marina (McCleland and Valiela, 1996), but are
limited to the availability of the photographic record.

Paleoecological studies can provide critical information on the timing and
magnitude of ecological change in estuaries caused by anthropogenic activity.
Microfossils, those of phytoplankton in particular, are useful tools in paleoecological
studies due to their ubiquity and abundance. For example, sedimentary records of
diatoms showed changes in their populations coincident with human disturbance in
Chesapeake Bay, particularly nutrient enrichment of the estuary (Brush and Davis,
1984; Cooper and Brush, 1993; Cooper, 1995).

Dinoflagellate cysts are an important group of microfossils with potential as
biological indicators of the timing and degree of environmental change in estuaries.
Paleoecological studies of Norwegian fjords (Dale and Fjellsd, 1994; Setre et al., 1997,
Thorsen and Dale, 1997; Dale et al., 1999; Dale, 2001) have examined dinoflagellate

cysts as indicators of cultural eutrophication and industrial pollution, investigating the
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record from several fjords, which differ in the degree of industrial and nutrient pollution
(for the most recent discussion, see Dale, 2001). Investigators concluded that increased
concentrations of cysts were a consequence of the increase of dinoflagellate production
due to anthropogenic nutrient enrichment, but suggested that where nutrient enrichment
was accompanied by industrial pollution cyst production might actually decrease.

The Norwegian studies have provided evidence that some cyst taxa may show a
positive response to cultural eutrophication. For example, in some fjords the number of
Lingulodinium machaerophorum increased with increasing nutrient enrichment. In
other fjords an increase of the relative proportion of cysts of the heterotrophic species
Selenopemphix quanta (the paleontological name for the cyst of Protoperidinium
conicum) also was reported. Thus Thorsen and Dale (1997) have proposed that the
increase in the cysts of heterotrophic dinoflagellates may represent an eutrophication
signal.

Matsuoka (1999; 2001) examined the cyst record over a period of increasing
nutrient enrichment and industrial pollution in Tokyo Bay. He observed an increased
number of cysts of heterotrophic dinoflagellates and an isolated peak in the abundance
of Gyrodinium instriatum cysts that he assumed was caused by a bloom of this species
of dinoflagellate. However, Matsuoka reported neither large increase in absolute cyst
abundance nor an increase in Lingulodinium machaerophorum and Selenopemphix
quanta, as suggested by researchers on Oslofjord (Dale and Fjellsa, 1994; Dale et al.,
1999).

Although studies in Japan and Norway show that the dinoflagellate cyst record
reflects anthropogenic activity in an estuary, the response was encoded in different
ways. Presently, there is no universally accepted cyst assemblage parameter or set of
parameters that reflect nutrient over-enrichment and/or industrial pollution in an
estuary. Because the primary mechanisms that influence phytoplankton production such
as flushing rate, salinity and light regime, vary with estuarine hydrography,
dinoflagellate cyst distributions may differ with the type of estuary (based on Boynton’s
et al., 1982 classification: fjords, embayments, lagoons, river-dominated estuaries). The
signs of eutrophication encoded in dinoflagellate cyst records may vary with estuarine

type but more research is needed to establish this.
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The geographical application of dinoflagellate cyst studies is limited and there is
no literature documenting the utility of dinoflagellate cysts as bio-indicators of
anthropogenic changes in North American estuaries. We present the first such study for
North American estuaries. Our research examines the sedimentary record of
dinoflagellate cysts from two shallow embayments, New Bedford Harbor and
Apponagansett Bay (Massachusetts), and compares it to detailed historical records of
anthropogenic activity over the past 450 yr. These embayments are located within 10
km of each other, minimizing climatic variation, but have distinct watersheds and
different histories. Intensive urban and industrial development in the watershed of New
Bedford Harbor created a number of stimulating (nutrient enrichment) and suppressing
(toxic pollution) influences, which we expect to be reflected in dinoflagellate cyst
records. Apponagansett Bay serves as our control site as it is subject to lower levels of
nutrient loading and no industrial pollution. We compare our results to those from
dinoflagellate cyst studies in estuaries outside North America to determine if there are
common signals of eutrophication and industrial pollution and how they might vary

with differences in estuarine hydrography.
STUDY AREA

History

New Bedford Harbor, also known as the Acushnet River estuary, and
Apponagansett Bay are side embayments of the northwestern part of Buzzards Bay,
Massachusetts (Fig. 1). Europeans first settled the estuarine watersheds approximately
350 yr ago and from that time until the present day this region has been extensively
exploited (Voyer et al., 2000).

Development and urbanization of the New Bedford area has had dramatic
effects on the estuarine environment. New Bedford's history can be divided into four
main periods (Pesch and Garber, 2001). The agricultural period spans the 1670s to the
1780s (Table 1). Forest clearance and land cultivation characterize this period. The

second period is marked by the rise of the whaling industry and in the mid 19™ century,
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Figure 1.Map of New Bedford Harbor and Apponagansett Bay showing core locations.
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whaling vessels from New Bedford Harbor numbered over 300 (Nelson et al., 1996).
The boom in the textile industry, which began around the 1880s, marks the third period
that lasted until the 1940s. This period was related with a significant increase of the
population in the watershed (Fig. 2). Municipal sewage from the City of New Bedford
was directed into the harbor, and in the early 1900s sewage discharged into the harbor
from ~30 sewage outfalls (Voyer et al., 2000). Voyer et al. (2000) propose that nutrient
enrichment resulted in an increase of algal production in the 1910s, suggesting a shift in
the trophic status of the estuary from mesotrophic to eutrophic. During the fourth, post-
textile period, industry shifted towards production of electronic components and
xenobiotic chemicals were discharged into the harbor (Summerhayes et al., 1977; Pruell
et al., 1990). Finally, a hurricane barrier across the mouth of the harbor constructed in
the 1960s, reduced flushing rates in the inner part of New Bedford Harbor by as much
as 30% (Abdelrhman, 2002), further degrading water quality. Eelgrass began
disappearing during the 1960s and now is largely absent in New Bedford Harbor. Loss
of eelgrass in estuaries is considered a signal of deteriorating water quality due to
nutrient over-enrichment (Costa et al., 1996). In 1982, New Bedford Harbor was added
to the Environmental Protection Agency (EPA) National Priority List for cleanup due to
extreme levels of PCB sediment contamination (Nelson et al., 1996).

In contrast, Apponagansett Bay has experienced much lower levels of
industrialization and population growth in its watershed. This bay can be considered as
an example of an estuary affected mostly by nutrient enrichment, thus a control to

which we contrast the impact of industrial pollution.

Modern and historical climatic conditions

The 30-year (1951-1980) average annual monthly air temperature at New Bedford
is 11.3°C (Environmental Data and Information Service, 1983). Mean monthly
temperatures are above 0°C 12 months of the year, but minimum temperatures are
below 0°C from December to February, with the lowest monthly mean in January

(-4.0°C).
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Figure 2. Historical data on population growth in New
Bedford Harbor (modified from Latimer et al.,in press).



Baron and Gordon (1985) used a combination of historical and instrumental
records to reconstruct climate parameters in eastern Massachusetts over the period
1600-1980. They provide a reconstruction of winter air temperatures for 1742-1980, but
the record is incomplete, missing the period 1780-1825. From 1742-1895 average
winter temperatures were below 0°C. After this period winter temperatures were more
variable, but remained above 0°C for 19 years of their record. Baron and Gordon (1985)
also reconstructed the length of the growing season in eastern Massachusetts for the
years 1750-1980. Growing season length shows a different pattern than average winter
temperatures. Periods of the longest growing seasons occurred from 1800-1830, 1865-

1895, and 1945-1980.

Modern estuarine conditions

The Acushnet River flows into the northern part of New Bedford Harbor
providing a small freshwater input (Nelson et al., 1996). Average salinity in the estuary
ranges from 28 ppt to 31 ppt and mean summer water temperature is about 21-23°C
(Howes et al., 1999). Water depth varies from 1 to 12 m with a tidal range of 1.2 m.
New Bedford Harbor is highly industrialized and has the heaviest nitrogen-loading in
Buzzards Bay (Howes et al., 1999). Modern sediment concentrations are as high as 700
ug-g’ PCBs, 1500 pg-g™' Cu, 600 pg-g”' Pb, and 1200 pg-g™' Zn (Latimer, personal
communications). Mean summer concentrations of nitrate and phosphorus in harbor
waters are 11 and 1.8 pM, respectively, resulting in average summer concentrations of
chlorophyll a of 8.5 ug-l'l (ranging from 1.1 to 67.8 pug-1™"). The trophic status of New
Bedford Harbor is considered to be eutrophic to hypertrophic (Howes et al., 1999).

As Apponagansett Bay has not been subjected to industrial pollution sediment
concentrations of xenobiotics are relatively low: 0.6 pg-g"' PCBs, 50 pgg' Cu, 30 ug g
! Pb, and 100 pg-g" Zn (Latimer, personal communications). Absence of intense
urbanization of its watershed means that nutrients come from non-point sources and
concentrations in its waters are also lower. Nitrate and phosphorus concentrations are
5.2 uM and 1.7 uM, respectively, resulting in 3.5 ug-l'l of chlorophyll a. Nitrate and

chlorophyll a concentrations are less than half that recorded in New Bedford Harbor

17



and the trophic status of Apponagansett Bay is considered to be only mesotrophic to

eutrophic (Howes et al., 1999).

MATERIAL AND METHODS

Two sediment cores were collected in the fall of 1996 and one in the summer of
1998. Cores were collected at sites not affected by dredging or reclamation work. Two
hand piston cores, NBHS and NBH2, were obtained from the lower part of New
Bedford Harbor in water depths of 2.3 and 3 m, respectively (Fig. 1). One gravity core,
AB1, was collected from neighboring Apponagansett Bay, where the water depth was
4.6 m (Fig. 1). Sediments in all three cores are generally characterized as silt and sandy
silt (Table 2) reflecting the generally coarse-grained character of the watershed's soils
(Roffinoli and Fletcher, 1981). The mean grain size is shown in Figures 3, 4, and 5.

Sediments were dated using radiometric (*'°Pb and '*’Cs) and palynological
methods. Radiometric dating of two cores, AB1 (Apponagansett Bay) and NBH2 (New
Bedford Harbor), was performed at the University of Liverpool's Environmental
Radioactivity Centre, and core NBHS5 (New Bedford Harbor) by OceanChem,
Narragansett, Rhode Island. The palynological analysis was performed in the
Paleoenvironmental Laboratory, Department of Geography, McGill University.
Sedimentary concentrations of heavy metals and PCBs as well as the organic carbon
content and 8"*C of sediments were measured by EPA and are reported by Latimer et al.
(in press).

Samples for dinoflagellate cyst analyses were taken at 10 cm intervals, and at
additional depths where required. Sampling intervals correspond to 4 - 40 yr of
deposition, with an average of 15 yr during the 20" century.

Samples were treated according to a standardized protocol: dried at 40°C,
weighed, sieved through a 125-pm and retained on a 10-pm mesh to eliminate coarse
and fine material, treated with warm HF (40%) to dissolve silicates, and HCI1 (10%) to
remove carbonates and silicoflourides. Calibrated tablets of Lycopodium spores
(Stockmarr, 1977), added during processing, allowed for calculation of dinoflagellate

cyst concentrations based on the dry weight of sediments.
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Table 2. General sediment characteristics, as well as dinoflagellate cyst total counts, relative abundance, and species
richness in cores from Apponagansett Bay (AB1) and New Bedford Harbor (NBH2 and NBHS). Asterisks denote taxa
not counted for cyst richness, including the freshwater Protoperidinium wisconsinense .

¥ 2
a3 § 2 § %. a § “ E 2 E 9-
B g ¢ = 3§ ¢ £ Y § 3 5 : 5 YOZO%
P s £ £ 5 £ 5 5§05 F OF T o:TofOfoYOs
5 5 Sed ‘ E 2§ E2 FEf P OE S OFOLREOE
(@] QO Sediment color  Lithology Z. 12) < = x5 D K Q = &g Z I N
Core AB1
0-1 1993 brownish-black sandy silt 309 23 00 00 00 16 19 23 03 55 13 26 03 03 13
5-6 1976  brownish-black sandy silt 220 21 00 00 00 09 05 64 05 1.8 1.4 23 00 05 00
10-11 1957  brownish-black  sandysilt 267 20 00 00 00 15 34 60 00 00 15 34 04 00 07
14-15 1939  olive gray sandy silt 241 19 00 00 00 04 08 8.7 0.0 12 04 1.7 00 00 04
20-21 1901  olive gray sandy silt 308 19 00 00 00 06 19 104 00 1.9 03 03 00 03 03
30-31 1826  olive gray sandy silt 354 19 0.0 00 00 1.9 06 40 06 00 00 O0OR 03 11 08
4041 1750 olive gray sandy silt 321 19 00 00 03 06 12 3.1 00 09 03 03 00 00 0.6
50-51 1675 olive gray sandy silt 329 17 00 00 00 06 06 2.1 06 00 00 06 03 09 1.8
60-61 1600  olive gray sandy silt 392 19 00 00 0.0 1.0 23 4.3 03 00 03 03 05 18 13
70-71 1525  olive gray sandy silt 236 17 00 00 00 00 24 3.1 00 00 00 1.0 14 14 03
75-76 1487  olive gray sandy silt 329 20 00 00 00 03 00 1.8 00 06 03 03 03 09 03
Core NBH2
1-2 1996  olive black sandy silt 106 17 09 00 00 09 28 09 09 0.9 1.9 38 00 28 09
10-11 1992 olive black sandy silt 209 15 00 00 05 1.0 5.7 7.2 00 00 0S5 24 00 05 24
20-21 1983  olive black sandy silt 222 15 00 00 00 09 23 113 0.0 1.8 00 05 00 09 14
30-31 1972 olive black sandy silt 221 15 00 00 0.0 14 41 235 0.0 00 1.8 I8 00 14 14
40-41 1959  grayish black sandy silt 217 15 00 00 00 05 32 147 00 14 09 00 00 00 23
Core NBHS
0-1 1972  olive black silt 149 15 07 00 00 00 20 74 00 27 00 07 00 07 20
5-6 1957  olive black silt 210 [ 00 00 00 00 14 33 00 05 0.5 19 00 05 24
10-11 1943  olive black silt 385 16 03 00 00 03 08 1.0 03 03 0.8 1.6 00 03 1.0
15-16 1928 olive black silt 235 15 00 00 00 09 04 09 04 00 04 09 00 13 04
20-21 1911 olive gray silt 349 18 00 00 00 20 29 26 03 03 4 37 03 14 14
30-31 1877 olive gray silt 305 21 00 00 00 33 43 30 03 1.0 07 33 10 07 26
40-41 1843 olive gray silt 304 20 07 00 00 03 39 20 03 39 10 30 00 07 3.6
50-51 1808 olive gray silt 345 22 00 00 00 03 49 46 06 38 03 26 06 14 29
60-61 1774 olive gray silt 264 19 00 00 00 00 53 38 08 1.1 0.8 1.5 04 11 34
70-71 1740 olive gray silt 344 22 0.0 00 00 29 17 44 03 09 00 06 06 1.7 32
80-81 1706 olive gray silt 374 21 03 00 00 1.6 40 59 03 1.3 0.3 19 05 05 32
90-91 1672 olive gray silt 375 8 00 00 00 05 24 51 05 03 00 05 08 1.3 27
100-101 1638  olive gray silt 450 22 04 00 00 16 29 27 04 11 07 16 09 20 24
110-111 1605  olive gray silt 341 00 00 00 03 23 23 00 03 00 03 1.5 44 53
120-121 1570  olive gray silt 324 18 00 03 00 03 28 06 03 03 03 06 09 28 56




Table 2 (Continued)
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Core AB1

0-1 333 0.3 1.0 1.6 58 0.0 45 0.0 0.3 0.6 0.3 19 23 285 03 0.0 0.0 00 0.0 0.0 16
5-6 30.0 0.5 0.5 0.9 27 0.0 82 00 0.0 0.0 1.4 32 1.8 341 05 0.0 0.0 09 00 0.5 09
10-11 18.4 0.4 1.9 1.1 0.4 0.0 131 0.0 1.1 0.0 04 4.1 22 371 0.7 0.7 0.0 00 0.0 00 1.5
14-15 30.3 0.8 1.2 0.4 0.3 0.0 7.5 00 0.4 0.0 0.0 46 29 349 04 0.0 0.0 04 00 00 1.7
20-21 323 0.3 1.3 0.0 0.0 0.0 68 03 0.3 00 03 62 1.6 321 00 03 0.3 0.0 0.0 0.0 1.3
30-31 432 0.3 0.6 i.1 0.0 0.0 73 00 0.6 0.6 0.3 23 23 302 00 00 00 0.0 0.0 00 14
40-41 40.2 0.3 0.0 1.6 0.0 0.0 93 00 03 0.3 1.2 22 09 352 03 0.0 0.0 00 00 00 0.6
50-51 334 0.3 3.0 2.1 0.0 0.0 6.1 0.0 0.3 0.0 1.2 0.0 00 453 00 00 0.0 00 03 0.0 03
60-61 347 0.0 2.0 1.0 0.0 0.0 89 00 05 0.0 28 1.3 08 339 03 0.0 0.0 0.0 0.0 00 1.8
70-71 304 0.3 1.4 1.4 0.0 0.0 11.2 00 0.0 0.3 21 14 03 395 03 0.0 0.0 00 0.0 00 14
75-76 RIRS 03 3.0 1.2 0.0 0.0 36 00 0.9 0.0 2.1 1.5 09 404 03 0.0 0.3 0.0 0.0 00 06
Core NBH2

1-2 151 0.0 0.0 3.8 0.0 0.0 151 0.0 0.0 0.0 0.0 09 09 377 09 0.0 0.0 00 0.0 00 85
10-11 129 0.0 0.0 0.5 0.5 0.0 144 05 00 0.0 0.0 14 14 455 00 00 0.0 0.0 00 0.0 29
20-2) 13.1 0.0 0.0 0.5 0.9 0.0 158 00 05 0.0 0.0 23 00 464 00 00 00 00 00 05 L4
30-31 0.8 0.5 0.0 0.0 1.8 0.0 158 00 05 0.0 0.0 23 14 335 00 00 00 00 00 00 23
40-41 92 0.0 0.0 09 4.1 0.0 152 00 2.8 0.0 0.0 32 05 387 0.0 0.5 0.0 0.0 00 00 L8
Core NBHS

0-1 6.7 0.7 0.0 34 0.0 0.0 8.1 0.0 0.0 0.0 0.0 40 27 550 00 0.0 0.0 00 27 00 07
5-6 14.8 0.0 0.0 2.4 0.0 0.0 9.0 0.0 0.0 0.0 0.0 33 05 552 1.0 0.0 0.0 0.0 0.5 00 29
10-11 7.0 0.0 0.0 1.8 0.0 0.0 3400 00 0.0 00 08 03 797 00 00 00 00 00 0.0 05
15-16 10.6 0.4 0.0 0.9 0.0 0.0 5.1 00 0.0 0.0 0.0 21 09 715 0.0 0.0 0.0 00 00 0.0 3.0
20-21 16.6 0.0 0.0 2.6 09 00 100 03 0.3 0.0 0.0 06 20 493 0.0 0.0 0.0 00 0.0 00 1.1
30-31 15.4 0.0 0.0 23 0.0 0.3 69 03 0.0 0.0 0.3 1.3 03 508 0.3 0.3 0.0 03 0.0 00 1.0
4041 214 0.0 03 3.6 0.0 0.0 82 03 0.3 0.0 0.0 1.6 16 414 07 0.7 0.0 0.0 0.0 00 03
50-51 14.8 0.3 0.0 1.7 0.0 0.0 93 0.0 0.3 0.0 0.6 1.7 06 470 06 0.0 0.0 03 03 00 06
60-61 18.9 1.5 0.0 49 0.0 0.0 76 04 0.8 0.4 0.4 30 1.9 420 0.0 0.0 0.0 00 0.0 00 00
70-71 11.6 0.3 0.6 1.5 0.6 0.0 5.5 0.0 2.0 0.3 0.0 0.6 03 367 06 1.2 0.0 0.0 00 00 20
80-81 14.7 0.3 0.0 1.6 0.0 0.0 78 03 11 0.0 03 1.3 05 511 05 00 00 00 00 0.0 038
90-91 19.2 0.0 0.3 1.3 0.0 00 6.1 08 0.8 0.0 1.1 1.3 08 541 0.0 0.0 00 00 00 00 00
100-101 17.3 00 02 29 00 00 89 00 04 00 09 1.3 04 S00 04 02 00 00 00 00 02
110-111 16.1 03 00 1.8 00 00 53 09 03 00 09 06 06 531 18 00 00 00 03 00 1.5
120-121 16.0 00 00 I3 00 00 65 06 00 00 00 00 09 577 00 09 03 00 00 00 06
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Figure 4.Concentrations and estimated fluxes of selected dinoflagellate cyst
taxa in core NBH2, New Bedford Harbor.
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Aliquots were mounted on microscope slides with glycerin jelly. Identification
of dinoflagellate cysts was made on the basis of published descriptions in accordance
with taxonomy given in Lentin and Williams (1993). However, when species-level
identification was not possible, identification was done at the genus level. There are
different taxonomic systematics for cysts and thecal stages of dinoflagellates because
paleontological studies of cysts originally were carried out independently from
biological studies of the motile forms. Here we use the paleontological nomenclature
according to Head (1996), Head et al. (2001), and Pospelova and Head (2002). A list of
the dinoflagellate cysts counted and their known biological name or thecal equivalent is
provided in Table 3.

Temporal changes in dinoflagellate cyst assemblages were analyzed by
determining the total cyst concentrations, total cyst fluxes (or cyst accumulation rates),
species richness, the proportions of cysts of heterotrophic and autotrophic
dinoflagellates, as well as certain species-indicators. Species richness (or number of
taxa) was preferred over other diversity indices as it has been found to be the most
sensitive indicator of the response of phytoplankton to changes in aquatic ecosystems
induced by nutrient enrichment, pollution or environmental stress (Sommer, 1995;
Tsirtsis and Karydis, 1998).

An average of 293 cysts and a minimum of 106 were counted in each sample.
More than 34 dinoflagellate cyst taxa were identified and counted in sediments from the
three cores (Tables 2, 4). We observed no reworked pre-Quaternary dinoflagellate cysts
or pollen in this study. Microphotographs of selected taxa are shown in Figure 6.

Total cyst flux, or accumulation rate of cysts (cysts cm™ yr'l), is the product of
the total cyst concentration (cysts g’), the sedimentation rate (cm yr'"), and the dry bulk
density (g cm™). Because it accounts for variable sedimentation rates, cyst flux is the
preferable indicator of changes in cyst production (Dale, 2001). The total cyst fluxes
were calculated for the upper parts of cores AB1, NBHS5 and for the whole section of
NBH2, that is for the sediment samples deposited during the 20 century where the
sedimentation rates were determined directly from the radiometric dating. For lower

parts of cores AB1 and NBHS only approximate dinoflagellate cyst flux can be
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Table 3. Taxonomic citation of dinoflagellate cysts used in this study. Thecal equivalents are taken
from Head (1996), IPospelova and Head (2002), and >Head et al. (2001).

Cyst specics Dinoflagellate thecate name or affinity
(paleontological name) (biological name)

AUTOTROPHIC
Gonyaulacaceac

Ataviodinium choane
Impagidinium spp.
Lingulodinium machaerophorum
Nematosphaeropsis spp.

Operculodinium centrocarpum sensu Wall & Dale 1966

Operculodinium israelianum
Spiniferites bentorii
Spiniferites elongatus
Spiniferites spp.
Tectatodinium pellitum

Brigantedinium cariacoense
Brigantedinium simplex
Brigantedinium spp.

i . . .
Islandinium brevispinosum
,

Islandinium? cezare

2 - . .
Islandinium minutum
Lejeunecysta sabrina

Protoperidinium oblongum
Protoperidinium type
Protoperidinium wisconsinense
Quinquecuspis concreta
Selenopemphix nephroides
Selenopemphix quania
Stelladinium stellatum
Votadinium calvum
Votadinium spinosun

Dubridinium spp.

HETEROTROPHIC
Protoperidiniacecae

Diplopsalidaccae

Polykrikaceae

Alexandrium tamarense
Gonyaulax spinifera complex
? Gonyaulax sp. indet.
Lingulodinium polyedrum
Gonyaulax spinifera complex
Protoceratium reticulatum

? Protoceratium reticulatum
Gonyaulax digitalis
Gonyaulax spinifera complex
Gonyaulax spinifera complex
Gonyaulax spinifera complex

Protoperidiniaceac

Pentapharsodinium dalei

Protoperidinium avellanum
Protoperidinium conicoides
? Protoperidinium Spp.
Protoperidinium sp. indet.
Protoperidinium sp. indet.

Protoperidinium sp. indet.
Protoperidinium leonis
Protoperidinium minutum
Protoperidinium oblongum
Protoperidinium group
Protoperidinium wisconsinense
Protoperidinium leonis
Protoperidinium subinerme
Protoperidinium conicum
Protoperidinium stellatum
Protoperidinium oblongum
Protoperidinium claudicans

Diplopsalid group

Polykrikos schwartzii
Polykrikos kofoidii




Table 4. Concentrations of dinoflagellate cysts (cysts per gram of dry sediments) in cores from Apponagansett Bay
(AB1) and New Bedford Harbor (NBHS and NBH2).
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Core ABI
0-1 1993 1973 0 0 0 32 38 45 6 109 26 51 6 6 26 658 6 19
5-6 1976 5051 0 0 0 46 23 321 23 92 69 115 0 23 0 1515 23 23
10-11 1957 0427 0 0 0 96 217 385 0 0 96 217 24 0 48 1179 24 120
14-15 1939 5627 0 0 0 23 47 490 0 70 23 93 0 0 23 1704 47 70
20-21 1901 9204 0 0 0 60 179 956 0 179 30 30 0 30 30 2988 30 120
30-31 1826 4866 0 0 0 82 27 192 27 0 0 41 14 55 41 2103 14 27
40-41 1750 7102 0 0 22 44 88 221 0 66 22 22 0 0 44 2854 22 0
50-51 1675 10774 0 0 0 65 65 229 65 0 0 65 33 98 196 3602 33 327
60-61 1600 6681 0 0 0 68 153 290 17 0 17 17 34 119 85 2318 0 136
70-71 1525 5120 0 0 0 0 125 el 0 0 0 54 72 72 18 1557 18 72
75-76 1487 6720 0 0 1] 20 0 123 0 4] 20 20 20 61 20 2676 20 204
Core NBH2
1-2 1996 703 25 0 0 6 19 6 6 6 13 26 0 19 6 103 0 0
10-11 1992 2629 0 0 13 25 151 189 0 (1] 13 63 0 13 63 340 0 0
20-21 1983 3787 0 0 0 34 85 426 0 68 0 17 0 34 51 495 0 0
30-31 1972 407§ 0 0 0 55 166 959 0 0 74 74 0 55 55 277 18 0
40-41 1959 2924 0 0 0 I3 94 431 0 40 27 0 0 0 67 270 0 0
Core NBHS
0-1 1972 3712 25 0 0 0 75 274 0 100 0 25 0 25 75 249 25 0
5-6 1957 2572 0 0 0 0 37 86 0 12 12 49 0 12 61 380 0 0
10-11 1943 22678 59 0 0 59 177 236 59 59 177 353 0 59 236 1590 0 0
15-16 1928 5349 0 0 0 46 23 46 23 0 23 46 0 68 23 569 23 0
20-21 1911 3828 0 0 0 77 t10 99 11 I1 55 143 1 55 55 636 0 0
30-31 1877 4952 0 0 0 162 211 146 16 49 32 162 49 32130 763 0 0
40-41 1843 8680 57 0 0 29 343 171 29 343 86 257 0 57 314 1856 0 29
50-51 1808 6312 0 0 0 18 310 292 36 237 18 164 36 91 182 930 18 0
60-61 1774 9526 0 0 0 0 505 361 72 108 72 144 36 108 325 1804 144 0
70-71 1740 12310 0 0 0 358 215 537 36 107 0 72 72 215 3% 1431 36 72
80-81 1706 6722 18 0 0 108 270 395 18 90 18 126 36 36 216 988 18 0
90-91 1672 10269 0 0 0 55 246 520 S5 27 0 5§ 82 137 274 1972 0 27
100-101 1638 6769 30 0 0 105 196 181 30 75 45 105 60 135 165 1173 0 15
110-111 1605 6640 0 ] 0 19 156 156 0 19 0 19 97 292 350 1071 19 0
120-121 1576 7112 0 22 0 22198 44 22 22 22 44 66 198 395 1141 4] 0




Table 4 (Continued)

3 .
3 g
<z g
. =
335 & g 4 3 < . g
305 5 ¢ 3 ¢ % % o5 s s £
T R A - 35 s S
= S Z g S S = s < < a 3 & P = -
E ] £ =2 = = 2 k< S 2 o 5 g ] 2, = z
- & 2 & £ & &% 3 5 ¢ o o o5 & £ i £ %
5 g < 3 3 % s = 3 g 2 g = 2 g T w = o
T 0§ 2 § ¥ YTOYFOSOfIS®F % % 8§ 3 0% % o¢otog
s = = 3 3 2 3 = = = = < <z = = Z < -
S & & & & & & 3 § & & & & & 2 3 & & 5
Core AB1
0-1 32 Il 0 89 0 6 13 6 38 45 562 6 0 [} [} [1] 0 32
5-6 46 138 0 413 0 0 [4] 69 161 92 1722 23 0 0 46 0 23 46
10-11 72 24 0 842 0 72 0 24 265 144 2383 48 48 0 0 0 0 96
14-15 23 47 4] 420 0 23 0 0 257 163 1961 23 0 0 23 0 0 93
20-21 0 0 0 628 30 30 0 30 568 149 2959 0 30 30 0 V] 0 120
3031 55 0 0 357 0 27 27 14 10 110 1471 0 0 0 0 0 0 6
40-41 11 0 4] 664 0 22 22 88 155 66 2500 22 0 0 0 0 0 44
50-51 229 0 0 655 0 33 o 131 0 0 4879 0 0 0 0 33 0 33
60-61 68 0 0 597 0 34 0 187 8 51 2267 17 0 0 0 0 0 119
70-71 72 0 0 573 0 0 18 107 72 18 2023 18 0 [} 0 ] 0 72
75-76 82 0 0 245 0 6l 0 143 102 61 2717 20 0 20 0 o 0 41
Core NBH2
1-2 26 0 0 103 0 0 0 0 6 6 258 6 0 0 0 o0 0 58
10-11 13 13 0 377 13 0 0 [ 38 38 1195 0 0 1} 0 0 0 75
20-21 17 34 1] 597 0 17 0 0 85 0 1757 0 0 0 0 0 17 51
30-31 0 74 0 645 0 18 0 0 92 55 1364 0 0 0 0 0 0 92
40-41 27 121 (1] 445 0 81 0 0 94 13 1132 0 13 0 1] 0 0 54
Core NBHS
0-1 125 0 0 29 0 0 0 0 149 100 2043 0 0 0 0 10 0 25
5-6 6l 0 0 233 0 0 0 0 86 12 1421 24 0 0 0 12 V] 73
10-11 412 0 0 766 0 0 0 0 177 59 18084 0 0 0 0 o0 o0 18
15-16 46 0 0 273 0 0 0 0 114 46 3824 0 0 0 0 V] 0 159
20-21 99 33 1] 384 il 11 0 0 22 77 1887 0 0 0 0 1] 0 44
30-31 114 0 16 341 16 0 0 16 65 16 2516 16 16 0 16 0 0 49
40-41 314 0 0 714 29 29 0 0 143 143 3598 57 57 0 0 o o0 29
50-51 109 0 0 58 0 I8 0 36 109 36 2955 36 0 0 18 18 0 36
60-61 469 0 0 722 36 72 36 36 289 180 4005 0 0 0 0 0 0 0
70-71 179 72 0 680 0 250 36 0 72 36 6978 72 143 0 0 0 0 250
80-81 108 0 1] 521 i3 72 0 18 90 36 3433 36 0 0 0 0 0 54
90-91 137 0 0 630 8§ X2 0 110 137 82 5559 0 0 0 0 0 0 o0
100-101 196 0 0 602 0 30 0 60 9 30 3385 30 IS 0 0 0 0 15
110-111 117 0 0 350 58 19 0 58 39 39 3524 117 0 0 0 19 0 97
120-121 10 0 ¢ 461 44 [ [} 0 [0} 66 4105 [0} 66 22 1] 0 0 44




Figure 6. Microphotographs of selected dinoflagellate cysts found
in sediments of New Bedford Harbor and Apponagansett Bay: a)
Polykrikos schwartzii, b) Dubridinium spp., c) Spiniferites bentorii,

d) Spiniferites elongatus, e) and f) Protoperidinium minutum, g) and
h) Cyst type E. Scale bar =10 um.



calculated. As bulk densities were not available for all samples, some values were
estimated based upon the available data. Our minimum values of total dinoflagellate
cyst flux are on the order of 100 times higher that those reported from oceanic

sediments (e.g., H6ll et al., 2000).

RESULTS
Core chronologies

The combined results of the radiometric and palynological dating of the three
cores are presented in Figure 7. A detailed account of the dating will be reported
elsewhere (Latimer et al., in press).

Core ABI, from Apponagansett Bay, is 0.76 m deep and represents more than
500 years of deposition. At 11.5 +2 cm traces of '*’Cs signal the onset of fallout of
radionuclide due to the nuclear weapon testing in 1954. Peak concentration of '*'Cs at
5.5 1.5 cm indicates the maximum fallout in 1963. The *'°Pb profile interpreted with
the constant rate of supply (CRS) model (Appleby and Oldfield, 1978) dates the upper
16.5 cm of the core to 1931-1996. The sedimentation rate increases from ~0.23 cm yr™
in the 1930-1950s to 0.35 cm yr' and greater in the following 20 yr. Palynological
analysis shows that ragweed pollen increases at ~51.5 cm indicating initial land
clearance by European settlers (Brugam, 1978).

The sedimentation rate in core NBH2, from Lower New Bedford Harbor, was
about three times higher than in Apponagansett Bay, and the upper 45 cm of this core
represents approximately 40 yr of deposition. The dating based on '*’Cs activity is in a
broad agreement with the CRS interpretation of the *'°Pb profile. The sedimentation
rate varies from 0.59 cm yr”' at the bottom of the core (1956) to 1.8 cm yr™' at the top.

The dating of core NBHS, from Lower New Bedford Harbor, was more
problematic. The maximum of "’Cs activity occurs within the top 6 cm of the core.
Together with sedimentation rates determined by the CRS *'Pb method, it dates the top
of the core as ~1973, suggesting that the part of this core was lost during core
collection. The *'°Pb-dating is supported by PCB concentrations that first occur in trace

amounts at 11 cm. This should correspond to the 1930-40s, when PCBs were first
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synthesized. A mean sedimentation rate of 0.29 cm yr'] was extrapolated to the depth of
90.5 cm. This extrapolation was confirmed by pollen analysis. At 90-91 cm ragweed
comprises >1% of the total pollen assemblages, corresponding to the time of the first
European settlement in the area around the 1670s (Brugam, 1978). Dating below this

point is uncertain.

Dinoflagellate cyst assemblages
Apponagansett Bay, Core ABI

The dinoflagellate cyst record in core AB1 generally can be divided into two
stages. The first stage spans the 1480s to the 1900s. This stage is characterized by
dinoflagellate cyst assemblages with <22% heterotrophic (Protoperidiniaceae,
Diplopsalidaceae, and Polykrikaceae) taxa (Fig. 8), while the group of Diplopsalidaceae
and Polykrikaceae comprises <5% of total assemblages. The total cyst concentration
increases from 5,120 cysts g in the 16™ century to a maximum of 10,774 cysts g in
the 1670s, then decreases to a minimum 4,866 cysts g™ at the end of 1820s (Fig. 9a).
The estimated average cyst flux during this stage is ~650 cysts cm” yr' (Fig 9b). The
number of dinoflagellate cyst taxa during the first stage ranges from 17 to 20 (Fig. 10).
In the 17" century the maximum concentration and flux of all dinoflagellate cysts is
coincident with increases in autotrophic Operculodinium israelianum and Spiniferites
spp. (Fig. 3). The 17" century is also characterized by relatively high levels of the
autotrophic Lingulodinium machaerophorum and heterotrophic Selenopemphix quanta
(Fig. 3).

The second stage in Apponagansett Bay extends from 1900 to the present. The
total cyst flux varies from ~500 to 1800 cysts cm” yr'! (Fig 9b). Total concentrations of
dinoflagellate cysts reach a maximum of 9,204 cysts g!in ~1901, while total flux peaks
in the 1950s (Fig. 9a).

The 20™ century assemblages are characterized by higher proportions of cysts of
the heterotrophic taxa Diplopsalidaceae and Polykrikaceae (Fig. 8). Around 1901,
concentrations of both Dubridinium spp. (956 cysts g, 86 cysts cm™ yr'') and
Spiniferites bentorii (568 cysts g, 51 cysts em™ yr'') reach a maximum (Fig. 3). As
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Dubridinium spp. and Spiniferites bentorii gradually decrease to the surface, cysts of
Polykrikaceae appear for the first time in the record and persist to the surface. The
abundances of Islandinium minutum & cezare are < 65 cysts g”' and 6 cysts cm™? yr'!
until ~1901 and increases to 313 cysts g or 88 cysts cm™ yr”' in the late 1950s. The
second half of the 20" century is characterized by an increase in the number of

dinoflagellate cyst taxa, from 19 to 23 (Fig. 10).

New Bedford Harbor, Core NBH2

The total concentration of dinoflagellate cysts ranges from 685 to 4,075 cysts g’
(Fig. 9a). The total flux of dinoflagellate cysts in this core ranges from ~1300 to 2200
cysts cm™ yr! (Fig. 9b). Both parameters reach a maximum in the 1970s.

The main characteristics of core NBH2 are the low number of dinoflagellate cyst
taxa in assemblages, which ranges from 15 to 17 (Fig. 10), and the high proportion (27-
51%) of cysts of heterotrophic dinoflagellates (Fig. 8). The proportion of
Diplopsalidaceae and Polykrikaceae ranges from 25% to 1%, and reaches its maximum
in the early 1970s (Fig. 8). The maximum abundances of Dubridinium spp. (984 cysts g’
' 499 cysts cm™ yr'',) occur in the early 1970s (Fig. 4). The abundances of
Lingulodinium machaerophorum are low (<55 cysts g, 37 cysts cm™ yr'') (Fig. 4).

Operculodinium israelianum and Selenopemphix quanta were not observed in this core.

New Bedford Harbor, Core NBHS

The dinoflagellate cyst record in core NBHS reflects changes in the history of
the Harbor, but the most distinctive changes occur in the 20" century. In the 1940s both
concentration and flux show an isolated peak (22,678 cysts g'1 and 4,786 cysts cm™ yr’
1), approximately twice that of the next highest value. Otherwise, the total concentration
of dinoflagellate cysts ranges from 12,310 to 2,572 cysts g'1 and flux from 2,219 to 601
cm™ yr'! (Fig. 9a). The species richness ranges from 18 to 22 until the 1880s, when it
declines to 15 in the 1990s (Fig. 10). In the 16th century the maximum % of
heterotrophic taxa is 15%, then ranges from 18 to 28% until the present, with an

exception of the late 1920-40s when relative abundance of cysts of heterotrophic
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dinoflagellates in assemblages is ~8% (Fig. 8). Higher abundances of Dubridinium spp.
and Lingulodinium machaerophorum, as well as the presence of Selenopemphix quanta
and Operculodinium israelianum, characterize the cyst record from the late 17" until
the mid 19th century (Fig. 5). In contrast, abrupt, but distinctively brief increases in
abundance of Spiniferites spp. (18,084 cysts g’ and 3,817 cysts cm? yr') and
Islandinium minutum & cezare (530 cysts g, 112 cysts cm™ yr™') occur in the early
1940s (Fig. 5). Cysts of Operculodinium israelianum and Selenopemphix quanta were

not observed in the sediment record of the last century.

DISCUSSION
General observations

Dinoflagellate cyst records show no detectable response to climate warming as
indicated by winter low temperatures or extended growing seasons reported by Baron
and Gordon (1985). The greatest change occurs with the intense human activity of the
20" century. Our results support Pesch and Garber's (2001) conclusion that the
intensification of human activity and population growth in the watershed during the
textile and post-textile periods caused the major degradation of New Bedford Harbor in

the 20™ century.

Total cyst concentrations and fluxes

Dale and Fjellsa (1994), studying Norwegian fjords, suggested that an increase
in total cyst concentration is an informative signal of eutrophication within an estuary.
Our results (Fig. 9a) show no overall increase in total cyst concentration either in New
Bedford Harbor or Apponagansett Bay. One could use the argument of Satre et al.
(1997) that industrial pollution can counterbalance the stimulating effects of nutrient
enrichment so that the total cyst concentration remains constant or declines. We can
exclude this explanation, as Apponagansett Bay was subject only to nutrient enrichment
during the last century.

We suspect that increasing amplitude in the fluctuation of total cyst abundances
may be a strong indicator of stressed environments. In the 16"-19"" centuries, the total

abundance of cysts in sediments from New Bedford Harbor varies by a factor of 2
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(6,000 to 12,000 cysts g™, 900 to 2,200 cysts cm™ yr'') compared to a much larger
range, by a factor of 9 (2,600 to 23,000 cysts g, 600 to 4,800 cysts cm? yr') in the 20"
century. This large magnitude of change in absolute cyst abundance occurs over a
relatively short time interval. To some extent, this effect is caused by an abrupt increase
of Spiniferites spp. around 1940s and by the increase in the sedimentation rate during
the past 70 yr. In the 20" century New Bedford Harbor received the direct discharge of
municipal sewage and organic pollutants (PAHs and PCBs) released from textile
(during the third period) and electrical (during post-textile or the fourth period)
industries (Latimer et al., in press). Changes in the production of dinoflagellate cyst in
the 20" century in New Bedford Harbor is likely a response to this variety of new
environmental influences that both suppress and stimulate dinoflagellate production.
We assume that absence of large fluctuations in Apponagansett Bay total cyst

abundances reflects lower environmental stress than in New Bedford Harbor.

Species richness

Although the lower level nutrient enrichment associated with early urbanization
and population growth in New Bedford Harbor, and more recently in Apponagansett
Bay, may have had positive effects on species richness, industrialization and final stages
of urbanization had detrimental effects on species richness of dinoflagellates in New
Bedford Harbor. Dinoflagellate cyst species richness in New Bedford Harbor is highest
from the 17-19"™ centuries, when the system was shifting from an oligotrophic to
mesotrophic condition. Through the same period, the species richness in Apponagansett
Bay was generally lower than in New Bedford Harbor. However, during the 20"
century, a period of population growth (and presumably, nutrient enrichment) around
Apponagansett Bay, species richness increased from 19 to 23. In New Bedford Harbor
this period was characterized by far greater population growth in addition to point
source discharge of sewage and industrial pollutants. Species richness declined from 21
to 15. Such a magnitude of change (~5 taxa) at this level of diversity is notable, as
similar changes in phytoplankton species richness indicate major changes in trophic

status (Tsirtsis and Karydis, 1998). The differences in timing of the responses in New
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Bedford Harbor and Apponagansett Bay allow us to exclude impacts of external factors
such as climate change on the cyst record.

Our observations from Apponagansett Bay and the early history of New Bedford
Harbor are consistent with those from studies reporting increasing species richness of
estuarine phytoplankton subject to moderate nutrient enrichment, that is when the
system shifts from oligotrophic to eutrophic conditions (Tsirtsis and Karydis, 1998).
The record from the last century of New Bedford Harbor (decreasing cyst species
richness) is consistent with those from highly eutrophic conditions. Studies of diatoms
have shown that when the system is highly polluted with toxins or over-enriched with
nutrients, diversity declines (Cooper and Brush, 1993, Sullivan, 1999). It seems
appropriate to link the decline in dinoflagellate cyst species richness with the onset of
hypertrophic and industrially polluted conditions in New Bedford Harbor in the 20"
century.

We can compare this change in species richness, to two indicators of
industrialization and urbanization, the latter being a major cause of eutrophication in an
estuary. Heavy metals come from non-point as well as point sources of industrial and
municipal sewage. As the toxicity of Cu to phytoplankton is well established (Taylor,
1987), we use its concentration in the sediments as a proxy for the stress of
industrialization. Our second indicator is sedimentary organic carbon, which increases
in both Apponagansett Bay and New Bedford Harbor after 1850. The carbon could
come from increased pelagic production stimulated by nutrient inputs or directly from
sewage outfalls in the case of New Bedford Harbor. (As the input of freshwater to these
systems is minor it is unlikely that natural inputs from the watershed are detectable.)
Both higher water column production and inputs of allochthonous carbon can be a stress
by reducing light available to phytoplankton.

The source of sedimentary carbon can be deduced by examination of the §'°C
signature (e.g., Chmura and Aharon, 1995) which can indicate terrestrial (-26%o, PDB),
saltmarsh (-16%o, PDB), eelgrass (-10%o, PDB), or marine (phytoplankton) sources (-
20%o, PDB). We assume that human sewage carries the signal of terrestrial carbon.
From about 1850 onwards there is a decline (from -18 to -24%o) in the 8'°C of
sedimentary carbon in New Bedford Harbour (Fig. 11). The decline is probably due to
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the saltmarsh loss documented during this period, as well as the loss of eelgrass beds,
presumed to have been once extensive in the Harbor. During the same period carbon
concentration increases, probably due in part to increased phytoplankton production, but
the low 8'"°C indicates that terrestrial carbon sources are clearly increasing. The
terrestrial component likely is from human sewage, a problem recognized throughout
the history of the City (Pesch and Garber, 2001). The higher 8'°C (2-20%o) of
sedimentary carbon in Apponagansett Bay indicates that terrestrial carbon sources are
minor. (There are no municipal sewage outfalls in the Bay.) The minor decrease in the
8'*C over that last ~150 yr probably reflects declines in eelgrass beds and increased
inputs of carbon from phytoplankton production.

The timing of the greatest changes in dinoflagellate cyst assemblages, species
richness, total cyst concentrations and flux in New Bedford Harbor coincide with the
increase in the concentrations of sedimentary carbon and copper (Fig. 11). In fact the
decline of cyst species richness can be predicted by the two parameters (Fig. 12a, b).
Linear regression analysis shows that sedimentary carbon concentration alone explains
70% of the variability in species richness, copper 72% - and both together (as
independent variables in a linear regression) explain 73% of the variability in cyst
species richness.

A comparable study, where both parameters are available, is that from Frierfjord
and Brevikfjord reported by Satre et al. (1997). Extracting the species richness from
their Appendix 1 and 2 and the organic carbon content and copper concentrations from
Fig. 2 and 4, we observe a strikingly similar inverse relationships between both
sedimentary carbon (R=0.78) and Cu (R=0.73) with species richness (Fig. 12c, d).
Together these two variables explain 79% of the variability in cyst species richness of

the Norwegian fjords.

Proportion of heterotrophic taxa
An increase in the proportion of cysts of heterotrophic dinoflagellates has been
suggested (Setre et al. 1997; Matsuoka, 1999, 2001) as a signal of eutrophication and

industrial pollution. The cause of this increase is disputed. Matsuoka (1999) suggests
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increasing diatom production as the main cause, whereas Dale (2001) links the increase
to the reduced production of autotrophic dinoflagellates due to reduced light
penetration.

Our results show a small increase in the proportion of cysts of heterotrophic taxa
(particularly the Polykridaceae and Diplopsalidaceae) as nutrient enrichment increased
in the 20th century at our control site, Apponagansett Bay. However, in New Bedford
Harbor where both nutrient and inorganic pollutants increased over the 19™ and 20™

century, the proportion of cysts of heterotrophic dinoflagellates is variable (Fig. 8).

Individual species-indicators

Individual taxa respond to water quality changes in different ways. The cysts of
Spiniferites spp. dominate the cyst assemblages. This group seems to be tolerant of
extreme environmental conditions as they are the most abundant in cyst assemblages
from low salinity (5 to 15 ppt) environments (Pospelova and Chmura, 1998) as well as
in highly eutrophic conditions in New Bedford Harbor. Abundances of subdominant
taxa, such as cysts of Dubridinium spp., Islandinium minutum & cezare, and Polykrikos
schwartzii produced by heterotrophic dinoflagellates, as well as the cysts of Spiniferites
bentorii, produced by autotrophic dinoflagellates, appear to increase with nutrient
enrichment. In fact, the cysts of Dubridinium spp. and Polykrikos schwartzii are
commonly recorded in nutrient-rich waters (Dale 1996; Matsuoka, personal
communication). On the other hand, cysts of autotrophic dinoflagellates such as
Lingulodinium machaerophorum, Operculodinium israelianum and heterotrophic
Selenopemphix quanta tend to have negative response to eutrophication and inorganic
pollution.

There are commonalties between species-indicators in the Massachusetts Bay
and Tokyo Bay (Matsuoka, 1999, 2001). At Matsuoka's (2001) station 1 (his study site
most subject to eutrophication) cysts of Selenopemphix quanta and Lingulodinium
machaerophorum decrease over a period of increasing nutrient enrichment. The group
of Diplopsalidaceae and Polykrikaceae increases in concentration during the same
period, mostly because of increase in concentrations of Polykrikos schwartzii and P. cf.

kofoidii.
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The decreases in concentrations (and fluxes, in the case of Massachusetts
estuaries) of Lingulodinium machaerophorum associated with nutrient enrichment in
these shallow estuaries are not consistent with the observations from Norwegian fjords
(Dale and Fjellsd, 1994; Satre et al. 1997; Dale et al., 1999). In the fjords
Lingulodinium machaerophorum may not be responding to increases in nutrients, but to
conditions associated with stratification and low oxygen concentrations characteristic of
eutrophication in deep, stratified waters, such as Norwegian fjords. The shallow depths
of Apponagansett Bay, New Bedford Harbor and Tokyo Bay mean they are generally

unstratified and consequently do not suffer from severe oxygen depletion.

CONCLUSIONS

The study of dinoflagellate cysts from New Bedford Harbor and Apponagansett
Bay over the last 500 years provides evidence that cyst assemblages contain a record of
environmental changes induced by urbanization and industrial development. A number
of parameters in the cyst record (species richness, concentrations, flux, and species
abundances) can be used as indicators of environmental change.

Cyst species richness initially increases with nutrient level in an estuary, as
observed in 17-19" century New Bedford Harbor and in 20™ century Apponagansett
Bay. However, in environments with extremely high levels of nutrients (hypertrophic
conditions) and toxins, this trend is reversed and the number of dinoflagellate cyst taxa
declines, as seen in 20" century New Bedford Harbor.

Another parameter possibly indicating human disturbance in an estuary is the
variability in total dinoflagellate cyst concentrations and fluxes. We find that it is not a
unidirectional change, but rather a great fluctuation in the cyst production that
characterizes heavily disturbed estuarine systems. These fluctuations are amplified by
abrupt increases of certain taxa, such as Spiniferites spp. in 1940s New Bedford Harbor.

The effects of recent pollution are clearest when species richness, abundances,
and composition of the dinoflagellate cyst assemblages are considered together. The
major changes in the dinoflagellate cyst record occur within the 20™ century in New

Bedford Harbor. These changes are coincident with an increase of organic carbon input,
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PAHs, PCBs, and heavy metal concentrations that may have antagonistic or cumulative
effects.

We believe that the eutrophication signal seen in dinoflagellate cyst assemblages
in fjords and shallow estuaries can be distinctly different. Under simple nutrient
enrichment, increased concentrations of cysts may not be expected in shallow, well-
mixed estuaries, yet appear to be a response in fjords. Species proposed as indicators of
eutrophication in Norwegian fjords (Dale and Fjellsd, 1994; Setre et al., 1997; Dale et
al., 1999) show different responses in the shallow estuaries of Massachusetts, the latter
more similar to Tokyo Bay.

More research is needed to refine the use of dinoflagellate cysts as record of
paleoenvironmental changes in estuaries. Some important research directions should
include separation of the role of individual stressors such as nutrient over-enrichment
and toxic pollution, as well as studies of dinoflagellate cyst assemblages from different

types of estuaries with different degrees of human disturbance.

Reprinted from the Science of the Total Environment, Vol. 298, Pospelova, V.,
Chmura, C.L., Boothman, W.S. and Latimer, J.S. “Dinoflagellate cyst records and
human disturbance in two neighboring estuaries, New Bedford Harbor and
Apponagansett Bay, Massachusetts (USA)”, pp. 81-102, 2002, with permission of

Elsevier Science.

44



CHAPTER 3. SPATIAL DISTRIBUTION OF MODERN DINOFLAGELLATE CYSTS
IN POLLUTED ESTUARINE SEDIMENTS FROM BUZZARDS BAY EMBAYMENTS

(MASSACHUSETTS, USA)

VERA POSPELOVA

GAIL L. CHMURA

Department of Geography

(and Centre for Climate and Global Change Research)
McGill University

805 Sherbrooke St., W

Montreal, QC H3A 2K6 Canada

WARREN S. BOOTHMAN

JAMES S. LATIMER

U.S. Environmental Protection Agency
Office of Research and Development
NHEERL, Atlantic Ecology Division

Narragansett, RI 02882 USA

To be submitted to Marine Pollution Bulletin.

45



ABSTRACT

Analysis of the spatial distribution of the dinoflagellate cyst assemblages in 19
surface sediment samples collected in three Buzzards Bay embayments (Massachusetts,
USA) demonstrates the applicability of dinoflagellate cysts as biological indicators of
environmental conditions in estuarine systems. There is a significant negative
relationship between dinoflagellate cyst diversity and sediment concentrations of
metals, PCBs and organic carbon. Sites with the highest levels of pollution are
characterized by the lowest dinoflagellate cyst species richness and concentrations,
which we interpret as a cumulative pollution signal. In these embayments salinity and
temperature variability is low, thus the distribution of dinoflagellate cysts is controlled
primarily by the nutrients and pollution. Principal component analysis, based on the
proportions of cyst taxa, indicates that cyst assemblages gradually change when moving

away from the sources of nutrient pollution, and sewage outfalls in particular.

INTRODUCTION

Human activities such as nutrient enrichment and toxic pollution cause water
quality degradation and habitat loss. These activities are most intensive in estuaries with
highly urbanized and industrialized watersheds. Concerns about water quality
degradation in estuarine waters has stimulated a demand for development of indicators
of nutrient enrichment and toxic contamination to examine paleo- and modem
environmental conditions and trends caused by intensified anthropogenic activities in
watersheds.

To be a useful biological indicator of environmental conditions, an organism has
to satisfy certain criteria (Gibson et al., 2000). In general, a biological indicator should
be ubiquitous, well preserved in sediments, numerous enough for statistical treatment,
and reflect certain environmental parameters. Dinoflagellate cysts have proven to
satisfy all of the above criteria (Fensome et al., 1996).

Dinoflagellates are single-celled organisms that constitute an important part of
the phytoplankton population in aquatic ecosystems. During their life cycle some
dinoflagellates produce hypnozygotes, or resting cysts, which can be preserved in

sediments (Fensome et al., 1993). Assemblages of dinoflagellate cysts in sediments
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encode information on the dinoflagellates in the upper water column (Dale, 1976; Reid
and Harland, 1978). In turn, the population of dinoflagellates is influenced by
environmental factors, such as temperature, salinity, nutrients, turbidity, and pollution
(Taylor, 1987). Dinoflagellate cysts recovered from coastal sediments have the potential
to provide substantial information on biological processes and interactions within
aquatic systems.

Several studies have examined the temporal development of estuarine
eutrophication and pollution by analyzing the dinoflagellate cyst records in sediment
cores (Dale and Fjellsa, 1994; Satre et al., 1997; Thorsen and Dale, 1997; Dale et al.,
1999; Matsuoka, 1999; Dale, 2001; Matsuoka, 2001; Pospelova et al., 2002). A recent
study of the historical records of dinoflagellate cysts from shallow unstratified
embayments of Buzzards Bay (New Bedford Harbor and Apponagansett Bay, MA,
USA) found that the species richness (number of taxa), total cyst concentrations and
fluxes, proportions of some heterotrophic species, as well as abundance of indicator
species changed as a result of eutrophication and toxic pollution (Pospelova et al.,
2002). In oligotrophic systems, such as New Bedford Harbor in its early history
(Pospelova et al., 2002), nutrient enrichment initially increases dinoflagellate cyst
species richness. However, under highly eutrophic and polluted conditions, species
richness declines, as seen during the 20™ century in New Bedford Harbor. These
extrime conditions are also characterized by large fluctuations in total cyst
concentrations and fluxes. The proportion of cysts of heterotrophic dinoflagellates,
Polykrikaceae and Diplopsalidaceae in particular, tends to increase with nutrient
enrichment.

If the dinoflagellate cyst record reflects the temporal changes of the
environmental conditions in an estuary, it must also show spatial change, as
environmental conditions in an estuary are not-uniform. No previous studies have
investigated spatial distributions of dinoflagellate cysts in relation to eutrophication and
toxic pollution in estuarine systems. This work represents the first analysis of this kind.

In this study we document the dinoflagellate cyst assemblages on ~1 km scale in

three side embayments of Buzzards Bay, Massachusetts. Comparison of these
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assemblages to known gradients of nutrient and toxic pollution allowes us to assess the

utility of cysts as indicators of plankton response.

STUDY AREA

New Bedford Harbor, Clarks Cove and Apponagansett Bay are side
embayments of the northwestern shore of Buzzards Bay, Massachusetts (Figure 1). The
embayments are shallow with the water depths ranging from 1 to 12 m (mean 6 m),
generally well mixed, and unstratified. Mean summer water salinity varies from 28 to
31 psu and summer temperatures from 21 to 23°C (Howes et al. 1999). Ammonium is
the major form of inorganic nitrogen available throughout the Bay and its

concentrations are heavily influenced by the sewage outfall (Borkman and Turner,
1993).

New Bedford Harbor

New Bedford Harbor, also known as the Acushnet River estuary, has a moderate
freshwater input (median flow 0.54 m’ s™') from the river flowing into the northern part
of the harbor. This harbor is heavily urbanized as it is surrounded by 35% of the
population of the entire Buzzards Bay watershed (Howes et al., 1999). As a result, ~20
combined sewer overflows (CSO) discharge to the inner part of New Bedford Harbor,
in addition to outfall of the Fairhaven Wastewater Treatment Plant (Figure 1). From
1974 to 1996, the Fairhaven facility has continuously discharged primary-treated
sewage to the harbor resulting in a load of 140 t N yr'! (SAIC, 1991). A hurricane
barrier greatly reduces water circulation relative to the rest of Buzzards Bay and affects
water quality (Costa et al., 1996; Abdelrhman, 2002). Inner New Bedford Harbor is
among the most eutrophic embayments in Buzzards Bay (Howes et al., 1999). Mean
summer concentrations of nitrate, ammonium and phosphorus in the Harbor are 11, 5.7
and 1.8 uM, respectively. Average summer concentrations of chlorophyll a are 8.5
pg-1”, but it ranges from 1.1 to 67.8 ngl'. New Bedford Harbor also is one of the most
contaminated sites in the United States (Nelson et al., 1996) due to polychlorinated
biphenyls (PCBs) used in the manufacture of electrical capacitors. Past discharges of

PCBs and other pollutants in the upper harbor have resulted in modern sediment
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concentrations as high as 100 pg-g”' PCBs, 1500 pg-g” Cu, 600 ug-g" Pb, and 1200

ng-g" Zn (Latimer, personal communications). In 1982 New Bedford Harbor was added
to the EPA’s Superfund Priority List for cleanup.

New Bedford’s Outer Harbor, south of the hurricane barrier (Figure 1), 1s
expansive and well flushed. The primary difference between the Outer and Inner
Harbors is a lower sedimentary concentration of PCBs, heavy metals, and other
industrial pollutants. However, the surface plume of effluent from the New Bedford
Wastewater Treatment Facility, located off Clarks Point, influences local water quality
conditions. The New Bedford Wastewater Treatment Plant discharges up to 962 tN yr'l,
into the system mostly in the form of ammonium (SAIC, 1991). Elevated concentrations
of nitrate (1.2 uM), ammonium (16.4 uM), and phosphorus (3.0 pM) were measured
near the outfall (Borkman and Turner, 1993). Despite the high sewage effluent input,
effects of the discharge on water quality are detected only within 5 km of the outfall
(Costa et al., 1999).

Apponagansett Bay

Inner Apponagansett Bay has been identified as one of the most eutrophic
embayments of Buzzards Bay, similar to New Bedford Harbor, due to its restricted
geomorphology and nutrient loading from watershed (Howes et al., 1999). The high
nutrient load to the estuary is mostly due to its densely populated watershed followed by
commercial and industrial development. In contrast to the Inner Bay, Outer
Apponagansett Bay is better flushed and shows moderate nutrient levels (Howes et al.,

1999). The mean summer nitrate concentration in the Outer Bay is 1.3 uM, ammonium

2.2 uM, phosphorus 1.6 uM and chlorophyll a 4.7 ng 1.

Clarks Cove

In contrast to New Bedford Harbor, neighboring Clarks Cove (Figure 1) has
relatively good water quality due to the absence of major freshwater sources and a
sewered watershed, with discharges located at Clarks Point (New Bedford Wastewater
Treatment Plant). Clarks Cove water quality is maintained primarily by its tidal

dynamics (Howes et al., 1999). Despite the fact that Clarks Cove is a comparatively
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deep (~9 m) and well-flushed embayment the total nitrogen level here is higher than the
waters of outer Buzzards Bay. This enrichment of Clarks Cove waters comes from the
Clarks Point outfall, when its waters enter the system during periodic shifts in the Outer
Harbor circulation, and from the tidal waters of Apponagansett Bay to the west (Howes
et al,, 1999). In Clarks Cove average summer concentration of nitrate is 1.5 pM,

ammonium 0.9 uM-, phosphorus 1.5 uM, and chlorophyll a 3.71 pg-1™.

MATERIAL AND METHODS
Sample collection

Surface sediments were collected from 19 locations throughout New Bedford
Harbor, Clarks Cove and Apponagansett Bay (Figure 1, Table 1). For the purpose of
this study, we divide all samples into three groups (Table 1), based on their location.
The first group (I) comprises 5 samples from the Inner part of New Bedford Harbor, the
second group (II) includes 9 samples from Outer Harbor and Clarks Cove, and the third
group (III) comprises five samples from the outer part of Apponagansett Bay.
Sediments were collected with a van Veen or petite Ponar grab sampler during EPA
cruises in October 1996. We assume that the top 2 cm of collected sediments represent
~10 yr deposition, based on the estimates of accumulation rates previously reported for
the embayments (Summerhayes et al., 1985; Latimer et al., in press). Sediments are
generally characterized as fine sands, silt and mud (Table 1). All samples were stored at

~4°C in the dark until processing.

Sediment chemistry

Sedimentary metal concentrations were measured by inductively coupled plasma
atomic emission and graphite furnace atomic absorption spectrophotometry after
digestion by microwave heating in a pressurized digestion vessels with a mixture of
concentrated acids (Latimer et al., in press). PCBs were extracted using a microwave
procedure and analyzed using gas chromatography with electron capture detector
(Latimer et al. in press). The percent organic carbon was measured by continuous flow

elemental analysis/isotope ratio mass spectrometry as described by Latimer et al. (in

press).
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Dinoflagellate cysts

For dinoflagellate cyst analyses sediment samples of known volume and weight
were processed using standard palynological preparation methods (Rochon et al., 1999).
Sediment were dried at 40°C, weighed, sieved through a 125-pum and retained on a 10-
pm mesh to eliminate coarse and fine material, treated with warm HF (40%) to dissolve
silicates, and HCI (10%) to remove carbonates and silicoflourides. Calibrated tablets of
Lycopodium spores (Stockmarr, 1977), added during processing, allowed for calculation
of dinoflagellate cyst concentrations based on the volume of wet sediments.

Aliquots were mounted on microscope slides with glycerin jelly. Dinoflagellate
cysts were counted with a transmitted light microscope (63x and 100x objectives).
Identification of dinoflagellate cysts was made on the basis of published descriptions in
accordance with taxonomy given by Lentin and Williams (1993) and Rochon et al.
(1999). However, when species-level identification was not possible, identification was
at the genus level. There are different taxonomies for cysts and thecal stages of
dinoflagellates because paleontological studies of cysts originally were carried out
independently from biological studies of the motile forms. Here we use the
paleontological nomenclature according to Head (1996), Head et al. (2001), and
Pospelova and Head (2002). A list of the dinoflagellate cysts counted and their known
biological name or thecal equivalent is provided in Table 2.

Spiniferites spp. includes all Spiniferites cysts except Spiniferites bentorii,
Spiniferites elongatus and Spiniferites membranaceus. For statistical treatment, species
of the genus Brigantedinium (Brigantedinium cariacoense and Brigantedinium simplex)
were grouped together because cyst folding or orientation sometimes obscured the
archeopyle characteristics, thus preventing identification to the species level. An
average of 317 cysts and a minimum of 102 were counted in each sample. More than 35
dinoflagellate cyst taxa were identified and counted in sediments from 19 sites (Table

3).

RESULTS

Metals, PCBs and organic carbon
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Table 2. Taxonomic citation of dinoflagellate cysts used in this study. Thecal equivalents are taken from

Head (1996), 'Pospelova and Head (2002), and *Head et al., 2001.

Cyst species
(paleontological name)

Dinoflagellate thecate name or affinity

(biological name)

AUTOTROPHIC
Gonyaulacaceac

Impagidinium spp.

Lingulodinium machaerophorum

Nematosphaeropsis spp.

Operculodinium centrocarpum sensu Wall & Dale 1996
Operculodinium israelianum

Spiniferites bentorii

Spiniferites elongatus

Spiniferites membranaceus

Spiniferites spp.

Tectatodinium pellitum

Protoperidiniaceae

Pyrophacaceae
Tuberculodinium vancampoae

HETEROTROPHIC
Diplopsalidaceae
Dubridinium spp.

Gymnodiniales

Polykrikaceae

Protoperidiniaceae

Brigantedinium cariacoense
Brigantedinium simplex
Brigantedinium spp.
Islandinium brevispinosum
*Islandinium? cezare

*Islandinium minutum
Lejeunecysta oliva
Lejeunecysta sabrina
Protoperidinium minutum
Protoperidinium oblongum
Protoperidinium spp.
Peridinium wisconsinense
Quinquecuspis concreta
Selenopemphix nephroides
Selenopemphix quanta
Stelladinium stellatum
Trinovantedinium applanatum
Votadinium calvum
Votadinium spinosun

Alexandrium tamarense

? Gonyaulax sp. indet.
Lingulodinium polyedrum
Gonyaulax spinifera complex
Protoceratium reticulatum

? Protoceratium reticulatum
Gonyaulax digitalis
Gonyaulax spinifera complex
Gonyaulax spinifera complex
Gonyaulax complex
Gonyaulax spinifera complex

Pentapharsodinium dalei

Pyrophacus steinii

Diplopsalid group
Gymnodinium spp.

Polykrikos schwartzii
Polykrikos kofoidii

Protoperidinium avellanum
Protoperidinium conicoides
? Protoperidinium spp.
Protoperidinium sp. indet.
Protoperidinium sp. indet.
Protoperidinium sp. indet.
Protoperidinium sp. indet.
Protoperidinium leonis
Protoperidinium minutum
Protoperidinium oblongum
Protoperidinium sp. indet,
Peridinium wisconsinense
Protoperidinium leonis
Protoperidinium subinerme
Protoperidinium conicum
Protoperidinium stellatum
Protoperidinium pentagonum
Protoperidinium oblongum
Protoperidinium claudicans
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Samples from the Inner part of New Bedford Harbor (group I) have the highest
concentrations of all metals (Table 4, Figure 2), with average concentrations of Zn at
372 ug g'l, Cuat516 pug g™, and Pb at 156 ng g'l. The concentrations of metals in the
Outer Harbor and Clarks Cove (group II) are lower, on average, by a factor of 3, with
Zn 144 ng g, Cu 55 ng g, and Pb 49 pg g™ Apponagansett Bay (group III) is
characterized by low levels of metals pollution: Zn 92 ug g'l, Cu40 pug g'l, and Pb 23
ng g”'. The concentration of PCBs follows the same trend (Table 4), the highest
concentrations are in group I (~8,600 pg g™), moderate concentrations (~700 ug g™h
characterize group II, and the lowest (200 ug g™') occur in group III. The organic carbon
content (Table 4, Figure 3) is the highest in the Inner New Bedford Harbor sediments
(from 3.0 to 5.3%). Sediment samples from Apponagansett Bay, Outer Harbor and
Clarks Cove have comparable organic carbon content ranging from 0.4 to 2.7%.

We calculated Pearson’s correlations to determine the degree of covariance
between concentrations of contaminants and content of organic carbon (Table 5). Most
correlation coefficients are higher than 0.50 (P<0.01). Thus, sedimentary concentrations
of PCBs, Zn, Cu, Cr, Pb, Ni and organic carbon content are highly covariant and the
effect of individual pollutants on the system cannot be separated. All statistical

calculations were made using the SPSS 10.1 for Windows software.

Distribution of dinoflagellate cysts

Dinoflagellate cysts were recovered from all the sediment samples. Total
dinoflagellate cyst concentrations vary by an order of magnitude, from ~300 to 4200
cysts cm™, averaging ~2000 cysts cm (Table 6, Figure 4). In general, the total cyst
concentrations in Inner New Bedford Harbor (group I) are one-third that in the Outer
Harbor, Clarks Cove (group 1I) and Apponagansett Bay (group III). The highest
concentrations are found in group II, which is also characterized by the largest range of
variation; total cyst concentrations range from ~500 to 4200 cysts cm’ e. g., 8 fold
compared to 6 fold in group I and 3 fold in group III.

The ratio between cysts produced by autotrophic and heterotrophic
dinoflagellates ranges from 0.9 to 4.9, with an average of 2.0 (Table 3). Cysts of
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Table 4. Concentrations of metals, PCBs and % organic carbon
in sediments.

“ap

on

2

g Ton “an “on “on Y "o "
s ¢ = 2 2 2 2 2 2 2
5 Sample site 32 g N S S = S Z <
I NBH 146 5.3 16763 564.9 706.8 204.1 222.1 0.73 399 1.85
1 NBHI154 4.7 11266 339.1 480.0 249.7 1949 1.06 383 4.63
I NBH204 34 7526 362.7 647.0 296.2 160.2 1.39 41.5 3.02
I NBH236 4.0 5248 349.1 373.0 210.7 1322 0.85 27.6 347
1 NBH247 3.0 2260 245.7 3744 1224 71.5 0.54 11.1 2.65
II NBH324 2.1 1379 153.4 161.2 121.9 64.8 29.43 2.9 1449
11 CPE 2.3 519 3177 748 197.4 70.6 0.20 40.6 4.64
II CPC 0.8 469 85.7 228 39.0 273 020 79 0.73
II CPB 1.8 741 205.0 555 92.1 60.0 042 248 2.02
II CPG 04 69 802 69 234 194 0.06 58 0.22
II NBH317 2.5 1943 1835 833 111.8 755 0.78 20.9 4.42
II NBH325 1.6 603 108.7 50.6 853 51.0 024 194 1.36
II NBH346 0.4 31 373 42 234 192 0.10 6.6 0.14
II NBH331 1.6 364 1237 37.7 784 504 0.41 239 1.15
IIT ABI 0.8 67 474 197 343 58 0.09 3.0 0.28
II1 AB2 2.5 363 112.2 487 60.5 28.1 030 74 0.79
IIT AB3 2.7 269 1125 524 635 326 0.18 11.2 1.03
IIT AB4 1.8 199 90.8 39.1 542 185 0.17 50 0.86
IIT ABS 2.2 290 969 38.0 574 305 021 7.6 0289
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Figure 2. Distributions of the sedimentary concentrations of Zn, Cu and Pb in New
Bedford Harbor, Clarks Cove and Apponagansett Bay.



—r—
© Sewage Outfall

16 # Cyst Taxa N
Organic Carbon
e 19 41°40'N
O 2% -
Q 2% a NBH146
° NBH154

NBH204 6 New Bedford Harbor

T 0o50w T70°52w

: Popes Island

Inner Harbor ” , 41°38'N
NBH236 Fairhaven S.O.
A Y \NBH247

O

= hurricane barrier

Outer Harbor
Clarks i 36';
Apponagansett \ Cove @NBH317
Bay crc¥
: i cp@B@ °wgedford S.0.
J@ : NBH324 CPE _o7 NBH325
e NBH331 tra 664
@ 05
17, 41° 34'2
L NBH346 4 oY

Figure 3. Distribution of the dinoflagellate cyst species richness and sedimentary
organic carbon (%) content in New Bedford Harbor, Clarks Cove and Apponagansett Bay.



Ploq Ut pajedipul a1e [0°0 S AN[1qeqold pue §'0 < Y Uilm SIURIOYJA0))

STI'0 9610~ €680  L6T0  9I¥0  8€TO  TLTO  6S1'0  S8TO 3y
STIo L6Y'0  STTO-  #I80 8980 #8890  LPSOD 0690  +89°0 IN
961°0-  L6¥°0 99t°0-  EYI'0  SYZTO0 9000~  6ST0 [100-  90€0 sV
£68°0 STTO-  99%°0- 600  S800 8400 [100- #1000~ 8100 PD
L6T0  ¥I80 €PI0  6£0°0 €68°0  0€60  9€60  TS60  $68°0 ad
91’0 8980 SPT0  S300 €680 €S8°0  LL8O  THLO 118°0 1D
8€T0  +¥89°0 9000 S8¥00  0€6'0  €S8°0 168°0 1160  6+8°0 n)
ZLT0  LY80  65T0  T1100-  9€60  LLSO 168°0 6L80  8.8°0 uz
6510 0690 [100- vI100- TS6'0  THLO 1160  6L8°0 680 sd0d
G8T'0  ¥89°0  90£0  8I00  $68°0 1180 6¥8°0  8.80  6+8°0 D0 %

3y IN sy PD qd 1D n) uz sgod D0 %

"SUOIIRIIUIOUOD AIBJUSWIIPIS [B1W puB SgDd ‘U0QIed J1UBSIO JO XLIJEWl UONB[I1I0)) G J[qe ],



Table 6. Concentrations (cysts cmi” ) of dinoflagellate cysts in surface sediments from New Bedford Harbor, Clarks Cove and Apponagansett Bay.
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autotrophic dinoflagellates usually comprise more than 50% of the assemblages (Figure
5), with the exception of three sites CPB, CPG, and AB3 (47%). Cysts of all
heterotrophic dinoflagellates comprise an average of 36% of each cyst assemblage,
ranging from 17 to 53% (Figure 5). The proportion of Diplopsalidaceae and
Polykrikaceae is ~12%, at all sites (Figure 5).

A total of 37 dinoflagellate cyst taxa were identified (Table 3). The number of
taxa (species richness), in samples ranges from 12 to 27, with an average of 22 (Table 3,
Figure 3). Cyst assemblages in group I, the Inner part of New Bedford Harbor, are
characterized by lower species richness (an average of 17) compared to assemblages in
group II (24 taxa) and III (21 taxa). There are significant (P<0.01) negative correlations
between dinoflagellate cyst species richness and sedimentary concentrations of Cu, Zn,
Pb, PCBs and organic carbon content (Figure 6).

The composition of the dinoflagellate cyst assemblages is described with respect
to proportions (Tables 3) and concentration by volume (Table 6). The dominant taxa
belong to Gonyaulacaceae, Spiniferites spp. and Operculodinium centrocarpum sensu
Wall & Dale 1966 (Table 3, Figure 7). Cyst taxa that comprise >5% of the assemblages
include Protoperidinium spp., Dubridinium spp., Pentapharsodinium dalei, Islandinium
brevispinosum, Brigantedinium spp., Polykrikos kofoidii & schwartzii, Islandinium
minutum and Spiniferites elongatus. At four sites, cysts of toxic bloom-forming
Alexandrium tamarense are found in low proportions (<2%).

Principal component analysis (PCA) was performed on taxa percentages using
SPSS 10.1. The first principal component (PC1) represents 90% of the variance,
whereas the second and the third component explain less than 5% and 2%, respectively.
Thus, only PC1 was considered for further analyses.

The first principal component (PC1) is distributed in two contrasting patterns. It
increases from the upper part of New Bedford Harbor seaward towards the hurricane
barrier, but decreases from Clarks Cove Point and Inner Apponagansett Bay in the
seaward direction (Figure 8). The highest values of PC1 are near the sewage outfalls of
Fairhaven and New Bedford Wastewater Treatment Plants, as well as at site AB1, the

sample from the most upper reach of Apponagansett Bay included in our study. There is
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a significant (R2=O.71 and P<0.001) linear correlation between PC1 scores and the
distance to the nearest locations of the sewage outfalls (Figure 9) for sites from group [
and II for which the distance from the point sources of sewage discharge can be
determined. Sites from group III were not considered, as there is no identified point
source of sewage discharge in Apponagansett Bay. Thus, this is a strong indication that
PC1 i1s related to the discharge of sewage enriched with nutrients.

Figure 7 shows relative abundances of the dinoflagellate cysts taxa that
constitute >1% of the assemblages. Amongst these taxa, the proportions of Islandinium
brevispinosum and Protoperidinium spp. decrease as PC1 increases i.e., towards the
sewage outfalls (Figure 7), whereas the proportions of cysts of Quinquecuspis concreta,
Protoperidinium minutum, Spiniferites elongatus and Cyst type E tend to increase with
the increase of PC1. The abundance of Nematosphaeropsis spp. is more at low (<0.91)
and high values of PC1 (>0.97) than at the intermediate values.

Our study of dinoflagellate cysts from surface sediments also reveals
dinoflagellate species previously not recorded in the phytoplankton population of
Buzzards Bay waters. We found Gonyaulax digitalis, Gonyaulax spinifera,
Lingulodinium polyedrum, Protoceratium reticulatum, Pentapharsodinium dalei,
Polykrikos schwartzii, Polykrikos kofoidii, Diplopsalidaceae and multiple species of
Protoperidiniaceae group never reported in the surveys conducted by Pierce and Turner
(1994) and Turner et al. (2000) in Buzzards Bay. This underscores the usefulness of
studying the dinoflagellate cyst records in sediments as a source of complimentary
information on phytoplankton composition, especially on species that are either rare

and/or have a short motile stage (Dale, 1983).

DISCUSSION AND CONCLUSIONS

Sedimentary cyst concentration has been regarded as a proxy of dinoflagellate
production (e.g., Dale, 2001). A potential problem with this approach is that the change
in the sediment accumulation rate affects dinoflagellate cyst concentrations. In this
study, we observe large fluctuations of the total cyst concentrations in the surface

sediment samples that can be attributed to varying dinoflagellate production and/or
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sedimentation rate. However, it is difficult to determine the sedimentation rates station
by station. Estimates show that they typically vary between 0.2 and 0.6 cm yr' in the
Inner New Bedford Harbor and between 0.1 and 0.5 cm yr'1 in the Outer Harbor, and
Apponagansett Bay (Summerhayes et al., 1985; Latimer et al., in press). Low cyst
concentrations (~400 cysts cm'3) in the Inner part of New Bedford Harbor, north of the
Popes Islands (sites NBH 146, 154 and 204), are one-fifth that at the other sites, which
is probably too large a difference to be explained by the variation in the sedimentation
rate. Thus the low dinoflagellate cyst concentration in the Upper part of Inner New
Bedford Harbor is likely to be the result of reduced dinoflagellate production caused by
high levels of toxic pollutants and organic carbon content. In addition to the toxicity of
metals and other pollutants, high levels of organic carbon in the water column can
further decrease dinoflagellate production by reducing the photic zone. The main source
of organic carbon in New Bedford Harbor is terrestrial and likely comes from sewage
effluent (Pospelova et al., 2002).

A decline in species richness of phytoplankton has been noted as a possible
response to eutrophication (Sommer, 1995; Tsirtsis and Karydis, 1998). A decrease in
richness of dinoflagellate cyst taxa has been suggested as a general indicator of polluted
and highly eutrophic estuarine systems (Pospelova et al., 2002). Sediment samples from
the Inner Harbor (group I) that have lower cyst concentrations also have lower species
richness, indicating that the environmental conditions north of Popes Island are less
suitable for dinoflagellate population compared to the conditions south of the Island.
Further support is found in the negative linear relationship between the dinoflagellate
cyst species richness and sedimentary concentrations of Cu, PCBs, Zn, and Pb, as well
as %OC. Although the effects of each constituent may differ, their co-variances prevent
us from determining more detailed relationships. Thus, the decrease in species richness
of dinoflagellate cysts serves as a combined signal of organic and toxic pollution in the
harbor.

At our study sites the gradients of salinity and temperature are short as
compared to those examined in marine and oceanic studies (Wall et al., 1977; Mudie
and Harland, 1996; Dale, 1996; de Vernal et al., 1997; Rochon et al., 1999). They are

also smaller than gradients of temperature and salinity found in the coastal lagoons from
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the same region (Pospelova et al., in press). Water temperature and salinity, commonly
identified as two major factors controlling distribution of dinoflagellate cysts, do not
vary with the first principle component in this study. New Bedford Harbor and
Apponagansett Bay show similar patterns with minor increases in salinity and slight
decreases in temperature in the seaward direction, but have opposite trends in PC1
scores (Figure 8).

The availability of nutrients has been identified as an important factor
controlling the distribution of phytoplankton and dinoflagellates in particular (Taylor,
1987). Unfortunately, there are no data on the concentrations of nitrogen or other
nutrients on the scale of our sample stations. However, we can assume that nutrient
concentrations decrease with distance from the sewage outfalls. The strong correlation
between PC1 scores and distance from sewage outfalls (Figure 9) suggests that PC1
mainly reflects nutrient gradients, and that cyst assemblages change with distance from
point sources of nutrient pollution. We infer that dinoflagellate cyst assemblages in
Apponagansett Bay also reflect a nutrient signal, because nutrient gradients decrease in
the seaward direction (Figure 8). Since ammonia is the main form of nitrogen from
sewage effluent (Borkman and Turner, 1993), it is likely a critical parameter affecting
the distribution of the dinoflagellate cyst assemblages in the studied embayments.

Cysts of heterotrophic dinoflagellates constitute a large proportion of the cyst
assemblages (~36%) in surface sediments indicating a substantial role of dinoflagellates
in modern secondary production. In the study of temporal cyst records from New
Bedford Harbor and Apponagansett Bay, the abundance of cysts of heterotrophic
dinoflagellates, particularly Polykrikaceae and Diplopsalidaceae, increased with
nutrient enrichment exceeding 6% of the assemblage composition (Pospelova et al.
2002). Dinoflagellate cyst assemblages in surface sediments also contain high (up to
18%) proportions of Polykrikaceae and Diplopsalidaceae cysts.

Temporal cyst records show that certain cyst taxa increased in abundance with
nutrient enrichment as the system shifted from mesotrophic to eutrophic or highly
eutrophic conditions, specifically to Dubridinium spp., Islandinium minutum & cezare,
Spiniferites bentorii and cysts of Polykrikos schwartzii & kofoidii (Pospelova et al.,

2002). In most of the surface sediments of New Bedford Harbor these taxa are present
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eutrophication and toxic pollution (~7% of Dubridinium spp., ~3% of Islandinium
minutum & cezare, ~1.5% of Spiniferites bentorii, and ~5% of Polykrikos schwartzii &
kofoidii). Species-indicators of oligotrophic to mesotrophic conditions in shallow
embayments (Pospelova et al., 2002), such as Lingulodinium machaerophorum,
Operculodinium israelianum and Selenopemphix quanta, are absent or contribute <1%
in most of the surface cyst assemblages.

This study shows that dinoflagellate cysts are useful biological indicators of
polluted environmental conditions in estuaries. Sites with the highest toxic pollution are
characterized by the lowest dinoflagellate cyst species richness and concentrations,
confirming patterns observed in the temporal records. We also find that at small spatial
scales, where the salinity and temperature variability is low, the distribution of

dinoflagellate cysts is controlled by nutrient gradients.
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ABSTRACT

Surface sediment samples from 24 sites within 11 back-barrier lagoons of Rhode
Island and Massachusetts (USA) contain abundant (200-6,000 cysts cm™) and diverse (up
to 40 taxa) dinoflagellate cyst assemblages. The lowest cyst concentrations and diversity
are observed in lagoons with low salinity (<10 psu). The pattern of spatial distribution of
dinoflagellate cysts in these shallow estuarine environments is described. We assessed the
relationship between the available multi-year water quality data and the composition of
dinoflagellate cyst assemblages using canonical correspondence analysis. Temperature
and salinity are found to be the primary abiotic factors influencing cyst distribution in the

coastal lagoons.

INTRODUCTION

Coastal lagoons and bays are characteristic features of the southern New England
coastline. Lagoons are estuarine systems characterized by shallow depth, a well-mixed
water column, slow flushing, and minimal input of freshwater (Boynton et al., 1982). In
the past few decades these ecosystems have undergone significant changes as a result of
watershed development (Darnell and Soniat, 1981; Nixon, 1982; Lee and Olsen, 1985;
Avanzo and Kremer, 1994). In some lagoons, coastal eutrophication has become a
serious threat, and so programs has been established to monitor water quality. These
monitoring programs have made available long-term databases of water chemistry
measurements at high temporal and spatial resolution.

The availability of multi-year water chemistry data for southern New England
estuaries creates a unique opportunity to evaluate the importance of abiotic factors that
could affect the distribution of dinoflagellate cysts in a variety of lagoons, all located
within the same climatic zone. Our research program is the first detailed study of
dinoflagellate cyst assemblages in surface sediment samples from back-barrier lagoons of
Rhode Island and Massachusetts (USA). The aim of this paper is to document the
occurrence of dinoflagellate cyst taxa, their spatial distribution and relationship to
hydrographic conditions.

It is widely recognized that the distribution of modern dinoflagellate cysts in

oceanic and marine environments is mostly controlled by water temperature, salinity
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and availability of nutrients (Dale, 1996; de Vernal et al., 1997; Rochon et al., 1999;
Devillers and de Vernal, 2000; de Vernal et al., 2001). Our study questions whether the
same factors can be related to the distribution of dinoflagellate cysts at the much smaller
spatial scales needed to characterize variability in hydrographic conditions in lagoons.
The variability in hydrographic conditions in lagoons is responsible for the recognized
patchy character in the distribution of phytoplankton (Smayda, 1980), which should
lead to a similarly heterogeneous pattern of dinoflagellate cyst distribution (Blanco,
1995). Lagoons are characterized by relatively rapid sedimentation rates, thus the period
of deposition of sediment samples corresponds to the period covered by monitoring
programs. If sedimentary assemblages of dinoflagellate cysts reflect the living
population in overlying waters, then we expect to find cyst assemblages to vary with
differences in water chemistry.

Results of this study have application to paleoenvironmental studies in estuaries.
They also contribute to our understanding of how human alteration of environmental

conditions in lagoons affects populations of cyst-producing dinoflagellates.

STUDY AREA

Our study includes 11 back-barrier lagoons in southern New England, USA. Nine
lagoons are located in southern Rhode Island, on Block Island Sound. The remaining two
are on the coast of Massachusetts’ Vineyard Sound (Fig. 1). Although called Waquoit
“Bay”, this system on the Massachusetts coast is a shallow semi-enclosed estuary and can

be classified as a large lagoon.

Physical Characteristics

Coastal lagoons, locally called salt ponds, are situated behind narrow (200-300 m
wide) sandy dunes, up to 3-4 m high. The barriers are topped by ocean waters only during
severe storm events (e.g., hurricanes). The lagoons are elongated (Fig. 1) and are parallel
to the barriers, with the exception of Point Judith, Potter Pond, and Waquoit Bay that

have their long axis oriented perpendicular to the coast.

Physical characteristics of the lagoons are compared in Table 1. Waters are

shallow with an average depth of ~1-2 m, unstratified, and characterized by low turbidity
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(represented by black dots) in B) Waquoit Bay and Jehu Pond and C) the nine Rhode
Island lagoons.



Table 1. Characteristics of the lagoons in this study (Boothroyd et
al., 1985; Giblin, 1990; Lee et al., 1997; Brawley et al., 2000).

Area (hectares) Avg.  Avg. Aug. Avg.
Waterbody Watershed Depth (m) Temp (°C)  Salinity

Rhode Island

Point Judith 613 1432 1.8 22 29
Potter 133 1341 0.6 22 27
Card’s 17 737 0.4 23 4
Trustom 65 322 0.4 25 5
Green Hill 175 1231 0.8 23 19
Ninigret 693 2440 1.2 23 24
Quonochontaug 298 934 1.8 21 29
Winnapaug 181 929 1.5 23 28
Maschaug 19 140 2.1 24 7
Massachusetts

Wagquoit Bay 375 4955 0.8 24 29

Jehu 78 422 2.0 23 29




(Lee, 1980; WBNERR, 1996). The primary variant among these lagoons is the exchange
with oceanic waters. Twice a day ~2-4% of the lagoon water exchanges with ocean
waters through barrier inlets (Sheath and Harlin, 1988). The tidal range averages 1.1 m
on the ocean side and is 7-12 cm in most of the lagoons, but about 50 cm in Waquoit
Bay.

In the past, ephemeral, natural inlets were the primary mechanism for the
introduction of ocean waters. Today many inlets or “breachways” have been permanently
stabilized by jetties constructed during the first half of 20™ century. Point Judith Pond has
the largest inlet (75 m wide, <9 m deep) maintained for access by commercial fishing
boats. Potter Pond has no direct opening to the sound but receives offshore waters by way
of a narrow channel (7 m wide, <1.3 m deep) dug between it and Point Judith Pond.
Green Hill Pond receives marine waters through a smaller channel from neighboring
Ninigret Pond. Waquoit Bay has two inlets. Its eastern inlet connects directly to the Bay,
and the western inlet is on adjacent Eel Pond. Jehu Pond is indirectly linked to marine
waters through permanent channels to Waquoit Bay. Trustom, Maschaug, and Card’s
Ponds have no permanent inlets. These three ponds are isolated from marine waters

except for occasional breaching.

Environmental Characteristics

Southern Rhode Island and eastern Massachusetts are characterized by a humid,
continental climate with a strong maritime influence. That produces a moderate annual
temperature range with mild winters and prolonged, cool summers. July and August are
the warmest months of the year, while January and February are the coldest with the
mean high temperature through the winter above freezing. The average winter water
temperature in the lagoons is ~3°C and the average summer temperature is ~23°C (Lee et
al., 1997, WBNERR, 1996). There are large variations in mean summer temperature
between the lagoons and sometimes between different stations within the same lagoon.
The lowest mean summer temperature is measured in Point Judith Pond (~19°C), with
little difference between two stations (0.5°C). Waquoit Bay and Card’s Pond have the
warmest waters with the mean summer temperature ~25°C. The largest range of mean

summer temperature within a single lagoon (>3°C) is recorded in Potter Pond.
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Salinity within the lagoons depends upon precipitation events and ther connection
to the sea is permanent or temporary. The average annual precipitation in the area is
about 105 cm with the maxima occurring in November-December and the minima in
June-July (Hoare, 1996). Trustom, Maschaug, and Card’s ponds, with no permanent
inlets to the Sound, have the lowest salinity (4-7 psu) whereas Point Judith,
Quonochontaug Ponds and Waquoit Bay have the highest salinity (~29 psu) (Table 1).
The largest range in the mean summer salinity within a single system (~5 psu) is
observed in Ninigret Pond.

As a result of the low freshwater runoff into the lagoons, nutrient inputs to these
systems are generally lower than in other estuaries (Nixon, 1982). Concentrations of
nutrients in the waters are seasonally variable. For example, the concentration of
nitrates varies from 0.2 in July-August to 43.6 uM-1"" in February-March. In contrast,
the concentration of inorganic phosphorus ranges from 0.1 in March-April to 2.2 pM-I™
in late summer (Lee et al., 1997). The concentration of phosphorus within the lagoons is

always lower than observed offshore, whereas the concentration of nitrogen is higher.

MATERIAL AND METHODS
Station location and sediment collection

Surface sediments were collected from 24 water quality monitoring stations
(Fig. 1). Samples were taken at multiple stations in most of the lagoons. Distance
between stations within lagoons varies from 150-2000 m and averages about 500 m.
Stations 6, 7, and 8 of Potter Pond are located in coves where water circulation is
restricted. Potter Pond station 5 is near the inlet on a sandy subtidal flat. Point Judith
station 1 is situated at the northern end of the pond in a cove that receives the discharge
of the Saugatucket River. Thus, freshwater inflow to upper Point Judith Pond is
considerably higher than to the other lagoons. Ninigret Pond has three stations: 12, 13
and 14. Stations 12 and 14 are located in low-energy basins. Green Hill Pond stations 9,
10 and 11 are in the coves where circulation is restricted. Stations 16 and 16A of
Quonochontaug Pond are located in the western part of the pond, whereas station 18 is
in the eastern part. Winnapaug Pond has three stations: stations 19 and 19A are in the

western part the lagoon, which is the most distant from the inlet, and station 21 is in the
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northern low-energy basin. Waquoit Bay has one station (65) in its northern section.
Station 66 is in the central part of Jehu Pond in a cove with restricted water circulation.
Surface sediments were collected with a grab corer deployed from a small boat
or by hand, using a mini-piston corer. The top 2 cm were retained from each of 3
replicate cores taken within a radius of 3 m. In these rapidly accreting systems, the
upper 2 cm of sediments represent less than 10 years of deposition (Boothroyd et al.,
1985). Sediments are characterized as fine sand, silt and mud. All 24 samples were

stored frozen prior to sectioning and further analysis.

Sample preparation

Sediment samples of known volume were first dried at room temperature, then
treated with cold 10% hydrochloric acid (HCI) to remove calcium carbonate particles.
Material was then rinsed twice with distilled water and sieved through 125 pm and
retained on 10-pum nylon mesh to eliminate coarse and fine material. To dissolve
siliceous particles, samples were placed in a water bath with 40% hydrofluoric acid
(HF) for 20 min, then treated for 10 min with cold HCI (10%) to remove fluorosilicates.
The residue was rinsed twice with distilled water, sonicated for 1-2 min and finally
collected on a 10-um mesh. Calibrated tablets of Lycopodium spores (13911 spores per
tablet), added during processing (Stockmarr, 1977), allowed for calculation of
dinoflagellate cyst concentrations based on the volume of sediments. Aliquots of
residue were mounted in glycerine jelly, and dinoflagellate cysts were studied under a

light microscope (63x and 100x objectives).

Dinoflagellate cyst analysis

Identification of dinoflagellate cysts was made on the basis of published
descriptions in accordance with taxonomy given in Lentin and Williams (1993). When
species-level identification was not possible, identification was done at the genus level.
The dinoflagellate cyst nomenclature conforms to Head (1996), Rochon et al. (1999),
Head et al. (2001) and Pospelova and Head (2002). A list of counted dinoflagellate
cysts and their known thecal equivalent is provided in Table 2. From 33 to 1448 cysts
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were counted in each sample (Table 3), averaging 300 cysts. Card’s Pond was excluded
from statistical analyses because of the low cyst count in this sample.

More than 40 dinoflagellate cyst taxa were identified in the sediment samples.
For statistical treatment some taxa were grouped together on the basis morphological
similarities. In particular, species of the genus Brigantedinium (B. cariacoense and B.
simplex) were grouped together because cyst folding or orientation sometimes obscured
the archeopyle characteristics, thus preventing identification to the species level. Since
the distinction between Protoperidinium nudum and Selenopemphix quanta is debatable
(Head, 1996; Rochon et al., 1999) we also grouped these species together. Because of
great morphological variability species of the genus Spiniferites, all taxa excluding S.

elongatus were grouped as Spiniferites spp.

Prior to statistical treatment, dinoflagellate cyst data were transformed as
described by de Vernal et al. (2001). A natural log (In) transformation was applied to
percentage data to increase the weight of less represented taxa. These species often have
more narrow ecological affinities and are likely to be most diagnostic of environmental
conditions (de Vernal et al., 2001). In order to deal with whole numbers and to avoid
decimals, which yield negative values when they are logarithmically transformed, we
expressed relative abundance per thousand, instead of per cent. Another minor
modification was to replace zero values with one (1) in order to deal with values greater
than zero. Thus, the relative abundances of dinoflagellate cyst taxa range from 1 to 1000

before logarithmic transformation.

Hydrological data

Water quality conditions in the lagoons were monitored over a period of years (3-
9 yr) by volunteer “Pondwatchers” (Lee et al., 1997), staff of the Waquoit Bay National
Estuarine Research Reserve (WBNRR) and a group of researchers lead by Dr. 1. Valiela
(Boston University, MA). These groups measured temperature, salinity, nitrates,
phosphates, and chlorophyll a on a monthly or weekly basis. Measurements were taken at

a depth of approximately 30 cm below the water surface. Water clarity was measured as
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Table 2. Taxonomic citation of dinoflagellate cysts used in this study. Thecal
equivalents are taken from Head (1996), Rochon et al. (1999), Head et al. (2001),

and Pospelova and Head (2002).

Cyst species
(paleontological name)

Dinoflagellate thecate name or affinity
(biological name)

Ataxiodinium choane

Brigantedinium cariacoense
Brigantedinium simplex
Brigantedinium spp.
Dubridinium spp.

Impagidinium spp.

Islandinium brevispinosum

Islandinium minutum

Islandinium? cezare

Lejeunecysta oliva

Lejeunecysta sabrina

Lingulodinium machaerophorum

Nematosphaeropsis spp.

Operculodinium centrocarpum sensu Wall & Dale 1966
Operculodinium israelianum

Protoperidinium spp. indet
Quinguecuspis concrela
Selenopemphix nephroides
Selenopemphix quanta
Spiniferites elongatus
Spiniferites spp.

Stelladinium stellatum
Tectatodinium pellitum
Trinovantedinium applanatum
Tuberculodinium vancampoae
Votadinium calvum
Votadinium spinosum

Gonyaulax spinifera complex
Alexandrium tamarense
Protoperidinium avellanum
Protoperidinium conicoides

? Protoperidinium spp.
Diplopsalid group
Gymnodinium spp.

? Gonyaulax sp. indet.
Protoperidinium sp. indet.
Protoperidinium sp. indet.
Protoperidinium sp. indet.
Protoperidinium sp. indet.
Protoperidinium leonis
Lingulodinium polyedrum
Gonyaulax spinifera complex
Protoceratium reticulatum

? Protoceratium reticulatum
Pentapharsodinium dalei
Peridinium limbatum
Pheopolykrikos hartmannii
Polykrikos kofoidii
Polykrikos schwartzii
Protoperidinium americanum
Protoperidinium minutum
Protoperidinium nudum
Protoperidinium group
Protoperidinium leonis
Protoperidinium subinerme
Protoperidinium conicum ; P. nudum
Gonyaulax spinifera complex
Gonyaulax spinifera complex
Protoperidinium stellatum
Gonyaulax spinifera complex
Protoperidinium pentagonum
Pyrophacus steinii
Protoperidinium oblongum
Protoperidinium claudicans
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secchi depth. However, the shallowness of most of the sites limits the usefulness of this
parameter and rather determines water depth at the site. Compilation of mean water depth
(D), temperature (T), salinity (S), nitrates (N), phosphates (P) and chlorophyll a (Chl) for
winter (w; December-January-February), summer (s; June-July-August), and September
(st) for each sampling station are summarized in Table 4.

To reduce bias in interpretation of the multivariate results, environmental
variables of high inter-collinearity were eliminated with the exception of one
representative variable. Thus, mean monthly measurements for individual months (June,
July and August) were dropped from the environmental data because of collinearity,
and mean summer values were used. Data on winter water parameters, including
temperature, are incomplete, but we are aware that the lagoons sampled can become ice-
covered in cold winters. We selected the entire summer season and September values
for statistical analysis, although values for August and February are commonly used to
explain dinoflagellate cyst distribution in high latitudes (Rochon et al., 1999). Studies of
temporal distribution of phytoplankton in temperate North American estuaries indicate
that dinoflagellates are most abundant during the entire summer period and at the

beginning of the fall (Smayda, 1980).

Statistical methods

Relationship between environmental data and dinoflagellate cyst species
abundances were assessed with Canonical Correspondence Analysis (CCA), a widely
used method for direct gradient analysis. It is a constrained correspondence analysis
with selected environmental variables (ter Braak, 1995, 1996). The analysis is an
eigenanalysis method applied to a matrix of dinoflagellate cyst data (samples-by-taxa)
and, simultaneously, to a matrix of environmental data (samples-by-water quality
measurements) to identify patterns of distribution and influence among species and
environmental variables. Canonical Correspondence Analysis was performed using the
CANOCO program (CANOCO Version 4.02, Agricultural Mathematics Group,
Wageningen, the Netherlands).
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Table 4. Compilation of the mean water quality parameters and the water depth for each individual
sample site. Environmental parameters selected for CCA are in bold.

Winter Summer September
Lagoon Staion D T S N P ChI T S N P Chh T S N P Chl
Green Hill 9 13 22 119 266 06 0.7 219 203 0.7 04 3.3 185 203 08 04 22
Green Hill 10 1.5 3.1 210 146 02 19 226 189 3.8 0.6 5.1 202 216 20 0.5 38
Green Hill 11 09 N/A N/A N/A N/A N/A 224 20.0 51 06 49 198 194 41 04 69
Ninigret 12 27 41 245 08 02 83 22023404 06 74 197 244 08 0.7 103
Ninigret 13 1.5 50 310 60 1.1 24 204 26224 08 55 186 254 32 06 35
Ninigret 14 1.2 N/A NJA N/A N/A N/A 233 21.1 1.8 0.5 6.9 20.1 21.2 24 04 11.1
Point Judith 1 1.7 53 303 1.7 03 1.0 19628103 05 1.8 180282 1.1 04 24
Point Judith 4 53 N/A N/A N/A N/A N/A 19.1 285 03 04 2.2 198 308 04 03 26
Potter 5 07 30 287 40 07 0.7 19.7 268 0.7 08 47 172 255 0.7 0.7 44
Potter 6 1.4 N/A NJA N/A N/A N/A 21.6 263 1.7 0.8 13.0 18.8 268 33 05 164
Potter 7 1.8 N/A NJA N/A N/A N/A 228 257 09 09 6.6 20.5 266 08 0.7 8.1
Potter 8 1.1 NJ/A N/A N/A N/A N/A 227 265 1.1 04 56 188 27.1 1.2 03 54
Quonochontaug 16 1.9 N/A NJA N/A N/A N/A 20.5 280 0.5 09 3.8 187 27.5 03 06 3.8
Quonochontaug  16A 2.0 3.1 292 23 05 46 205 287 0.7 0.8 29 173 29.1 0.8 0.7 3.1
Quonochontaug 18 3.0 NJ/A N/A N/A N/A N/A 19.6 29.0 04 0.6 29 17.5 30.1 04 06 2.7
Trustom 60 2.3 N/A N/A N/A N/A N/A 230 40 03 02 22 190 3.0 00 04 254
Trustom 61 2.0 N/A N/A NJA N/A N/A 23.0 40 03 02 22 19.0 3.0 0.0 04 254
Winnapaug 19 09 50 300 1.7 22 55 22927612 0.7 62 209 282 16 04 78
Winnapaug 194 08 1.0 260 82 06 1.0 221 267 1.6 1.0 204 18.6 27.0 3.7 09 9.3
Winnapaug 21 1.6 NJA N/A N/A N/A N/A 203 28.1 0.6 0.5 6.3 189 287 1.0 0.7 3.7
Wagquoit 65 23 44 294 N/A N/JA N/A 246 279 0.7 0.8 5.5 21.3 278 02 06 3.2
Jehu 66 2.8 3.4 279 N/A N/A N/A 237 288 0.7 N/A 7.5 20.4 288 0.1 N/A N/A
Machaug 30 1.6 N/A 100 0.6 0.1 N/A 232 7.2 02 02 13.6 193 60 03 03 49
Card's 33 1.2 25 00 436 1.1 25 244 36 62 1.1 11.0 198 40 44 06 209
mean values all 1.8 3.5 231 100 07 29 219223 14 06 63 192 225 1.4 05 8.1

D - depth (m); T - temperature °C; S - salinity ; N - nitrates (uM); P - phosphates (M ); Chl -
chlorophyll a (ug I™").



The relationship between dinoflagellate cyst distribution and environmental
parameters was identified by species scores and their ordination patterns. Forward
selection was used to identify the variables that could effectively explain the greatest
amount of variance in the species data sets. The significance of each environmental
variable was determined by testing the significance of the first canonical axis using
Monte Carlo testing (based on 999 unrestricted permutations). On the CCA biplot,
environmental variables are represented by arrows, which extend in both directions
from the center although only the positive direction is shown. The arrows point in the
direction of maximum variation and length of the arrows demonstrates the relative
importance of each environmental variable. The center of the ordination diagram
indicates the mean value for each environmental variable. The greater the angle between
two environmental arrows, the less likely that they are related to one another. The
projection of species scores against these arrows allows for inferences to be made about
the dominant environmental factors affecting species composition (ter Braak and

Prentice, 1988).

RESULTS

Dinoflagellate cysts were recovered from all the sediment samples. Total cyst
concentrations range from 10% to 10’ cysts em™ (Table 3). The lowest concentrations (<
300 cysts cm™) are from stations in Trustom and Maschaug Ponds, as well as Green Hill
station 9. However, even these low numbers probably reflect high productivity, as
sedimentation rates in these lagoons are relatively high (~0.2 cm yr''; Boothroyd et. al.,
1985). The highest concentrations of dinoflagellate cysts (> 5,000 cysts cm™) occur at
Potter 7 and Ninigret 12.

The ratio between cysts produced by autotrophic and heterotrophic
dinoflagellates, commonly considered an indication of the dominant trophic mode and
the level of primary productivity (Mudie and Rochon, 2001), ranges from 0.5 to 93.0
with a mean of 11 (Table 3). Cysts of heterotrophic dinoflagellates usually comprise
less then 33% of the assemblages (Fig. 2), with the exception of Waquoit Bay (61%),
Quonochontaug 16 (57%) and Green Hill 9 (52%). Both stations in Trustom Pond (60
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and 61) are characterized by the highest proportion of Spiniferites spp. (>97%), cysts
produced by autotrophic dinoflagellates (Fig. 3).

The dinoflagellate cyst assemblages from the lagoons are generally diverse. A
total of 40 taxa were found (Table 3). Species richness of samples ranges from 4 to 26,
with an average of 15 (Table 3). There is a significant (P<0.001) correlation (R=0.82)
between species richness and mean summer salinity (Fig. 3). Dinoflagellate cyst
assemblages with the lowest cyst diversity (4 to 8 taxa) are found in low salinity (4.0 -

7.2 psu) lagoons, e.g., Trustom and Maschaug.

Distribution of dinoflagellate cyst taxa

The distribution patterns of the relative abundances of selected dinoflagellate
cyst taxa (those that comprise =% of at least one cyst assemblage) are shown in
Figures 4-9. The following classes have been applied: present (>0-1%); rare (1-5);
common (5-30%); abundant (30-50); dominant (>50%).
Cysts of Alexandrium tamarense (Fig. 4; Plate I, 1)
Remarks: The elongate to cylindrical cysts (~30 um) contain an orange accumulation
body. A mucilaginous substance with incorporated detrital particles often covers the
smooth cell wall.
Occurrence: Cysts of Alexandrium tamarense were observed at eight stations. The
abundance of Alexandrium tamarense varies from 4.4% in Green Hill 10 to ~0.5% in
Wagquoit Bay, Quonochontaug 18 and Potter 5, with values of ~1% in Ninigret 12,
Quonochontaug 16 and 16A and Winnapaug 19A.
Lingulodinium machaerophorum (Fig. 5; Plate 1, 4).
Remarks: Folding of the cysts prevented determination of the exact number of
precingular plates involved in archeopyle formation. Cysts bear characteristic processes,
striated at their bases with grana on the distal ends. Most showed fully developed
processes reaching ~1/4 of the cyst diameter.
Occurrence: This species reaches a maximum abundance of 17.5% in Potter 8 and
11.2% in Potter 6. Its occurrence is rare in Potter 5, Green Hill 10 and Ninigret 12 and it

is absent from Point Judith, Quonochontaug, Trustom, Maschaug and Card’s.
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Figure 3.The relative abundance (%) of cysts of heterotrophic and autotrophic
dinoflagellates in assemblages from southern New England lagoons.



0% A. tamarense

sl B S. elongatus
0

1

Quonoghqntaugf/ A3

o~

o

YA t:/ﬁ-é\ v'

e At G TS -
%,.fﬁ e
6 Tot

b |
/ 7\ ¢
3 e R 1y [
4 [t~ At \J'
il (

{Pomt Jud/th

500m

Green Hill,

TR
] 8o
‘¢ —x \(

/ ‘

\ A
- mio;

((

{ // b //’ 0 500 1000 m
“// ,.7 \ - / / s L 1 J
= ) Aeae |[card's - |[Masch
T\ ATy Il /|| Maschaug
r ) \)o\ / /4// Jehu ; { f )
sl ot S |
// Q f/ N : e 3 O : / \”:;'J
$’(} Q)@A o ' g () - f / s e Rl
[ P s { r/ TP caRy ¥ P i ) T 3 il .
N L Pl
J y 0 500 m 3 g m|l 0 500 m

at each sample station.

Figure 4. Abundance (%) of cysts of Alexandrium tamarense and Spiniferites elongatus



\Point-Judith

Ty’
L. machaerophorum )1 ™ J 1& -
40 % ¥ 3.7 L) Fay &
{,.(\ \{/ I%/()L “;)\J
Nematosphaeropsis P & %
20 Spp. 0e A5
b a :,u‘.\’}
o i) f
0 S i
Quonochonta ugl

Figure 5. Abundance (%) of Lingulodinium machaerophorum and Nematosphaeropsis spp.
at each sample station.



Nematosphaeropsis spp. (Fig. 5; Plate [, 2-3).

Remarks: Most of the observed cysts have an ovoid to elongated body with slight apical
protuberance. The cyst wall is relatively thick and can be smooth to microgranulate.
Most of the observed cysts have central bodies within the range of 31 to 52 um and a
maximum process length from 9 to 14 um (13 specimens measured). Despite the fact
that the paratabulation is not expressed, processes appear to be exclusively gonal in
distribution. Rod-shaped processes are solid at the base and have distal trifurcations.
Trabecules are solid and threadlike.

Occurrence: Nematosphaeropsis spp. constitute 0.4 to 4.2% of the assemblages at % of
the stations and it is abundant (44.5%) at Potter station 7. Nematosphaeropsis species
have not been reported before now in such abundances in shallow estuarine and coastal
waters (Wall et al., 1977; Rochon et al., 1999).

Operculodinium centrocarpum sensu Wall & Dale 1966 (Fig. 6; Plate I, 7).

Remarks: Most processes of O. centrocarpum are well developed, beings ~9 um long.
Specimens similar to O. centrocarpum but having very short processes (up to 2 pm)
were identified as O. centrocarpum var. truncatum.

Occurrence: Operculodinium centrocarpum apparently has a wide distribution. Itis a
common component of most of the dinoflagellate cyst assemblages with an average
abundance of 7.0%. Operculodinium centrocarpum is absent only from Potter 6,
whereas it has the maximum abundance in the same lagoon, at station 5 (35%)).
Operculodinium israelianum (Fig. 6; Plate I, 5-6).

Remarks: Cysts are quite fragile and whole specimens with clearly visible archeopyles
are rare.

Occurrence: Operculodinium israelianum 1s found in 2/3 of all samples, but it is rare in
most of the assemblages. However, it comprises up to 23.6% and 16.5% of cyst
assemblages in Maschaug and Jehu Ponds, respectively, and occurs at its highest
abundance (38.3%) at Potter 8.

Cysts of Pentapharsodinium dalei (F1g. 6; Plate I, 8).

Remarks: These small spherical colorless cysts can be easily overlooked in slides
containing large quantities of terrigenous organic material and require counting at high

magnification or interference contrast microscopy.
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Occurrence: Cysts of Pentapharsodinium dalei comprise from 0.4 to 32.1% of the
assemblages, averaging of 8.8%, and reach their maximum of 44.2% at Ninigret 13.
This species is absent at Green Hill 9 and 10, Winnapaug 19A, Trustom and Card’s
Ponds.

Spiniferites group (Fig. 7; Plate I, 9-12).

Remarks: Spiniferites species show a great deal of variation in the size, process length
and development as well as the presence and absence of paratabulation. Because of the
great morphological variations, Spiniferites species were grouped as Spiniferites spp.
Spiniferites elongatus (Plate II, 1) was easy to identify and it was not grouped in
Spiniferites spp.

Occurrence: Spiniferites spp. is the most abundant group and it is the only taxa found in
all sites. The relative abundance of Spiniferites spp. varies from 12.6 to 98.4%, reaching
1ts maximum in Trustom 60 and 61 assemblages. Spiniferites elongatus occurs only in
seven samples, with a maximum abundance of ~3.5% in Point Judith 4 and Winnapaug
21 (Fig. 4).

Brigantedinium group (Fig. 8).

Remarks: This species group includes Brigantedinium simplex, B. cariacoense and all
spherical brown cysts having a smooth wall surface. Where species identification was
possible, B. simplex was more abundant than B. cariacoense in the assemblages.
Occurrence: The genus Brigantedinium often dominates assemblages in coastal and
estuarine waters (Wall et al., 1977; de Vernal and Giroux, 1991; Rochon et al., 1999),
but it is never abundant in our samples. However, it occurs in all samples except
Trustom 61, varying in abundance from 5.1 to 29.2%. It reaches a maximum at
Quonochontaug 16.

Dubridinium spp. (Fig. 8; Plate II, 3).

Remarks: This group includes brown subspherical to somewhat lenticular cysts with
well-developed cingular lists. A theropylic archeopyle is rarely observed. Phragma
typically consists of two layers; a thick smooth endophragm and a thin granular

periphragm. The apical pore complex is clearly seen.
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Occurrence: Dubridinium spp. is only common in Ninigret 12, Point Judith 4,
Quonochontaug 16 and Waquoit Bay with a maximum abundance of 17.2% in Potter 7.
Elsewhere it is at best only a rare component in the assemblages.

Islandinium brevispinosum (Fig. 9; Plate II, 4).

Remarks: The characteristic small size, brown color, spherical shape, smooth wall
surface and numerous solid spines prevent confusion with other species.

Occurrence: Islandinium brevispinosum occurs only in four samples, with a maximum
abundance of 4.7% in Waquoit Bay.

Islandinium minutum (Fig. 9; Plate I, 5).

Remarks: These spherical, brownish cysts are characterized by a granulate wall surface,
and numerous randomly dispersed processes terminating distally in fine acuminate tips.
No cysts with clearly visible archeopyles were found.

Occurrence: This species is rare or absent in % of all samples. It is, however, a common
component of the assemblages from Quonochontaug 16 and 16A, Point Judith Pond,
and Waquoit Bay, and reaches a maximum of 7.5% at Winnapaug 19A.

Polykrikos schwartzii (Fig. 9; Plate 11, 6) & P. kofoidii.

Remarks: Cysts of Polykrikos schwartzii & P. kofoidii are characterized by a reticulate
surface structure. Cysts vary widely in shape, from elongated to ovoid, and in length
from 60 to 120 pm.

Occurrence: Cysts of Polykrikos schwartzii & P. kofoidii were found in 17 of 24
samples with an abundance ranging from 0.4% to a maximum of 7.3% in Ninigret 14
(7.3%).

Protoperidinium type (Fig. 8).

Remarks: This group includes all dark brown spherical to ovoid cysts that have neither
processes nor archeopyle features visible. Cysts have a granular to micro granular wall
surface and range in size from 30-60 um.

Occurrence: Cysts occur at all stations except Trustom 61. The average abundance of

Protoperidinium type is ~7%, with a maximum of 33.6% in Green Hill 9.
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Rare cysts Tectatodinium pellitum, Gymnodinium spp., Islandinium? cezare,
Lejeunacysta sabrina, Quinquecuspis concreta, Selenopemphix quanta and Stelladinium
stellatum were found in less than 1/2 of all samples. Cysts of the freshwater
dinoflagellate Peridinium limbatum were recorded at 8 stations and in low numbers,
with a maximum of 3% in Card’s Pond. Occasional cysts of Ataxiodinium choane,
Impagidinium spp., Tuberculodinium vancampoae, Lejeunecysta oliva, Pheopolykrikos
hartmannii, Protoperidinium americanum, P. oblongum, P. minutum, P. nudum,
Trinovantedinium applanatum, Votadinium calvum and V. spinosum were noted in the

assemblages.

Relationship between the assemblages and environmental parameters

Canonical Correspondence Analysis (CCA) produced an ordination in which the
first four axes (Table 5) are statistically significant (P = 0.03). These probabilities
indicate that the relationship between the species and the environmental variables is
significant. Moreover, the probability for the first CCA axis 1s significant at the 0.5%
level. The eigenvalues measure the importance of each of the CCA axis. The first
eigenvalue is 0.044, the second 0.024, the third 0.017 and the fourth 0.016. A triplot of
samples, species and environmental variables based on first two axes explains 28% of
the variance in the species data, 50.8% of the variance in the fitted species data, and the
same percentage (50.8%) of the variance in the weighted averages and the class totals of
the species with respect to the environmental variables (Table 5). However, only two of
the 11 environmental variables were significantly correlated (P<0.01) with the CCA
axes, mean summer temperature (T) and mean summer salinity (S) (Fig. 10). The mean
summer temperature (T) has a strong negative correlation (-0.735) with axis 1, whereas,
mean summer salinity (S) is positively correlated with axis 2 (0.668).

Table 6 shows each species cumulative fit in a CCA. The fit of
Pentapharsodinium dalei in a CCA ordination diagram of the first axes, correlated with
mean summer temperature, is the highest (72%), followed by Spiniferites elongatus
(39%) and Operculodinium israelianum (29%). The first two species are known to

indicate cool marine waters (Dale, 1996, Rochon et al., 1999), whereas Operculodinium
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Figure 10. Ordination diagram generated from canonical correspondence analysis (CCA),
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Table 6. Cumulative fit per dinoflagellate cyst species (selected
taxa) as fraction of variance of species.

CCA axes
Cyst taxa Axis 1 Axis 2 Axis 3 Axis 4 % EXPL
Alexandrium tamarense 0.00 0.0 0.31 032 48
Brigantedinium spp. 0.01 0.02 0.04 0.05 41
Dubridinium spp. 0.18 052 052 0.54 65
Islandinium brevispinosum 020 051 060 0.64 73
Islandinium ? cezare 0.19 020 0.21 0.22 48
Islandinium minutum 0.00 023 023 0.24 33
Gymnodinium spp. 0.16 0.17 031 0.32 54
Lejeunecysta spp. 0.02 0.06 026 039 53
Lingulodinium machaerophorum 0.18 0.19 023 0.29 46
Nematosphaeropsis spp. 0.02 0.02 0.02 0.04 14
Operculodinium centrocarpum 020 030 031 032 47
Operculodinium israelianum 029 030 042 053 61
Pentapharsodinium dalei 072 072 0.73 0.86 90
Polykrikos kofoidii & P. schwartzii  0.02 0.04 0.05 0.12 27
Protoperidinium spp. indet 0.03 0.04 0.09 0.10 36
Peridinium limbatum 025 037 037 0.39 53
Quinquecuspis concreta 0.12 0.27 030 038 53
Selenopemphix quanta 004 0.13 0.16 037 47
Spiniferites elongatus 039 050 0.65 0.65 76
Spiniferites spp. 0.12 0.60 0.60 0.79 90
Tectatodinium pellitum 0.07 033 036 0.36 60
Cyst type E 0.03 0.13 031 0.37 45

%EXPL - the percentage fit by all environmental variables together.



israelianum is most abundant in warm lagoonal waters (Wall et al., 1977; Morzadec-
Kerfourn, 1989). The species with the highest fit for the second axis, representing
summer salinity, are Spiniferites spp., Dubridinium spp., Islandinium brevispinosum
and Peridinium limbatum. The percentage fit by all environmental variables together,
given in the last column Table 6, shows that given environmental factors can explain
>50% of the distribution of Spiniferites spp., Pentapharsodinium dalei, Islandinium
brevispinosum, Dubridinium spp. and Operculodinium israelianum. Environmental
range (mean summer temperature, salinity, nitrates and phosphates) for individual cyst
taxa 1s summarized in Table 7.

Nematosphaeropsis spp. has the lowest cumulative fit (14%) by all
environmental variables together (Table 6). The unusually high proportion (44.5%) of
Nematosphaeropsis spp. in the assemblages is found in Potter 7. We assume that this
abnormal abundance of Nematosphaeropsis spp. in Potter 7 indicates a bloom event
caused by an abrupt environmental change not detected in our environmental
measurements. Indeed, when this site is removed from the CCA analyses the fit of

Nematosphaeropsis spp. in a CCA ordination increases up to 37%.

DISCUSSION AND CONCLUSIONS

There are few published works focussed on dinoflagellate cysts in estuarine
environments. We can find no studies of variability in cyst distribution on similar scales
on the temperate coasts of the western Atlantic with which to compare our results.
Previous studies of spatial distribution of dinoflagellate cysts in the St. Lawrence
Estuary (de Vernal and Giroux, 1991), Baffin Bay (Mudie and Short, 1985), Australian
(McMinn, 1989; 1990; 1991), Japanese (Matsuoka, 1992) and Spanish (Blanco, 1995)
estuaries as well as the global surveys by Wall et al. (1977) and Harland (1983) show
cyst concentrations of the same order of magnitude and species richness comparable to
our study.

We have found that relatively low cyst concentrations (<430 cysts cm™ )
characterize lagoons with salinity below 10 psu. Such low concentrations can be

explained by low dinoflagellate production in these environments, as few species
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tolerate salinity below 20 psu (Dale, 1996). However, sediment samples from low
salinity sites often contained abundant organic detritus that would dilute dinoflagellate
cyst concentrations.

Some investigators (Wall et al., 1977; Dale 1996, Ellegaard, 2000; Mudie and
Rochon) also have noted that oligohaline environments are characterized by low species
diversity (<8 taxa) and cyst assemblages mainly dominated by the Spiniferites group,
similar to our results. Spiniferites spp., the dominant group in most of our samples,
occurs throughout a wide range of salinity reaching its maxima at low salinity sites. In
addition, dinoflagellate cyst assemblages at low salinity stations contain <8 taxa,
approximately half that found in the lagoons with >10 psu waters. The latter are
characterized by generally abundant and more diverse (=10 taxa) cyst assemblages.

The novelty of our results is in the quantitative analysis of the environmental
factors controlling the composition and distribution of dinoflagellate cyst assemblages
in the lagoons. With the help of CCA, we identify temperature and salinity as the main
environmental factors affecting the distribution of dinoflagellate cysts in the New
England lagoons. The CCA reveals that variation in temperature has the largest impact
on the composition of the dinoflagellate cyst assemblages, but the concentration of
nutrients shows no clear correlation with dinoflagellate cyst assemblages.

Nitrogen is generally considered to be a limiting nutrient for phytoplankton
production in estuarine waters (Boynton et al., 1982) and an important factor for
dinoflagellate development (Taylor, 1987), yet nitrates are not found as a significant
factor in the composition of dinoflagellate assemblages in our lagoons. This may be
because nitrate measurements do not reflect the total nitrogen availability. Marine
phytoplankton preferentially take up ammonium over nitrate (Valiela, 1995). Thus,
various nitrogen compounds need to be measured for future evaluations of the relation
between dinoflagellate cysts and environmental factors in estuarine systems. In fluvially
dominated estuaries covariance between nutrients and salinity 1s always a problem. In
our lagoons these two parameters are covariant, but not significantly. The major input
of nitrogen to the lagoons is domestic sewage discharged to groundwaters, the latter is
the main source of freshwaters to the lagoons. Indeed, the CCA points the mean

summer salinity (S) and the mean summer nitrates (N) in the opposite directions (Fig.
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10) indicating that they are negatively but not significantly correlated. An extension of
this data set would provide an opportunity to examine separate impacts of these
parameters on dinoflagellate cyst distribution without the complication of covariance.
The CCA reflects the environmental “preferences” of dinoflagellate cysts taxa
deduced from studies of dinoflagellate cyst distributions in marine and oceanic
environments (Wall et al., 1977; Morzadec-Kerfourn, 1989; Edwards and Andrle, 1992;
Dale, 1996; Rochon et al., 1999). In particular, Operculodinium israelianum,
Islandinium brevispinosum, and Dubridinium spp. have a positive relationship to
temperature, whereas Pentapharsodinium dalei, Spiniferites elongatus, and
Operculodinium centrocarpum have a negative relationship relationship to temperature.
The CCA also shows a negative relation between salinity and Peridinium limbatum and
Spiniferites spp., as expected from their predominance in Trustom, Maschaug and
Card’s Ponds, all low salinity lagoons. Peridinium limbatum is a freshwater species
(Evitt and Wall, 1968) and Spiniferites spp. is the most abundant taxon in temperate low
salinity environments (Wall et al., 1977). In addition, other dinoflagellate cysts
encountered in lagoons with low salinity are Brigantedinium spp., Protoperidinium
spp., and Operculodinium israelianum. Dubridinium spp. and Islandinium
brevispinosum were found at the sites with the highest salinity. A salinity of ~27 psu is
the lowest tolerance limit for Islandinium brevispinosum (Pospelova and Head, 2002).
More important than statistical confirmation of species preferences, our
results demonstrate that variability in temperature and salinity is reflected even at the
small spatial scales that characterize lagoons. Thus, dinoflagellate cyst assemblages can
be used for the paleoreconstruction of water temperature and salinity on scales relevant
to estuaries, as well as marine systems. However, in contrast to marine environments
reconstruction of environmental parameters cannot be used directly for paleoclimatic
interpretations in lagoons. This is because both temperature and salinity in lagoons are
primarily controlled by the flushing rate, which in turn depends on the nature of the
inlets connecting lagoons to the ocean. Waters in lagoons without permanent inlets have
longer residence time resulting in lower salinity and higher temperature, exemplified by

Trustom, Maschaug and Card’s Ponds (Table 4). Lagoons with permanent, large,
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stabilized inlets such as Point Judith and Quonochontaug Ponds have a dominating
marine influence thus high salinities and the low temperatures (Table 4).

Changes in the inlet characteristics should affect the dinoflagellate population
as well as the phytoplankton population in general. Temporal variations in the
dinoflagellate cyst assemblages from shallow estuarine systems may primarily reflect
changes in local hydrodynamics that cause (possibly large) fluctuations in water
temperature and salinity, rather than climatic changes. To this end, it will be useful to
investigate past dinoflagellate cyst records in some lagoons such as Point Judith or
Potter Pond prior to the construction of permanent inlets to see if such a change is
indeed reflected in the assemblages.

Our conclusion that dinoflagellate cyst distributions in the lagoons are
correlated with water conditions are further supported by the patterns of variability
within the same estuary. In addition to the differences in hydrological characteristics
between the lagoons there is a substantial spatial variability in water quality parameters
within each particular system. Water temperatures in the peripheral parts of the lagoons
are generally warmer during the summer and most likely are colder during the winter.
For example, the environmental parameters in Potter Pond vary among stations; notably
the mean summer temperature varies by as much as 3.1°C, with the coolest waters near
the inlet. This variability of water quality is commonly observed in estuarine waters,
and deemed responsible for the heterogeneous distribution of estuarine phytoplankton
(Smayda, 1980), and dinoflagellates in particular. Our study shows that even within the
same lagoon the dinoflagellate cyst assemblages can widely vary between different
stations. In Potter Pond Operculodinium centrocarpum constitutes (35%) dinoflagellate
cyst assemblage at station 5, Spiniferites spp. (71%) at station 6, Nematosphaeropsis
spp. (45%) at station 7 and Operculodinium israelianum (38%) at station 8. On the
other hand, dinoflagellate cyst assemblages are relatively homogenous between stations
in Trustom and Point Judith Ponds, where the environmental parameters such as
temperature and salinity vary little between the stations. Our observation of
heterogeneous pattern of dinoflagellate cyst distribution is consistent with the results of
a similar study along the Spanish coast (Blanco, 1995) but differs from the conclusion

drawn by McMinn (1990; 1991) who studied Australia estuaries. Although McMinn
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(1991) stated that cyst distribution was homogeneous within a single system, careful
inspection of his assemblage data (see Appendix 1) indicates that some of the lagoons
are characterized by a high degree of heterogeneity. For example, the relative
abundance of Operculodinium centrocarpum ranges 0-100%, Operculodinium
israelianum 0-20%, Selenopemphix quanta 0-14% and Lejeunacysta sabrina 0-25% in
the assemblages collected from Lake Macquarie, a lagoon in New South Wales. On the
other hand, in Tuggerah Lakes dinoflagellate cyst assemblages are more similar
between the sites. Unfortunately, it is not possible to tie the heterogeneous pattern of
dinoflagellate cyst distribution in Lake Macquarie and the homogeneous pattern in
Tuggerah Lakes to the water quality parameters, as these measurements are not
provided in the paper.

In marine and oceanic studies the proportion of cysts of heterotrophic
dinoflagellates has been suggested as an indicator of nutrient availability due to
increasing shore proximity or presence of upwelling zones (Wall et al., 1977, Bujak,
1984; Mudie, 1992; Harland et al., 1998, Dale, 1996; Mudie and Rochon, 2001). Mudie
and Rochon (2001) consider this is an indication of the dominant trophic mode and the
level of primary productivity. The proportion of heterotrophic dinoflagellates is
correlated with the availability of preferred prey such as diatoms and microflagellates,
in turn influenced by environmental factors. Generally, the proportion of the cysts of
heterotrophic dinoflagellates in the assemblages within each lagoon tends to increase
with the distance from the inlet (Fig. 3), except in lagoons without permanent inlets.
The distance from sample stations to the inlets is an important parameter reflecting the
degree of the lagoonal water exchange with the ocean, whereas lagoons without
permanent inlets have no such a gradient. We suspect that the variance in the proportion
of cyst of heterotrophic dinoflagellates may be related to the differences in the water
residence time. However, the ecology of heterotrophic dinoflagellates in estuarine

systems is complex and needs further studies.
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Plate I. Photomicrographs are bright field images. Scale bar, 20 pm.

1. Cyst of Alexandrium tamarense, Potter Pond 5, MGU 982, slide 1, K44/3,

optical section, mid focus showing protoplasm within cysts.

2-3. Nematosphaeropsis spp., Point Judith Pond 1, MGU 1247, slide 1, D41/1,

ventral view, upper (2) and mid (3) focus.

4. Lingulodinium machaerophorum, Potter Pond 5, MGU 982, slide 1, P44/3,

orientation unknown, mid focus showing protoplasm within cysts.

5-6. Operculodinium israelianum, Potter Pond 8, MGU 985, slide 1, R31/3,

lateral view, upper (5) and low (6) foci.

7. Operculodinium centrocarpum sensu Wall & Dale 1966, Potter Pond 7,
UQAM 1300-5, slide 1, T38/3, orientation unknown, low focus.

8. Cyst of Protoperidinium dale, Potter Pond 7, MGU 1300-5, slide 1, V43/2,

orientation unknown, upper focus.

9-12. Cysts of Spiniferites group (9. Quonochontaug Pond 16A, MGG 1235,
slide 1, lateral view, upper focus; 10.Trustom Pond 60, MGU 1300-6, slide 2,
lateral view, upper focus; 11. Ninigret Pond 14, MGU 1246, slide 3, lateral
view, upper focus; 12. Trustom Pond 61, MGU 1091, slide 1, optical section.
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Plate II. Photomicrographs are bright field images. Scale bar, 20 pm.

1. Spiniferites elongatus, Winnapaug Pond 19, MGU 1300-4, slide 2, R30/0,

ventral view, upper focus.

2. Tuberculodinium vancampoae, Point Judith Pond 4, MGU 1300-2, slide 2,

antapical surface, low focus.

3. Dubridinium spp., Potter Pond 7, MGU 1300-5, slide 1, O37/1, apical view,

upper focus.

4. Islandinium brevispinosum, Winnapaug Pond 19A, MGU 1228, slide 1,

P27/0, orientation unknown, upper focus.

5. Islandinium minutum, Green Hill Pond 10, MGU 1030, slide 2, L43/3,

orientation unknown, upper surface.

6. Cyst of Polykrikos schwartzii, Potter Pond 7, MGU 1300-5, slide 1, F52/1,

equatorial view, low focus.

7. Selenopemphix quanta, Trustom Pond 60, MGU 1090, slide 1, R25/3, apical

view, mid focus.

8. Quinquecuspis concreta, Potter Pond 7, MGU 1300-5, slide 1, S41/3, ventral

surface, upper focus.

9. Lejeunecysta oliva, Potter Pond 7, MGU 1300-5, slide 1, T31/3, dorsal

surface, upper view.

10. Peridinium limbatum, Potter Pond 7, MGU 1300-5, slide 1, B43/0, optical

section.

11. Votadinium calvum & 12. Votadinium spinosum, Point Judith Pond 4, MGU

1300-2, slide 1, dorsal surface, upper focus.
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ABSTRACT

Modern estuarine environments remain underexplored for dinoflagellate cysts,
despite a rapidly increasing knowledge of cyst distributions in open marine
environments. A study of modern estuarine sediments in New England has revealed the
presence of Islandinium brevispinosum sp. nov., a new organic-walled dinoflagellate
cyst that is locally common and probably of heterotrophic affinity. Resistance of this
cyst to standard palynological processing indicates its geological preservability,
although fossils are not yet known. Previously assigned species of the genus
Islandinium Head et al., 2001 are characteristic of polar and subpolar environments
today and cold paleoenvironments in the Quaternary. The present record of Islandinium
brevispinosum extends the ecological and geographical range of this genus into the
warm temperate zone, where 1. brevispinosum occupies specific environments with

reduced salinities and elevated nutrient levels.

INTRODUCTION

Dinoflagellate cysts are being studied increasingly in modern marine systems
where they reflect environmental conditions with considerable sensitivity. Northern
North Atlantic and Arctic cyst distributions are now well documented (Rochon et al.
1999, de Vemal et al. 2001) and provide the basis for detailed quantitative
reconstructions of the Quaternary oceanic record in this region (e.g., de Vernal et al.
1996, de Vernal et al. 2000, de Vernal and Hillaire-Marcel 2000, Hillaire-Marcel et al.
2001). In contrast to the open ocean, coastal waters adjoining the North Atlantic have a
more variable hydrography, and the mapping of cyst distributions is therefore more
complex. The distribution of cysts in these coastal regions is not well known, estuarine
systems being generally underexplored for dinoflagellate cysts. Of the few studies that
have focused solely on North American estuaries, most have been conducted along the
Canadian Atlantic coast (Mudie and Short 1985, de Vernal and Giroux 1991).
Dinoflagellate cysts from the temperate zone of the east coast of the USA have been
studied either in low detail (Wall et al. 1977, Dale 1996) or to describe the
biogeographical distribution of selected toxic species (Anderson et al. 1994, Anderson

1998). Comprehensive surveys have not been undertaken previously.
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This work is part of a larger investigation to map and explain the distribution of
dinoflagellate cysts from selected environments along the New England (northeastern
U.S.A)) coastline. Well-preserved material has been investigated from surface and core
sediments that represent less than 500 years of deposition. Localities studied include
several embayments of Buzzards Bay, New Bedford Harbor, Clarks Cove,
Apponagansett Bay, Waquoit Bay, Jehu Pond, Narragansett Bay, and coastal lagoons of
Rhode Island (Fig. 1). The present paper describes Islandinium brevispinosum sp. nov.,
a locally common component of dinoflagellate cyst assemblages in modemn estuarine
sediments of New England where it is particularly associated with nutrient rich waters.

Islandinium is a recently proposed protoperidiniacean cyst genus (Head et al.
2001) that accommodates round brown spiny cysts with an apical archeopyle. This
genus until now comprised only /. minutum (Harland and Reid in Harland et al., 1980)
Head et al., 2001 and 1.7 cezare (de Vernal et al., 1989 ex de Vernal in Rochon et al.,
1999) Head et al., 2001. Both these species are known principally from modern high-
latitude sediments and from cold-climate Quaternary deposits. Our record of
Islandinium brevispinosum sp. nov. unequivocally extends the ecological range of this
genus into warm temperate waters. This paper provides a formal description of this cyst

species and discusses its ecological significance.

MATERIALS AND METHODS

Samples. Samples were collected from three embayments in Buzzards Bay (New
Bedford Harbor, Apponagansett Bay, and Clarks Cove), in Waquoit Bay and adjacent
Jehu Pond (MA), in eight back-barrier coastal lagoons of Rhode Island, and in the
central part of Narragansett Bay (RI) (Figs. 1 and 2). Sediments analyzed were
generally fine sands, silt and mud from surface and core sediments.

Surface sediments from New Bedford Harbor, Apponagansett Bay, Clarks Cove,
Wagquoit Bay, Jehu Pond and coastal lagoons of Rhode Island were collected by a grab
corer deployed from a boat, or by hand using a mini-piston corer while snorkeling. The
top 2 cm were retained and we assume they represent less than 10 yr deposition in these
generally rapidly accreting systems (Boothroyd et al. 1985, Pospelova, unpublished

data). Sediments taken from experimental tanks at the Marine Environmental Research
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Figure 1.Location of New England sites where Islandinium
brevispinosum sp.nov. has been found. /slandinium brevispinosum

is reported from modern sediments of: (a) Apponagansett Bay,
Clarks Cove, New Bedford Harbor; (b) Waquoit Bay and Jehu Pond
(Massachusetts, USA); (c) coastal lagoons of Rhode Island (USA); and
(d) Narragansett Bay.
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Laboratory (University of Rhode Island) had originated as surface sediment from the
central part of Narragansett Bay prior to their transfer to the experimental tanks. See
Keller et al. (1999) for details.

In addition to surface sediments, three sediment cores were collected from New
Bedford Harbor and Apponagansett Bay, and represent less than 500 years of deposition
(Pospelova et al., in press). These cores were collected either by pressing a core liner
into the sediments (hand corer) or by using a gravity coring device (Benthos Model
2171). Upon collection, all the sediments were immediately transported to the
laboratory and stored at 4° C in the dark until processing.

Methods. Sediment samples of known volume were first dried at 40° C, then
treated with cold 10% hydrochloric acid (HCI) for 2 min to remove calcium carbonate
particles. Material was then rinsed twice with distilled water and sieved through 125 um
and retained on 10-um mesh to eliminate coarse and fine material. To dissolve siliceous
particles, most of the samples were treated in a hot water bath with 40% hydrofluoric
acid (HF) for 20 min, and 10 min with cold HCI to remove fluorosilicates.
Subsequently, the residue was rinsed twice with distilled water, sonicated for between
30 s and 2 min and finally collected on a 10-pum mesh sieve, having been centrifuged
between each step. Aliquots of residue (one or two drops) were mounted on microscope
slides with glycerine jelly, and dinoflagellate cysts were studied under a light
microscope (63x and 100x objectives). Illustrations were made using a Leica DML-RB
microscope and DC3 digital camera. For Scanning Electron Microscopy (SEM),
residues were suspended in deionized water and placed on coverslips to dry. The
mounted coverslips were then sputter coated with gold and platinum, and searched
under Hitachi (S-2300) SEM for cysts of Islandinium brevispinosum.

Repository. All figured material photographed under light microscopy is
deposited in the type collection of the British Geological Survey, Keyworth, UK.,
under the accession numbers MPK 12549-12553. All remaining microscope slides and

residues are stored in the Paleoenvironmental Laboratory, McGill University, Canada.

RESULTS

Islandinium brevispinosum Pospelova et Head sp. nov.
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Division: Dinoflagellata (Biitschli, 1885) Fensome et al., 1993
Subdivision: Dinokaryota Fensome et al., 1993
Class: Dinophyceae Pascher, 1914
Subclass: Peridiniphycidae Fensome et al., 1993
Order: Peridiniales Haeckel, 1894
Suborder: Peridiniineae (Autonym)
Family: Protoperidiniaceae Balech, 1988
Subfamily: Protoperidinioideae Balech, 1988
Genus: Islandinium Head et al., 2001

Species: Islandinium brevispinosum Pospelova et Head sp. nov.

Diagnosis. Cystae parvae, proximae vel proximochoratae cum copore in medio
globali vel subglobali. Murus fuscus vel fulvus colore; superficies levis tecta solidis
spinulis. Spinula, fere similes longitudine figuraque, fastigata ad cacumines acres vel
hebetes, nontabulare distribuuntur. Archeopyla saphopylica formata est laminis
apicalibus secundis, tertiis et quartis separate amissis, tertia apicalis lamina fere
aequalis circum dorsoventralem lineam mediam. Suturae archeopylae adiectae
praeterea adsint; alioqui nullum indicium clarum tabulationis.

Small proximate to proximochorate cysts with spherical to subspherical central
body. Wall is brown to pale brown in color; surface smooth and covered with numerous
solid spinules. Spinules more-or-less similar in length and shape, taper to sharp or blunt
tips, and have nontabular distribution. Archeopyle saphopylic, formed by separate loss
of the second, third and fourth apical plates; third apical plate approximately
symmetrical about the dorso-ventral midline. Accessory archeopyle sutures may also be
present; otherwise no clear indication of tabulation.

Etymology. Latin brevis short, small; and spinosus thorny. With reference to the
small spines that characterize this species.

Holotype. Sample NBH-324 slide 7, England Finder reference S30/3 (label to
left); specimen MPK 12549; Figure 3a-m. Modemn sediment from New Bedford
Harbor, Atlantic coast of Massachusetts (USA).
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Figure 3. Islandinium brevispinosum sp. nov. Photomicrographs are interference
contrast images. (a—m) holotype from modern sediments of New Bedford
Harbor, Massachusetts (USA), NBH-324/7, S30/3, MPK 12549, central body
max. diameter 22 pm; apical view of specimen in present (a—j) and original (k—
m) condition; (a—g) upper surface with archeopyle and successively lower foci
to antapical surface, with (f) showing cell contents; (h, 1) magnified view of
upper (h) and lower (i) surfaces of plate 1°, showing notch (marked by an arrow)
indicating the interpreted border between plate 1’ and the canal plate; (j, m)
tracings of holotype in present (j) and original (m) condition; scale bar
represents 5 um for (a-g, j-m) and 1 pm for (h, ). (n—u) paratype from modern
sediments of Apponagansett Bay, Massachusetts (USA), sample AB-4/1, S62
1/2, MPK 12550, central body diameter 21 um; (n—s) antapical view of antapical
surface and successively lower foci to apical surface with archeopyle; and (t, u)
tracings of paratype where (u) is a reversed image of (t) to compare with
holotype; scale bar represents S pm. (j, m, t, u) tracings show principal
archeopyle suture (solid line), folds (dashed line), and interpreted tabulation.
Designations cp and apc represent the canal plate and apical pore complex, the

latter being presumed present but not identified with certainty.
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Description. Cysts brown to pale brown in color. Central body spherical to
subspherical, with smooth surface under light microscopy and SEM, and wall thickness
of about 0.3 um or less, appearing unstratified under light microscopy. Surface bears
numerous, solid, nontabulate, closely but irregularly distributed spinules with basal
diameter of approximately 0.3 um. Adjacent spinules usually separated at base by about
1.0 um, but some basal fusion occurs in some specimens; density of spinule distribution
varies somewhat between and within individual specimens. Length of spinules varies
from 0.3 pm where they may appear as small bumps, up to 3.5 um where they may be
curved. Spinule length fairly constant for individual specimens; ranges from 1% to 14
% of body diameter, averaging 5%. Spinules taper to fine or blunt points, as observed
under both light (Figs. 3—4) and scanning electron microscopy (Fig. 5). Archeopyle is
saphopylic, formed by separate loss of the three apical plates 2°, 3* and 4°. Canal plate
(and presumably apical pore complex) remains attached to first apical plate (1°) (Fig.
3a—u, and possibly Fig. 4i-m) or is lost during archeopyle formation (Fig. 4a—h, n—p).
Boundary between canal plate and 1° is marked by a notch in archeopyle outline (Fig.
31). Plates 3’ and 4’ are approximately the same size, whereas plate 2° might be slightly
smaller. Archeopyle, including position of third apical plate, broadly symmetrical about
dorso-ventral midline. Cysts show no epifluorescence.

Measurements. Holotype: central body diameter 22 pm; average length of
process 1.0 um. Range: central body diameter 18(21.5)25 um (standard deviation 1.8
um); average process length: 0.3(1.1)3.0 pm (standard deviation 0.6 pm). Twenty-nine
specimens were measured.

Discussion. The archeopyle was seldom seen clearly in the 315 specimens
scrutinized during the present study, owing largely to the very thin cyst wall which
readily collapses and folds. The holotype has a clearly visible archeopyle, and was
inflated when freshly mounted and examined in Montreal (Fig. 3k—m). It had become
slightly distorted upon its arrival in Cambridge, although all major features remain
seldom observed. The paucity of accessory archeopyle sutures, along with a lack of
information on the number of intercalary plates, prevents full determination of the

episomal tabulation. However, on the basis that Islandinium brevispinosum probably
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Fig. 4. Islandinium brevispinosum sp. nov. Photomicrographs are interference
contrast (a—f, n—p) or bright field (i-1) images. (a—h) specimen from modemn
sediments of New Bedford Harbor, Massachusetts (USA), sample NBH-324/2,
R28/2, MPK 12551, central body diameter 24 um; (a—f) antapical view of
antapical surface and successively lower foci to apical surface with archeopyle,
and (g, h) tracings of specimen where (h) is a reversed image of (g) to compare
with holotype; the three apical plates and canal plate are all lost from this
specimen; scale bar represents 5 um. (i-m) specimen from modern sediments of
Apponagansett Bay, Massachusetts (USA), sample AB-4/21, S46/0, MPK
12552, central body diameter 23 um; (i-1) apical view of apical surface with
archeopyle, and successively lower foci to mid focus; and (m) tracing of
specimen; scale bar represents 5 pm. (n—p) specimen from modern sediments of
New Bedford Harbor, Massachusetts (USA), sample NBH-324/xx, H27/1, MPK
12553, central body diameter 21 um; apical view of (n) apical surface showing
release of plates 2°, 3’ and canal plate, but 4’ still adherent, (o) slightly lower
focus, and (p) mid focus showing protoplasm within cyst; scale bar represents 5

pm.
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Fig. 5. Islandinium brevispinosum sp. nov. SEM images of specimen from
modermn sediments of Apponagansett Bay, Massachusetts (USA), sample AB-4.
(a) portrait showing process distribution; and (b) high magnification view of (a)
showing smooth wall surface and spinules tapering to blunt points. Scale bars

represent 10 um (a) or 2 um (b).
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represents the cyst of a species of the genus Protoperidinium Bergh, 1881, two
possibilities are preferred. The first assumes the presence of three intercalary plates
(Fig. 6b), which is a common feature of Protoperidinium species having a symmetrical
episomal tabulation. The archeopyle in Islandinium brevispinosum is relatively
symmetrical about the dorsoventral midline, particularly regarding the position of the
third apical plate, implying (but not proving) a symmetrical episomal tabulation. The
second less likely possibility (Fig. 6¢) is of four intercalary plates. Although a highly
unusual configuration within the genus Protoperidinium, this possibility is owed to a
strong similarity between the archeopyles of Islandinium brevispinosum and of the cyst
of Protoperidinium americanum (Gran and Braarud, 1935) Balech, 1974 (Lewis and
Dodge 1987; Fig. 6g). Not only does Protoperidinium americanum have four
intercalary plates (Fig. 6h), it is also the only motile-defined species within the genus
Protoperidinium whose cyst is known to have an apical archeopyle. Hence, based on
the above considerations, we favor three or perhaps even four intercalary plates for
Islandinium brevispinosum.

Comparison. Islandinium brevispinosum closely resembles Islandinium
minutum (Harland and Reid in Harland et al., 1980) Head et al., 2001 described from
modern sediments of the Beaufort Sea, Canadian Arctic. However, Islandinium
minutum is larger (central body maximum diameter 29-50 um; average process length
3.5-7.0 um; Head et al. 2001), and has a granulate wall surface compared to the smooth
wall surface of Islandinium brevispinosum. Statistical analysis of average process
length vs. central body diameter for Islandinium brevispinosum and Islandinium
minutum demonstrates two separate clusters in the distribution (Fig. 7). The archeopyle
of Islandinium brevispinosum differs from that of Islandinium minutum in its greater
symmetry: plate 3’ is offset strongly to the left on Islandinium minutum (Fig. 6d—f), and
implies a different configuration of intercalary plates (Fig. 6, ¢ and f). Also, plate 2
appears to be pentagonal in Islandinium brevispinosum whereas 1t is more-or-less
quadrangular in Islandinium minutum.

Islandinium? cezare (de Vernal et al., 1989 ex de Vernal in Rochon et al., 1999)

Head et al., 2001, described from late glacial sediments of Québec, differs from
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Islandinium brevispinosum in its larger size, granulate wall surface, and in having long
processes with expanded process tips.

The cyst of Protoperidinium americanum differs in its larger size (diameter 34—
52 um), prominent wall layering, and absence of processes (Lewis and Dodge 1987,
Fig. 6g). Its archeopyle is relatively smaller than that of Islandinium brevispinosum,
although similar in shape.

Occurrence. Islandinium brevispinosum has been found only in modern
(between <500 and <10 yr) estuarine sediments of New Bedford Harbor, Clarks Cove,
Apponagansett Bay, Waquoit bay and Jehu Pond (Atlantic coast of Massachusetts,
USA), Winnapaug Pond and Narragansett Bay (Rhode Island, USA) (Fig. 2). The
highest abundance (12%) is found in nutrient rich waters characterized by 23°C mean
summer temperature and 30 psu mean summer salinity. Distribution is presumably more
widespread than presently described. Cell contents occur in some cysts including the
holotype, indicating that this is an extant species.

Thecal affinity. As with Islandinium minutum, an affinity with the subfamily
Protoperidinioideae is indicated from the epicystal tabulation and overall morphology of
the cyst (Head et al. 2001). The brown cyst wall coloration and lack of epifluorescence
suggest a species whose motile stage has a heterotrophic feeding strategy, which is
predominant in the Protoperidiniaceae. Because the cysts are extant, the motile stage
must be present in the water column. However, the only species of Protoperidinium
presently reported for Buzzards Bay (New Bedford Harbor, Apponagansett Bay, and
Clarks Cove) are P. bipes (Paulsen, 1904) Balech, 1974, P. claudicans (Paulsen, 1907)
Balech, 1974, P. pellucidum Bergh, 1881 and P. steinii (Jérgensen, 1900) Balech, 1974
(see Pierce and Turner 1994). Of these, P. claudicans is known to produce a cyst
morphologically different from 1. brevispinosum (Head 1996), P. bipes has a strongly
asymmetrical episomal tabulation, and P. pellucidum and P. steinii are both probably
too large to produce a cyst consistently as small as I. brevispinosum. No attempt to
germinate Islandinium brevispinosum has yet been made, but this approach will

ultimately establish the thecal affinity of this cyst species.
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ECOLOGICAL DISTRIBUTION

A total of 315 complete and fragmented specimens of Islandinium
brevispinosum was observed in 54 sediment samples. All studied sites are characterized
by shallow water in which depth ranges from 1 to 12 m. Embayments of Buzzards Bay
were studied in most detail, with the analysis of 19 surface sediment samples
(Pospelova, unpublished data) and 31 sediment samples from three cores (Pospelova et
al., in press). Figure 2a shows the spatial distribution of Islandinium brevispinosum and
its proportion in dinoflagellate cyst assemblages from Apponagansett Bay, Clarks Cove,
and New Bedford Harbor. Islandinium brevispinosum was encountered in all surface
samples with its abundance ranging from 1 to 12% with the highest proportion in the
outer part of Apponagansett Bay. All studied sites in Buzzards Bay are characterized by
mean August water temperatures ranging from 23 to 25° C and salinities from 27 to 31
psu (Howes et al. 1999). Waters in this part of Buzzards Bay are considered to be
nutrient rich, with the mean August nitrate concentrations 1.8 pM and phosphate 1.7
pM. (Howes et al. 1999).

In estuaries neighboring Buzzards Bay, Waquoit Bay and adjacent Jehu Pond,
Islandinium brevispinosum was present and comprised 4% of total dinoflagellate cyst
assemblages (Fig. 2b). These waters are characterized by a mean August temperature of
24° C and salinities ranging from 28 to 29 psu (Waquoit Bay National Estuarine
Research Reserve). We do not have exact measurements of nutrient concentrations for
Wagquoit Bay and Jehu Pond waters, although it is known that these systems are also
nutrient rich (Lamontagne and Valiela 1995).

The eight back-barrier lagoons of Rhode Island (Fig. 2¢) are characterized by a
range of mean August water temperatures and salinities from 19 to 23° C and from 5 to
29 psu, respectively (Lee et al. 1997). Cysts of Islandinium brevispinosum were found
only in Winnapaug Pond (1.5%; Fig. 2¢), where mean August water temperature is 24°
C, salinity 27 psu, concentrations of nitrates 2.0 uM, and phosphates 1.4 uM (Lee et al.
1997).

The presence of Islandinium brevispinosum in the surface sediments of

Narragansett Bay is inferred through our study of sediments from experimental tanks at
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the Marine Environmental Research Laboratory (University of Rhode Island) which

originate from the central part of Narragansett Bay (Keller et al. 1999).

SUMMARY AND CONCLUSIONS

The large family Protoperidiniaceae contains only three extant species that are
known with certainty to have apical archeopyles: Islandinium minutum (the type of the
genus), Islandinium brevispinosum, and the cyst of Protoperidinium americanum
(which has no cyst-defined name). Head et al. (2001) suggested a biological affinity
between Islandinium minutum and the large motile-defined genus Protoperidinium, but
noted that the apical plates of Islandinium minutum are arranged asymmetrically,
whereas they are arranged symmetrically in the cyst of Protoperidinium americanum.
The apical plates in Islandinium brevispinosum are relatively symmetrical in
configuration, as with the cyst of Protoperidinium americanum, and this adds support
for an affinity between the genera Islandinium and Protoperidinium. A lack of
accessory archeopyle sutures in Islandinium brevispinosum prevents the total number of
anterior intercalary plates from being determined, but three or even four are likely.
Islandinium brevispinosum undoubtedly fossilizes, but neither fossils nor extant
specimens have been reported previously. The small size, propensity to crumple, and
unusual archeopyle style may have caused this species to be overlooked until now.

The genus Islandinium has been associated principally with modern high-
latitude environments, where relative abundances may exceed 50%, although low
abundances of Islandinium minutum have been reported occasionally in mid latitudes
(Rochon et al. 1999, Head et al. 2001). The presence of Islandinium brevispinosum with
up to 12% relative abundance throughout the warm embayments of New England now
extends the ecological range of this genus unquestionably into the warm-temperate
zone.

Islandinium brevispinosum commonly occurs in shallow nutrient-rich estuarine
waters that are generally characterized by mean August temperatures ranging from 23 to
25° C and salinities from 27 to 31 psu. It is possible that the presence/absence of this
species in estuarine waters is regulated by this narrow range of temperature and salinity

and by elevated nutrient content. Therefore this species may be of interest for
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environmental and paleoenvironmental reconstructions. Further studies of
dinoflagellate cyst assemblages in estuarine systems on a larger scale will provide more

detailed understanding of the ecology of Islandinium brevispinosum.
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CHAPTER 6. GENERAL CONCLUSIONS

Detailed analysis of dinoflagellate cyst records in sediments from New England
estuaries reveals abundant cyst assemblages. The sediment concentration of cysts
ranges from 10° to 10* cyst g, which corresponds to substantial cyst production when
the sediment accumulation rates are considered. About 40 dinoflagellate cyst taxa were
identified.

Dinoflagellate cyst assemblages are dominated by coastal species already
recognized by Dale (1996) in his description of the cyst “temperate biogeographic
zone”. In some samples substantial numbers of the warm water species Operculodinium
israelianum; cold water species Pentapharsodinium dalei, Selenopemphix quanta,
Islandinium? cezare and Islandinium minutum; as well as the oceanic taxon
Nematosphaeropsis spp. were found in lagoons and embayments. This work expands
the biogeographic boundaries of these taxa. However, the presence of those taxa may be
due, in part, to the greater temperature range in shallow as compared to marine waters.

This work contributes to the taxonomic as well as the ecological classifications
of dinoflagellate cysts. A new species of dinoflagellate cyst, Islandinium
brevispinosum, has been discovered and described. This species 1s distributed over a
narrow range of water temperature and salinity, and at elevated nutrient levels.
Islandinium brevispinosum is fossilized and can be an informative indicator of
environmental conditions in the past. The recognition of Islandinium brevispinosum in
New England estuaries also extends the ecological and geographical range of the genus
Islandinium from cold-climate, high latitudes to warm temperate estuarine
environments.

Despite the turbation, so common in estuarine sediments, cyst abundance,
species richness, the proportion of cyst produced by heterotrophic and autotrophic
dinoflagellates, as well as the composition of cyst assemblages change over time and
produce sedimentary cyst records reflecting changes in environmental conditions. The
same characteristics of cyst assemblages reflect spatial variations in environmental
conditions within a single estuarine system. My results show that dinoflagellate cysts

reflect changes in temperature, salinity, nutrient availability and pollution, even at the
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small spatial (1-10 km) and temporal scales (10-100 yr) that characterize shallow
lagoons and embayments, proving the main hypothesis of this thesis that cysts may be
used as indicators of environmental conditions in estuarine systems.

In the back-barrier lagoons, the temperature and salinity vary widely from site to
site and water quality is affected greatly by the degree of water exchange between
lagoon and ocean. These lagoons have no toxic pollution. Multivariate statistical
analysis (CCA) of proportions of individual cyst taxa in the assemblages and multi-year
measurements of temperature, salinity and nutrients demonstrate that the primary
factors influencing dinoflagellate cyst distribution in these sites are temperature and
salinity. There is a significant correlation between dinoflagellate cyst species richness
and mean summer salinity.

In the Buzzards Bay embayments, gradients of salinity and temperature are
shorter than in the lagoons. Thus the role of nutrients is more pronounced in these
embayments and cyst assemblages change along a gradient of nutrient enrichment,
identified on the basis of the distance from the sewage outfalls. High levels of pollution
(high sedimentary concentrations of toxic metals, PCBs and elevated organic carbon)
are reflected by a decrease in dinoflagellate cyst concentrations and species richness.

The study of sediment cores from two embayments, New Bedford Harbor and
Apponagansett Bay, demonstrates the applicability of dinoflagellate cysts for the
assessment of human impact on estuaries. Analyses of the temporal dinoflagellate cyst
records along with sediment chemistry and historical data on human activity in the
watersheds over the past 500 years reveals the time of the major changes in the aquatic
ecosystem. Developments such as the onset of the nutrient enrichment, intensive
eutrophication and pollution caused by increasing urbanization and industrialization in
the watersheds are reflected in the cyst assemblages. The greatest changes in the
dinoflagellate cyst record occur during the 20™ century, when New Bedford Harbor was
exposed to both toxic pollution and heavy nutrient loading. These conditions are
reflected in declining cyst diversity and wide fluctuation in total cyst production. At the
same time the composition of dinoflagellate cyst assemblages changes with the

increased abundance of Diplopsalidaceae and Polykrikaceae heterotrophic taxa. As
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impacts of industrialization and urbanization cannot be separated, the cyst response
must be interpreted as a cumulative “pollution signal”.

Decline in cyst species richness with increasing concentrations of toxins and
organic carbon is found in both spatial and historical studies. Although this correlation
was not reported in previous studies, my reanalysis of the dinoflagellate cyst records in
Norwegian fjords confirms that species richness is the most robust indicator of highly
eutrophic and polluted conditions. Because species richness is suppressed in oligohaline
environments, species richness will be an indicator of pollution and eutrophication only
when salinity >10 psu.

This research advances our understanding of factors affecting dinoflagellate cyst
distribution in estuaries, but many questions remain unanswered. There is a need to
study estuaries subjected only to eutrophication or toxic pollution in order to separate
effects of these factors on dinoflagellate cysts. These signals may, in fact, vary
depending on the type of estuary (fjords, embayments, lagoons and river-dominated

systems).

136



REFERENCES

Abdelrhman, M.A. 2002. Modeling how a hurricane barrier in New Bedford Harbor,
Massachusetts has affected the hydrodynamics and residence times. Estuaries,
25(2):177-196.

Anderson, D.M., Kulis, D.M., Doucette, G.J., Gallagher, J.C. & Balech, E. 1994.
Biogeography of toxic dinoflagellates in the genus Alexandrium from the
northeastern United States and Canada. Marine Biology, 120:467-78.

Anderson, J.T. 1998. The effect of seasonal variability on the germination and vertical
transport of a cyst forming dinoflagellate, Gyrodinium sp., in the Chesapeake
Bay. Ecological Modeling, 112:85-109.

Appleby, P.G. & Oldfield, F. 1978. The calculation of lead-210 dates assuming a
constant rate of supply of unsupported 21%pp to the sediment. Catena, 5:1-8.

Avanzo, C.D. & Kremer, J.N. 1994. Diel oxygen dynamics and anoxic events in an
eutrophic estuary of Waquoit Bay, MA. Estuaries, 17(1):131-140.

Balech, E. 1974. El genero “Protoperidinium” Bergh, 1881 (“Peridinium” Ehrenberg,
1831, partim). Rev. Mus. Argentino de Ciencias Naturales “Bernardino
Rivadavia” e Instituto Nacional de Investigacion de las Ciencias Naturales.
Hidrobiologia, 4(1):1-79.

Balech, E. 1988. Los dinoflagelados del Atlantico Sudoccidental. Pub. Esp. Inst.
Espafiol Oceanografia, 1:1-310.

Baron, W.R. & Gordon, G.A. 1985. A reconstruction of New England climate using
historical materials, 1620-1980. In Harington, C.R. (Ed.). Climatic change in
Canada 5, critical periods in the Quaternary climatic history of northern North
America. Syllogeus No. 55, National Museums of Canada: Ottawa, 229-245.

Bergh, R.S. 1881. Bidrag til Cilioflagellaternes Naturhistorie. Forelobige meddelelser.
Dansk Naturhistoriskforening i Kjobenhavn, Videnskabelige Meddelelser,
Series 4, 3:60-76.

Blanco, J. 1995. The distribution of dinoflagellate cysts along the Galician (NW Spain)
coast. Journal of Plankton Research, 17(2):283-302.

137



Borkman, D.G. & Tumer, J.T. 1993. Plankton studies in Buzzards Bay, Massachusetts,
USA. II. Nutrients, chlorophyll a and phaeopigments, 1987 to 1990. Marine
Ecology Progress Series, 100:27-34.

Boynton, W.R., Kemp, W.M. & Keefe, C.W. 1982. A comparative analysis of nutrients
and other factors influencing estuarine phytoplankton production. In Kennedy,
V.S. (Ed.). Estuarine comparisons. Academic Press, New York, 69-90.

Brawley, J.W., Collins, G., Kremer, J.N., Sham, C.-H. & Valiela, I. 2000. A time-
dependent model of nitrogen loading to estuaries from coastal wetlands. Journal
of Environmental Quality, 29:1448-1461.

Brugam, R.B. 1978. Pollen indicators of land-use change in southern Connecticut.
Quaternary Research, 9:349-362.

Brush, G.S. & Davis, F.W. 1984. Stratigraphic evidence of human disturbance in an
estuary. Quaternary Research, 22:91-108.

Bujak, J.P. 1984. Cenozoic dinoflagellate cysts and acritarchs from the Bering Sea and
Northern North Pacific, DSDP Leg 19. Micropaleontology, 30:180-212.
Biitschli, O. 1885. Erster Band. Protozoa. In Dr. H. G. Bronn’s Klassen und Ordnungen
des Thier-Reiches, wissenschaftlich dargestellt in Wort und Bild. C. F.

Winter’sche Verlagshandlung, Leipzig and Heidelberg, 865-1088.

Chmura, G.L. & Aharon, P. 1995. Stable carbon isotope signatures of sedimentary
carbon in coastal wetlands as indicators of salinity regime. Journal of Coastal
Research, 11(1):124-135.

Chmura, G.L., Santos, A., Pospelova, V., Spasojevic, Z., Lam, R. & Latimer, J.S. (in
review). Response of three paleo-primary production proxy measures to
watershed forest clearance, urbanization and industrialization of an urban
estuary. The Science of the Total Environment.

Cooper, S.R. 1995. Chesapeake Bay watershed historical land use impact on water
quality and diatom communities. Ecological Applications, 5(3):703-723.
Cooper, S.R. & Brush, G.S. 1993. A 2,500-year history of anoxia and eutrophication in

Chesapeake Bay. Estuaries, 16(3b):617-626.

138



Costa, J.E., Howes, B.L. & Gunn, E. 1996. Report of the Buzzards Bay citizens’ water
quality monitoring program 1992-1995. Buzzards Bay, National Estuary
Program, Marion, Massachusetts.

Costa, J.E., Howes, B.L, Janik, D., Aubrey, D., Gunn, E. & Giblin, A.E. 1999.
Managing anthropogenic nitrogen inputs to coastal embayments: Technical basis
and evaluation of a management strategy adopted for Buzzards Bay. Buzzards
Bay Project Technical Report.

Dale, B. 1976. Cyst formation, sedimentation, and preservation: factors affecting
dinoflagellate assemblages in Recent sediments from Trondheimsfjord, Norway.
Review of Palaeobotany and Palynology, 22:39-60.

Dale, B. 1983. Dinoflagellate resting cysts: "benthic plankton”. In Fryxell, G.A. (Ed.).
Survival strategies of the algae. Cambridge University Press, Cambridge, 69-
136.

Dale, B. 1996. Dinoflagellate cyst ecology: modeling and geological applications. In
Jansonius, J. & McGregor, D.C. (Eds.). Palynology: principles and applications.
Volume 3. American Association of Stratigraphic Palynologists Foundation,
Dallas, Texas, 1249-1275.

Dale, B. 2001. Marine dinoflagellate cysts as indicators of eutrophication and industrial
pollution: a discussion. The Science of the Total Environment, 264:235-240.

Dale, B. & Fjellsa, A. 1994. Dinoflagellate cysts as productivity indicators: State of the
art, potential and limits. In Zahn, R. (Ed.). Carbon Cycling in the Glacial Ocean:
Constraints in the Ocean’s Role in Global Change. Springer-Verlag, Berlin, 521-
537.

Dale, B., Thorsen, T.A. & Fjellsa, A. 1999. Dinoflagellate cysts as indicators of cultural
eutrophication in the Oslofjord, Norway. Estuarine, Coastal and Shelf Science,
48(3):371-382.

Darnell, R.M. & Soniat, T.M. 1981. Nutrient enrichment and estuarine health.
Proceedings of an international symposium on the effects of nutrient enrichment
in estuaries. Williamsburg, Virginia, 225-245.

de Vemal, A. & Giroux, L. 1991. Distribution of organic walled microfossils in recent

sediments from the estuary and Gulf of St. Lawrence: some aspects of the

139



organic matter fluxes. Canadian Journal of the Fishery and Aquatic Science,
113:189-199.

de Vernal, A. & Hillaire-Marcel, C. 2000. Sea-ice cover, sea-surface salinity and halo-
/thermocline structure of the northwest North Atlantic: modern versus full
glacial conditions. Quaternary Science Review, 19:65-85.

de Vernal, A., Goyette, C. & Rodrigues, C. G. 1989. Contribution palynostratigraphique
(dinokystes, pollen et spores) a la connaissance de la mer de Champlain: coupe
de Saint-Césaire, Québec. Canadian Journal of Earth Sciences, 26(12):2450-64.

de Vemnal, A., Henry, M., Matthiessen, J., Mudie, P.J., Rochon, A., Boessenkool, K.,
Eynaud, F., Grussfjeld, K., Guiot, J., Hamel, D., Harland, R., Head, M.J., Kunz-
Pirrung, M., Levac, E., Loucheur, V., Peyron, O., Pospelova, V., Radi, T,
Turon, J.-L., & Voronina, L. 2001. Dinoflagellate cyst assemblages as tracers of
sea-surface conditions in the northern North Atlantic, Arctic and sub-Arctic
seas: the “n = 677" database and derived transfer functions. Journal of
Quaternary Science, 16:681-98.

de Vemnal, A., Hillaire-Marcel, C. & Bilodeau, G. 1996. Reduced meltwater outflow
from the Laurentide ice margin during the Younger Dryas. Nature, 381:774-7.

de Vernal, A., Hillaire-Marcel, C., Turon, J.-L. & Matthiessen, J. 2000. Reconstruction
of sea-surface temperature, salinity, and sea-ice cover in the northern North
Atlantic during the last glacial maximum based on dinocyst assemblages.
Canadian Journal of Earth Sciences, 37:725-50.

de Vemal, A., Rochon, A., Turon, J.-L. & Matthienssen, J. 1997. Organic-walled
dinoflagellate cysts: palynological tracers of sea-surface conditions in middle to
high latitude marine environments. Geobios, 30(7):905-920.

Devillers, R. & de Vernal, A. 2000. Distribution of dinoflagellate cysts in surface
sediments of the northern North Atlantic in relation to nutrient content and
productivity in surface waters. Marine Geology, 166:103-124.

Edwards, L.E. 1992. New semiquantitative (paleo)temperature estimates using
dinoflagellate cysts, an example from the North Atlantic Ocean. In Head, M.J. &
Wrenn, J.H. (Eds.). Neogene and Quaternary dinoflagellate cysts and acritarchs:

140



American Association of Stratigraphic Palynologists Foundation, Dallas, Texas,
69-87.

Edwards, L.E. & Andrle, V.A.S. 1992. Distribution of selected dinoflagellate cysts in
modern marine sediments. In Head, M.J. & Wrenn, J.H. (Eds.). Neogene and
Quaternary dinoflagellate cysts and acritarchs. American Association of
Stratigraphic Palynologists Foundation, Dallas, Texas, 259-288.

Ellegaard, M. 2000. Variations in dinoflagellate cyst morphology under conditions of
changing salinity during the last 2000 years in the Limfjord, Denmark. Review
of Paleobotany and Palynology, 109:65-81.

Environmental Data and Information Service. Climate normals for the U.S. (base, 1951-
80). National Oceanic and Atmospheric Administration, U.S. National Climatic
Center, 1983.

Eppley, R.W. & Weiler, C.S. 1979. The dominance of nanoplankton as an indicator of
marine pollution: a critique. Oceanologica Acta, 2(2):241-245.

Evgenidou, A., Konkle, A., D'Ambrosio, A., Corcoran, A., Bowen, J., Brown, E.,
Corcoran, D., Dearholt, C., Fern, S., Lamb, A., Michalowski, J., Ruegg, . &
Cebrian J. 1999. Effects of increased nitrogen loading on the abundance of
diatoms and dinoflagellates in estuarine phytoplankton communities. Biological
Bulletin, 197:292-294.

Evitt, W.R. & Wall, D. 1968. Dinoflagellate studies IV. Theca and cyst of Recent
freshwater Peridinium limbatum (Stokes) Lemmermann. Stanford University
Publications, Geological Sciences, 12(2):1-15.

Fensome, R. A., Taylor, F.J.R., Norris, G., Sarjeant, W.A.S., Wharton, D.I. & Williams,
G.L. 1993. A Classification of Living and Fossil Dinoflagellates.
Micropaleontology Special Publication Number 7.

Fensome, R.A., Riding, J.B. & Taylor, F.J.R. 1996. Dinoflagellates. In Jansonius, J. &
McGregor, D.C. (Eds.). Palynology: principles and applications. Volume 1.
American Association of Stratigraphic Palynologists Foundation, College
Station, Texas, 107-170.

Giblin, A.E. 1990. New England Salt Pond Data Book. Technical Report WHOI-90-21,
Woods Hole Oceanographic Institution, Massachusetts, USA.

141



Gibson, G.R., Bowman, M.L. Gerritsen, J. & Snyder, B.D. 2000. Estuarine and Coastal
Marine Waters: Bioassessment an d Biocriteria Technica | Guidance. EPA 822-
B- 00-024. U.S. Environmental Protection Agency, Office of Water,
Washington, DC.

Gran, H. H. & Braarud, T. 1935. A quantitative study of the phytoplankton in the Bay
of Fundy and the Gulf of Maine (including observations on hydrography,
chemistry and turbidity). Journal of the Biological Board of Canada, 1:279-467.

Haeckel, E. 1894. Systematische Phylogenie. Entwurf eines natiirlichen Systems der
Organismen auf Grund ihrer Stammesgeschichte, I. Systematische Phylogenie
der Protisten und Pflanzen. Berlin, Reimer.

Harland, R. 1983. Distribution maps of Recent dinoflagellate cysts in bottom sediments
from the North Atlantic Ocean and adjacent seas. Palaecontology, 26:321-387.

Harland, R., Pudsey, C.J., Howe, J.A. & Fitzpatrick, M.E.J. 1998. Recent dinoflagellate
cysts in a transect from the Falkland Trough to the Weddell Sea, Antarctica.
Palaeontology, 41:1093—-1131.

Harland, R., Reid, P. C., Dobell, P. & Norris, G. 1980. Recent and sub-Recent
dinoflagellate cysts from the Beaufort Sea, Canadian Arctic. Grana, 19:211-25.

Head, M.J. 1996. Modern dinoflagellate cysts and their biological affinities. In
Jansonius J. & McGregor, D.C. (Eds.). Palynology: principles and applications.
Volume 3. American Association of Stratigraphic Palynologists Foundation,
College Station, Texas, 1197-1248.

Head, M. J., Harland, R. & Matthiessen, J. 2001. Cold marine indicators of the late
Quaternary: the new dinoflagellate cyst genus Islandinium and related
morphotypes. Journal of Quaternary Science, 16:621-636.

Hillaire-Marcel, C., de Vernal, A., Bilodeau, G. & Weaver, A. J. 2001. Absence of
deep-water formation in the Labrador Sea during the last interglacial period.
Nature, 410:1073-1077.

Hoare, R. 1996. WorldClimate, USA Climate Normals. Buttle and Tuttle Ltd,

http://www.worldclimate.com

142



Hsll, C., Zonneveld, K.A.F. & Willems, H. 2000. Organic-walled dinoflagellate cyst
assemblages in the tropical Atlantic Ocean and oceanographical changes over
the last 140 ka. Palaeogeography, Palacoclimatology, Palaeocology, 160:69-90.

Howes, B.L. & Goehringer D.D. 1996. Ecology of Buzzards Bay: an estuarine profile.
National Biological Service Biological Report 31.

Howes, B.L., Williams, T.W. & Rasmussen, M. 1999. Baywatchers II, Nutrient related
water quality of Buzzards Bay embayments: a synthesis of baywatchers
monitoring 1992-1998. The Coalition for Buzzards Bay.

Jacobson, D.M. & Anderson, D.M. 1996. Widespread phagocytosis of ciliates and other
protists by marine mixotrophic and heterotrophic thecate dinoflagellates. Journal
of Phycology, 32:279-285.

Jorgenesen, E. 1900. Protophyten und Protozoén im Plankton aus der norwegischen
Westkiiste. Bergens Museums Aarbok, 1899(6):1-112.

Keller, A.A., Oviatt, C.A., Walker, H.A. & Hawk, J.D. 1999. Predicted impacts of
elevated temperature on the magnitude of the winter—spring phytoplankton
bloom in temperate coastal waters: a mesocosm study. Limnology and
Oceanography, 44:344-57.

Lamontagne, M.G. & Valiela, 1. 1995. Denitrification measured by a direct N2 flux
method in sediments of Waquoit Bay, MA. Biogeochemistry, 31:63-85.
Latimer, J.S., Boothman, B.S., Pesch, C., Chmura, G.L., Pospelova, V. & Jayaraman, J.
(in press). Environmental stress and recovery: the geochemical record of human

disturbance in New Bedford Harbor and Apponagansett Bay, Massachusetts
(USA). The Science of the Total Environment.

Lee, V. 1980. An elusive compromise: Rhode Island coastal ponds and their people:
Coastal Resources Center, University of Rhode Island Marine Technical Report
73, University of Rhode Island, Rhode Island.

Lee, V. & Olsen, S. 1985. Eutrophication and management initiatives for the control of
nutrient inputs to Rhode Island coastal lagoons. Estuaries, 8:191-202.

Lee, V., Emst, L. & Marino, J. 1997. Rhode Island salt pond water quality, salt pond
watchers monitoring data 19851994, well and stream monitoring data 1994.

Rhode Island Sea Grant Publication No. P1470.

143



Lentin, J K. & Williams, G.L. 1993. Fossil dinoflagellates: index to genera and species
1993 edition. American Association of Stratigraphic Palynologists, Contribution
Series 28, Dallas, Texas.

Lewis J. & Dodge, J. D. 1987. The cyst-theca relationship of Protoperidinium
americanum (Gran and Braarud) Balech. Journal of Micropalaeontology,
6(2):113-21.

Marret, F. & de Vernal, A. 1997. Dinoflagellate cyst distribution in surface sediments of

the southern Indian Ocean. Marine Micropaleontology, 29 (3-4):367-392.

Marret, F. & Zonneveld, K. (in press). Atlas of the modern organic-walled
dinoflagellate cyst distribution. Review of Palaecobotany and Palynology.

Matsuoka, K. 1992. Species diversity of modem dinoflagellate cysts in surface
sediments around the Japanese Islands. In Head, M.J. & Wrenn, J.H. (Eds.).
Neogene and Quaternary dinoflagellate cysts and acritarchs. American
Association of Stratigraphic Palynologists Foundation, Dallas, Texas, 33-53.

Matsuoka, K. 1999. Eutrophication process recorded in dinoflagellate cyst assemblages
- a case of Yokohama Port, Tokyo Bay, Japan. The Science of the Total
Environment, 231:17-35.

Matsuoka, K. 2001. Further evidence for a marine dinoflagellate cyst as an indicator of
eutrophication in Yokohama Port, Tokyo Bay, Japan. Comments on a discussion
by B. Dale. The Science of the Total Environment, 264:221-233.

McCleland, J.W. & Valiela, 1. 1996. Changes in food web structure under the influence
of increased anthropogenic nitrogen inputs to estuaries. Marine Ecology
Progress Series, 68:259-273.

McMinn, A. 1989. Late Pleistocene dinoflagellate cysts from Botany Bay, New South
Wales, Australia. Micropaleontology, 35(1):1-9.

McMinn, A. 1990. Recent dinoflagellate cyst distribution in eastern Australia. Review
of Palaeobotany and Palynology, 65:305-310.

McMinn, A. 1991. Recent dinoflagellate cysts from estuaries on the central coast of

New South Wales, Australia. Micropaleontology, 37:269-287.

144



Miller, A.A.L., Mudie, P.J. & Scott, D.B. 1982. Holocene history of Bedford Basin,
Nova Scotia: foraminifera, dinoflagellate, and pollen records. Canadian Journal
Earth Science, 19:2342-2367.

Morzadec-Kerfourn, M.-T. 1989. Autochthonous and allochthonous dinoflagellate cysts
in Pleistocine marine sediments from the West African margin and their
paleoenvironmental significance. Program and abstracts of the fourth
international conference on modern and fossil dinoflagellates. Woods Hole,
Massachusetts, 81.

Mudie, P.J. 1992. Circum-Arctic Quaternary and Neogene marine palynofloras:
paleoecology and statistical analysis. In Head, M.J. & Wrenn, J.H. (Eds.).
Neogene and Quaternary dinoflagellate cysts and acritarchs. American
Association of Stratigraphic Palynologists Foundation, Dallas, Texas, 347-390.

Mudie, P.J. & Harland, R. 1996. Aquatic Quaternary. In Jansonius, J. & McGregor,
D.C. Palynology: principles and applications. Volume 2. American Association
of Stratigraphic Palynologists Foundation, College Station, Texas, 843-877.

Mudie, P.J. & Rochon, A. 2001. Distribution of dinoflagellate cysts in the Canadian
Arctic marine region. Journal of Quaternary Science, 16:603-620.

Mudie, P.J. & Short, S.K. 1985. Marine palynology of Baffin Bay. In Andrews, J. T.
(Ed.). Quaternary Studies of Baffin Island, West Greenland and Baffin Bay.
Allen and Unwin, London, 263-308.Mudie, P.J., Aksu, A.J. & Yasar, D. 2001.
Late Quaternary dinoflagellate cysts from the Black, Marmara and Aegean seas:
variations in assemblages, morphology and paleosalinity. Marine
Micropaleontology, 43:155-175.

Nehring, S. 1997. Dinoflagellate resting cysts from Recent German coastal sediments.

Botanica Marina, 40:307-324.

Neilson, B.J. & Cronin, L.E. 1981. Estuaries and nutrients, Proceedings of an
International Symposium on Nutrient Enrichment in Estuaries. Contemporary
issues in Science and Society, Chesapeake Research Consortium Publication No
90.

Nelson, W.G., Bergen, B.J., Benyi, S.J., Morrison, G., Voyer, R.A., Strobel, C.J., Rego,
S., Thursby, G. & Pesch, C.E. 1996. New Bedford Harbor long-term monitoring

145



Assessment Report: Baseline sampling. Technical Report EPA/600/R-96/097,
U.S. Environmental Protection Agency, National Health and Environmental
Effects Research Laboratory, Atlantic Ecology Division, Narragansett, Rhode
Island.

Nixon, S.W. 1995. Coastal marine eutrophication: A definition, social causes, and
future concerns. Ophelia, 44:199-219.

Nixon, S.W. 1982. Nutrient dynamics, primary production and fisheries yields of
lagoons. Oceanologica Acta, 357-371.

Paerl, H.W. 1988. Nuisance phytoplankton blooms in coastal, estuarine, and inland
waters. Limnology and Oceanography, 33:823-847.

Pascher, A. 1914. Uber Flagellaten und Algen. Berichte der Deutschen Botanischen
Gesellschaft, 36:136-60.

Paulsen, O. 1904. Plankton-investigations in the waters around Iceland in 1903.
Meddelelser fra Kommissionen for Havundersegelser, Serie Plankton, 1(1):1-40.

Paulsen, O. 1907. The Peridiniales of the Danish waters. Meddelelser fra
Kommissionen for Havundersggelser, Serie Plankton, 1(5):1-26.

Pesch, C.E. & Garber, J. 2001. Historical analysis: A valuable tool in community-based
environmental protection. Marine Pollution Bulletin, 42(5):339-349.

Pierce, R W. & Tumer, J.T. 1994. Plankton studies in Buzzards Bay, Massachusetts,
USA. III Dinoflagellates, 1987-1988. Marine Ecology Progress Series, 112:225-
234.

Pospelova, V. & Chmura, G.L. 1998. Moderm distribution of dinoflagellate cysts in
coastal lagoons of Rhode Island, USA. Norges teknisk-naturvitenskapelige
universitet Vitenskapsmuseet, Rapport botanisk serie, 1:122-123.

Pospelova, V. & Head, M.J. 2002. Islandinium brevispinosum sp. nov. (Dinoflagellata),
a new organic-walled dinoflagellate cyst from modern estuarine sediments of
New England (USA). Journal of Phycology, 38(3):593-601.

Pospelova, V., Chmura, G.L. Boothman, W.S. & Latimer, J.S. 2002. Dinoflagellate cyst
records and human disturbance in two neighboring estuaries, New Bedford
Harbor and Apponagansett Bay, Massachusetts (USA). The Science of the Total
Environment, 298(1-3):81-102.

146



Pospelova, V., Chmura, G.L. & Walker, H.A. (in press). Environmental factors
influencing spatial distribution of dinoflagellate cyst assemblages in shallow
lagoons of southern New England (USA). Review of Paleobotany and
Palynology.

Pritchard, D.W. 1967. What is an estuary: physical viewpoint. In Lauff, G.H. (Ed.).
Estuaries. American Association for advancement of Science, Publication 83,
Washington, DC, 3-5.

Pruell, R.J., Norwood, C.B., Bowen, R.D., Boothman, W.S., Rogerson, P.F., Hackett,
M. & Butterworth, B.C. 1990. Geochemical study of sedimentary contamination
in New Bedford Harbor, Massachusetts. Marine Environmental Research,
29:77-101.

Reid, P.C. 1974. Gonyaulacacean dinoflagellate cysts from the British Isles. Nova

Hedwigia, 25:579-637.

Reid, P.C. 1977. Peridiniacean and glenodiniacean dinoflagellate cysts from The British
Isles. Nova Hedwigia, 29:429-463.

Reid, P.C. & Harland, R. 1978. Studies of Quaternary dinoflagellate cysts from the

North Atlantic. American Association Stratigraphic Palynologists, Contribution
Series, 5(A):147-169.

Rochon, A., de Vernal, A., Turon, J.-L., Matthiessen, J. & Head, M. J. 1999.
Distribution of Recent dinoflagellate cysts in surface sediments from the North
Atlantic Ocean and adjacent seas in relation to sea-surface parameters.

American Association of Stratigraphic Palynologists Foundation, Contribution
Series 35, Dallas, Texas.

Roffinoli, R.J. & Fletcher, P.D. 1981. Soil survey of Bristol County, Massachusetts,
southern part. US Department of Agriculture Soil Conservation Service.

Sxtre, M.M.L., Dale, B., Abdullah, M.I. & Satre, G.P.0. 1997. Dinoflagellate cysts as
potential indicators of industrial pollution in a Norwegian fjord. Marine
Environmental Research, 44(2):167-189.

Science Applications International Corporation. 1991. Characterization of pollutant

inputs to Buzzards Bay. Report to U.S. Environmental Protection Agency

147



Buzzards Bay Project. Lloyd Center for Environmental Studies, South
Dartmouth, Massachusetts.

Sheath, R.G. & Harlin, M.M. 1988. Physical and chemical characteristics of freshwater
and marine habitats. In Sheath, R.G. & Harlin, M.M. (Eds.). Freshwater and
marine plants of Rhode Island. Kendall/Hunt Publishing Company, Rhode
Island, 7-19.

Smayda, T.J. 1980. Phytoplankton species succession. In Morris, I. (Ed.). The
physiological ecology of phytoplankton. Blackwell, Oxford, 483-570.

Sommer, U. 1995. An experimental test of the intermediate disturbance hypothesis
using cultures of marine phytoplankton. Limnology and Oceanography,
40(7):1272-1277.

Sonneman, J.A. & Hill, D.R.A. 1997. A taxonomic survey of cyst-producing
dinoflagellates from recent sediments of Victorian coastal waters, Australia.
Botanica Marina, 40:149-177.

Stockmarr, J. 1977. Tablets with spores used in absolute pollen analysis. Pollen et
Spores, 13(4):615-621.

Sullivan, M.J. 1999. Applied diatom studies in estuaries and shallow coastal
environments. In Stoermer, I.F. & Smol, J.P. (Eds.). The diatoms: Applications
for the environmental and earth science. Cambridge University Press.

Summerhayes, C.P., Ellis, J.P. & Stoffers, P. 1985. Estuaries as sinks for sediment and
industrial waste — a case history from the Massachusetts coast. In Fuchtbauer, H.
Lisitzin, A.P., Milliman, J.D. & Siebold, E.(Eds.). Contribution to
sedimentology. Scheweizerbart’sche Verlagsbuchhandlung, Stuttgart, Germany.

Summerhayes ,C.P., Ellis, J.P., Stoffers, P., Briggs, S.R. & Fitzgerald, M.G. 1977. Fine-
grained sediment and industrial waste distribution and dispersal in New Bedford
Harbor and western Buzzards Bay, Massachusetts. Technical Report WHOI-76-
115, Woods Hole Oceanographic Institution, Massachusetts.

Taylor, F.J.R. 1987. The Biology of Dinoflagellates. Botanical Monographs 21,

Blackwell Scientific Publications, Oxford.

148



Taylor, F.J.R. & Pallingher, U. 1987. Ecology of dinoflagellates. In Taylor FIR (Ed.).
The Biology of Dinoflagellates. Botanical Monographs 21, Blackwell Scientific
Publications, Oxford, 399-529.

ter Braak, C.J.F. 1995. Ordination. In Jongman, R.H.G., ter Braak, C.J.F. & van
Tongeren O.F.R. (Eds.). Data analysis in community and landscape ecology.
Cambridge University Press, Cambridge, 91-173.

ter Braak, C.J.F. 1996. Unimodal methods to relate species to environment. Centre for
Biometry Wageningen (DLO Agricultural Mathematics Group), Wageningen,
the Netherlands.

ter Braak, C.J.F. & Prentice, I.C. 1988. A theory of gradient analysis. Advance
Ecologycal Research, 18:271-317.

Thomas, W.H., Hastings, J. & Fujita, M. 1980. Ammonium input to the sea via large
sewage outfalls. 2. Effects of ammonium on growth and photosynthesis of
Southern California, USA on phytoplankton cultures. Marine Environmental
Research, 3:291-296.

Thorsen, T.A. & Dale, B. 1997. Dinoflagellate cysts as indicators of pollution and past
climate in a Norwegian fjord. The Holocene, 7(4):433-446.

Tsirtsis, G. & Karydis, M. 1998. Evaluation of phytoplankton community indices for
determining eutrophic trends in the marine environment. Environmental
Monitoring and Assessment, 50:255-269.

Turmner, J.T., Lincoln, J.A., Borkman, D.G., Gauthier, D.A., Kieser, J.T. & Dunn, C.A.
2000. Nutrients, eutrophication and harmful algal blooms in Buzzards Bay,
Massachusetts. Final Report submitted to Massachusetts Department of
Environmental Protection, Project 99-03/MWI, Massachusetts.

Turon, J.-L. 1984. Le palynoplancton dans I’environnement actuel de 1’ Atlantique nord-
oriental. Evolution climatique et hydrologique depuis le dernier maximum
glaciaire: Doctorat &s sciences thesis, Universit¢ Bordeaux I, Mémoire de
I’Institut de Géologie du Bassin d’Aquitaine 17.

Valiela, I. 1995. Marine ecological processes. Springer, New York.

149



Valiela, I., Foreman, K. & LaMontagne, M. 1992. Coupling of watersheds and coastal
waters: sources and consequences of nutrient enrichment in Waquoit Bay,
Massachusetts. Estuaries, 15:443-457.

Voyer, R.A., Pesch, C.E., Garber, J., Copeland, J., Comeleo, R. 2000. New Bedford
Harbor, Massachusetts: a story of urbanization and ecological connections.
Environmental History, 5(3):352-377.

Wall, D. & Dale, B. 1966. “Living fossils” in western Atlantic plankton. Nature,
211:1025-1026.

Wall, D., Dale, B., Lohmann, G.P. & Smith, W.K. 1977. The environmental and
climatic distribution of dinoflagellate cysts in modern marine sediments from
regions in the North and South Atlantic Oceans and adjacent seas. Marine
Micropaleontology, 2:121-200.

WBNERR. 1996. The ecology of Waquoit Bay National Estuarine Research Reserve.

Waquoit Bay National Estuarine Research Reserve, Waquoit, Massachussets.

150



APPENDIX. TAXONOMY

Division: Dinoflagellata (Biitschli, 1885) Fensome et al., 1993
Subdivision: Dinokaryota Fensome et al., 1993

Class: Dinophyceae Pascher, 1914

Subclass: Gymnodiniphycidae Fensome et al., 1993
Order: Gymnodiniales Apstein, 1909
Suborder: Gymnodiniineae (Autonym)
Family: Gymnodiniaceae (Bergh, 1881) Lankester, 1885
Genus: Gymnodinium von Stein, 1878
Species: Gymnodinium spp. indet. (Plate I, fig. 1)
Family: Polykrikaceae Kofoid & Swezy, 1921
Genus: Polykrikos Biitschli, 1873
Species: Polykrikos kofoidii Biitschli, 1873 ; Polykrikos schwartzii Biitschli,
1873 (Plate I, fig. 2).

Subclass: Peridiniphycidae Fensome et al., 1993

Order: Gonyaucales Taylor, 1980

Suborder: Gonyaulacineae (Autonym)
Family: Gonyaulacaceae Lindeman, 1928
Subfamily: Cribroperidinioideae Fensome et al., 1993
Genus: Lingulodinium Wall 1967 emend. Dodge 1989
Species: Lingulodinium machaerophorum (Deflandre & Cookson, 1955) Wall,
1967 (Plate I, fig. 3)
Genus: Operculodinium Wall 1967 emend. Matsuoka et al., 1997
Species: Operculodinium centrocarpum sensu Wall & Dale, 1966 (Plate I, figs.
4-5); Operculodinium centrocarpum sensu Wall & Dale, 1966 var. truncatum
(Plate 1, fig. 6); Operculodinium israelianum (Rossignol, 1962) Wall, 1967
(Plate I, fig. 7)
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Subfamily: Gonyaulacoideae (Autonym)

Genus: Impagidinium Stover & Evitt, 1978

Genus: Nematosphaeropsis Deflandre & Cookson, 1955 emend. Wrenn, 1988

Species: Nematosphaeropsis spp. indet. (Plate I, figs. 8-9)

Genus: Spiniferites Mantell, 1850 emend. Sarjeant, 1970

Species: Spiniferites bentorii (Rossignol, 1964) Wall & Dale, 1970 (Plate II,

figs. 2-3); Spiniferites elongatus Reid, 1974 (Plate II, fig. 4); Spiniferites

membranaceus (Rossignol, 1964) Sarjeant, 1970 (Plate II, figs. 5-6); Spiniferites

cf. delicatus (Plate 11, fig. 7); Spiniferites spp. indet. (Plate II, figs. 8-9; Plate III,

fig. 1)

Genus: Tectatodinium Wall, 1967 emend. Head, 1994

Species: Tectatodinium pellitum Wall, 1967 emend. Head, 1994 (Plate 111, fig. 2)
Suborder: Goniodomineae Fensome et al., 1993

Family: Goniodomaceae Lindemann, 1928

Subfamily: Helgolandinioideae Fensome et al., 1993

Genus: Alexandrium Halim, 1960 emend. Balech, 1990

Species: Alexandrium tamarense (Lebour, 1925) Balech 1990 (Plate III, figs. 3-

4)

Genus: Tuberculodinium Wall, 1967

Species: Tuberculodinium vancampoae (Rossignol, 1962) Wall, 1967 (Plate IlI,

fig. 5)

Order: Peridiniales Haeckel, 1894
Suborder: Peridiniineae (Autonym)
Family: Peridiniaceae Ehrenberg, 1831
Subfamily: Calciodinelloideae Fensome et al., 1993
Genus: Pentapharsodinium Indelicato & Loeblich III, 1986 emend. Montresor et
al., 1993
Species: Pentapharsodinium dalei Indelicato & Loeblich III, 1986 (Plate 111, fig,
6)
Family: Protoperidiniaceae Balech, 1988
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Subfamily: Diplopsalioideae Abe, 1981

Genus: Dubridinium Reid, 1977

Species: Dubridinium spp. indet. (Plate III, figs. 7-9)

Subfamily: Protoperidinioideae Balech, 1988

Genus: Brigantedinium Reid, 1977 ex Lentin & Williams, 1993

Species: Brigantedinium cariacoense (Wall, 1967) Lentin & Williams, 1993
(Plate IV, fig. 1); Brigantedinium simplex Wall, 1965 ex Lentin & Williams,
1993 (Plate 1V, fig. 2); Brigantedinium spp. indet.

Genus: Islandinium Head et al., 2001

Species: Islandinium brevispinosum Pospelova et Head, 2002 (Plate IV, fig. 3);
Islandinium? cezare Head et al., 2001 (Plate IV, fig. 4); Islandinium minutum
Head et al., 2001 (Plate IV, fig. 5)

Genus: Lejeunecysta Artzner & Dorhofer, 1978 emend. Lentin & Williams,
1996

Species: Lejeunecysta oliva (Reid, 1977) Turon & Londeix, 1988 (Plate IV, fig.
6); Lejeunecysta sabrina (Reid, 1977) Bujak, 1984

Genus: Protoperidinium Bergh, 1881

Species: Protoperidinium minutum (Kofoid, 1907) Loeblich, 1970 (Plate IV, fig.
7); Protoperidinium oblongum (Aurivillius, 1898) Cleve, 1990 (Plate IV, fig. 8);
Protoperidinium spp. indet. (Plate IV, fig. 9)

Genus: Quinquecuspis Harland, 1977

Species: Quinquecuspis concreta (Reid, 1977) Harland, 1977 (Plate V, fig. 1)
Genus: Selenopemphix Benedek, 1972 emend. Head, 1993

Species: Selenopemphix nephroides Benedek, 1972 emend. Bujak in Bujak et
al., 1980 (Plate V, fig. 2); Selenopemphix quanta (Bradford, 1975) Matsuoka,
1985 (Plate V, fig. 3)

Genus: Stelladinium Bradford, 1975

Species: Stelladinium stellatum (Wall in Wall & Dale, 1968) Reid, 1977 (Plate
V, fig. 4)

Genus: Trinovantedinium Reid, 1977
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Species: Trinovantedinium applanatum (Bradford, 1977) Bujak & Davies, 1983
(Plate V, fig. 5)

Genus: Votadinium Reid, 1977

Species: Votadinium calvum Reid, 1977 (Plate V, fig. 6); Votadinium spinosum
Reid, 1977 (Plate V, fig. 7)

Cyst type E (Plate V, figs. 8-9)

Genus: Peridinium Ehrenberg, 1830

Species: Peridinium wisconsinense Eddy, 1930
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PLATE |

Plate I. Photomicrographs are bright field images. Scale bar 10 pm.

1.Gymnodinium spp., NBH325, slide x, W53/2, lateral surface.

2. Polykrikos schwartzii, NBH346, slide 1,029/3, equatorial view.

3. Lingulodinium machaerophorum, NBH247, slide 1,L391/2, orientation uncertain.

4-5. Operculodinium centrocarpum sensu Wall & Dale (1966), NBH325, slide 1, M51/4,

dorsal surface (4); NBH325, slide 1, dorsal surface (5).

6. Operculodinium centrocarpum var. truncatum, NBH204, slide 2,558/3, orientation uncertain.
7.Operculodinium israelianum, AB2, slide 1,R41/1,dorsal surface.

8-9. Nematosphaeropsis spp.indet, CPE, slide 1,V38/0, optical section (8), ventral surface (9).



PLATE I

Plate Il. Photomicrographs are bright field images. Scale bar, 10 um.

1-3. Spiniferites bentorii, CPC, slide 1,V38/0, lateral surface (1); NBH317,slide 2, optical
section (2), ventral surface (3).

4.Spiniferites elongatus, NBH325, slide 1, X36/1, ventral surface.

5-6. Spiniferites membranaceus, NBH236, slide 1, optical section (5); AB5, slide 3, optical
section.

7. Spiniferites cf. delicatus, NBH324, slide 2, optical section.

8-9. Spiniferites spp.indet, NBH325, slide 1, lateral surface (8); NBH204, slide 1, optical
section (9).



PLATE I

Plate Ill. Photomicrographs are bright field images. Scale bar, 10 pm.

1. Spiniferites spp.indet, CPG, slide 1, optical section.

2. Tectatodinium pellitum, CPE, slide 1,X48/1,dorsal surface.

3-4. Alexandrium tamarense, NBH247,slide 1, optical section; NBH247, slide 2, optical
section.

5. Tuberculodinium vancampoae, NBH317, slide 1,T43/1, apical surface.

6. Pentapharsodinium dalei, CPE, slide 1,F613/4, optical section.

7-9. Dubridinium spp.indet, NBH324, slide 1,D38/1, apical view (7); CPB, slide 2, apical
surface (8); NBH236, slide 4, apical surface (9).



PLATE IV

& b

i

Plate IV.Photomicrographs are bright field images. Scale bar, 10 um.

1. Brigantedinium cariacoense, CPG, slide 1,F55/4, lateral surface.
2.Brigantedinium simplex, NBH325, slide 1,L51/1,dorsal surface.
3.Islandinium brevispinosum, CPG, slide 1,D48/4, orientation uncertain.
4.Islandinium? cezare, NBH204, slide 1, orientation uncertain.
5.Islandinium minutum,NBH317, slide 1,F41/4, optical section.

6. Lejeunecysta oliva, CPC, slide 1,V56/4, dorsal surface.

7. Protoperidinium minutum, CPE, slide 1,T46/2, orientation uncertain.
8. Protoperidinium oblongum, CPG, slide 2, dorsal surface.

9. Protoperidinium spp.indet, NBH325, slide 2, orientation uncertain.



PLATE V

Plate V.Photomicrographs are bright field images. Scale bar, 10 um.
1. Quinquecuspis concreta, NBH324, slide 2,N51/1, ventral surface.
2. Selenopemphix nephroides, CPE, slide 1,C49/0, apical surface.

3. Selenopemphix quanta, NBH346, slide 1,X58/4, apical surface.

4. Stelladinium stellatum, CPC, slide 1,Y59/2, dorsal surface.

5. Trinovantedinium applanatum, CPG, slide 1,062/3, dorsal surface.
6. Votadinium calvum,NBH317,slide 1, dorsal surface.

7.Votadinium spinosum, CPG, slide 1,062/3, dorsal surface.

8-9. Cyst type E, CPC, slide 2, dorsal surface (8), ventral surface (9).



