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Abstract. Both marine dinoflagellate cysts and terrestrially derived pollen and spores are abundant in coastal
sediments close to river mouths, making sediment records from such settings ideal to simultaneously study land–
ocean climate interactions, marine productivity patterns and freshwater input over time. However, few studies
consider the combined calibration of these palynological proxies in modern coastal sediments offshore from
rivers, which is needed to strengthen the interpretation of paleoreconstructions. Here, we analyze the palyno-
logical content of marine surface sediments along land–sea transects off the Mississippi and Atchafalaya river
mouths in the northern Gulf of Mexico (GoM) and test three palynological indices which are often employed
in the paleo-domain: (i) the abundance of cysts of heterotrophic and autotrophic dinoflagellates (dinocysts) as a
tracer for primary productivity (H/A ratio) and (ii) the ratio between non-bisaccate pollen and bisaccates (P/B)
as well as (iii) the ratio between pollen (excluding bisaccates) and dinocysts (P/D), which are both tracers for
river input and distance to the coast.

Our results show that dinoflagellate cysts are most abundant on the shelf, where heterotrophic dinocyst species
dominate coastal assemblages in reach of the river plume, while autotrophic taxa are more present in the olig-
otrophic open ocean. This is clearly reflected in decreasingH/A values further offshore. Individual dinocyst taxa
also seem to inhabit specific niches along an onshore–offshore transect, linked to nutrient availability and prox-
imity to the turbid river plume. The highest pollen concentrations are found close to the Mississippi river mouth
and mostly represent a mixture of local coastal and upstream vegetation, whereas bisaccate pollen was most
abundant further offshore of the Mississippi river. Multivariate redundancy analysis (RDA) performed on both
pollen and dinocyst assemblages, a set of environmental parameters, and the three palynological ratios showed
that net primary productivity was the most important variable influencing the dinocyst assemblages, likely as
the result of nutrient input. Additionally, the RDA confirmed that the H/A ratio indeed seems to track primary
productivity, while the P/B ratio results in a robust indicator for distance to the coast, and the P/D ratio better
reflects river input. Together, our data confirm and further specify the suitability of these three palynological
ratios in river-dominated coastal margins as proxies for (past) marine productivity and distance to the coast and
river.
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1 Introduction

Palynology involves the study of organic-walled aquatic
(e.g., dinoflagellate cysts, green algae, tintinnids, copepod
eggs, foraminifer linings) and terrestrial (primarily pollen,
spores, fungi) remains and is a powerful tool in paleoclimate
reconstructions (Dale, 1996; McCarthy and Mudie, 1998;
Pross and Brinkhuis, 2005; de Vernal, 2009; Birks, 2019).
Coastal sediments usually contain both dinoflagellate cysts
and pollen in sufficient amounts to allow simultaneous in-
vestigation of (past) climatic and environmental changes in
both the marine and terrestrial realms (Sangiorgi and Don-
ders, 2004; Donders et al., 2018; Mudie et al., 2021). About
∼ 15 % of the dinoflagellates, one of the major groups of pri-
mary producers in modern oceans (Hoppenrath et al., 2009),
form organic-walled cysts (dinocysts) during their lifecy-
cle, which can be preserved in sediments for millions of
years (Head, 1996). Since dinoflagellates are distributed in
the upper water column according to environmental parame-
ters such as salinity, temperature, nutrients, and productiv-
ity as well as the presence of sea ice, their cysts occupy
distinct niches in the modern ocean such as upwelling sys-
tems, lagoonal environments, sea-ice-dominated zones, and
oligotrophic open ocean waters (Rochon et al., 1999; Zon-
neveld et al., 2013; Marret et al., 2019; de Vernal et al.,
2020; Thöle et al., 2023). Furthermore, dinoflagellate taxa
have different feeding strategies (autotrophic, heterotrophic,
and mixotrophic; Jeong et al., 2010). While autotrophs pro-
duce energy by photosynthesis, heterotrophs are zooplankton
that graze on diatoms, bacteria, and other dinoflagellates (Ja-
cobson and Anderson, 1986). Therefore, cysts of autotrophic
and heterotrophic dinoflagellates have been used to investi-
gate nutrient availability, annual productivity, and (cultural)
eutrophication in the present and in the past (Sangiorgi and
Donders, 2004; Radi and de Vernal, 2008; Dale, 2009; Zon-
neveld et al., 2009; Limoges et al., 2013).

Similarly, coastal sediments contain abundant pollen and
spores that are derived from terrestrial higher plants and are
transported to the marine environment via wind and rivers
(Mudie and McCarthy, 1994; Cohen et al., 2014). Several
studies have shown that pollen assemblages from marine
sediments provide an accurate representation of the regional
flora (Muller, 1959; Groot and Groot, 1966; Mudie, 1982;
Hooghiemstra, 1988), and therefore, pollen stored in marine
sediment cores has been used to reconstruct past vegetation
changes (e.g., Mudie and McCarthy, 1994; Hooghiemstra et
al., 2006; Zwiep et al., 2018). In river-dominated coastal ar-
eas, fluvial transport acts as the main input of pollen and
spores, resulting in high pollen concentrations and richer as-
semblages close to the river mouth (Heusser, 1978; Beau-
douin et al., 2007). However, rivers can transport pollen
from throughout their drainage basin and thus likely carry
a mixed signal of several upstream sources that can poten-
tially overprint local, near-shore vegetation signals (Chmura
et al., 1999). Changes in the provenance of pollen may thus

partially alter the reliability of paleoreconstructions based on
pollen assemblages in river-dominated continental-margin
sediments, although this still allows the use of pollen as an
indication of terrestrial and/or riverine input (Heusser, 1978;
Chmura and Liu, 1990).

Several ratios based on pollen and/or dinocysts have been
applied to coastal marine sediment archives to reconstruct
marine productivity and terrestrial input (Iria et al., 2023).
For example, the ratio of heterotrophic dinocysts over au-
totroph dinocysts (H/A ratio) has been used to recon-
struct paleoproductivity, based on the observation that het-
erotrophic taxa are often more abundant in nutrient-rich wa-
ters (Bujak, 1984; McCarthy and Mudie, 1998; Pieńkowski
et al., 2011; van Helmond et al., 2015; Zwiep et al., 2018).
However, since heterotrophic and autotrophic dinocysts have
different preservation potentials, this ratio should be care-
fully examined – especially in low-oxygen zones, where
the proxy can be influenced by this preservation bias (Zon-
neveld et al., 2001; Versteegh et al., 2010). Next, the ra-
tio of non-bisaccate pollen over bisaccate pollen (P/B ra-
tio) utilizes the assumption that bisaccate pollen (mainly de-
rived from the genus Pinus) is relatively more abundant off-
shore in marine environments – compared to other morpho-
logical pollen types – as a result of its higher susceptibil-
ity to airborne transport (Mudie, 1982; Heusser, 1988), also
known as the Neves effect (Chaloner and Muir, 1968). Since
non-bisaccate pollen is mainly fluvially transported in river-
dominated coastal zones, its abundance usually decreases
further offshore (Muller, 1959; Heusser, 1983; Rochon and
Vernal, 1994). Therefore, the P/B ratio can be used to re-
construct distance from the coast and/or river. Similarly, the
ratio between pollen grains and dinocysts (P/D ratio) can
trace river input and has also been used as an indicator for ter-
restrial input, distance from the coast, and relative sea level
change (McCarthy and Mudie, 1998; Munoz Sobrino et al.,
2012; Li et al., 2017; Donders et al., 2018). For example,
the P/D ratio has been used as an indication of river input
through the Quaternary (e.g., McCarthy and Mudie, 1998;
Leroy et al., 2007; Mudie et al., 2021). The use of this ra-
tio as an indicator for terrestrial influence was justified by
a study that showed a decrease in pollen vs. dinocyst ra-
tio offshore from the St. Lawrence Estuary, coinciding with
an increase in δ13Corg, indicating the shift in organic mat-
ter source from terrestrial to marine along the transect (De
Vernal et al., 1991). However, the use of a modern calibra-
tion dataset that tests these indices is still limited, especially
in river-dominated coastal margins along a land–sea transect
(Coussin et al., 2022; Iria et al., 2023). It is, therefore, impor-
tant to understand the occurrence and spatial distribution of
pollen and dinocysts in the modern environment.

Here, we aim to test the applicability of these ratios in
the northern Gulf of Mexico, a river-dominated continen-
tal margin fed by the Mississippi–Atchafalaya river system
(MAR). The MAR transports large amounts of terrestrial or-
ganic matter and nutrients, in turn fueling primary produc-
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Table 1. List of frequently used abbreviations.

List of abbreviations Code

Heterotroph / autotroph ratio H/A ratio
(Non-bisaccate) pollen / bisaccate ratio P/B ratio
(Non-bisaccate) pollen / dinocyst ratio P/D ratio
Gulf of Mexico GoM
Mississippi–Atchafalaya river system MAR
Mississippi river MR
Atchafalaya river AR
Redundancy analysis RDA
Sea surface temperature SST
Sea surface salinity SSS
Dissolved oxygen DO
Net primary productivity NPP

tion on the Louisiana shelf (Lohrenz et al., 1990, 1999; Ra-
balais et al., 2007). The northern Gulf of Mexico (GoM)
hosts many specific microenvironments, as it is characterized
by freshwater, nutrient, and suspended-sediment input from
the MAR, as well as the influence of warm, saline waters
from the Loop Current. Previous studies of this area report
high dinocyst diversity and have also labeled the GoM as a
glacial refugium for species previously thought extinct, such
as Melitasphaeridium choanophorum (Limoges et al., 2013;
Price et al., 2017). The presence of both pollen and dinocysts
in the sediments of the northern GoM makes this location
ideal to study the palynological proxies based on these pa-
lynomorphs. Both modern pollen and dinocyst assemblages
have previously been studied in the northern Gulf of Mex-
ico (Chmura and Liu, 1990; Chmura et al., 1999; Edwards
and Willard, 2001; Limoges et al., 2013, 2014; Price et al.,
2017, 2018; Yedema et al., 2023), although most of these
studies have focused on only one group of palynomorphs,
i.e., either pollen or dinocysts, and thus lack the combined
approach that can strengthen paleoreconstructions by link-
ing environmental changes on land and in the ocean. For ex-
ample, Limoges et al. (2013) report concentrations of both
palynomorphs but do not differentiate between pollen taxa,
while the work by Edwards and Willard (2001) also includes
both but is limited to the shallow waters of the Mississippi
Sound and therefore lacks the offshore aspect to test these
proxies. Therefore, we analyzed here the palynological con-
tent of marine surface sediments along two land–sea (coast
to offshore) transects and one longitudinal transect following
the MAR plume west along the coast of the northern GoM
(Fig. 1). We then tested the suitability of the aforementioned
palynological ratios (H/A, P/D, P/B) as (paleo)proxies for
marine productivity, river influence, and coastline variability
induced by sea level fluctuations by performing a redundancy
analysis on the palynological ratios, the dinocyst and pollen
assemblages, and a suite of environmental parameters. Ta-
ble 1 reports the list of frequently used abbreviations to facil-
itate readability of the text.

2 Methods

2.1 Study site

The northern GoM is heavily influenced by freshwater, nutri-
ent, and sediment inputs from the MAR, which cover a dis-
charge area of 3.3× 106 km2 (Milliman and Syvitski, 1992).
These rivers discharge on average 22 400 m3 of water per
second into the northern GoM, from which 70 % is directed
through the Mississippi river (MR) channel, while 30 % of
the outflow enters the GoM via the Atchafalaya river (AR;
Reuss, 2004). Upon discharge, surface winds generally di-
rect the MR plume westwards along the Louisiana shelf,
while storm events or cold fronts can cause offshore disper-
sal of plume waters (Cochrane and Kelly, 1986; Walker et
al., 2005). The size of the sediment plume is dependent on
river discharge and covers 92 km2 during low river discharge
while reaching an extent of> 2700 km2 during high river dis-
charge in spring (Walker et al., 2005). During easterly winds,
the river plume generally reaches until the shelf break (100 m
isobar), while enhanced offshore transport of shelf waters oc-
curs during southwesterly winds (Schiller et al., 2011). Here,
circulation from the Loop Current, which carries warm wa-
ters from the Caribbean, disperses the plume waters further
offshore.

The MAR carries nutrient-rich waters, which upon dis-
charge fuel algal blooms, eventually leading to the forma-
tion of a seasonal hypoxic zone (Rabalais et al., 2002). This
process was accelerated in the last decades in response to in-
creased nutrient use in agriculture (Tian et al., 2020). The
hypoxic zone (< 2 mg L−1 oxygen concentrations), which
forms during summer months, has been monitored since
the 1970s and has put major ecologic and economic stress
on the area (Rabalais and Turner, 2019). Due to the warm,
nutrient-rich waters, primary productivity is high on the
shelf (Lohrenz et al., 1999), where also high abundances of
dinocysts are found (Price et al., 2018; Yedema et al., 2023).

Vegetation in the MAR catchment is diverse and includes
vast grasslands and hardwood forests (e.g., Delcourt and Del-
court, 1984, 1996; Barbour and Billings, 2000). The terres-
trial coastal zone of Louisiana is characterized by exten-
sive wetlands (Coleman et al., 1998), where freshwater to
saline swamps and marshes occur (Fig. 1). These swamps
and marshes are typically characterized by vegetation like cy-
press (Taxodium), cattail (Typha), grasses (Poaceae and Cla-
dium and other Cyperaceae), willows (Salix), tupelo (Nyssa),
herbs like Amaranthaceae and Asteraceae and other swamp
and marsh taxa. Along the shore, red mangrove (Rhizophora)
and saltwort (Batis) taxa are also present. In the last decades,
coastal erosion, sea level transgressions, hurricane activity,
and human activities have exerted more stress on the rapidly
declining wetland areas and caused a gradual change from
fresh to intermediate and brackish marshes (Couvillion et al.,
2011). More inland, forests are more abundant, and vegeta-
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Figure 1. (a) Ecoregions in the lower Mississippi basin. Main forest types along the Mississippi river include oak–hickory (Quercus–Carya)
forests, loblolly–shortleaf pine (Pinus taeda, P. echinate) forests, and longleaf–slash pine vegetation (P. palustris, P. elliottii). Ecoregions were
adapted from Omernik and Griffith (2014) and the National Forest Type Dataset (USDA). (b) Locations of the surface sediments collected
from the northern Gulf of Mexico. Sediments were retrieved from three transects: the Mississippi transect (red dots), the Atchafalaya transect
(yellow dots), and a transect along the Louisiana shelf (blue dots). Vegetation types of coastal Louisiana derived from Nyman et al. (2021).

tion includes Pinus, Quercus, Carya, Liquidambar, Morella,
Morus, Betula, Acer, and Ulmus.

2.2 Sediment collection

Sediment samples were collected during a cruise to the north-
ern Gulf of Mexico with the RV Pelagia in February 2020. In
total, 21 multicores containing the sediment–water interface
were retrieved, along land–sea transects from the Mississippi
(15–600 m water depth) and Atchafalaya rivers (15–3200 m
water depth) and a cross-shelf transect on the Louisiana shelf
(20 m water depth) following the river plume. During sam-
pling, on-board O2 micro-profiling revealed bottom water
oxygen concentrations of 40–100 mg L−1 for all sites. Sta-
tion names for the MR and AR transects refer to their transect
and the water depth (Fig. 1). Similarly, the station names of
the shelf transect also indicate the water depth. Sediments
were subsampled in 0.5–1 cm slices on board and stored

at 4 ◦C before palynological processing. Surface sediments
used for this study represent the upper 2 cm. 210Pb analy-
sis for the 80b and M100 multicores indicate sedimentation
rates on the order of 0.5–1 cm yr−1 for the continental shelf
and river mouth samples (Yedema et al., 2023).

2.3 Palynological analysis

Surface sediments (∼ 20 g dry weight) were processed fol-
lowing the standard palynological technique and method of
Wood et al. (1996). A tablet of Lycopodium clavatum spores
(containing 19 866 spores) was added to the samples prior to
processing, enabling the calculation of the palynomorph con-
centrations according to Benninghoff (1962). Samples were
treated with 10 % and 30 % HCl and 40 % cold HF to dissolve
carbonates and silicates, respectively. Coarse and fine frac-
tions were removed by sieving with a 250 and 10 µm mesh.
The residues were mixed with glycerin jelly and mounted
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on a microscope slide. Dinocyst and pollen (excluding bisac-
cates) counts contained 116–245 (median 202) and 186–
300 (median 256) specimens per sample and were counted
using a light microscope with 400× magnification. Tax-
onomy follows Williams et al. (2017), and dinocysts were
identified using Rochon et al. (1999) and Zonneveld and
Pospelova (2015). Pollen and spore identification was done
using the atlas of Lieux (1980) and Willard et al. (2004). Ju-
niperus and Taxodium, both part of the Cupressaceae family,
were distinguished based on the presence of a ligula in Tax-
odium pollen. Since Pinus pollen is often dominant in pollen
assemblages and is more likely to be transported via wind
(Rochon and Vernal, 1994; Mudie and McCarthy, 1994), it
has not been included in the total pollen sum nor in the
P/D ratio. Relative abundances are calculated from the total
dinocyst and pollen sums, while absolute abundances are pre-
sented in cysts and pollen per gram sediment. TheH/A ratio
is calculated as the total number of cysts produced by het-
erotrophic dinoflagellates (H ) divided by the total dinocysts
counted (H +A), i.e., as a percentage of heterotrophic cysts
in the assemblage. Similarly, the P/B is calculated as a
percentage of the total quantity of non-bisaccate pollen and
spores (P ) divided by the total pollen (P+B), while the P/D
ratio is defined as the total quantity of non-bisaccate pollen
and spores (P ) divided by the total dinocyst count (D) (in
percent). The slides are stored at the slide repository of MPP
Utrecht.

2.4 Environmental variables and statistical analysis

Data on the sea surface temperature (SST), sea surface
salinity (SSS), surface dissolved oxygen (DO), and nutri-
ent concentrations (nitrate, phosphate, silicate) were ob-
tained from the World Ocean Atlas 2018 (Zweng et al.,
2019; Garcia et al., 2019a, b) for both annual and seasonal
timescales. Net primary productivity (NPP) data were down-
loaded from the Oregon State University website for the
period of 2010–2020 (http://orca.science.oregonstate.edu/
2160.by.4320.monthly.xyz.vgpm.m.chl.m.sst.php, last ac-
cess: 21 November 2023). Here, primary productivity is
calculated using the vertical generalized production model
(VGPM) developed by Behrenfeld and Falkowski (1997),
which uses chlorophyll a data from NASA’s Moderate Res-
olution Imaging Spectroradiometer (MODIS) program. Geo-
chemical data (total organic carbon, TOC; δ13Corg; C/N ra-
tio) were derived from Yedema et al. (2023). Distance to the
coast and Mississippi and Atchafalaya rivers was calculated
in kilometers using Google Earth Pro software. Water depth
was measured on board during the cruise.

We performed multivariate analysis using the R vegan
package 2.6–4 (Oksanen et al., 2013) to interpret the species
distributions in the dataset. Pollen and dinocyst species that
reached > 3 % and > 5 % of the total assemblage, respec-
tively, as well as the palynological ratios were considered for
analysis. The species data were first transformed by perform-

ing a square-root transformation (Legendre and Birks, 2012).
A preliminary detrended correspondence analysis (DCA) re-
sulted in a first gradient of < 1 SD (Hill and Gauch, 1980),
justifying the use of a redundancy analysis (RDA) for the
constrained ordination. All environmental variables were
log-transformed to ensure they show a unimodal distribution.

3 Results

3.1 Palynological assemblages

3.1.1 Marine assemblages

Surface sediments of the northern GoM contained well-
preserved marine and terrestrial palynomorphs. Besides
dinocysts, pollen, and spores, several other palynomorphs
including foraminifera lining, copepod eggs, Concentri-
cystes, and green algae like Pediastrum and Botryococ-
cus were found. Most of these palynomorphs were present
in low abundances except for the foraminifer linings
and copepod eggs, which reached the highest abundances
along the Atchafalaya transect. The total concentration of
dinocysts ranged from 230–3600 cysts g−1 and was high-
est on the Louisiana shelf (Fig. 2a). Close to shore, as-
semblages were characterized by high amounts of the het-
erotrophic taxa Brigantedinium spp. (up to 47 %), cysts of
Polykrikos spp. (0 %–38 %), Echinidinium spp., (2 %–13 %),
cysts of Archaeperidinium minutum (0 %–11 %), and Se-
lenopemphix quanta (0 %–9 %) (see Table 2 and Fig. A1).
Dominant autotrophic taxa near the MR mouth include
Lingulodinium machaerophorum (0 %–12 %) and diverse
Spiniferites species (including S. ramosus, S. hyperacanthus,
and S. mirabilis; 2 %–10 %). Other taxa that reach abun-
dances > 5 % here include Polysphaeridium zoharyi, Dap-
silidinium pastielsii, Gymnodinium microreticulatum, Leje-
unecysta sabrina, and Trinovantedinium pallidifulvum (cysts
of Protoperidinium pallidifulvum; Mertens et al., 2017).

Further offshore, dinocyst concentrations decreased to
600 cysts g−1 at A600 (Fig. 1) and were dominated by au-
totrophic species: Spiniferites species (7 %–37 %, mainly S.
ramosus), cysts of Pentapharsodinium dalei (1 %–19 %), Im-
pagidinium species (1 %–12 %, mainly I . aculeatum and
I . striatum), L. machaerophorum (1 %–10 %), Operculo-
dinium centrocarpum (0 %–8 %), and P . zoharyi (0 %–10 %)
(Fig. 3). Brigantedinium spp. was also abundant here (7 %–
39 %). At the westernmost shelf (site 20f), dinocyst con-
centrations were the lowest (230 cysts g−1), and the assem-
blages were characterized by high amounts of Selenopem-
phix spp.; Brigantedinium spp.; T. pallidifulvum; and round,
brown cysts that were often folded and degraded. Further-
more, low occurrences of Melitasphaeridium choanophorum
were found throughout the transects, without a clear spa-
tial trend. An overview of dinocyst percentages is listed in
Fig. A1.
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Table 2. List of selected (> 5 %) dinoflagellate taxa and their abbreviations used in the RDA. Their trophic level (A: autotrophic; H: het-
erotrophic) and their occurrence in the number of samples as a percentage are listed.

Taxa name Code Trophic Number of Percentage
level samples range (%)

Dapsilidinium pastielsii Daps A 13 0 %–5.5 %
Gymnodinium microreticulatum Gmicr A 11 0 %–5.5 %
Impagidinium aculeatum Imacu A 6 0 %–8 %
Total Impagidinium T.Im A 13 0 %–12 %
Lingulodinium machaerophorum Lmach A 20 0 %–12 %
Operculodinium centrocarpum Ocen A 19 0 %–8 %
Cysts of Pentapharsodinium dalei Pdal A 21 0.5 %–19 %
Polysphaeridium zoharyi Pzoh A 20 0 %–10 %
Spiniferites ramosus Sram A 20 0 %–22 %
Spiniferites spp. Sspi A 18 0 %–6 %
Total Spiniferites T.Spi A 21 1 %–37.5 %
Cysts of Archaeperidinium minutum Armin H 20 0 %–14.5 %
Brigantedinium spp. Brig H 21 7 %–47 %
Round, brown cysts RBC H 12 0 %–14.5 %
Echinidinium spp. Echn H 20 0 %–13 %
Lejeunecysta sabrina Lsab H 13 0 %–6.5 %
Cysts of Polykrikos kofoidii and Polykrikos schwartzii Poly H 16 0 %–38 %
Selenopemphix nephroides Sene H 20 0 %–5 %
Selenopemphix quanta Squa H 15 0 %–9 %
Trinovantedinium pallidifulvum Tpal H 11 0 %–7.5 %

Figure 2. Isosurface plots showing concentrations (cysts or grains g−1) of (a) dinoflagellate cysts, (b) bisaccate pollen, and (c) non-bisaccate
pollen in the northern Gulf of Mexico.

3.1.2 Terrestrial assemblages

The pollen assemblages were mainly dominated by Pi-
nus pollen, which had the highest absolute abundances
in the deeper waters of the MR transect (Fig. 2b).
Total pollen concentrations, including bisaccate pollen,
ranged from 750 grains g−1 at the western shelf to
9500–25 000 grains g−1 along the MR transect. Non-
bisaccate pollen concentrations showed a decreasing trend
with the highest concentrations near the MR mouth
(20 000 grains g−1) and lowest concentrations in deeper wa-
ters (∼ 940 grains g−1 at site A3200; Fig. 2c). The relative
abundances of pollen taxa vary spatially (Fig. 4). Of the non-
bisaccate pollen, Quercus was most abundant in the assem-
blages (21 %–41 %). Close to shore, the main pollen taxa

were Amaranthaceae (5 %–16 %), Asteraceae subf. Aster-
oideae (5 %–11 %), Poaceae (3 %–7 %), Cyperaceae (1 %–
6 %), Ambrosia (2 %–7 %), Juniperus (1 %–6 %), Taxodium
(1 %–5 %), Carya (1 %–5 %), Typha (1 %–5 %), and Ulmus
(0 %–4 %) (Table 3). The offshore assemblages also con-
tain abundant Quercus (22 %–40 %), as well as Cyperaceae
(7 %–11 %), Amaranthaceae (2 %–10 %), Poaceae (2 %–
8 %), Asteraceae subf. Asteroideae (2 %–6 %), Juniperus
(1 %–6 %), Taxus (1 %–4 %), Typha (0 %–4 %), and high
abundances of fern spores (2 %–19 %). Taxa that generally
occur in upland or montane regions of the US are grouped to-
gether in Fig. 4e and include Abies, Picea, Tsuga, Taxus, and
Tilia. Other taxa that occur in smaller (≤ 3 %) abundances
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in the northern GoM include Betula, Alnus, Fraxinus, Liq-
uidambar, Salix, Artemisia, Morella, and Nyssa (Fig. A2).

The spatial distribution of dinocysts and pollen is captured
in the palynological ratios (Fig. 5). On the shelf and close
to the river mouths, heterotrophic dinocyst taxa dominated
the assemblages, while autotrophic taxa were dominant fur-
ther offshore. This is reflected in the H/A ratio, with the
highest values on the shelf (64 %–83 %) and along the MR
transect (64 %–77%; Fig. 5a). The H/A ratio decreases off-
shore from the AR transect to 43 %, with the lowest values
found on the shelf break (13 %). The P/B ratio (Fig. 5b)
decreases from 81 %–63 % on the shelf, 70 %–39 % on the
AR transect, and 81 %–45 % on the MR transect. The high-
est values were found near the mouths of the MAR, while
the lowest values occurred towards the open ocean. Finally,
the P/D ratio decreased similarly (Fig. 5c). High values of
72 %–92 % were found along the MR transect, with a de-
creasing trend towards the shelf (71 %–53 %) and offshore
from the AR transect (65 %–43 %).

3.2 Ordination analysis

An RDA was performed on the pollen and dinocyst assem-
blages, including the palynological ratios (Fig. 6). The con-
strained axes are representative of 91.9 % of the total vari-
ance, where the first two constrained RDA axes explain
44.9 % and 12.3 %, respectively. On RDA1, the net pri-
mary productivity has a negative score, as do the nutrient
concentrations of nitrate, silicate, and phosphate; dissolved
oxygen concentration; the summer sea surface temperature;
and the sedimentary parameters δ13Corg and C/N ratio. Dis-
tance from the coast, distance to both the Mississippi and
Atchafalaya river mouths, water depth, annual sea surface
salinity, annual and winter sea surface temperatures, and sed-
iment TOC all plot positive on RDA1. Almost all the het-
erotrophic dinocysts plot with the NPP and nutrients, while
most of the autotrophic dinocysts are associated with salin-
ity, temperature, distance from the coast, and water depth.
Most pollen taxa plot close to the center of the graph, except
for Pinus and the monolete and trilete spores, which plot in
the direction of water depth and distance from the coast. The
H/A ratio plots negative on RDA1, together with the NPP
and phosphate concentration. Both the P/D and P/B ratios
also plot negative on RDA1, opposite of the distance from the
coast and water depth, where especially the P/B ratio plots
further away from the center of the graph. The H/A ratio is
separated from the P/D and P/B ratios on RDA2.

4 Discussion

4.1 Distributions of palynomorphs

4.1.1 Dinocyst distributions in the northern GoM

Our results indicate that heterotrophic taxa (i.e., Echini-
dinium spp., cysts of A. minutum, cysts of Polykrikos spp.,

and S. quanta) are generally more abundant along the shelf
and MR transects, while autotrophic taxa dominate shelf
break and open-ocean settings. Interestingly, within the au-
totrophic dinocyst assemblage, individual taxa also seem
to inhabit specific niches along a land–sea gradient in the
northern GoM (Fig. 3). For example, most autotrophic taxa
(e.g., L. machaerophorum, P. zoharyi, O. centrocarpum,
cysts of P. dalei, Spiniferites spp.) are relatively more abun-
dant along the AR transect at 100–600 m water depth around
the continental slope, while taxa from the genus Impagi-
dinium are most abundant further offshore. Although L.
machaerophorum is often linked to riverine nutrient input,
here it occupies a niche on the edge of the nutrient-rich area,
but outside the influence of the suspended sediment asso-
ciated with the river plume. On the other hand, the occur-
rence of O. centrocarpum at 100–600 m depth along the AR
transect fits with its supposed niche at the boundary between
nutrient-rich coastal waters and oligotrophic open ocean wa-
ters (Dale, 1996).

The dinocyst assemblages found here are similar to those
found in previous studies of the GoM, where heterotrophic
taxa like Brigantedinium and cysts of Polykrikos and A. min-
utum were most abundant on the Louisiana shelf (Price et al.,
2018), while high abundances of Impagidinium spp. (50 %),
O. centrocarpum (20 %), and S. ramosus (>30 %) were found
further offshore (Limoges et al., 2013). More east of the MR,
sediments contained O. centrocarpum, L. machaerophorum,
Spiniferites spp., P. zoharyi, and Brigantedinium spp. Sedi-
ments in the Mississippi Sound were mostly dominated by
P. zoharyi (Edwards and Willard, 2001), a taxon commonly
associated with lagoons and warm, euryhaline environments
that has been attributed to enhanced influx of the Loop Cur-
rent (Limoges et al., 2014). It also dominated assemblages in
Mexican lagoons of the southern Caribbean (Limoges et al.,
2013). Price et al. (2018) found that L. machaerophorum was
the dominant autotrophic taxon on the Louisiana shelf, where
high nutrient concentrations are present. However, it did not
dominate the assemblages in this study, possibly due to unfa-
vorable conditions caused by the freshwater and suspended-
sediment discharge from the MAR.

The RDA results reflect specific niches for the dinocysts
as well. Based on the scores of the sample locations, the
RDA plot can be separated into four quadrants, in which shelf
(0–100 m water depth), open ocean (> 500 m water depth),
shelf break, and river mouth environments can be recognized
(Fig. 6). Most heterotrophic taxa plot in the quadrants asso-
ciated with the shelf or close to the Mississippi river mouth,
and most autotrophic taxa are found in the quadrant repre-
senting the shelf break, while Impagidinium taxa show an
affinity for open-ocean conditions. Forward-selection anal-
ysis on the environmental parameters showed that the most
significant variable influencing the dinocyst and pollen distri-
butions in the northern GoM was the net primary productiv-
ity, followed by sea surface salinity, winter SSTs, and dis-
tance to the coast. The same results were achieved when
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Figure 3. Relative abundances of selected dinocysts, indicating their preferred niches along a land–sea transect. (a) Brigantedinium spp.,
(b) Echinidinium spp., (c) Lingulodinium machaerophorum, (d) Operculodinium centrocarpum, (e) Spiniferites spp. (including S. ramosus,
S. hyperacanthus, and S. mirabilis), and (f) Impagidinium spp. (including I. aculateum and I. striatum).

Figure 4. Relative abundances of selected pollen, indicating their distributions in the northern Gulf of Mexico. (a) Asteraceae, including
mainly Asteraceae subf. Asteroideae with small abundances of Asteraceae subf. Cichorioideae; (b) Amaranthaceae; (c) Quercus; (d) Poaceae
and Cyperaceae; (e) upland taxa, which includes Abies, Picea, Tsuga, Taxus, and Tilia; and (f) fern spores (trilete and monolete spores).
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Table 3. List of selected (> 3 %) pollen and spores and their abbreviations used in the RDA. Their vegetation group and occurrence in the
number of samples as a percentage are listed. Groups are based on the prevalent habitat of taxa in the coastal zone (see Fig. 1).

Pollen taxa Code Vegetation group Percentage range (%)

Abies Abie Trees and shrubs 0 %–3 %
Pinus Pinus Trees and shrubs 19 %–69 %
Juniperus Juni Trees and shrubs 1 %–6 %
Taxodium Taxo Wetland trees 0.5 %–5.5 %
Taxus Taxu Trees and shrubs 0 %–4.5 %
Carya Crya Wetland trees 0.5 %–5 %
Fraxinus Frax Wetland trees 0 %–3.5 %
Quercus Quer Trees and shrubs 21 %–40.5 %
Ulmus Ulm Trees and shrubs 0 %–4.5 %
Asteraceae asteroidaea Astt Herbs 2.5 %–10.5 %
Ambrosia Amb Herbs 0 %–7 %
Artemisia Artm Herbs 0 %–3 %
Amaranthaceae and Chenopodiaceae Chen Herbs 2.5 %–16 %
Cyperaceae Cyp Aquatic and/or wetland herbs 1 %–11.5 %
Poaceae Poa Herbs 2 %–8 %
Typha Typh Aquatic/wetland herbs 0.5 %–5.5 %
Monolete spores Mspo Aquatic/wetland herbs 0 %–10 %
Trilete spores Tspo Aquatic/wetland herbs 0 %–9 %

the RDA was performed on dinocysts separately (data not
shown). RDA1, which explains most variation in the data
(∼ 45 %), indicates that the dinocyst and pollen distributions
are mostly controlled by a strong onshore–offshore gradient.
It should be noted that most of the environmental parame-
ters included in the RDA are (in)directly related, as both the
water depth and SSS generally increase with increasing dis-
tance from the coast, while similarly, NPP is fueled by nutri-
ent concentrations and is therefore collineated with those as
well. Therefore, the onshore–offshore gradient here mostly
reflects the contrast in high nutrient levels and primary pro-
ductivity on the shelf and the increasing SSS and SST to-
wards the open ocean.

Interestingly, the summer and winter sea surface temper-
atures plot differently on the RDA; where the winter SST
closely resembles the annual SST, summer SST plots in the
opposite direction. In summer, the SST gradient from land
to sea is much less pronounced than in winter due to an ex-
tended formation of the Loop Current that transports warm,
tropical waters further north (Sturges and Evans, 1983). In
winter, the position of the Loop Current is more retracted,
resulting in a stronger SST gradient due to a relatively higher
influence of MAR that discharges cooler waters to the GoM.
Temperature is often considered the most important factor
controlling dinocyst distributions, also in the GoM (Limoges
et al., 2013; Zonneveld et al., 2013). However, other envi-
ronmental parameters may also be of major importance for
the spatial distribution of dinocysts, as studies from the West
African coast and the Mediterranean Sea reported nutrient
levels and/or primary productivity as the main driver (Dale
et al., 2002; Coussin et al., 2022). Similarly, a study on an

Iberian estuary reported a strong inshore–offshore trend in
the dinocyst distributions, with high chlorophyll a and sea
surface nitrate concentrations inshore and high sea surface
salinity and annual bottom oxygen saturation percentages
further offshore (Iria et al., 2023). With this study, we con-
firm the presumed importance of primary productivity on the
distribution of the dinocysts in the northern GoM, in addition
to the onshore–offshore gradients in SSS and (winter) SSTs.

4.1.2 Pollen distributions in the northern GoM

The high concentrations of pollen close to the MR mouth in-
dicate that the river is likely the primary source of pollen in
the northern GoM as opposed to aeolian input but also that
inputs from the AR and direct inputs from coastal vegeta-
tion seem less significant. In previous studies, pollen distri-
butions from the GoM indeed closely mirrored pollen assem-
blages from downstream MR and thus provided a record of
the Mississippi basin, while the assemblages of the AR rep-
resented more local vegetation input (Chmura et al., 1999).
In our study, this observation is supported by the occasional
presence of pollen from Abies, Picea, and Tsuga, which are
taxa that strictly occur upland in the zone of the Mississippi
headwaters, and their occurrence implies that the MR car-
ries pollen from throughout its drainage basin to the GoM
(Fig. 4e herein; Chmura and Liu, 1990). However, despite be-
ing low in total abundance, these upland taxa are most abun-
dant near the Pigmy basin, instead of close to the MR mouth
or in the plume direction (Fig. 4e). This can be explained
by the fact that the Pigmy basin is a known accumulation
site for terrestrial organic matter discharged by the Missis-
sippi river (Jasper and Gagosian, 1990; Montero-Serrano et
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Figure 5. Palynological ratios plotted as pie charts superimposed
on dinocyst (a) and pollen concentrations (b, c) using isosurface
plots. (a) The H/A (heterotroph / autotroph) ratio, (b) the P/B
(pollen / bisaccate) ratio, and (c) the P/D (pollen / dinocyst) ratio.

al., 2009), and consequently, high pollen concentrations were
found here (Limoges et al., 2013). Therefore, the upland taxa
found in the Pigmy basin could still be derived from the MR,
while closer to the coast, inputs from local vegetation might
have overprinted this upland pollen signal.

Several taxa including Pinus, Quercus, Salix, Fraxinus,
Ulmus, and Ambrosia can represent both upstream and lo-

Figure 6. Redundancy analysis on selected dinocysts and pollen,
together with the palynological proxies. Dinocyst and pollen abbre-
viations are listed in Tables 2 and 3. Heterotrophic and autotrophic
dinocysts are represented as black and white boxes, respectively.
Log-transformed environmental variables represent depth: water
depth (m); dAR: distance to the Atchafalaya river (km); dMR:
distance to the Mississippi river (km); dist: distance to the coast
(km); DO: dissolved oxygen concentration (µmol kg−1); NPP:
net primary productivity (gC m−2 yr−1); N: nitrate concentration
(µmol kg−1); P: phosphate concentration (µmol kg−1); Si: silicate
concentration (µmol kg−1); SSS: annual sea surface salinity; SST,
SSTsu, and SSTw: annual, summer and winter sea surface temper-
ature (◦C); δ13Corg; C/N ratio: carbon / nitrogen ratio; TOC: total
organic carbon. Environmental interpretations have been provided
for the four quadrants.

cal sources, rendering it likely that some of this pollen is
sourced from higher up in the MAR catchment. This pollen
was abundantly found in the northern GoM, especially Pi-
nus and Quercus pollen. A study by Chmura et al. (1999)
reported similar trends, where the Louisiana shelf was typi-
cally characterized by high amounts of Pinus, TCT (i.e., Tax-
odiaceae, Cupressaceae, and Taxaceae family), Quercus, and
Amaranthaceae pollen. In addition, pollen assemblages from
the Mississippi Sound contained large amounts of Pinus and
Quercus as well (Edwards and Willard, 2001), where Pinus
pollen concentrations increased further offshore, while Quer-
cus pollen did not show a spatial trend.

Pinus concentrations in the northern GoM increased espe-
cially along the MR transect, decreased along the shelf, and
remained relatively stable along the AR transect (Fig. 2b).
The relative abundance of Pinus compared to the total pollen
sum increases seaward along all three transects; pine pollen
represented ∼ 20 % of the total pollen sum close to the MR
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mouth but increased to 37 % on the shelf and 70 % in deeper
waters (Fig. 5b), as is canon in the literature (Mudie, 1982;
Mudie and McCarthy, 1994; Chmura et al., 1999; Luo et al.,
2014; Dai et al., 2014).

Besides Pinus, fern spores also increase in abundance
from 0 %–2 % close to the coast to ∼ 20 % of the pollen as-
semblage in offshore sediments (Fig. 4f), indicating the pos-
sibility that pollen grains are sorted during transport (Brush
and Brush, 1972). A similar trend in fern spores has also
been reported from the South China Sea (Sun et al., 1999;
Luo et al., 2014; Dai et al., 2014). These spores might be
carried long distances due to their low density and conse-
quent high flotation ability, which improves their dispersal
compared to other terrestrial palynomorphs (Heusser, 1988;
Sun and Li, 1998; Sun et al., 1999; Li et al., 2017). Early ex-
periments on the flotation ability of pollen have shown that
Pinus and fern pollen is more likely to float compared to non-
bisaccate pollen (Hopkins, 1950; Florin, 1963). This would
facilitate its transport further offshore, although a more re-
cent study found no evidence for a larger floating ability of
Pinus pollen (Zheng et al., 2011). Moreover, a study moni-
toring conifer pollen transport showed that Pinus pollen was
proportionally better represented in airborne samples than in
rivers and local vegetation (Brown et al., 2007). The higher
abundance of Pinus pollen further offshore can thus be the re-
sult of wind transport and offshore currents, as is supported
by the increased concentrations along the MR transect fur-
ther offshore and decreased concentrations along shelf, the
primary discharge direction of the MR (Fig. A2).

Inputs from typical wetland taxa, thereby likely represent-
ing local southern Louisiana vegetation, are also recognized
in the northern GoM. Typical wetland taxa found in pollen
studies from Louisiana, although not necessarily restricted to
wetlands, include Taxodium, Salix, Amaranthaceae, Typha,
Asteraceae, Poaceae, and Cyperaceae (Kiage, 2020; Yao et
al., 2020; Ryu et al., 2021). Pollen from most of these taxa
is present in the northern GoM sediments, often close to the
coast (Fig. 4), except for the common mangrove taxa Rhi-
zophora and Avicennia, which we did not find in the sedi-
ments studied here. Although mangrove vegetation is abun-
dant on the Louisiana coast (Day et al., 2020), pollen from
these mangrove taxa is not dominant in pollen studies from
Louisiana, especially in the last 100 years (Kiage, 2020; Yao
et al., 2020). Moreover, some of these taxa (Amaranthaceae,
Typha, and Asteraceae) are relatively more abundant just
west of the MR and close to the AR, suggesting that they
are sourced from local inputs rather than discharged by the
river. Nevertheless, these local pollen inputs seem to remain
close to the coast and are not transported far into the open
ocean (Brush and DeFries, 1981).

4.2 Palynology-based environmental interpretations and
indices

4.2.1 Palynology as an indicator for marine productivity

In the northern GoM, heterotrophic dinocysts dominate the
assemblages on the shelf and along the coast, decreasing fur-
ther into the open ocean. Because heterotrophic dinocysts
feed on organic matter, their relative abundances provide a
good indication of marine production and have been often
used to study past nutrient availability and eutrophication
in coastal oceans (Matsuoka, 1999; Sangiorgi and Donders,
2004; de Vernal and Marret, 2007; Dale, 2009). The high
abundances of heterotrophic dinocysts on the shelf match
with high concentrations of lipid biomarkers derived from
primary producers such as diatoms, haptophyte algae, and
dinoflagellates in the same sediments (Yedema et al., 2023),
which are fueled by the input of nutrients from the MAR
(Lohrenz et al., 1990, 1999). The dominance of heterotrophic
dinocysts in areas where primary production is high is re-
flected in the H/A ratio, which is high along the shelf and
decreases towards the open ocean (Fig. 5a).

Previous studies from the GoM also indicate that coastal
assemblages were dominated by heterotrophic dinocysts
(Price et al., 2018), while autotrophic dinocysts were more
dominant in assemblages both offshore and east of the MR
(Limoges et al., 2013). One exception in their study is a site
close to the Pigmy basin (Fig. 1), where high abundances
of Brigantedinium spp. were reported. As mentioned before,
this basin serves as an accumulation site for the organic mat-
ter from the Mississippi river, and it is therefore likely that
this basin provides food resources for heterotrophic taxa.
Overall, all studies agree that heterotrophically dominated
assemblages, and hence high H/A values, are found in the
high-nutrient environments close to shore. Since theH/A ra-
tio also correlates well with the NPP in the GoM (r = 0.67,
p<0.005), it is, therefore, a reliable proxy for marine pri-
mary productivity.

Nevertheless, the use of the H/A ratio as a (pa-
leo)productivity indicator does warrant some caution. Be-
sides a high H/A ratio on the nutrient-rich Louisiana shelf,
theH/A ratio is also high on the western shelf, where net pri-
mary productivity is lower. Similarly high H/A ratios have
also been found in different dinocyst assemblages from ar-
eas with varying nutrient levels, indicating that using the
H/A ratio as a sole proxy can be misleading (Ramírez-
Valencia et al., 2021). Also, in regions with varying oxy-
gen levels, the use of relative abundances of heterotrophs
may be influenced by the differential preservation potential
for autotrophic and heterotrophic dinocysts (Zonneveld et al.,
2001, 2008, 2010; Gray et al., 2017). Heterotrophic taxa such
as Brigantedinium spp. and Echinidinium spp. are particu-
larly sensitive to oxygen availability, while most autotrophic
taxa including Impagidinium spp., cysts of P. dalei, and P.
zoharyi are more resistant (Zonneveld et al., 2001). This
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difference likely derives from chemical variations in their
cyst structures as a result of their nutrition strategies (Bo-
gus et al., 2014). In the GoM, this differentiation in preser-
vation potential is especially complex, as much of the shelf
is subjected to hypoxic conditions during summers, while
bottom waters are generally well oxygenated during winter
months. Heterotrophic dinocyst concentrations seem mostly
controlled by bottom water oxygen levels in the season-
ally hypoxic Quiberon Bay (Lambert et al., 2022). A sim-
ilar control in the GoM could create a preservation bias in
the dinocyst assemblage and result in higher relative abun-
dances of heterotrophic dinocysts within the hypoxic zone,
rendering the H/A ratio less reliable. Other studies have
linked low abundances of heterotrophic dinocysts to coarse-
grained sediments, as these porous sediments generally con-
tain higher oxygen levels (Lambert et al., 2022). Although
the coarse-grained sediments that are present at the west-
ernmost shelf locations in the GoM had low dinocyst con-
centrations (∼ 230 cysts g−1), the heterotrophic dinocysts re-
mained dominant, suggesting that the H/A ratio was not af-
fected by preferential degradation, despite being located out-
side the seasonally hypoxic zone (Figs. 5a, 6). Hence, the
distribution of heterotrophic taxa in the northern GoM seems
to be mainly controlled by the net primary productivity and
the availability of energy resources. Absolute dinocyst con-
centrations and fluxes are less affected by oxygen levels and
potential preservation biases between autotrophic and het-
erotrophic dinocysts and could therefore provide a clearer
link with primary production (Zonneveld et al., 2009). In-
deed, dinocyst concentrations have been linked to high nu-
trient levels and eutrophication in estuaries and coastal wa-
ters (Radi et al., 2007; Dale, 2009; Zonneveld et al., 2009),
although this correlation is not always found (de Vernal et
al., 2020). In the GoM, the highest dinocyst concentrations
occur on the shelf between the MR and AR mouths, con-
current with the highest H/A ratio (Fig. 5a). However, the
total dinocyst concentrations decrease on the western shelf
and along the MR transect, while the H/A ratio remains
high in these regions (68 %–80 % and 63 %–77 %, respec-
tively). This indicates a discrepancy between total dinocyst
concentrations and the H/A ratio (r = 0.13, p =>0.05), al-
though the highest dinocyst concentrations and H/A ratio
values both occur close to the MAR, where primary produc-
tion is most pronounced (Lohrenz et al., 1990; Yedema et al.,
2023). We, therefore, propose that a combination of theH/A
ratio and total dinocyst concentration is the best way to ex-
plore marine productivity in modern and past oceans. In ad-
dition, individual dinocyst taxa can be used as an indicator
for nutrient availability. For example, L. machaerophorum
and Polykrikos are traditionally linked to eutrophic condi-
tions (Wall and Dale, 1969; Matsuoka et al., 2003; Sangiorgi
and Donders, 2004; Dale, 2009), although some studies op-
pose these views (Godhe and McQuoid, 2003). In the GoM,
the predominant presence of L. machaerophorum around the
shelf break and its underrepresentation on the shelf, where

most primary production takes place (Limoges et al., 2013;
this study), suggest that L. machaerophorum is not linked to
high marine productivity or nutrient availability here. This
is likely caused by the turbid outflow of the MAR, which
creates unfavorable conditions for this species. On the other
hand, cysts of Polykrikos were very abundant on the shelf
between the MR and AR rivers, where also the highest H/A
ratio and total dinocyst concentrations were found. On the
other hand, the RDA results show that Polykrikos plots in
the same direction as the H/A ratio and NPP, opposite to L.
machaerophorum (Fig. 6). Therefore, we suggest that cysts
of Polykrikos are better indicators for marine productivity in
the GoM compared to L. machaerophorum.

4.2.2 Palynology as a proxy for coastal proximity

The ratio between pollen (excluding bisaccates) and
dinocysts, quantified in the P/D ratio, decreases both along
the shelf and further offshore in the northern GoM, although
the ratio values remain relatively high offshore from the MR
transect (Fig. 5b). This trend fits with the general interpre-
tation of the P/D ratio that high values indicate high con-
tributions of fluvially discharged pollen and thus proximity
to land (De Vernal et al., 1991; McCarthy and Mudie, 1998;
van Soelen et al., 2010; Donders et al., 2018). Accordingly,
the P/D ratio plots within the river mouth quadrant in the
RDA plot, in the opposite direction to both the Mississippi
and Atchafalaya river mouths (Fig. 6).

The ratio between pollen and bisaccates (P/B ratio)
shows a similar trend to the P/D ratio (Fig. 5b, c), imply-
ing that both proxies could indicate the distance to the coast
and/or river. As Pinus pollen dominates the bisaccate as-
semblages in the northern GoM, and contributions of other
bisaccates (i.e., Abies and Picea) are minor, the concentra-
tion of Pinus and total bisaccates can be used interchange-
ably here. The interpretation of the P/B ratio as an indica-
tor for distance to the coast is based on the assumption that
Pinus pollen is more susceptible to wind transport than non-
bisaccate pollen and is therefore suspected to be transported
further offshore (Mudie and McCarthy, 2006, and references
therein). The ratio has been applied as such in Cenozoic and
Mesozoic paleoreconstructions (e.g., Tribovillard and Gorin,
1991; Pieñkowski and Waksmundzka, 2009), and more re-
cently, this ratio has also been proposed to indicate relative
sea level rise during glacial–interglacial cycles in the East
China Sea (Zheng et al., 2011). Here, we show that this ra-
tio can indeed be an independent indicator for distance to
the coast. The P/B ratio decreases from 81 %–63 % on the
shelf, 70 %–39 % on the AR transect, and 81 %–45 % on the
MR transect. This shows that bisaccates become more dom-
inant further from the river mouth, regardless of total pollen
or bisaccate concentrations, although the largest decrease in
P/B ratio values occurs along the land–sea transects with in-
creasing distance from the coast, while along the shelf tran-
sect, which follows the direction of the river plume, the de-
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crease in P/B ratio values is less pronounced. A study in
the South China Sea suggested that pollen assemblages at
< 200 m water depth were dominated by river-transported
pollen, while deeper waters (> 200 m) were characterized
by wind-transported pollen (Luo et al., 2014). However, the
same trend was seen in coastal areas without significant river
input (Mudie and McCarthy, 1994), suggesting that the P/B
ratio, in comparison to the P/D ratio, primarily reflects dis-
tance to the coast rather than river input. The difference be-
tween the two ratios is most clear along the shelf transect,
where the P/D ratio shows a more prominent decrease than
the P/B ratio. Further offshore, changes in the P/B ratio
are more pronounced, which is also evident from the RDA
results, where the P/B ratio plots further in the opposite di-
rection to the water depth and distance to the coast and MAR
parameters than the P/D ratio (Fig. 6). As a result, the P/B
ratio is a more robust indication of distance to shore and can,
therefore, be used in sea level and paleoenvironmental re-
constructions. The P/D ratio on the other hand seems better
suited as a proxy for river input.

It should be noted that these proxies might be less reli-
able in areas with frequent hurricane passages such as the
GoM (Conner et al., 1989). Hurricanes and tropical storms
can disrupt coastal vegetation and affect sediment distribu-
tions in the GoM, with increasing transport of finer material
further offshore and towards the Mississippi Canyon (Goñi
et al., 2006; Sampere et al., 2008). In downcore pollen stud-
ies from southern Louisiana, hurricane events are related to
coarse sediment layers and higher abundances of disturbance
(i.e., Amaranthaceae) pollen taxa (e.g., Kiage, 2020). Since
this study only analyzed surface sediments and has no down-
core record, we cannot directly verify the effect of hurri-
canes on our sediment distributions. However, pollen from
the indicated disturbance taxa is not dominant in the sur-
face sediments but remains most abundant close to the coast
(Fig. 4a). Furthermore, pollen derived from the Mississippi
river is most abundant close to the river mouth, with little ev-
idence of enhanced offshore transport. This is also supported
by the distributions of terrestrial biomarkers in the northern
GoM, which are also mostly found close to shore (Yedema
et al., 2023). Overall, there is no clear indication of sediment
and/or vegetation disruption by hurricanes in the studied sur-
face sediments.

5 Conclusions

Palynological analysis of surface sediments along three tran-
sects in the northern Gulf of Mexico indicates that pollen
and dinocyst concentrations vary spatially. Total dinocyst
concentrations were highest on the Louisiana shelf and are
dominated by heterotrophic taxa close to the coast and
by autotrophic taxa further offshore. Redundancy analysis
revealed specific niches for individual dinocyst taxa (i.e.,
coastal, shelf break, and open ocean) which are primarily in-

fluenced by high marine productivity, linked to high nutrient
levels. The spatial changes in dinocyst assemblages support
the use of the H/A ratio to trace marine productivity. How-
ever, especially in areas where seasonal hypoxia occurs, such
as the northern GoM, theH/A ratio can be best used in com-
bination with total dinocyst concentrations to avoid bias due
to dinocyst differential preservation.

Pollen concentrations peaked close to the Mississippi river
mouth and decreased rapidly further offshore. Bisaccate (Pi-
nus) concentrations were highest offshore from the MR and
became more dominant compared to total pollen concentra-
tions further offshore. The P/B ratio decreases mostly along
the land–sea transects and less along the shelf, indicating that
it best reflects the distance to the coast. The P/D ratio de-
creases more towards the shelf in the direction of the river
plume and, therefore, better represents river input.
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Appendix A

Figure A1. Percentages of selected dinocysts and the concentration
of heterotrophic and autotrophic dinocysts in cysts per gram.

Figure A2. Percentages of selected pollen and the total pollen and
bisaccate concentrations in grains per gram.
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