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Abstract
Tidal flat is often the dominant habitat type in US Pacific Northwest (PNW) estuaries. This research examined environmental
factors that explain the spatial patterns of microphytobenthos (MPB) biomass and community structure in a PNW estuary with
complex nutrient dynamics. MPB biomass, individual species abundances, diatom community metrics, and diatom community
structure were strongly correlated with distance from the estuary mouth, salinity, substrate composition, and pore water-soluble
reactive phosphorus (SRP). The microphytobenthos was dominated by diatoms and diatom diversity and species richness were
negatively associated with salinity, substrate sand content, and pore water SRP. Diatom community structure varied with estuary
position, with the epipsammic taxa Catenula adhaerens, Opephora spp. 1, and Planothidium delicatulum dominating the
assemblage at sites near the estuary mouth and epipelic taxa, such as Nitzschia frustulum and Nitzschia palea, being more
abundant at sites in the middle and upper estuary. Distance from the estuary mouth and salinity were the most important
predictors of diatom assemblage structure, based on CCA analysis. MPB biomass was highest at sites in the lower estuary,
characterized by higher salinities, SRP, and substrate sand composition. Pore water nitrogen and surrounding land use were not
important predictors of MPB biomass or community structure. We attribute our findings to the nutrient dynamics of Yaquina
estuary, which is high in nutrients due to both coastal upwelling and watershed-derived nitrate and exhibits an increasing gradient
of phosphorus towards the estuary mouth.

Keywords Microphytobenthos . Diatom . Tidal flat . Sediment composition . Phosphorus . Chlorophyll

Introduction

Estuaries are among the most productive and valuable ecosys-
tems on Earth. They provide a wide variety of ecosystem
services, including carbon sequestration, biodiversity mainte-
nance, nutrient cycling, water purification, fisheries mainte-
nance, and coastal protection (MEA 2005a, b; Barbier et al.
2011). Currently, over 40% of the world’s population lives
within 80 km of the coast (MEA 2005a, b) resulting in estu-
aries being among the ecosystems most impacted by human
activities (Lotze et al. 2006; Worm et al. 2006; Halpern et al.
2008). Human activities, such as shipping and aquaculture,

have direct impacts on estuarine habitats, while activities in
the surrounding watershed may have indirect impacts on es-
tuarine habitats by increasing nutrient inputs or introducing
invasive species. While many estuaries in the Pacific
Northwest USA (PNW) have historically experienced fewer
anthropogenic impacts than those in southern California, the
Atlantic coast, and Europe, coastal populations in this region
are projected to rise, air and ocean temperatures to warm, and
erosion and flooding are expected to increase due to stronger
storms (NOAA 2013; Retallack et al. 2016; Mote et al. 2019),
potentially resulting in dramatic changes to estuarine
ecosystems.

The estuarine food web is supported by a complex com-
bination of autochthonous and allochthonous carbon
sources. Autochthonous carbon can be derived from vege-
tated salt marshes, seagrass beds, and both pelagic and ben-
thic microscopic primary producers, while allochthonous
carbon is derived primarily from the estuary watershed.
Microphytobenthos (MPB) can be a conspicuous and im-
portant component of the unvegetated intertidal tidal flat
(McGlathery et al . 2013), occupying the top few
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centimeters of substrate where there is sufficient light for
photosynthesis. Historically, the contribution of carbon
from MPB to the larger estuarine food web has been ig-
nored. However, recent studies have increasingly demon-
strated the importance of MPB-derived carbon as a food
source for higher trophic levels (Currin et al. 1995;
Herman et al. 2000; Middleburg et al. 2000; van Oevelen
et al. 2006; Christianen et al. 2017). Annual rates of MPB
primary production are highly variable, with rates as high as
2500 g C m−2 year−1 being reported (Valiela 1995).
Although rates in temperate regions usually range from <
10–500 g C m−2 year−1 (Hargrave et al. 1983; Thom and
Albright 1990; Brotas and Catarino 1995; review in
Cahoon et al. 1999). MPB can constitute a substantial com-
ponent of total estuarine production, especially in areas
where vegetated salt marshes and seagrass beds are not
abundant. MPB accounts for anywhere from 20 to 80% of
total primary production in estuaries, higher than pelagic
plankton (Thom and Albright 1990; Cahoon et al. 1999;
Underwood and Kromkamp 1999; Longphuirt et al.
2007). For example, Cahoon et al. (1999) estimated that
80% of chlorophyll related biomass in Onsow Bay, NC,
USA, was found within the sediment as opposed to the
water column. Several studies have demonstrated that
MPB is an important energy source for many consumers
at higher trophic levels (MacIntyre et al. 1996; Kang et al.
2006; Christianen et al. 2017). Finally, in addition to pro-
viding carbon directly to higher trophic levels, MPB can
also contribute carbon to the estuarine food web via detrital
pathways and dissolved organic carbon leaks and via resus-
pension (see review in McGlathery et al. 2013).

The tidal cycle of estuaries creates one of the most dy-
namic habitats that microalgal experience, with light, tem-
perature, salinity, moisture, and nutrient availability in con-
tinual flux. Estuarine MPB are thought to experience a
much more variable environment than their pelagic coun-
terparts (da Silva et al. 2017). Despite this dynamic envi-
ronment, coastal areas often exhibit high rates of MPB pri-
mary production due to high levels of available nutrients
(Cadée and Hegemann 1974; Admiraal 1984). The environ-
mental factors shaping MPB abundance, distribution, and
community structure both within estuaries and across estu-
aries have received much attention in the literature (see
review in Trobajo and Sullivan 2010). Early studies dem-
onstrated the importance of salinity (e.g., Admiraal and
Peletier 1979, 1980; Juggins 1992; Underwood et al.
1998), nutrients (e.g., Admiraal 1977; Admiraal and
Pelet ier 1979, 1980; Brotas and Catar ino 1995;
Underwood et al. 1998), inundation (Brotas and Catarino
1995), light (Admiraal 1976; Admiraal and Peletier 1980;
MacIntyre et al. 1996), and sediment composition (Colijn
and Dijekma 1981; Oh and Koh 1995) in regulating MPB
biomass and species composition. These ideas were also

demonstrated for PNW estuaries (Riznyk and Phinney
1972; Riznyk et al. 1978; Davis and McIntire 1983;
Whiting and McIntire 1985). More recent studies spanning
broader geographic and environmental gradients from
around the globe have reinforced these ideas (e.g., Sawai
et al. 2016; Semcheski et al. 2016; Costa-Böddeker et al.
2017; Desianti et al. 2019; Kim et al. 2019). Most studies
that have examined the estuarine gradient have tended to
focus on the importance of local site conditions (e.g.,
Underwood 1994; Wachnicka et al. 2010; Sawai et al.
2016; Costa-Böddeker et al. 2017) and not included land-
scape level parameters. However, Cooper (1995) demon-
strated that long-term changes in diatom communities in
the Chesapeake Bay were brought on, in part, by major
changes in land use and research on MPB in freshwater
habitats (e.g., Pan et al. 2004; Walker and Pan 2006; Hill
and Kurtenbach 2009) and previous work on tidal channel
MPB in the PNW (Weilhoefer et al. 2015) has demonstrat-
ed the importance of both within site and surrounding land
use in shaping the MPB community. More recently, work in
Korean estuaries demonstrated the impact of land use on
estuarine MPB (Kim et al. 2015).

In some estuaries, the intertidal tidal flat can constitute at
large portion of the estuary area. In the PNW, the large tidal
amplitude results in a large proportion of the total estuarine
area being intertidal. Intertidal habitat constitutes 52% of es-
tuarine area on average in PNW estuaries, reaching as much as
90% in some systems (Lee et al. 2006). In addition, in many
areas of the PNW, upwards of 70% of intertidal wetlands have
been lost (Brophy 2005). Thus, tidal flat MPB is an important
primary producer in this region and understanding the envi-
ronmental factors shaping MPB abundance and community
structure is essential to understanding overall estuary function.
Finally, while human impacts are often less in PNW estuaries
compared with European estuaries and US estuaries along the
Atlantic and southern Pacific coasts, nutrient dynamics in
PNW estuaries are complex. Oceanic upwelling in the spring
and summer months is an important source of nutrients to the
lower portions of estuaries, while riverine-derived nutrients,
stemming largely from nitrogen-fixing symbioses with red
alder in watersheds, can be important in the upper estuary
(Hickey and Banas 2003; Brown et al. 2007; Brown and
Ozretich 2009).

The goal of our research was to examine the environmental
factors that explain the spatial patterns of MPB biomass and
community structure in a PNW estuary with complex nutrient
dynamics. We examined the effects of both local environmen-
tal factors and landscape-level parameters in shaping the dis-
tribution and abundance of MPB. This information will be
useful in forecasting how the MPB community will respond
to stressors, such as anthropogenic nutrient loading associated
with coastal population growth and sea level rise, that are
predicted for this region.
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Materials and Methods

This study was conducted in the Yaquina estuary located on
the central Oregon coast of the USA, a typical small
(15.8 km2) PNW estuary (Hickey and Banas 2003; Kentula
and DeWitt 2003). Yaquina estuary formed as a drowned river
mouth and contains large areas of tidal flats and wetlands.
There are approximately 534 acres of intertidal tidal flat within
the estuary (ORDEQ 2005). The tidal regime of Yaquina es-
tuary is characterized as mixed semi-diurnal, with a tidal range
of 1.9–2.5 m daily (NOAA 2012). Flow in the Yaquina River
ranges from 1.3 m3 s−1 in late summer to 87 m3 s−1 in the
winter, and water temperatures are fairly consistent through-
out the year (low 10’s °C; ORDEQ 2005). During the summer
months, the estuary is considered ocean-dominated, with the
salt water wedge reaching 21.8 km upstream of the estuary
mouth (Lemagie and Lercazk 2014). In the rainy season
(November–April), the estuary is river-dominated. The dom-
inant source of nutrients to Yaquina Bay varies seasonally;
during the wet season, nitrate derived from nitrogen-fixing
bacteria living in association with red alder trees in the water-
shed is the dominant nutrient source. During the dry season
(May–October), nitrate from oceanic upwelling is the domi-
nant nutrient source (Brown and Ozretich 2009). Twenty-two
kilometers upstream of the estuary mouth, Yaquina estuary
receives discharged waste water from the city of Toledo, OR
(population 3600), in addition to natural nutrient inputs from

the river and ocean inflow (Brown and Ozretich 2009). The
watershed of Yaquina estuary is primarily forested.

Fifteen sites within the Yaquina Bay estuary were random-
ly selected to cover the estuary gradient on both the north and
south sides of the estuary (Fig. 1). Distance between sites
averaged 1.6 ± 1.6 km (range 0.38–6.3 km). In many areas
of the estuary, the banks are lined with steep slopes and site
selection was limited by safe access to the tidal flat. At each
site, replicate samples were collected randomly within a 25-
m × 25-m area. All samples from all sites were taken at similar
tidal elevations to limit the confounding effects of duration of
inundation and exposure to air. All samples were collected
within 2 h after a daytime low tide.

Field Sampling

During the last week of June 2016, surface sediment samples
were collected from the 15 sites for MPB biomass and com-
munity composition analysis. Sampling locations were devoid
of macrophytes at low tide. Surface sediment samples were
collected by lightly pressing a 2-cm diameter, 0.5 mm thick
delimiter onto the sediment surface to create an impression
outline. The top surface layer (~ 3–4 cm) of the encircled area
of sediment was scraped out using a metal spatula. Three
replicate samples were collected at each site and subsampled
for MPB biomass and community composition analysis. All

Fig. 1 Map of the Yaquina
estuary, OR, USA, showing
intertidal habitat types (based on
National Wetlands Inventory
classification; FGDC 2013).
Sampling locations are denoted
by darkened circles. The dashed
line denotes break between
marine-dominated and riverine-
dominated segments of the
Yaquina estuary (from Brown
et al. 2007 based on Lee et al.
2006)
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samples were collected during low tide between the hours of
10:00–13:00 to allow for maximum diel diatom migration to
the sediment surface. Samples for MPB species identification
were fixed with buffered formalin for a final concentration of
4%.

Salinity of the pore water was measured using a refractom-
eter at each location where surface sediment samples were
collected. At each sampling location, three sediment cores
(top 2 cm saved) were collected with a modified 50-cc syringe
for laboratory determination of dissolved nitrogen and phos-
phorus in the pore water. In addition, three sediment cores
were collected with a modified 50-cm3 syringe for laboratory
determination of sediment grain size.

Laboratory Analysis

MPB biomass was quantified as chlorophyll-a per gram of
sediment, corrected for phaeopigments. Sediment samples
were extracted in 15 ml of 90% acetone for 24 h. Samples
were centrifuged and the supernatant was used for chlorophyll
analysis using the equations of Lorenzen (1967).

Samples for MPB species identification were scanned un-
der the light microscope upon returning to the laboratory. On
average, greater than 95% of the living algal cells were diatom
species so samples were prepared for diatom identification.
Surface sediment samples were homogenized and approxi-
mately 10 g of homogenized sediment were heat-digested
for 30–45 min using concentrated nitric acid. No evidence of
diatom frustule damage from the digestion process was ob-
served. Samples were repeatedly rinsed with deionized water
until their pH was approximately neutral. Resultant diatom
material was mounted on glass slides with Naphrax high-
resolution mounting media (refractive index 1.73). Transects
were scanned until at least 500 diatom valves were identified
and enumerated to the species level using a Zeiss Axio Scope
microscope at 1000× magnification. Diatom identification
was based on the volumes of Krammer and Lange-Bertalot
(1986, 1988, 1991a, 1991b, 2000). Further reference was also
made to Riznyk (1973), Sundbäck (1987), Cooper (1995),
Sabbe and Vyverman (1995), and Sawai and Nagumo
(2003). Shannon–Weaver diversity (H′), dominance, even-
ness, and richness were calculated for each sampling plot at
each site and the three samples from each site were averaged
to produce a site mean for each metric. Taxon dominance was
calculated as the relative abundance of the most common taxa
at each site. Diatom taxa that could be identified to species
level were classified in terms of life form (Denys 1991; Vos
and de Wolf 1993) and salinity tolerance (Denys 1991; van
dam et al. 1994). Based on this classification, we calculated
the percentage of taxa that were classified as each life form,
the percentage of total valves counted that were classified as
each life form, the average relative abundance of each life

form at each site, and the average abundance of each life form
in the lower, middle, and upper estuary.

Sediment cores collected for pore water chemistry analysis
were spun in a centrifuge at 1000×g for 20 min to extract pore
water. Samples were filtered through a 0.45-μmGF/F filter to
remove particulate matter. Extracted pore water samples were
analyzed for soluble reactive phosphate (SRP) by the ascorbic
acid method (Wetzel and Likens 1991), nitrate and nitrite
(NN) by the cadmium reduction method (Clesceri et al.
1998), and ammonium nitrogen (AM) was measured by the
phenol-hypochlorite method (Wetzel and Likens 1991).
Sediment grain size analysis was used to determine the frac-
tion of silt and clay (< 0.63 μm), sand (> 0.63 μm, < 2 mm),
and gravel (> 2 mm) at the site. Cores were homogenized by
kneading and a subsample of each core was dried for 24 h at
100 °C. Dried sediment samples were weighed and passed
through sieves (#10 mesh to separate gravel from sand; #230
mesh to separate sand from silt and clay). The samples that
passed through each sieve were weighed to determine the
fraction in each sediment class.

The landscape characteristics in the 100-m buffer surround-
ing each site were evaluated using a geographic information
system (GIS). Land cover was calculated using the following
GIS data: Coastal Landscape Analysis and Modeling Study
1996 gradient nearest neighbor vegetation classes (Ohmann
and Gregory 2002), multi-resolution landscape characteristics
2001 land cover (MRLC 2001), Scranton (2004) tidal wetland
classification for Oregon coastal wetlands, and USGS 10-m
digital elevation models (USGS 2012).

Data Analysis

Principle component analysis (PCA) was used to characterize
the environmental variability in the study area using the
dataset of four water quality, three substrate, and two land
use variables. MPB biomass as chlorophyll and diatom com-
munitymetrics were used as passive variables in PCA analysis
to examine the associations between these variables and envi-
ronmental variables. Unconstrained ordination (non-metric
multi-dimensional scaling (NMDS; Bray–Curtis distance
measure) was used to examine variations in diatom composi-
tion (arcsine transformed relative abundance data) at each site.
The 47 taxa with a relative abundance greater than 1% at one
or more sites were included in the NMDS analysis.
Relationships between the diatom assemblage composition
and observed environmental variables were explored using
ENVFIT analysis. ENVFIT analysis overlays the environ-
mental data matrix on the unconstrained ordination of diatom
assemblages and uses permutation tests to determine the sig-
nificance of the relationship between each environmental pa-
rameter and the diatom ordination (Oksanen 2010).
Constrained ordination (stepwise canonical correspondence
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analysis (CCA) with backward and forward selection) was
used to examine the variability in the diatom community
structure that could be explained by measured environmental
variables. Environmental variables were log or arcsine square
root transformed for normality prior to all analyses. All data
analyses and visualizations were performed using R-version
3.6.1 (R Development Core Team 2018), using packages
“corrplot” (Wei et al. 2017), “factoextra” (Kassambara and
Mundt 2020), “FactoMineR” (Husson et al. 2020), “ggplot2”
(Wickham 2009), “MASS” (Ripley et al. 2018), and “vegan”
(Oksanen et al. 2013).

Results

Environmental Conditions

The Yaquina estuary exhibited strong gradients in several en-
vironmental variables, including pore water salinity, sediment
composition, and pore water SRP, while pore water NN and
AM were highly variable among the sites (Table 1). There
were no trends in buffer land use with distance from the estu-
ary mouth. Forested land use dominated the 100-m buffer at
most sites (mean: 74% ± 26%). However, there were two sites
where developed buffer comprised over 50% of the 100-m
buffer. The first two axes of the PCA of site environmental
characteristics explained 57.1% of the total variance in envi-
ronmental data, with axes 1 and 2 explaining 35.5% and

22.1% of the total variance, respectively (Fig. 2). Results of
the PCA demonstrated a strong environmental gradient within
Yaquina estuary related to estuary position. Salinity, sandy
substrates, and SRPwere highly correlated and highest at sites
within the lower estuary (right side of PCA diagram). Sites in
the upper estuary had finer substrates and lower SRP concen-
trations (left side of the ordination diagram). Land use in the
100-m buffer and nitrogen were a secondary gradient, with
forested land use being correlated with pore water AM and
developed land use being correlated with NN.

MPB Biomass and Community Composition

MPB biomass was variable throughout the estuary, ranging
from 3 to 60 μg chlorophyll g sediment−1 with a mean of
21.9 ± 11.4 μg chlorophyll g sediment−1 (Table 1). MPB
biomass was highest at the sites closest to the estuary mouth
and generally decreased as you moved up the estuary
(Fig. 3). MPB biomass was strongly associated with sub-
strate composition, being highest at sites with sandier sub-
strates (Fig. 2). Higher MPB biomass was also associated
with higher pore water salinities and SRP. The MPB com-
munity was dominated by diatoms (Bacillariophyta), with
over 95% of cells at all sites being diatoms. Cyanophyta
made up a small fraction of the MPB community at 4 sites
(< 5%). There was no relationship between % Cyanophyta
and distance to estuary mouth.

Table 1 Environmental characteristics at each site (mean ± standard deviation of three measurements taken at each site)

DIS CHL SAL SRP NN AM CL SA GR DEV FOR

4.3 50 ± 10 33.3 ± 1.5 806 ± 112 44 ± 8 835 ± 234 17 ± 0 83 ± 0 0 ± 0 95 5

4.7 36 ± 6 29.7 ± 1.2 754 ± 144 107 ± 25 1612 ± 347 14 ± 3 86 ± 3 0 ± 0 5 95

5.2 29 ± 7 30.3 ± 1.2 86 ± 61 92 ± 15 2381 ± 869 14 ± 2 76 ± 2 10 ± 1 20 80

5.8 26 ± 2 33.0 ± 2.0 133 ± 35 69 ± 41 1403 ± 321 27 ± 3 65 ± 6 8 ± 9 30 70

6.7 27 ± 5 33.0 ± 2.0 15 ± 8 48 ± 24 1620 ± 418 28 ± 14 73 ± 14 0 ± 0 5 95

7.9 21 ± 2.7 30.7 ± 1.5 345 ± 87 66 ± 21 1219 ± 375 23 ± 3 61 ± 3 16 ± 1 15 85

11.4 17 ± 4.8 31.7 ± 0.6 42 ± 22 45 ± 28 1461 ± 275 21 ± 4 63 ± 4 16 ± 1 10 90

14.0 19 ± 6.6 28.3 ± 0.6 25 ± 8 36 ± 19 1420 ± 387 54 ± 8 37 ± 18 9 ± 11 0 100

15.1 12 ± 9 25.7 ± 1.2 15 ± 9 52 ± 37 749 ± 87.6 20 ± 3 71 ± 5 9 ± 8 35 65

16.5 18 ± 2 22.0 ± 2.0 59 ± 21 44 ± 19 1943 ± 791 31 ± 7 63 ± 3 6 ± 11 50 50

18.0 19 ± 2 19.0 ± 1.0 10 ± 4 66 ± 28 896 ± 78.1 28 ± 7 65 ± 8 7 ± 12 5 95

18.8 8 ± 5 24.7 ± 0.6 25 ± 8 54 ± 32 1604 ± 365 31 ± 2 49 ± 4 20 ± 3 25 75

19.9 20 ± 5 15.7 ± 2.1 7 ± 5 136 ± 38 867 ± 93 40 ± 9 60 ± 9 0 ± 0 65 35

21.0 11 ± 2 10.3 ± 0.6 2 ± 2 84 ± 20 1285 ± 418 29 ± 7 54 ± 7 18 ± 3 35 65

27.2 14 ± 2 0.3 ± 0.6 4 ± 3 60 ± 16 1882 ± 512 25 ± 4 70 ± 5 5 ± 8 5 95

Mean ± Std dev 13 ± 7 22 ± 11 24 ± 10 109 ± 206 69 ± 28 1453 ± 447 28 ± 10 64 ± 19 9 ± 7 22 ± 19 74 ± 26

DIS distance from estuary mouth (km), CHL MPB biomass (μg chlorophyll g sediment−1 ), SAL pore water salinity (ppt), SRP pore water phosphate
(μg L−1 ), NN pore water nitrate + nitrate (μg L−1 ), AM pore water ammonium (μg L−1 ), CL% clay in sediment,% SA% sand in sediment, % GR%
gravel in sediment, DEV % developed land in the 100-m buffer surrounding site, FOR % forested land in the 100-m buffer surrounding site
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A total of 178 diatom taxa were identified from the surface
sediment at the 15 tidal flat sites (Fig. 4). Of these, 104 could

confidently be identified to species level. Taxa richness
ranged between 21 and 46 per site, with an average of 34.1

Fig. 2 PCA ordination of environmental variables measured at 15 sites in
Yaquina estuary, OR, USA. Solid line vectors indicate environmental
variables used in PCA (AM: pore water ammonium concentration
(μg L−1), clay: % clay in sediment, DEV: % developed land in the 100-
m buffer, DIS: distance from estuary mouth, FOR: % forested land use in
the 100-m buffer, gravel: % gravel in sediment, NN: pore water nitrate +

nitrite concentration (μg L−1), SAL: pore water salinity, sand: % sand in
sediment, SRP: pore water phosphate concentration (μg L−1). Dashed line
vectors are supplementary variables (CHL: algal biomass
(μg chlorophyll g sediment−1), DOM: % dominance by a single taxa,
ES: % epipsammic taxa, H: Shannon diversity, S: species richness).
Polygons enclose sites located in the same position of the estuary

Fig. 3 MPB biomass (μg chlorophyll g sediment−1) at each site (plotted as distance from the estuary mouth)
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± 5.9 per site. Alpha diversity of diatom species (H′) averaged
2.6 ± 0.3 per site, with a maximum of 3.0. The most abun-
dant ly occurr ing taxa were Catenula adhaerens
(Mereschkowsky) Mereschkowsky, Opephora spp. 1,
Plano th id ium de l i ca tu lum (Kütz ing ) Round &
Bukhtiyarova, Navicula gregaria Donkin, Navicula spp. 1,
Nitzschia palea (Kützing) W. Smith, Cocconeis placentula
Ehrenberg, Planothidium lanceolatum (Brébisson ex
Kützing) Lange-Bertalot, and Pseudostaurosira perminuta
(Grunow) Sabbe & Vyverman. Six taxa occurred at all 15
sites (Catenula adhaerens, Opephora spp. 1, Planothidium
delicatulum, Navicula gregaria, Navicula spp. 1, Nitzschia
palea; Table 2, Fig. 5). However, 70% of taxa occurred at

fewer than 10 sites. In general, individual taxa did not dom-
inate the assemblage at any site (mean dominance 20.4% ±
9.8, maximum dominance 38.6%), with the number of taxa
with relative abundance greater than 10% ranging between 1
and 4 per site. The majority of taxa that could be identified
were highly motile, epipelic taxa (60% of taxa), while 28%
were epipsammic taxa and 3.5% were tychoplanktonic.
However, epipsammic taxa made 52% of the total valves
counted, comprising on average 51% ± 28% of the diatoms
at a site, while epipelic taxa made up 44% of total valves
counted, comprising on average 43% ± 26% of the diatoms
found at a site. Tychoplanktonic taxa were 3% of total valves
counted (mean per site: 3% ± 3%).

Fig. 4 The 15 most abundant
diatom species (based on total
number of valves counted) in
Yaquina estuary, OR, USA. a
Catenula adhaerens valve view,
b Catenula adhaerens girdle
view, c Pseudostaurosira
perminuta valve view, d
Pseudostaurosira perminuta
girdle view, e Opephora spp. 1
valve view, f Opephora spp. 1
girdle view, g Cocconeis spp. 1
pseudoraphe valve (PRV), (h)
Cocconeis spp. 1 raphe valve
(RV), i Cocconeis placentula
PRV, j Cocconeis disculus PRV,
k Nitzschia inconspicua, l
Planothidium delicatulum PRV,
m Planothidium delicatulum RV,
n Planothidium lanceolatum
PRV, o Planothidium
lanceolatum RV, p Nitzschia
pellucida, q Halamphora
coffeaeformis, r Navicula
gregaria, s Navicula spp. 1, t
Nitzschia palea, u Nitzschia
frustulum

1398 Estuaries and Coasts  (2021) 44:1392–1407



Table 2 The 47 most frequently
occurring diatom taxa in Yaquina
estuary, OR, USA. Maximum
relative abundance (Max),
number of sites where present
(N), life form classification based
on Vos and de Wolf (1993) (LF;
ES: epipsammic, EP: epipelic,
TY: tychoplanktonic), and
salinity classification based
primarily on Denys (1991) and
van Dam et al. (1994) (SAL; B:
brackish, BF: brackish-fresh, BM:
brackish-marine, FB: fresh-
brackish, MB: marine brackish,
M: marine)

Taxa Code Max N LF SAL

Achnanthidium exiguum AC.exi 2.8% 4 ES FB

Bacillaria paradoxa BA.par 1.5% 6 EP M

Berkeleya rutilans BE.rut 1.9% 3 EP FB

Catenula adhaerens CA.adh 38.6% 15 ES BM

Cocconeis disculus CO.dis 10.6% 7 ES BF

Cocconeis placentula CO.pla 14.4% 14 ES FB

Cocconeis spp. 1 CO.sp1 9.8% 5 ES –

Cosmioneis pusilla NA.pus 1.1% 3 EP BF

Cylindrotheca gracilis CY.gra 4.4% 5 EP MB

Diploneis interrupta DI.int 2.2% 6 EP B

Diploneis oblongella DI.obl 1.7% 1 EP FB

Fallacia forcipata FA.for 1.6% 6 EP MB

Gyrosigma obscurum GY.obs 2.2% 1 EP B

Halamphora coffeaeformis HA.cof 4.7% 12 ES FB

Halamphora holsatica HA.hol 2.4% 7 ES B

Halamphora subcapitata HA.sub 1.2% 1 ES B

Halamphora veneta HA.ven 1.6% 5 ES BF

Karayevia clevei KA.cle 1.3% 2 ES FB

Navicula erifuga NA.eri 1.4% 1 EP FB

Navicula gregaria NA.gre 18.7% 15 EP BF

Navicula spp. 1 NA.sp1 15.8% 15 EP –

Navicula spp. 2 NA.sp2 5.6% 8 EP –

Navicula spp. 3 NA.sp3 4.4% 12 EP –

Navicula tripunctata NA.tri 2.7% 8 EP FB

Nitzschia acidoclinata NI.aci 1.8% 6 EP FB

Nitzschia capitellata NI.cap 5.8% 6 EP BF

Nitzschia dissipata NI.dis 3.5% 7 EP FB

Nitzschia frustulum NI.fru 9.9% 12 EP BF

Nitzschia inconspicua NI.inc 5.0% 13 EP BF

Nitzschia linearis NI.lin 2.6% 8 EP FB

Nitzschia nana NI.nan 2.3% 3 EP BF

Nitzschia palea NI.pal 13.9% 15 EP FB

Nitzschia pellucida NI.pel 18.9% 10 EP M

Nitzschia sigma NI.sig 5.2% 3 EP B

Opephora spp. 1 OP.sp1 32.8% 15 ES B

Planothidium delicatum PL.del 21.6% 15 ES B

Planothidium lanceolatum PL.lan 6.3% 14 EP FB

Psammothidium hustedtii PT.rup 3.4% 7 ES –

Pseudostaurosira perminuta PS.per 14.0% 13 TY B

Rhoicosphenia abbreviata RH.cur 2.9% 7 ES FB

Surirella brebissonii SU.bre 2.7% 11 EP FB

Tabularia fasciculata TA.fas 2.2% 6 ES B

Tryblionella acuminata TR.acu 1.3% 2 EP MB

Tryblionella compressa TR.com 4.3% 5 EP BM

Tryblionella apiculata TR.con 1.7% 3 EP BM

Tryblionella levidensis NI.lev 2.5% 7 EP BF

Unknown taxa 1 UN.sp1 2.6% 4 EP –
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Association with Environmental Variables

The MPB diatom assemblage composition was strongly relat-
ed to location in the estuary, with assemblages at lower estu-
ary sites being distinct from middle and upper estuary sites
(Fig. 6; two-dimensional solution, stress = 0.07). Sites in the
lower estuary clustered on the negative end of NMDS axis 1,
while sites in the upper estuary clustered at the positive end of
this axis. Sites in the lower estuary were dominated by
epipsammic taxa with marine and brackish preferences, in-
cluding Catenula adhaerens, Opephora spp. 1, and
Planothidium delicatulum. These sites were characterized by
higher salinities, higher SRP concentrations, and sandier sub-
strates. The dominant diatom taxa in middle and upper estuary
sites were highly motile taxa with more brackish-fresh to fresh
salinity preferences, such asNavicula gregaria, Navicula spp.
1, Nitzschia frustulum (Kützing) Grunow, and Nitzschia
palea. These sites were characterized by finer substrates.
Pseudostaurosira perminuta was also abundant at middle
and upper estuary sites. This tychoplanktonic species can tol-
erate salinities from brackish to fresh (Sabbe and Vyverman
1995). The results of ENVFIT analysis showed that distance
from the estuary mouth (R2 = 0.89, p = 0.001) and SRP (R2 =

0.68, p = 0.002) were the environmental variables most
strongly correlated to the overall diatom assemblage in
Yaquina estuary (Fig. 6). Pore water salinity (R2 = 0.46, p =
0.049), substrate sand content (R2 = 0.42, p = 0.04), and sub-
strate clay content (R2 = 0.44, p = 0.04) were also significantly
related to the diatom assemblage, while pore water nitrogen
and buffer land use were not.

Results of CCA confirmed that distance from the estuary
mouth had the strongest influence on MPB diatom assem-
blages, followed by pore water salinity and the highly
intercorrelated nature of the environmental variables. The fi-
nal CCA model, selected after backwards and forward selec-
tion, accounted for 35.0% of the variability in the diatom
assemblage, with distance (F = 3.99, p = 0.005) and salinity
(F = 1.68, p = 0.049) being the two significant predictors in
the model.

Discussion

The estuarine MPB biomass and diatom community structure
in Yaquina estuary respond to the strong gradients in salinity,
sediment composition, and SRP found within the estuary.

Fig. 5 Relative abundance (%) of common diatom taxa at each site (plotted as distance from the estuary mouth)
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Sites in the lower estuary, characterized by higher salinities,
SRP, and more coarse-grained substrates, had higher MPB
biomass, lower diversity, and distinct diatom communities
compared to middle and upper estuary sites. These findings
are similar to several studies from estuaries worldwide that
have pointed to the importance of sediment composition, sa-
linity, and nutrients together for shaping tidal flat MPB com-
munity structure (e.g., Admiraal 1984; Desianti et al. 2017;
Desianti et al. 2019). As these three environmental gradients
are highly correlated with distance from the estuary mouth in
Yaquina estuary, it is impossible to extricate their individual
effects on MPB biomass and community composition. This is
a familiar problem in estuarine diatom research, pointed out
by Underwood et al. (1998) regarding salinity and nutrients
and repeatedly confirmed by other researchers for variables
including sediment composition (e.g., Kim et al. 2015;
Desianti et al. 2017; Desianti et al. 2019).

MPB biomass was more variable across the Yaquina estu-
ary than within a single site. This finding is consistent with
other studies of tidal flat MPB biomass which report great
variability within estuaries due to environmental gradients
established by tidal forcing (Underwood 1998; Janousek
2009; Janousek et al. 2009; Semcheski et al. 2016). While

light, temperature, and nutrient concentrations have all been
implicated in limiting MPB production (see review in
McGlathery et al. 2013), we detected a strong relationship
between MPB biomass and the gradients in substrate, SRP,
and salinity within the estuary. MPB biomass was greatest at
sites with sandy substrates near the estuary mouth. This find-
ing contrasts studies that have documented lower MPB bio-
mass on sandy substrates due to the lower nutrient supply
available in sandy compared to organic sediments
(Underwood and Kromkamp 1999; Billerbeck et al. 2007)
and higher likelihood of biomass turnover and loss due to tidal
resuspension in sandy habitats (Middelburg et al. 2000;
McGlathery et al. 2013). However, Cahoon et al. (1999) and
Semcheski et al. (2016) reported a positive correlation be-
tween sediment grain size and MPB biomass. MPB biomass
was positively related to pore water salinity, differing from
work that found no relationship between MPB biomass and
salinity (Janousek et al. 2009; Semcheski et al. 2016). Finally,
while primary production in oceanic and estuarine systems
has traditionally been thought to be nitrogen limited and stud-
ies have noted the importance of pore water nitrogen for in-
creased MPB biomass (Nilsson et al. 1991; Underwood et al.
1998), we did not detect a correlation between MPB biomass
and pore water nitrogen. Rather, pore water SRP showed a
positive correlation with MPB biomass in our study. A possi-
ble explanation for the differences in the relationships be-
tween nutrients and MPB biomass detected in our study is
the unique nutrient dynamics of Yaquina estuary. In most
estuaries, there is a decreasing gradient in nutrient concentra-
tions as you move towards the estuary mouth (Nedwell and
Trimmer 1996; Ogilvie et al. 1997; Underwood et al. 1998). In
contrast, we detected a strong gradient of increasing pore wa-
ter SRP moving towards the estuary mouth and did not detect
a gradient in pore water nitrogen, neither NN nor AM. While
our study represents only a one-time sampling event, in a
much more detailed study of seasonal patterns of water col-
umn nutrients in Yaquina estuary, Brown and Ozretich (2009)
demonstrated the importance of oceanic-derived nutrients, de-
tecting a similar pattern of decreasing phosphate concentra-
tions moving up the estuary during the dry season (summer).
This, coupled with possible increased release of phosphates
from terrigenous sediments at higher salinities (Jordan et al.
2008), sets up a gradient of decreasing phosphorus with dis-
tance from the ocean. The Yaquina estuary can also be char-
acterized as naturally high in nitrogen as it receives high ni-
trogen loads from both coastal upwelling in the summer and
winter inputs from symbiotic nitrogen-fixing associations of
red alder trees in the surrounding watershed (Naymik et al.
2005; Brown and Ozretich 2009). This abundant nitrogen
supply may explain the lack of relationship between nitrogen
and MPB biomass.

The Yaquina estuary tidal flat supports a diverse commu-
nity of benthic microalgae, overwhelmingly dominated by

Fig. 6 Non-metric multi-dimensional scaling ordination plots. a
Centroids of sampling sites and vectors of ENVFIT analysis and b 47
taxa with a relative abundance greater than 1% at one or more sites.
Abbreviations are in Tables 1 and 2
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diatoms. The estuarine MPB is recognized as a diverse assem-
blage composed of various algal groups (Sullivan and
Moncreiff 1990; Pinckney and Zingmark 1993; Janousek
2009) but dominance of the MPB community by diatoms is
commonly reported in the literature (e.g., Sullivan 1999;
Janousek 2009; McGlathery et al. 2013; Manoylov et al.
2016). While Amspoker and McIntire (1978) also reported a
low percentage of allochthonous diatoms on the tidal flats in
Yaquina estuary, the predominance of living, benthic, autoch-
thonous diatoms within our samples differs from what has
been reported in some estuaries (Vos and de Wolf 1988;
Costa-Böddeker et al. 2017; Desianti et al. 2019). Previous
studies on tidal flat diatoms have shown that planktonic dia-
toms, diatoms from allochthonous sources, and a high propor-
tion of dead taxa are often abundant in the collected tidal flat
assemblages (Vos and De Wolf 1988; Bárcena and Abrantes
1998; Manoylov et al. 2016; Costa-Böddeker et al. 2017),
having the potential to obscure relationships between tidal flat
diatoms and surrounding environmental conditions. The dia-
tom assemblages found at our sites appear to be predominant-
ly resident assemblages and we detected strong relationships
to environmental gradients within the estuary.

Tidal flat diatom assemblages in Yaquina estuary were
dominated by benthic, pennate taxa and tolerances to salinities
ranging from fresh-brackish to brackish-marine. The tidal flat
diatom flora of Yaquina estuary is largely similar to that re-
ported in previous work from Oregon and Washington estu-
aries (McIntire and Overton 1971; McIntire 1973; McIntire
1978; Whiting and McIntire 1985; Sawai et al. 2016). Tidal
flat diatom assemblages are often dominated by pennate forms
(Underwood et al. 1998; Wachnicka et al. 2010; Manoylov
et al. 2016; Sawai et al. 2016; Semcheski et al. 2016). Of the
taxa that could be identified to species level, 60% were clas-
sified epipelic taxa and 28% were classified as epipsammic
taxa. However, epipsammic taxa made 52% of the total valves
counted, while epipelic taxa made up 44%. Epipsammic taxa
growing attached to sand grains with brackish to marine sa-
linity preferences, including Catenula adhaerens, Opephora
spp., and Planothidium delicatulum, overwhelmingly domi-
nated the tidal flat assemblages at sites in the lower estuary
(mean epipsammic taxa abundance in lower estuary: 84 ±
10%), reflecting the strong environmental gradient of salinity
and substrate typewithin Yaquina estuary. These three species
are common in tidal flat epipsammon assemblages in estuaries
around the world, indicating a cosmopolitan distribution of
these species (e.g., Sundbäck and Medlin 1986; de Jonge
and van den Bergs 1987; Denys 1991; Sawai et al. 2016).
Nitzschia sensu lato and Navicula sensu lato taxa were abun-
dant in middle and upper estuary sites, constituting 46 ± 22%
and 60 ± 9% on average of the diatom assemblage at these
sites, respectively. These epipelic taxa are highly motile and
commonly found in silty sediment like that which dominates
this part of Yaquina estuary (Denys 1991; Janssen et al. 1999).

While pore water nitrogen shows no relationship with distance
from estuary mouth and SRP concentrations are actually low-
er in the middle and upper estuary, these dominant Navicula
and Nitzschia taxa can all be classified as having eutrophic
nutrient preferences. Again, the Yaquina estuary has high
background levels of nutrients (Brown and Ozretich 2009)
and the abundance of these taxa may reflect the overall nutri-
ent enriched state of this estuary. Finally, the 15 most fre-
quently occurring taxa are classified as euryhaline (Denys
1991), a common occurrence in intertidal habitats where sa-
linities can vary widely on a daily basis due to tides (McKew
et al. 2011; Yamamoto et al. 2017).

MPB diatom species richness and diversity in our study
were similar to previous work in the Yaquina estuary
(McIntire and Overton 1971; Amspoker and McIntire 1978).
MPB diatom richness and diversity varies widely within the
literature, with some studies reporting similar values (e.g.,
Underwood 1994; Wachnicka et al. 2010; Kim et al. 2015;
Semcheski et al. 2016), while others report much higher
values (e.g., Amspoker 1977; Oh and Koh 1995; Manoylov
et al. 2016; Desianti et al. 2017; Desianti et al. 2019). A pos-
sible explanation for the lower richness and diversity in our
study is that we sampled a single habitat, the tidal flat, in a
single estuary, while other studies often sample multiple hab-
itats across larger geographic areas. Estimates of richness and
diversity in estuarine systems are also complicated by the fact
that there is no comprehensive published flora for brackish
taxa, resulting in species often being misidentified as they
are forced into the existing descriptions of marine and fresh-
water floras. We encountered numerous taxa, mostly small,
and mostly encountered in only a few samples at low abun-
dances, that we were unable to identify to species level.
Similarly, 45% of taxa in Desianti et al. (2017) could not be
identified to species level. Diversity metrics were highly asso-
ciated with the major environmental gradients of salinity, sub-
strate, and SRP within Yaquina estuary (PCA), with lower
species richness and diversity and higher dominance at sites
in the lower estuary with higher salinities, coarser substrates,
and higher SRP. While many studies have examined the rela-
tionship between overall diatom assemblage and environmen-
tal parameters, fewer have examined the relationships specif-
ically between diversity parameters and environmental char-
acteristics. In contrast to our findings, higher diversity values
have been reported in sandy substrates, possibly due to con-
stant sediment reworking keeping any one taxa from becom-
ing dominant (Amspoker 1977; Vilbaste et al. 2000; Ribeiro
et al. 2013). Sediment mixing in the Yaquina estuary is
thought to be lower than other estuaries (Riznyk and
Phinney 1972), which might help to explain why we found
lower diversity values at sandier sites. Whitfield et al. (2012)
developed a general model of the relationship between estua-
rine species diversity and salinity that predicts lowest diversity
at intermediate salinities. However, findings from other
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studies have been mixed. Wachnicka et al. (2010) found a
positive relationship between salinity and the diversity of the
tidal flat diatom assemblage. And while Semcheski et al.
(2016) found a positive correlation between estuarine phyto-
plankton diversity and salinity, no relationships were detected
between salinity and MPB diversity. Finally, studies covering
larger geographic areas have not detected significant relation-
ships between MPB diatom diversity and nutrients
(Wachnicka et al. 2010; Weilhoefer et al. 2015). Clearly, the
diversity of estuarine MPB diatoms is influenced by a com-
plex array of environmental factors and relationships between
diversity and specific environmental factors may depend on
the individual characteristics of the estuary and the strength of
the environmental gradients within the estuary.

The distribution of theMPB diatom community in Yaquina
estuary also responded to the strong gradients in salinity, sed-
iment composition, and SRP found within the estuary. Sites in
the lower estuary had distinct communities from middle and
upper estuary sites, again making it difficult to separate out the
individual effects of each of these variables on the diatom
assemblage. CCA analysis confirmed the importance of dis-
tance from the estuary mouth and, to a lesser extent salinity, in
accounting for the variability in the diatom assemblage. Our
findings are consistent with numerous studies that demonstrat-
ed the importance of salinity in structuring the MPB diatom
assemblage (Underwood et al.1999; Wachnicka et al. 2010;
Costa-Böddecker et al. 2017; Desianti et al. 2019). However,
not all studies on estuarine MPB have found significant rela-
tionships between salinity and the MPB community. For ex-
ample, Janousek (2009), Janousek et al. (2009), and
Semcheski et al. (2016) found that salinity was responsible
for little of the variation in tidal flat MPB community compo-
sition. While salinity was a significant predictor of diatom
assemblage structure in Yaquina estuary based on CCA, dis-
tance from the estuary mouth accounted for more explained
variability in the diatom assemblage. Within estuaries, salinity
at a site can be highly variable, being influenced by tides,
seasons, and localized freshwater inputs. For example,
Nelson and Kashima (1993) determinized that localized fresh-
water inputs from the marsh slope influenced tidal flat diatom
assemblages in coastal Oregon. In Yaquina estuary, the steep
topography surrounding the sites results in many small, local-
ized freshets that influence one-time salinity readings taken at
sites. In addition, evaporation during low tide may affect pore
water salinity readings, particularly in sandy substrates where
larger pore spaces result in higher evaporation rates. Thus,
distance from the estuary mouth may be a better proxy for
long-term site salinity and may explain why distance from
the estuary mouth explained more variability in diatom assem-
blages than did salinity.

While not a significant predictor in the final CCA model
due to high correlations with distance from the estuary mouth,
ENVFIT analysis detected significant relationships between

substrate type and overall diatom assemblage. As mentioned
above, sites in the lower estuary are dominated by epipsammic
taxa, indicating that substrate is key in determining the dia-
toms living at a site. While individual diatom taxa have pref-
erences for certain substrate type, there is no consistent trend
in what other studies have found regarding the influence of
substrate onMPB community composition. For example, sed-
iment grain size was an important determinant of diatom spe-
cies composition in tidal environments in Oregon and
Washington, USA (Whiting and McIntire 1985; Sawai et al.
2016), the Chesapeake Bay, USA (Semcheski et al. 2016),
Europe (Sabbe and Vyverman 1991; Ribeiro et al. 2013),
and Korea (Oh and Koh 1995). In contrast, sediment grain
size was not important for determining diatom composition
in mid-Atlantic coastal areas (Desianti et al. 2019) and major
algal taxonomic groups in a California, USA, estuary
(Janousek 2009).

We also observed a gradient of increasing pore water phos-
phate moving closer to the estuary mouth, while no similar
gradient was observed in nitrogen. While again it is impossi-
ble to tease part the effects of salinity, substrate, and SRP on
the diatom assemblage in our study, and SRP was not a sig-
nificant predictor in the final CCA model, SRP was signifi-
cantly correlated to the overall diatom assemblage based on
ENVFIT analysis. Early work on nutrients in estuarine sys-
tems demonstrated the importance of nitrogen in shaping
MPB community composition and biomass (Admiraal and
Peletier 1979, 1980; Admiraal 1984; Nilsson et al. 1991;
Peletier 1996). Recent studies by Desianti et al. (2017, 2019)
demonstrated strong associations between MPB assemblage
structure and total nitrogen but not total phosphorus.
However, when strong phosphorus gradients do exist, they
can be very important. For example, total phosphorus was
one of the most significant variables determining tidal flat
MPB composition in estuaries and mangrove forests of
Vietnam (Costa-Böddecker et al. 2017). The importance of
both phosphorus and nitrogen in shaping MPB community
composition was demonstrated for tidal wetlands in Yaquina
estuary (Weilhoefer et al. 2015) and estuaries throughout the
Korean peninsula by Kim et al. (2015, 2019).

Land use in the 100-m buffer surrounding the site was not
associated with MPB biomass, diatom community metrics, or
overall MPB diatom community composition. While the in-
fluence of both buffer and watershed land use can be an im-
portant determinant of diatom community composition in
lakes, streams, and wetlands (Pan et al. 2004; Walker and
Pan 2006; Hill and Kurtenbach 2009), it is has not historically
been included in the study of estuarine tidal flat MPB. We
included it in this study because land use at multiple scales
was a significant determinant of tidal channel diatom assem-
blage in Oregon tidal wetlands (Weilhoefer et al. 2015) and
recent studies in Korean estuaries have demonstrated the in-
fluence of land cover on diatom assemblages (Kim et al. 2015;
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Kim et al. 2019). While a few sites in our study did have
urban, agricultural, and industrial uses in the buffer surround-
ing the site, the land use immediately surrounding most of our
sites was predominantly forested. Studies that have demon-
strated the importance of land use (e.g., Weilhoefer et al.
2015; Kim et al. 2015; Kim et al. 2019) have covered a wider
variability in land uses than our current study which might
account for the relationships detected.

While the importance of salinity, nutrients, and sediment
composition in structuring the MPB diatom community have
been demonstrated in many studies, there are no consistent
trends across estuaries in how these variables affect the
MPB. These studies have varied over geographic areas and
scales, species composition, length of environmental gradi-
ents, intercorrelations of environmental gradients, and field
methodologies. In our study, we detected strong relationships
between several environmental variables (salinity, substrate,
SRP) and MPB biomass, individual species abundances, dia-
tom community metrics, and diatom community structure in a
single habitat type within a single estuary. While it is
impossible to tease out the effects of salinity, substrate, and
SRP in Yaquina estuary, it is clear that tidal flat diatoms are
responding to several environmental factors, reflecting the
unique hydrologic and nutrient regime of Yaquina estuary.
Despite the many challenges of working in estuarine
systems, Desianti et al. (2019) demonstrated the utility of di-
atoms as bioindicators across of range of estuarine habitats
and our study lends support to the idea of MPB being used
as indicators of environmental conditions in estuarine environ-
ments. However, there is a need for more research before
generalizations can be made about the fundamental factors
affecting MPB distribution and abundance and to predict
how this valuable community will respond to changing envi-
ronmental conditions.
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