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ABSTRACT

Productivity in shallow coastal regions of the ocean on a per area basis can
outweigh that of the open ocean due to high nutrient inputs from land. Within these
shallow regions light can reach the sediment surface resulting in the growth of benthic
algae, such as mat forming diatoms. Primary productivity in coastal environments can
have a significant benthic component but can vary due to parameters such as light that
influence the spatial and temporal distribution of biomass. Light is often the limiting
factor for benthic primary producers and an understanding of the of the benthic PE
(photosynthesis versus downwelling irradiance) relationship is necessary for quantifying
the benthic contribution to ecosystem photosynthesis. In this thesis I used a combination
of whole core ex situ flux incubations for the total oxygen exchange rate (TOE) and
microsensor oxygen profiling for the diffusive oxygen exchange rate (DOE) to determine
benthic PE curves. The PE relationship was determined for the benthic community in the
Damariscotta River Estuary (DRE), a highly dynamic productive estuary in mid-coast
Maine, USA. PE relationships were measured in sediments from different depths by
sampling a transect across the estuary. Based on the natural range of light (6 to 63 pmol
photons m2 s'! measured during sampling) at the sampling sites, the corresponding
sediment total O, exchange rate ranged from -40 mmol O, m* d! in the dark to 53 mmol
O, m2 d'! at the highest light level. Rates across the transect were similar between sites
except at the deepest site in the middle of the channel was lower. The average transect
TOE photosynthetic capacity (Pmar) was 395 mmol O, m? d°!, the average photosynthetic
efficiency (a) was 3.9 mmol O, m? d! (umol photons m?s!)! and the average
respiration (R) was 70.8 mmol O, m d-!. Chlorophyll a sediment concentrations showed
no variation between sites while microphytobenthos biomass varied across the transect
with the deepest site having significantly less biomass. Combining the TOE PE
parameters with measurements of light attenuation, and surface irradiance, the net
community production (NCP) was estimated for the month of July 2019. Positive NCP
was found in the two shallow sites on either side of the transect reflecting net autotrophy,
while negative NCP was found in the deeper sites of the transect, reflecting net
heterotrophy. This pattern across the transect is driven by higher light availability at the
shallow sites and not differences in the PE relationship except for the middle of the
channel site. Quantifying benthic photosynthesis is needed for determining the
productivity of the whole estuary. This is an important question as the DRE hosts a
lucrative shellfish aquaculture industry and understanding the benthic contribution to
primary productivity in the estuary is necessary for understanding how much shellfish
aquaculture the estuary can support and its effect on the local ecosystem.
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CHAPTER 1

INTRODUCTION

Benthic microalgae contribute significantly to ecosystem primary production of
temperate and tropical shallow coastal regions (Grentved 1962; Colijn & de Jonge, 1984;
Cahoon & Cooke 1992, Glud et al. 2002b). Productivity within nearshore regions of the
ocean can outweigh that of the open ocean by up to 3-5 times because of increased
diversity and nutrient availability influenced by daily tidal mixing (Zhao et al. 2019). For
example it has been found that the benthic habitat can contribute 31% to the total annual
primary production to an overall temperate soft sediment ecosystem (Ask et al. 2016).
Benthic microalgae are likely to be widespread around the world’s oceans and can be
found in estuaries and continental shelf sediments, where sufficient light penetrates
through the water column to reach the sediment to support photosynthesis (Gattuso et al.
2006). Benthic microalgae contribute to multiple ecosystem services as they are essential
primary producers at the base of the marine food web with rapid transfer of organic
matter and mediation of energy and nutrients (Christianen et al. 2017, Hope et al. 2019).
Benthic microalgae communities in intertidal and shallow subtidal estuaries with mud or
sand as the bottom substrate are largely dominated by diatoms and/or cyanobacteria
(Cartaxana et al. 2016).

On the basis of biomass and biogeochemical cycling, benthic diatoms play a
significant role in productivity, trophic dynamics and sediment stability (Maclntyre et al.
1996). Intertidal estuaries are dynamic environments, where tidal currents lead to

deposition and resuspension of sediments, effecting the distribution of diatoms within the



estuary (Mitbavkar & Anil 2002). Short-term variations in water depth and light
attenuation affect spatial and temporal distribution of diatom biomass and corresponding

photosynthetic activity (Denis et al. 2012).

1.1 Measuring Benthic Primary Productivity

To determine the benthic net community production (NCP) the total oxygen
exchange (TOE) rate has been measured in the sediment core chamber incubations. This
measurement reflects the balance between respiration and photosynthesis from the
sediment (Rodil et al. 2019) or in other words the sediment is considered a “black box™
(Denis et al. 2012) with one net flux of either consumption or production of oxygen.
Since the development of fine scale oxygen microelectrode sensors, the spatial resolution
of net activity within the sediment can be increased by determining the diffusive oxygen
exchange (DOE) from the production or consumption rates within the sediment. Both the
TOE and DOE method of determining O flux from the benthic community can be used
to define the relationship between production and light levels (PE curve). This has been
demonstrated by Glud et al. (2002a) and (2009) who using similar methods determined a
PE curve for Arctic sediments using both the TOE and DOE, and reported higher DOE
photosynthetic parameters then TOE. The DOE oxygen microprofiling method is done by
breaking the sediment into zones of oxygen consumption or production rates with depth
based on the curvature of the microsensors O profiles (Berg et al. 1998). The DOE
oxygen microprofiles provide insight into the sediment redox reaction cascade
determining the oxygen penetration depth (OPD) in the sediment. For example the farther

oxygen diffuses into the sediment the more it will increase the amount of nitrification



occurring during light periods resulting in nitrogen retention and the drawdown of
nitrogen at night can initiate denitrification during dark periods (Hope et al. 2019).

Most recent studies have measured the dissolved oxygen exchange rates in situ to
determine benthic primary production, Sospedra et al. (2015) reported seasonal change in
O2 production in temperate fine sands with significantly more production in the spring.
Chlorophyll a (Chl a) measurements are taken to fully understand what is driving the
benthic rate (e.g., increased biomass or higher Chl a concentrations per cell) as done in
McMinn et al. (2012) and many other studies. O exchange can be measured by either
whole core incubations or microelectrode profiles either in situ or ex situ. There are other
techniques of measuring benthic production like PAM (Pulse Amplitude Modulation)
done in situ, used by Salleh & McMinn (2011) in the Antarctic, or the older C'*
incubation method used by Vilbaste et al. (2000) which is more commonly used for
pelagic production (Ask et al. 2016). The exchange rate of dissolved inorganic carbon
(DIC) by a whole core incubation can also be used to measure benthic primary production
(Ask et al. 2016). In shallow temperate coastal regions, subtidal benthic net primary
production has been estimated to range from -0.8 to 2.9 mmol O> m™ h*! with Murrell et
al. (2009) the lowest values reported from a bay in Florida and Cibic et al. (2008) with the
highest from the northern Adriatic Sea based on a literary review from Santema & Huettel
(2018). The many different methods of measuring and presenting benthic primary

production estimates can lead to difficulties in comparing rates across studies.



1.2 Study Site

The Damariscotta River Estuary (DRE) is a highly dynamic productive estuary in
mid-coast Maine, USA. Pelagic phytoplankton abundance has been found to be typically
highest at the head of the DRE (Thompson et al. 2006). However, the present study was
the first to investigate the benthic microalgae with an objective of determining the
primary production contribution of the benthic community at the head of the DRE. The
DRE is light limiting for benthic primary production because it experiences daily tidal
fluctuations changing the downwelling irradiance reaching the sediment surface. Side-
scan sonar surveys from a 1997 study of the middle DRE discovered that the dominant
sediment types are silt and mud (Chandler et al. 2016). These sediment types create an
optimal environment for benthic diatoms to form mats on the sediment and carry out
primary production when sufficient downwelling irradiance reaches the sediment surface.
The DRE also hosts a large shellfish aquaculture industry and quantifying the benthic
contribution to primary production is necessary for the future of the growing industry in
the head of the river.

Progress has been made during the past decades in researching and understanding
the benthic O2 dynamics and how it effects the marine carbon cycle, however there are
still many questions that have not been answered (Glud, 2008). Since diatoms act as an
environmental indicator for stress based on their sensitivity to the environment (Tang et
al. 2017), this can help predict the future of the aquaculture industry in the state of Maine
with the bulk of it grown in the Damariscotta River Estuary (Cole et al. 2017). The
estuary hosts a large portion of bivalve aquaculture for US coastal bays and estuaries that

is increasing at a rate of 75% from 2005 to 2013 (Testa et al. 2015). Ecosystem modeling



and management of the oyster cultivation is key to continuing the future of the DRE
aquaculture industry alongside a warming Gulf of Maine system due to climate change
(Mills et al. 2013). The production of microphytobenthos is often linked to coastal fish
and shellfish production (Kritzer et al. 2016, Morioka et al. 2017, Hope et al. 2019)
because they are at the base of the benthic marine food web and transfer organic matter
rapidly they mediate energy and nutrients to higher trophic levels (Christianen et al. 2017,
Hope et al. 2019). Microphytobenthos are significant food sources for shellfish and can
contribute up to 70% of the diet of harvested mussels, oysters and cockles (Hope et al.
2019). Microphytobenthos are often overlooked in decision making for complex
ecosystems like the DRE but have been proven to play a key role in interactions and

feedbacks that provide crucial ecosystem services.

1.3 Objectives and Thesis Outline

This study will determine whether the benthic community in the upper part of the
DRE is either net autotrophic or heterotrophic during July 2019 and the role of light or
biomass (determined from cell counts or sediment chlorophyll a) in determining the rate
of primary production. The importance of MPB in shallow water ecosystems is well
established and the most common limiting factors reported are light and biomass while
the fate of these communities are unknown (Middelburg et al. 2000) but what role these
factors play in the DRE has not been examined. By determining a relationship between
irradiance and primary production (PE relationship) for the DRE sediments the
contribution of the benthic community can be estimated for any point in the year using
downwelling irradiance recorded by the University of Maine’s LOBO buoy. Furthermore,

while the water column of the DRE has been highly studied, few benthic investigations



have been done. This research aims to improve the understanding of how sediments in
shallow coastal regions can contribute to primary production.

The thesis is organized in the style of a publication. Chapter 2 outlines the details
of the methods used. Key background information about the DRE is detailed along with a
description of the techniques (TOE and DOE) used for determining the PE relationship of
the MPB community. The details of the diatom cell counts and chl a measurements are
explained along with the final estimation of net community production across the
transect. In Chapter 3, the results of both methods of establishing a PE relationship for the
benthic community are presented. The distribution of the MPB community across the
transect is also evaluated by both cell and chl a concentrations and related to primary
production rates. Then, using the experimentally determined PE region and in situ
irradiance measurements, the daily oxygen production for the month of July 2019 is
determined for each site across the transect. Finally, in Chapter 4, the results from
Chapter 3 are discussed and compared to literature values to determine if the DRE has
high MPB production and why. Whether each site is net autotrophic or heterotrophic for
the benthic community is determined for the month of July 2019 and the impacts of the
large aquaculture industry within the study site in the DRE are discussed. The final
conclusions of the study are summarized in Chapter 5, and the errors and limitations are
discussed with the final part being a discussion of the potential for future work in the

DRE.



CHAPTER 2

METHODS

2.1 Study site, sampling and experimental set-up

The Damariscotta River Estuary stretches 30 km inland, southwest from the Gulf
of Maine to the town of South Bristol, ME (Mayer et al. 1996). The estuary experiences
semi-diurnal tides with an amplitude varying between 2.2 and 3.6 m according to the
Walpole ME tide gauge (43°46.02 N, 69°34.8 W). Freshwater input from the
Damariscotta Lake at the head of the estuary is limited (1-3 m? s!) and the average

salinity is 31.7 (Chandler et al. 2016).

Mook Sea Farm
Oyster Lease

D Small Oyster Lease
ame )

f‘E D
o
\

University of Maine’s Lobo buoy

‘ES

Perkin’s Point

© 2020 Google

Google Earth

Figure 2.1: The location of the sampling site within the upper Damariscotta River
Estuary (DRE). Oyster aquaculture leases marked in white squares and the University of
Maine’s LOBO buoy in white circle (Google Earth, 2019). The DRE marked with a red
star on the state of Maine map (On the World Map, 2020).



Table 2.1: Sample Sites with coordinates, water depth, bottom water temperature,
sampling date and the in situ PAR at the sediment surface during sampling of each site.

Light
Water Depth (m) Bottom Water  (PAR @ Sediment
Site Name Latitude and ~ Sampling Date Temperature level during
Longitude .Mea.n Mea.n Low (°0) sampling umol
High Tide Tide photons m=2s571)
West Shallow 44°00'03.64” N,  July 30th, 2019 3.3 0.6 22.2 63.41 umol photons
(WS) 69°32'44.06" W m=2s71
West Deep 44°00'01.98” N,  June 24t, 2019 6.9 4.3 17.7 40.0 umol photons
(WD) 69°32'37.32" W m=2s71
Middle of 44°00'02.22" N, August 12t 7.5 4.9 19.1 15.43 umol photons
Channel (MC)  69°32'30.24” W 2019 m2s71
East Deep 44°00'00.60” N,  July 224, 2019 6.9 4.2 20.3 43.87 umol photons
(ED) 69°32'24.86" W m=2s71
East Shallow 43°59'59.04” N,  July 11th, 2019 4.7 2.0 19.0 70.22 umol photons
(ES) 69°32'18.06" W m~2s71

The study took place between 13 June and 12 August 2019 in the upper part of the

DRE across from Perkins Point (44°0.05 N, 69°32.881 W) spanning an oyster aquaculture

site. Five sampling locations were chosen along a cross sectional transect east of Perkins

Point (Fig. 2.1, 2.2 and Table 2.1) to investigate the impact of benthic diatoms on

sediment oxygen dynamics. The water depth of the transect ranged from less than 1 m

closest to the shoreline to 8 m in the center of the estuary. On the west side of the estuary,

site West Shallow (WS) had a water depth of 3.3 m at high tide and was located along the

western edge of Mook Sea Farm’s oyster aquaculture lease. Site West Deep (WD) was

located on the opposite side of the lease at 6.9 m depth. In the middle of the estuary

channel, site Middle Channel (MC) was 7.5 m deep at high tide. The sites East Deep (ED,

6.9 m depth) and East Shallow (ES, 4.7 m depth) are located downstream of a small

oyster aquaculture lease. The University of Maine’s Sustainable Ecological Aquaculture

Network’s (SEANET) Land/Ocean Biogeochemical Observatory (LOBO; Seabird




Scientific) buoy is located within the study site and provides real time oceanography
measurements (e.g., T, S, PAR) at hourly resolution during the period of the study.
Benthic microalgal mats, dominated by vertically migrating pennate diatoms, e.g.,
Gyrosigma occur at the study site.

(a) West East

Mook Sea Farm

..............

MHW July 2019
Perkin’s ! C S, :
Point i

Figure 2.2: (a) Depth profile of transect from west to east in the DRE with mean high tide
water levels for the month of July 2019. (b) Top views of a sediment core from each site
after the TOE experiment was complete. Therefore, each core was exposed to high light
for 1 hour and has full diatom coverage on top of the sediment.

Sediment cores from each site were collected by scuba divers on the dates
indicated in Table 1. At each site 6 long (30 cm) and 2 short (15 cm) sediment cores were
collected. Light at the sediment surface was recorded using a PME miniPAR sensor at
each location during the sampling process (Table 2.1). All cores were transported back to
the laboratory in a dark insulated box with ice and placed in an environmental chamber.
Once in the environmental chamber, the long cores were placed in a large tank with UV

filtered water from the DRE at in situ bottom water temperature on the sampling day. The

2 short cores were placed in a smaller tank for microsensor profiling. A light:dark cycle



was set to mimic the in situ diel cycle of irradiance at the sediment-water interface on the
sampling day. Four Aqua Illumination Hydra 64 HD, LED aquarium lights with a yellow-
green filter provided preincubation in situ incident irradiance ranging from 5 to 100 pmol
photons m2s™! on the surface of the cores depending on what time of day the core were
sampled at. The tanks were aerated continuously to maintain natural air saturation within
the tank. The cores were preincubated overnight in the dark to allow for any disturbances
from the sampling process to be minimized. The following morning whole core flux
incubation experiments were carried out to determine the relationship between irradiance
and total oxygen exchange (TOE) across the sediment-water interface, while microsensor
profiling on the short cores was used to determine diffusive oxygen exchange (DOE) and
vertical oxygen distribution. The following morning after each sediment core sampling
event the TOE and DOE experiments began with the lights remaining off from the night
before.

During each whole core flux experiment a miniPAR sensor was placed in the TOE
flux tank in core position 1(b) (Fig. 2.3b). After all the experiments were completed the
light levels in the tank were tested because of variation in the higher light measured
during the experiments in core 1(b). The light level in the tanks were tested by setting the
tank up the same way as the TOE experiments and repeating the light cycle in the same
way (Tables 2.2 and 2.3) only with a miniPAR sensor rather than sediment placed in the
core tubes in positions 1-3 (Fig. 2.3b). The light test concluded that there was significant
shadowing in the highest light level for all experiments. The was determined based on a
comparison of position 1(b) and positions 1-3. The shadowing occurred during the

experiments because the miniPAR sensor was in position 1(b) which was next to position
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1 but not directly under the light source therefore shadowed in the last light level because
in order to achieve the highest light the light source was moved downward closer to
position 1. Each position in the tank 1-4 had its own light directly above the sediment
core position. The final light level was adjusted based on a correction factor determined,
by a linear regression between the positions 1-3 test PAR measurements and 1(b)
experimental PAR measurements. The 1(b) PAR measurements for the highest light level
from each experiment was multiplied by the correction factor of 1.70 to get the new
calculated highest light level.

Table 2.2: Light levels for the TOE flux incubation experiments with light intensity and
distances to the corresponding light. The distances of the sediment level to the light for

each different light level in cm as well as the light to the water with a 5.08 cm filter
housing on the light and 22 cm of water to the sediment level in the tank.

Light for each TOE experiment by site (umol photons m=2s~1) Light Light Light color Intensity
distance  distance
Light
Llegvel West Shallow West Deep Middle of East Deep East Shallow S Zr.om from . lues hite?
(07/31/19)  (06/25/19) Channel (07/23/19)  (07/12/19) |Sediment  water  Green% Blue% White%
(08/13/19) (cm) (cm)
1 2
1 0+0.07 0+0.08 0+0.03 0+0.08 0+0.06 91.44 69.85 0 0 0
2 13.31+0.22 11.88 £3.37 23.56+0.53 13.32+0.34 13.92+£2.05 91.44 69.85 90 80 0
3 13.24+0.99 21.77+£2.51 47.49 £ 1.62 28.27 £0.62 28.84+1.18 91.44 69.85 209 116 30
4 52.62 +1.07 40.98 £1.50 88.40£1.10 56.39+1.01 55.84 +0.81 91.44 69.85 209 116 137
5 111.91+5.71 72.75+4.93 112.54+2.85 105.67 +4.61 69.01 +4.55 66.04 44.45 209 116 137
6 150.22 £4.27 92.49+2.08 155.49+4.68 116.18+2.59 92.61+0.69 55.88 34.29 209 116 137
7 150.63+2.49 105.84+3.61 22465+ 131.31+0.87 111.70+3.98 48.26 26.67 209 116 137
10.39
8 317.85+3.55 213.54+6.33 428.82+4.23 254.49+1.35 179.24+2.60 35.56 13.97 209 116 137
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Figure 2.3: (a) TOE flux tank set up diagram for distances that were set during each
experiment as a supplement to table 1.1 with the filter housing and sediment to water
level. Distance 1 is the light to the sediment surface and distance 2 is water surface in the
tank to the light. (b) Overview of TOE flux tank for light test based on the experimental
set up with cores 1-3 being the sediment core positions, core 4 the blank and 1(b) being
the position of the miniPAR sensor during the experiments. (c) Image of TOE tank set up
for WD site on June 25", 2019.

Light color Intensity Light distance from  Light distance from Average Light for DOE
sediment (cm) water (cm) Core for all experiments
Green% Blue% White% (umol photons m=2s™1)
0 0 0 68.58 63.50 0+0.09
50 40 0 68.58 63.50 14.24£3.94
90 80 0 68.58 63.50 22.70+£6.25
209 116 30 68.58 63.50 39.80+£10.23
209 116 100 68.58 63.50 60.66 + 14.55
209 116 137 63.50 58.42 81.29 £ 14.26
209 116 137 48.26 43.18 154.97 £15.37
209 116 137 38.10 34.29 221.19 +£20.08

Table 2.3: Light levels for the DOE microprofiling experiments with light intensity and
distances to the corresponding light. The distances of the sediment level to the light for
each different light level in cm. The light to the water with a 5.08 cm filter housing on the
light and 22 cm of water to the sediment level in the tank.
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2.2 Total Core Incubation for Total Oxygen Exchange

To determine the photosynthetic vs irradiance relationship for the benthic diatom
community the total amount of oxygen being produced or consumed as a function of light
must be determined. To do this, TOE was measured using whole-core flux incubations at
8 different irradiance levels for the long cores collected at each study site. The irradiance
was changed by first adjusting the intensity of the light and then regulating the distance of
the light source relative to the surface of the lid on top of the sediment core (Fig. 2.3),
similar to the procedure of Glud et al., 2002. Each irradiance interval lasted for 1 hour
and the entire overlying water contents of each core was flushed to reset the O
concentration before each well-defined irradiance level.

The incubation was initiated by the capping of the core and the start of the stirring.
A fourth core was added to the tank with filtered UV water from the DRE as a blank.
Each core was capped with a clear plastic lib avoiding any bubbles and screwed on to
ensure the contents of the core stays within. A Hach LDO oxygen sensor was placed in
the top of the lid alongside the magnetic stir bar to ensure a well-mixed overlying water
phase above the sediment surface. In the lid there were in and out water ports connected
to a UV filtered DRE water reservoir so the overlying water contents could be exchanged
between each irradiance level of the experiment. The first hour of the incubation the cores
remained in the dark while dissolved oxygen was measured every 5 minutes throughout
the hour in the overlying water. After the first hour the light was turned on and adjusted to
11 umol photons m2 s! and the overlying water contents of each core was flushed. This

sequence continued for 6 more levels ranging from 22 to 428 pmol photons m™2 s™!, the
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exact light intensities are listed in Table 2.2. Total oxygen exchange rates (TOE) for each
core in mmol O, m2 d"! were calculated from the change in overlaying water oxygen
concentrations Eq. (2.1) measured every 5 minutes during each flux incubation.

A(Oz(core) - 02(blank)) N

TOE Flux =
ux AT

H 2.1)

Where Ozpiank) 1s the oxygen measured in the blank core with just UV filtered sea water,
O:zcore) the oxygen measured in the overlying water for the sediment core, At is the change
in time, and H is the height of the overlying water column. To ensure activity in the water
column wasn’t contributing to the change in oxygen, the oxygen concentration of the
blank core filled with just UV filtered sea water was subtracted out. A PE (Photosynthetic
rate vs irradiance) relationship Eq. (2.2) (Platt & Gallegos 1980) was fit to the total

oxygen exchange rate with light curves for each site according to,
—aE
P = Ppax <1 — erax) —R (2.2)

where Pyax represents the maximum photosynthetic capacity in mmol O, m2 d*! and « is
the initial slope of the PE curve representing the photosynthetic efficiency in mmol O> m
2d! (umol photons m s7')!. R is the O» consumption rate in the sediment in mmol O, m’
2 d'! and E is the downwelling irradiance in umol photons m2 s'!. Each photosynthetic
parameter Pyqx, &, R was determined from individual fits of the three-replication sediment

core TOE rates with light from each site.

2.3 Oxygen Microprofiles for Diffusive Oxygen Exchange

Oxygen profiles were determined in the short (15 cm) cores using a Clark Type
microelectrode (Unisense OX-100) attached to a motor driven micromanipulator. The

oxygen electrode has a tip diameter of 100 pm which allows for non-destructive
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measurements of oxygen that can take place in less than 0 to 3 seconds. Oxygen was
measured at 100 pm depth increments until the oxygen penetration depth was reached,
approximately 0.5 to 1 cm. To ensure oxygen profiles were at steady state each core
remained under each light level for 45 minutes prior to the initiation of profiling and
aeration within the tank remained on throughout the 8 1-hour intervals. For each light
level 3 sediment profiles were made where diatom coverage was observed, avoiding any
repeat locations. From these profiles the upward oxygen flux was calculated based on the
integrated rate of oxygen production or consumption with depth determined based on a
series of least square fits to the oxygen concentration profile and then compared based on
a statistical F-test for the least number of zones the profile could be broken into based on
equivalent oxygen activity (Eq 2.3). The downward flux is towards the heterotrophic or
chemolithotroph communities which lie in the deeper sediment layers (Glud et al. 1992,
2002b, Kiihl et al. 1996). To quantify a rate of diffusive oxygen exchange (DOE) from
the microprofiles the approach of Berg et al. (1998) was used. This approach determines
the least number of zones of production and consumption rates needed to balance the
reaction and diffusive exchange Eq. (2.3).

2
—¢Do, %Z"j =P—R (2.3)

Where Dy, is the diffusivity of O2, ¢ is the porosity of the sediment, O is the
concentration of oxygen and z is the corresponding depth of the Oz concentration. This is

then balanced by the integrated production (P) and consumption (R) rate.

2.4 Microphytobenthos Biomass

Following the TOE incubation experiments cores were sectioned for diatom cell

counts. The top of each core was photographed before sectioning to compare diatom
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coverage after full light exposure (Fig. 2.2b). Then the distinct benthic diatom mat that
had formed on top of the sediment was carefully removed for diatom counts. The next
Iem of sediment underneath the diatom mat was sectioned and divided into quarters and 1
quarter was removed for diatom counts. The diatom mat and underneath layer were mixed
with NaCl water (10 mL for Mat and 20 mL for 1cm below) to make uniformly mixed
slurry and weighted both before and after NaCl was added. Two 0.5 mL aliquots were
collected from each slurry and one was frozen at -80°C to measure chlorophyll a while the
other was further diluted with NaCl (8.5 mL) and preserved in formalin (6 mL). 15 uL of
formalin preserved cells were pipetted onto a microscope slide with cover slip. Diatoms
were counted at 400X magnification along three transects across the cover slip and
expressed using Eq. (2.4):

Coturry = O (%) « D * 1000 (2.4)

Where Cgyyyry 1s the number of diatoms mL! of original slurry, (O) is a multiplication
factor of one transect to the area of the cover slip (88, taking into account a 10mm x
10mm counting grid on the underside of a 10X ocular, with 40X objective, and 22mm x
22mm cover slip) (Cells) is the average number of diatoms in a transect, (V) is 15 uL
under the cover slip, and (D) is a dilution factor of 30 accounting for the formalin

mixture. The number of diatoms per area of the core was calculated using Eq. (2.5):

coll (M)*Vsamme
eLLs 14
= 2 (2.5)

m2 A

Where (V) is the volume of original slurry and (7?) is the volume of original mat or lcm
underneath layer that went into the slurry, Vsampre 1s the total volume of the mat or 1cm

underneath layer in the sediment core, and (4) is the area of the sediment core.
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The chlorophyll a content in the sediment was measured from both the mat and 1
cm below samples. This was done by using the second 0.5 mL aliquots taken from the
first samples that were frozen at -80°C. The analysis was done on a Turner Designs model
Trilogy fluorometer based on the Parsons, Maita, & Lalli, 1984 method and used 2.5 mL
extracts to determine pg mL! of Chl a for each sample which was calculated as described
in the JGOFS protocols (Knap, A., A. Michaels, A. Close & (eds.) 1996). From pug ml~!
of Chl a the per core area concentration was calculated using Eq. (2.6) with the original
volume of the sample (Vsampie) from the core with the concentration of Chl a (Cenis) and

(A) is the area of the sediment core and converted to mg.

mg of Chla _ (Cchla*VSample) %0.001 (2.6)

m2 A

2.5 In situ Light Measurements

To determine the incidence downwelling irradiance (PAR) at each site across the
transect light profiles were taken at several times during the tidal cycle on July 18,
August 9" and 12" 2019. Profiles were recorded using a PME miniPAR logger mounted
to a tripod which was lowered into the water column and measurements were recorded
every meter. The light attenuation coefficient &, was determined from these light profiles
using an exponential fit to Eq. (2.7).

E, = E,e™*2 2.7)
where £ is the light attenuation coefficient for the water column and z is the water column
depth. E, is the irradiance at the surface of the water and E: is the downwelling irradiance
at a given depth. Light profiles were taken as close as possible to noon depending on the

tide with minimal cloud coverage. Both average low and high tide attenuation coefficient
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were determined from the light profiles due to changes in turbidity corresponding to the

tides, and the coefficient for every hour in between was calculated using Eq. (2.8).

Knigh—k - kiow+kni
k(t) — Xhigh—Kiow cos (27‘E(t o‘ffset)) + lowtKhigh (28)
2 period 2

Where ¢ is time, offset is the amount of time high tide is away from midnight and period
is the length of the tidal cycle. £ is the attenuation coefficient determined for high and low
tide. The period and offset where determined using the NOAA tide and current buoy

(Walpole, Damariscotta River, ME, 43°56.0 N, 69°34.8 W) located near the study site.

2.6 Benthic Net Primary Production Estimates

A timeseries of benthic net community production (NCP) based on the TOE
experiments was estimated for each site along the transect for the summer of 2019
between 16 June to 31 August 2019. This was calculated using Eq. (2.2) with Py, @, and
R determined from the TOE incubation experiments. The bottom irradiance Ep was
estimated hourly by Eq. (2.7) where E, was the surface PAR recorded at the University of
Maine’s Lobo buoy, z was the water column depth and the light attenuation coefficient £,

calculated from Eq. (2.8) and measured water column light profiles.
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CHAPTER 3

RESULTS

3.1 Total Oxygen Exchange
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Figure 3.1: Middle of Channel Site (August 13", 2019) TOE raw oxygen concentrations
in mg L for all 8 different intervals of light with three replication sediment cores (grey,
red and blue lines). In black the corresponding light levels from the experiment in a core
next to replication sediment core 1.

The total O> exchange (TOE) across the sediment-water interface measured in the
whole core incubations represents the combined activity of Oz production by the benthic
diatom community and consumption due to respiration of both diatoms and the
heterotrophic organisms present in the sediment. During each experiment O, decreased in
the overlying water during the dark incubation (08:00 to 09:00 in Fig. 3.1), reflecting the
0> demand of the heterotrophic community. O also decreased at the next two lowest

light levels (refer to Table 2.1, level 2) and didn’t begin to increase until the third light

levels (refer to Table 2.1, level 3). Plots of the O2 concentration, along with the light
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reaching the sediment-water interface during each flux incubation experiment are shown
in Appendix A for each site and Fig. 3.1 for site MC. Relationships between irradiance
and TOE for each site are shown in Fig. 3.2 and the red line in these figures represents the
least squared fit of Eq. (2.2) used to determine values of Pnax, @, and R for each site
(Table 3.1). At low light levels TOE increased linearly with increasing irradiance, &
ranged from a low of 1.4 + 0.2 mmol O> m? d*! (umol photons m? s7')"! in the middle of
the channel (MC) to a high of 4.8 = 0.5 mmol O, m d! (umol photons m s!)! at site
ES. Ataround 100-200 pmol photons m™ s TOE began to plateau indicating that Pyax
was reached. Pqx ranged from 286.5 +37.8 mmol O> m? d! at MC to 570.5 +41.0
mmol O, m? d! at WS. The sediment respiration, R, was lowest in the middle of the
channel (MD) (33.5 + 1.6 mmol O, m* d'!) and highest along the edges of the channel,
81.9 £ 6.2 mmol O, m2 d! at WS and 82.8 + 14.7 mmol O> m? d! at ES. The
compensation irradiance, defined as the light level when the depth-integrated O>
production by photosynthesis is balanced by the depth-integrated heterotrophic
respiration, i.e., TOE flux became zero, was between 11 and 20 pmol photons m s™! for

all the sites except MC which was 24 pmol photons m= s,
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Figure 3.2: PE response curves for each site based on TOE. Three replicate sediment
cores incubated under well-defined light for each site along the transect. The red lines
represent the least squares fit of Eq (2.2). Site West Shallow (WS), Site East Shallow (ES),
site West Deep (WD), site East Deep (ED) and Middle of Channel (MC) all located in the
upper part of the DRE across from Perkin’s Point. All sites grouped together with the MC
site in black and the rest in grey, the red line in all represents the best fit for WS, WD, ES,
and ED combined.
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An ANOVA was used to compare the fitted values of P,,,,, @ and R between
sites. The results were statistically significant for each parameter (P4, p=0.0159, «
p=0.0029, R p=0.0031), indicating difference between sites. However, removing the
deepest site, MC and repeating the ANOVA for the four remaining sites resulted in no
significant differences (P4, p=0.143, a p=0.374, R p=0.0753). Therefore, these four
sites were considered not statistically different for the photosynthetic parameters. The
average parameter values across the four sites (WS, WD, ES, ED) are shown at the
bottom of Table 3.1.

Table 3.1: All parameters determined to make NCP estimates for the TOE and DOE
methods. Ppg, ( mmol 0, m=2d™1Y) is the maximum photosynthetic capacity, a
(mmol 0, m~? d~1 (umol photons m=2 s~1)™1) is the photosynthetic efficiency and R

(mmol 0, m~2d~1) is the dark respiration. Values in bold are statistically different
parameters determined from an ANOVA test run on both methods individually.

Site Name Total Oxygen Exchange (TOE) Diffusive Oxygen Exchange (DOE)
Pmax & (Growth & (Linear R Pmax a (Growth @ (Linear R
Curve) Fit) Curve) Fit)

West Shallow  570.5+41.0 45+04 27+01 819+6.2 n/a 1.8+0.1 1.8+0.1 40.6+2.0

(Ws)
West Deep 424.7+579 43+06 32102 5131124 n/a 1.2+0.1 13+0.1 49.6+49
(WD)
Middle of 286.5+37.8 14+0.2 12+01 335+1.6 3026+ 14+02 09+0.1 30.1+
Channel (MC) 93.5 14.0

EastDeep  442.5+48.4 35:04 25%0.1 67.1+195 n/a 12402 11401 446+
(ED) 11.2

East Shallow  376.4+37.7 48+05 3.2+02 828%14.7 n/a 27+03 22+0.1 723+0.9
(ES)

Average (Not 3954+241 39103 27+01 708%14.9
Including MC)

3.2 Diffusive Oxygen Exchange
O microsensor profiling was conducted in the short (15 cm) cores alongside the
TOE incubation experiment and at similar light levels. Three replication profiles were

made at each light level resulting in 24 profiles per experiment and 124 profiles total. An
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example series of profiles collected during the microsensor experiment for site WD is
shown in Fig. 3.3 and the remaining profiles from all sites are shown in Appendix B. The
O2 concentrations within the sediment increased extending deeper as the light increased

with each interval for each site in the transect.
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Figure 3.3: Example O: sediment profiles from West Deep (WD) site. Three replication
profiles averaged from each light level exposed to the sediment core for 1 hour.

The O concentration within the diatom-covered sediment at each site along the
transect increased to more than twice that of O in the overlaying water (250 Oz pmol L)
at the highest irradiance level of 221 umol photons m? s'!. This resulted in maximum
subsurface oxygen (MSO) concentrations between 600 to 1000 O, pmol L™ within the
first 0.1 cm of the sediment. Site MC had the lowest MSO concentration (613.3 = 87.4 O,
umol L) and the shallow sites had the highest (1085 £ 52.8 Oz umol L). In the dark
incubation the oxygen penetration depth (OPD) was between 0.05 to 0.1 cm depth and
increased with increasing irradiance to between 0.2 to 0.35 cm depth at the highest

irradiance levels. The shallow sites had the deepest OPD at the highest irradiance (0.32 +
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0.02 cm), while the deepest site in the middle of the channel (MC) had the lowest (0.25 +
0.01 cm). All of the sites had higher compensation irradiance for DOE than TOE
somewhere between 22 and 41 pumol photons m2 s'! except for site MC which was lower

at 21 pmol photons m™ s'! compared to 24 pmol photons m s! for TOE.
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Figure 3.4: Example O: sediment profiles from West Deep (WD) site with the Berg et al.,
1998 method of determining the flux of O: from the sediment at light levels of (4) dark (0
umol photons m? s!) and (B) 155 pmol photons m™ s'!. Consumption rates are in red
and production rates are in blue with the sediment (diatom mat) surface at zero marked
by a dashed line.

The oxygen activity rates, both production and consumption, were estimated from
the microprofiles using the approach of Berg et al., 1998 (Fig. 3.4). The three replication
profiles of Oz concentration with depth fitted with the rates for each light level from the
experiments are shown in Appendix B. Fig. 3.4 shows the results of this for both dark
(Fig. 3.4A) and light (Fig. 3.4B) incubation from site WD, with production shown in blue

and consumption in red. During the dark incubation oxygen consumption at the rate of 72

umol Oz cm™ d'! begins immediately below the sediment water interface and oxygen is
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depleted by 0.1 cm depth. In the light incubation (155 pmol photons m s*!') an actively
photosynthesising population of diatoms is indicated by an oxygen production zone
occupying the top 0.08 cm of sediment. The production rate is 332 pmol O cm™ d-!
immediately below the sediment water interface, then drops to 159 umol Oz cm™ d-! by
0.04 cm depth until below this zone oxygen is consumed at a rate similar to the dark
incubation.

The diffusive oxygen exchange (DOE) was determined for each profile from each
site by the integrated production and consumption rates determined above and used to
construct a DOE-based PE relationship for each site. Relationships between irradiance
and DOE for each site are shown in Fig. 3.5 and the red line in these figures represents a
linear regression of the data points to determine «, except for site MC, which was fit
using Eq. (2.2) since only at this site was Py, reached. The red line in Fig. 3.5C
therefore represents the least squared fit of Eq. (2.2) used to determine values of Pyax, @,
and R for site MC (Table 3.1) rather than a linear fit, as is the case for the other sites. For
all cores at lowest light levels, DOE increased linearly, with a ranging from a low of 0.9
+ 0.1 mmol O, m? d! (umol photons m? s!)! in the middle of the channel (MC) to a
high of 2.2 £+ 0.2 mmol O, m* d*! (umol photons m2 s!) ! at site ES. For site MC at 200
umol photons m2 s DOE began to plateau giving a Ppax of 302.6 + 93.5 mmol O, m? d-
!, Puax was not reached at the other sites. The sediment respiration, R, was lowest in the
middle of the channel (MC) at 30.1 + 14.1 mmol O, m d! and highest along the eastern
edge of the channel; 72.3 + 0.9 mmol O, m d! at ES. The shallow sites had a greater
flux of O> to the overlying water because there is a larger MSO concentration in the

sediment at the higher light levels.
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Figure 3.5: PE response curves based upon the DOE measured from microsensors. Three
replication O microprofiles were taken under well-defined irradiance (0, 14, 23, 40, 60,
81, 155, 221 mol photons m™ s7!) levels for each site on the transect. Site West Shallow
(WS), site East Shallow (ES), site West Deep (WD), site East Deep (ED) and Middle of
Channel (MC) all located in the upper part of the DRE across from Perkin’s Point. All is
each individual core from each site together with the MC site in black and the rest in

grey.
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An ANOVA test was used to compare the a and R parameters across sites. For
this indicated there were statistical differences across sites (p=0.0010). Grouping the sites
by depth indicated that the deep sites and the middle of the channel were not statistically
different (p=0.292) and likewise both shallow sites were not statistically different to each
other (p=0.099). For the parameter R there were also differences across sites (p=0.0013),
but these differences disappeared if site ES was removed from the ANOVA (p=0.149).
An ANOVA was also used to compare the value of alpha determined from the DOE and
TOE experiments. When comparing methods, the transect was statistically different

(p=0.0159) except for when WD was removed (p=0.0755).

3.3 Microphytobenthos Cell Distribution

Microphytobenthic cell concentration at each site both in the diatom mat, and at 1
cm depth were determined. The site with the greatest number of cells present in the
diatom mat was the WS site with 75.53 + 32.08 10'° cells m which also had the highest,
though not statistically significant, Puax (570.5 = 41.0). The MC site had the least number
of cells, 3.65 + 0.898 10'° cells m™, present in the diatom mat consistent with the PE
parameters being statistically lower than the other sites (Table 3.1, Table 3.2). The cell
counts from 1 cm below the mat had a greater number of cells in the deeper sites
compared to the shallow sites for both the east and west side. The west side of the channel
had a larger total number of cells (104.87 + 17.73 10'° cells m™) in the top 1 cm
compared to the east side (61.05 + 16.16 10'° cells m2) (p=0.0186). The MC site had
statistically lower cell counts than the other sites both for the mat (p=0.0274) and 1 cm

below (p=0.0238) cell counts.
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Table 3.2: Number of cells per core area for each site in the transect with chlorophyll a
concentrations per core area for both the diatom mat and 1cm below the mat. Values in
bold are statistically different within each measurement comparing sites based on an
ANOVA.

Number of Cells per area in core  Chl a concentration per area in
Site Name (10%° cell m™2) core (mg m=)

Mat 1 cm below Mat 1 cm below

West Shallow 75.53 +32.08 46.22 +21.80 6.90+0.96 4,12+ 1.06
(Ws)

West Deep 52.96 + 23.67 58.65 + 33.95 6.74 +3.60 14,53 +4.57
(WD)

Middle of Channel 3.65 +0.898 0.138 +£0.240 9.10+6.78 5.00 +4.36
(MC)

East Deep 52.34+34.47 40.56 + 8.35 6.54+3.13 14.29+1.92
(ED)

East Shallow 18.90 +£10.91 20.50+ 7.86 9.33+3.87 11.30+3.49
(ES)

Average 40.68 +£33.63 33.21+26.59 7.73+3.70 9.85+5.44

Based on the chlorophyll a (Chl a) concentration for the area of the cores the sum
of the mat and 1 cm below are not statistically different (p=0.31). Looking at the
individual measurements of Chl a, 1 cm below was statistically different (p=0.0073)
across the transect. The 1cm below was not statistically different without sites WS and
MC (p=0.751) The mat concentrations are not statistically different (p=0.85). Sites MC
9.10 + 6.78 mg m~2 and ES 9.33 + 3.87 mg m~?2 have the highest concentrations and

were not statistically different.
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3.4 Benthic NCP Estimates for upper DRE

Normalized from Surface PAR
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Figure 3.6: Water column light profiles with depth to determine the attenuation
coefficient from each site along the transect. Profiles in grey were made at low tide and
ones in black done at high tide. Three replication profiles for each site with MC being
done at both low and high tide.

The light attenuation coefficient (k) was determined for each site across the
transect at both high and low tide using in situ water column PAR profiles (Fig. 3.6).
There was no horizontal variability in the coefficient across the transect, however there
was differences depending on tidal period (Fig. 3.6). The low tide & value (ki = 1.101 £
0.03) was higher than the high tide & (knign = 0.59 £ 0.05) Using these values and Eq. (2.8)

k was estimated throughout the tidal cycle (Fig. 3.7C).
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Figure 3.7: In situ daily values from the month of July used to calculate the NCP for site
west shallow. (A) is the irradiance at the surface of the water in umol photons m? s, (B)
is the water depth in meters at the specific site and (C) is the attenuation value calculated
(k). (D) is the calculated sediment surface downwelling irradiance in umol photons m~ s
"using plots A-C values with Eq. (2.7). All for site west shallow for the month of July with
zero marked in black. July 16" missing for plot (4), (C) and (D) due to Lobo buoy
cleaning.

To calculate the net community production (NCP), which is the diatom
photosynthetic production minus the respiration of the diatoms and heterotrophic
community present in the sediment, a number of in situ parameters and coefficients had to
be determined. Using the hourly calculated & values (Fig. 3.7C) combined with hourly
surface irradiance (Fig. 3.7A) from the University of Maine’s LOBO buoy and water
depth (Fig. 3.7B) the downwelling irradiance (Ep) (Eq. 2.7) at the sediment surface for
every hour of the day from July 1% to July 31% in 2019 was calculated (Fig. 3.7D). The

downwelling irradiance is dependent on the surface irradiance and the water depth. For
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the greatest amount of light to reach the sediment surface at each site high tide water
depths have to occur during peak sunlight hours of the day (12:00 PM). Oscillation in
tidal amplitude correspond to spring and neap tides, influencing depth and Ep. The spring
tide occurred at the beginning of the month when the highest, high tide water depths
occur indicated in Fig. 3.7B from July 3™ to 8" affecting Fig. 3.7D.

Based on the ANOVA analysis of the TOE parameters it was decided to use
averages across the transect for every site except site MC. Table 3.1 was used to calculate
the NCP estimates for the benthic community as a whole for each site (Fig. 3.8). The
hourly NCP rates were calculated using Eq. 2.2 with the calculated hourly bottom
irradiance for each site and parameters fitted from the TOE method (Table 3.1). The
shallow sites at the edge of the transect have a higher production rate and can be net
autotrophic during peak sunlight times of day during the month of July (Fig. 3.8A and E).
The two deep locations are rarely net autotrophic (Fig. 3.8B and D), and the MC site
never was (Fig. 3.8C). Site WS (Fig. 3.8E) is the most constant net autotrophic site as it
experiences net production every day for the month of July constantly reaching a
maximum NCP rate of 300 mmol O, m h'!. Site ES (Fig. 3.8A) is net autotrophic each
day but has a varying degree of NCP ranging from 100 to 300 mmol O, m™ h!. The Deep
sites (Fig. 3.8B and D) for both sides of the transect have almost identical NCP rates and
follow a trend of only being net autotrophic during spring tide, high tides at peak sunlight
times of the day reaching a maximum NCP rate of 45 mmol O> m? h!. The MC site (Fig.
3.8C) is always net heterotrophic but production does increase during peak sunlight times
of the day but does not exceed consumption rates. The maximum NCP rate for site MC

was -1.5 mmol O> m? h! on July 18",
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Figure 3.8: Calculated NCP in mmol O> m™ d! for each site for the month of July with
zero marked with a dashed line to indicate net autotrophic or heterotrophic. (A) is the
estimate for site ES, (B) is site ED, (C) is site MC, (D) is site WD and (E) is site WS for
the entire month of July 2019, July 16" missing due to LOBO buoy cleaning.
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CHAPTER 4

Discussion

Microphytobenthic primary productivity (MPB PP) can be a significant portion of
the primary production in shallow water, coastal environments. For example, Glud et al.
(2002a) found that in a Greenland fjord benthic primary production was 7 times higher
than pelagic primary production in waters less than 30 m deep and this accounted for 40%
of the primary production over the entire fjord. However, despite such evidence of its
importance, there are comparatively fewer measurements of MBP PP compared to those
of the water column (Krause-Jensen et al. 2012), and to my knowledge most of these are
from intertidal environments. This thesis is a step toward addressing this knowledge gap
by providing benthic primary productivity measurements from the Damariscotta River
Estuary (DRE), a mid-latitude, productive, tidal estuary.

One reason for the lack of measurements is likely due to the challenge of
measuring benthic productivity, which is complicated by the presence of a solid phase
and the small spatial scale over which it occurs. While the euphotic zone in the pelagic
environment can vary from a few meters in a turbid estuary to 100’s of meters deep in the
open ocean, primary production by microphytobenthos occurs in a thin biofilm, at most a
few millimeters thick. So, while pelagic primary production can be determined using the
4C-incubation technique, this is complicated for benthic samples due to the necessity of
transporting the label across the sediment-water interface and the resulting challenge in
determining what fraction of label has been taken up (Glud et al. 2009). As a result, there

is no standard technique for measuring benthic primary production (Ask et al. 2016).
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Although, '*C incubations have been used, particularly in the early days (Nielsen &
Hansen 1958), most estimates of MPB PP are made using incubation chambers or whole
sediment cores and measuring changes in oxygen or dissolved inorganic carbon (DIC) in
the overlying water (Cahoon & Cooke 1992, Jahnke et al. 2000, Glud 2008, Glud et al.
2009). In situ techniques, such as pulse amplitude modulation (PAM) fluorometry
(Barranguet & Kromkamp 2000, Kiihl et al. 2001, Glud et al. 2002a, 2009) can measure
electron transport rates and can be used to assess activity in heterogeneous environments
over larger spatial scales. However, this technique must still be calibrated against whole
core or chamber measurements to relate the electron transport rate to primary production
measured in terms of substrate either consumed or produced. In addition, oxygen
microsensors, either optodes or Clark type electrodes, can be used to infer the fine scale
spatial variability of MBP PP.

Another challenge in measuring MPB PP is defining what is meant by “primary
productivity”. Oz production and consumption is tightly coupled in benthic communities
(Kiihl et al. 1996). Phototrophs provide Oz and organic C to the heterotrophs which in
return provide DIC for photosynthesis (Epping et al. 1996, Kiihl et al. 1996, Glud et al.
1999, 2002a, Fenchel & Glud 2000). The release of dissolved organic carbon (DOC) by
the MBP community during periods of photosynthesis can elevate the background
respiration above the dark respiration rate (Cartaxana et al. 2016). As a result, though
whole core and chamber incubations measure the net result of production, due to
photosynthesis and consumption (respiration), it is not possible to simply use a dark
incubation to separate gross and net productivity as is done in pelagic environments. For

this study the illuminated respiration was not determined but could have been with more
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cores and microsensors using the light-dark shift technique resulting in GPP (Glud et al.,
2009; Revsbech & Jorgensen, 1983). The light-dark shift method to determines the gross
photosynthesis at a given point based on the decline of O, concentration once the light is
turned off (Glud et al., 2009). However, determining depth resolved rates using this
approach is labour intensive and time consuming and could not have been done
concurrently with the flux incubations. For these reasons, in this thesis, results are
reported as net community productivity (NCP) and NCP is defined as the production of
Oz by the MPB community minus the consumption due to respiration by MPB and the
background heterotrophic community. This is similar to the approach in other MPB PP

studies (e.g., (Glud et al. 2002a)).

4.1 Estimating Benthic PE Relationship

In this thesis total oxygen exchange (TOE) across the sediment-water interface
was determined using whole core incubations and compared to the dissolved oxygen
exchange (DOE) determined from O» microsensor profiles. By performing these
measurements with different irradiance at the sediment surface, a PE relationship for the
sediment of the upper DRE was determined and net community production (NCP) was

estimated.

4.1.1 Estimating Benthic PE Relationship Using TOE
Parameters

Using the whole core incubation technique to determine the PE relationship has
the advantage of being relatively easy and averages out small scale spatial variability.
However, the downside is that the sediment is represented as a “black box”. Only the

upward flux of O; across the sediment surface can be determined and is the net result of
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production and consumption integrated over the entire sediment core. The spatial
distribution of production and consumption within the sediment core cannot be
determined.

The maximum photosynthetic capacity (Pmax) for the TOE PE relationship showed
depth and biomass variation. The deeper the site with less biomass the smaller the Pax.
Site MC had the smallest P and was statistically different from the rest of the transect.
When comparing to Ni Longphuirt et al. (2007) who used the in sifu benthic chamber
oxygen exchange method during late summer, in a subtidal temperate site with muddy
sediments reported a Puax of 54 mmol O, m? d! and a of 0.73 (mmol O, m2d! (umol
photons m s7')") and compared to the DRE average P of 395 mmol O> m d! for the
transect is significantly smaller. However, this study did see at least a two-fold increase in
Prax from late summer to spring and had comparable dark O, consumption rates with R
being 64.8 mmol O, m?2 d'! in late summer and 69.6 mmol O> m? d! in spring almost the
same as the DRE average (minus MC) transect R of 70.8 + 14.9 mmol O, m? d-!. Glud et
al. (2009) reported a Pax value of 39 mmol O> m d! for a transect in the artic with
muddy sediments using the whole core incubation method for oxygen exchange. This
study also reported a much lower a value of 0.45 (mmol O> m2d! (umol photons m2 s
1) (Glud et al., 2009) compared to the DRE average (minus MC) transect a of 3.9 + 0.3
(mmol O> m2d!' (umol photons m s7')). This is not surprising given that the Artic site
is much colder, and ice covered for longer periods of time each year with less available

sunlight.
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The TOE minimum saturating irradiance (Ex) is the downwelling irradiance when
the community production reaches the point of saturation and can no longer produce at a

faster rate even with increased downwelling irradiance and is determined using Eq. (4.1).

Ej = Tmax 4.1)

a
Where Pua and a are determined from each site PE curve and used to determine the site
specific Ej value. The TOE Ei from each site follow a correlation to light availability at
the sediment surface as other similar studies have observed and is independent to biomass
(Ni Longphuirt et al. 2007). Overall, the Ex values in Table 4.1 are in the middle of the
range of estimates for subtidal temperate microphytobenthos communities (30-265 umol
photons m s'!) (Sundbick & Jonsson 1988, Blanchard & Montagna 1992, Light &
Beardall 2001, Ni Longphuirt et al. 2007). Comparing to DOE Ej values all of the sites
are significantly higher than Glud et al. (2002a) reporting the minimum saturating
irradiance of a high artic fjord transect to be 32 pmol photons m= s
Table 4.1: TOE and DOE minimum saturating irradiance (Ex) values in umol photons m~
s' and TOE compensation irradiance values in umol photons m> s™! for each site in the

transect. Both including the average (minus MC) for the not statistically different sites in
the transect for TOE.

. Ey Compensation Irradiance

Site Name (umol photons m™2s71) (umol photons m~2s~1)

TOE DOE

West Shallow 132.7 19.0 22.6
(Ws)

West Deep 98.8 11.9 41.3
(WD)

Middle of Channel 206.1 24.1 21.5
(MC)

East Deep 127.0 19.3 37.2
(ED)

East Shallow 79.1 17.4 26.8
(ES)

Average 100.4 18.0 n/a
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4.1.2 Estimating Benthic PE Relationship Using DOE
Parameters

Oxygen microprofiles of the MPB communities generally have a large subsurface
oxygen maximum zone with a relatively large penetration depth that in this study
extended to 3.5mm into the sediment. This is in the range of oxygen penetrations depths
in coastal temperate regions for cohesive sediments ranging just a few millimetres into
the sediment (Ahmerkamp et al. 2017). From the O concentration profiles the flux of O
across the diffusive boundary layer can be calculated based on the curvature of the steady
state profile just below the sediment water interface (Berg et al. 1998). In the present
study the average diffusive net oxygen production (NOP) based on the O profiles across
the transect reached 258.3 + 108.2 mmol O, m™ d™! at the highest light level and was
higher than intertidal studies that were performed in sifu. For instance, on the French
coast of the eastern English Channel in an intertidal zone a maximum diffusive NOP
obtained was 103.2 mmol O, m2 d"! (Denis et al. 2012), while Epping & Jergensen
(1996) obtained a maximum value of 117.6 mmol O, m? d!. Some studies have reported
much higher values from the same location and season with a maximum NOP of 225.6
mmol O> m? d! indicating large variation from year to year (Denis & Desreumaux 2009).
The site with the highest NOP in the sediment was site ES reaching a maximum of 395.3
+ 7.5 mmol O> m? d! at an irradiance level of 221.2 + 20.1 pmol photons m s! while
the lowest was 164.7 £+ 47.5 mmol O, m2 d! at site MC.

Based on parameters fitted using the DOE PE relationship the only Pua. reached
was for site MC (302.6 + 93.5 mmol O> m d'!) and is higher than other reported values.

Glud et al. (2002a) reported a Ppax of 67 mmol O> m d™! in the Artic and Denis et al.
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(2012) in a temperate intertidal site found Ppax values of 105 and 136 mmol O, m?2 d! on
two different spring days. Overall compared to the high Arctic fjord transect my transect
has higher production and consumption as my respiration parameters are greater than 10.7
mmol O> m? d! and my a parameters are higher than 2.5 (mmol O> m2d! (umol
photons m2 7)) (Glud et al. 2002a) which is expected because temperate regions have
greater nutrient, light availability and temperature. As for a comparison to a temperate
location in the English Channel the corresponding R values for the previously reported
Pax values are 50.4 and 43.2 mmol O, m d! which are comparable to my R values for

the DOE I measured in Table 3.1.
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Figure 4.1. DOE PE curve for site WD with corresponding microsensor O: profiles to
show production in the sediment before the net flux from the sediment is autotrophic at
lower light levels.

Microprofiles of Oz concentration with depth provide insight into the spatial

distribution of O2 below the sediment-water interface and the O> production and

consumption as a function of depth (Revsbech et al. 1981, Epping et al. 1999, Glud et al.
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2009). The O; profiles can explain why the compensation point determined from the TOE
flux experiments at the deepest site MC (24.1 umol photons m s!, Table 4.1) was higher
than the downwelling irradiance measured during core collection (15.43 pmol photons m
2 g1, Table. 2.1). This is how it is possible that in Fig. 3.7C the sediment at MC appears to
be always net heterotrophic, but still has a resident population of actively
photosynthesising diatoms. How is it possible this MPB community could exist? This
becomes clear by looking at the microsensor profiles, from these you can see that a thin
layer of oxygen production appears just below the sediment water interface, even though
the DOE flux across the interface is still net consumption (Fig. 4.1). The sign of the
oxygen flux for TOE does not switch until the oxygen production in this zone exceeds the
depth integrated oxygen respiration of the entire core and the core becomes net
autotrophic. Related to this, it is also important to keep in mind that TOE flux
experiments do not capture the full rate of oxygen production in the sediment photic zone,
but only the fraction that diffuses up out of the sediment. Typically TOE incubations only
measure 70-90% of the oxygen production in this photic layer of sediment (Epping et al.
1996, Kiihl et al. 1996, Wenzhofer et al. 2000, Christensen et al. 2003, Glud et al. 2009).
The remaining 10-30% of the oxygen produced diffuses downward into the deep
sediment layers. An example of the upward and downward diffusion of oxygen for site
WS is in Table 4.2 used to calculate the net diffusive oxygen rate from the sediment
based on the microprofiles. This demonstrates the importance of using both whole core
and microsensor profiling for assessing the influence of MPB on oxygen cycling in the
sediment photic zone. To determine when production starts in the sediment the

microsensor profiling is needed.
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Table 4.2: DOE depth integrated rates of Oz production and consumption used to
calculate the overall net diffusive O: from the sediment-water interface into the overlying
water column from the oxygen microprofiles. Production is the upward flux of oxygen and
consumption is the downward flux from site WS.

) Production Consumption Sediment-water
Light Interval (upward flux T in mmol (downward flux | in Interface Flux
(umol photons m2s?) 0, m2h?) mmol O, m2 h1) (mmol 0, m2 h1)
0+ 0.09 0 —452+0.23 —4.51+£0.22
14.24 +3.94 2.64 £ 1.40 —434+1.29 —1.81 £ 0.93
22.70 £ 6.25 2.36 +1.98 —3.55+1.36 1.19 £ 0.62
39.80 + 10.23 6.95 +2.21 —3.69+1.21 3.26 +£1.09
60.66 + 14.55 13.56 + 4.66 —6.14 £ 0.58 7.41 1+ 4.40
81.29 + 14.26 16.76 + 6.42 —5.97+232 10.79 £ 4.20
154.97 + 15.37 35.78 £3.25 —891+1.70 26.87 + 2.64
221.19 + 20.08 51.58 +3.28 —12.51+0.62 39.06 £ 2.66

4.1.3 Comparing TOE and DOE

Glud et al. (2002a) also compared both methods of benthic O, exchange and
reported that TOE had a higher compensation point than DOE which is not the case for
this study except for site MC. For sites WD, ED and WS (Fig. 4.2A, D and C) the TOE
PE curves are larger for the amount of oxygen being produced at the higher light levels,
while sites ES (Fig. 4.2B) and MC (Fig. 4.2E) are relatively the same. The linear portion
of the PE curve represents the lower in situ natural light and is defined by the parameter a
and follows the same trend for both methods (TOE and DOE) used to determine a for all
the PE curves except for site WD (Fig. 4.2B). Site MC for both the TOE and DOE had
the most similar parameters for both methods because it was the only site Ppua was

reached in the DOE method. This is why site MC is statistically different from the rest of
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the TOE parameters (Fig. 4.2E). The difference between the two methods of determining
the PE relationship is depended upon which part of the sediment photic zone is being
measured. The DOE method determines oxygen flux at a single point, however it can be
difficult to scale up to a larger area which may not be the same as the small-scale point
and accurately take into account the sediment spatial heterogeneity (Glud et al. 1996,
1999, Wenzhofer & Glud 2004, Denis et al. 2012).The larger area could be impacted by
bare spots and patchiness of diatom coverage although it has been found that bare
sediments can often contain active autotrophs (Glud et al. 2002a). This was observed
during the TOE incubations because diatom coverage increased from start (dark) to the
finish of the incubation for all sites. Bioturbation is often underestimated or disrupted in
sediment core fluxes (Rabouille et al. 2003, Hammond et al. 2004, Murrell et al. 2009)
but in this case burrowing macrofauna or evidence of burrowing microfauna were not
observed in any of the cores collected at each site. All of these factors can significantly
alter the overall MPB PP contribution when comparing TOE parameters to DOE. DOE is
expected to be lower than TOE because TOE quantifies the net community
photosynthesis of the integrated benthic community which is accounting for the entire
respiration activity any fauna and non-photosynthetic microbes that consume the O:
production in the sediment photic zone (Glud et al. 2002a). The DOE microsensor
technique can have limitations such as modifying the diffusive boundary layer in the
sediment when the sensor enters to increase the flux of oxygen from the sediment-water

interface (Glud et al. 1994, Denis et al. 2012).
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Figure 4.2: All sites across the transect comparing the PE curves for both the TOE in red
and DOE in blue method used to determine the flux of O: across the sediment water-
interface under well-defined light levels. Site West Shallow (WS), site East Shallow (ES),
West Deep (WD), site East Deep (ED), and site Middle of Channel (MC) all located in the
upper part of the DRE across from Perkin’s Point. All is each individual core from each

site together for both methods
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4.2 Relationship between population size and PE
parameters

My observations are consistent with previous studies that report spatial
heterogeneity in the distribution of MPB on scales ranging from micrometers to meters
(Maclntyre et al. 1996, Moreno & Niell 2004, Jesus et al. 2005, Ni Longphuirt et al.
2007). This can make scaling up estimates of benthic community production over large
areas like estuaries challenging (Glud et al., 2009). However, after the cores where
exposed to the full light cycle, diatom mats on the surface covered almost all of the
sediment core area for the shallow sites (Fig. 2.2b). This indicates that even sediments
that appear bare, may contain populations of active phototrophs. Others have found that
especially in intertidal areas benthic diatoms demonstrate vertical migration as a function
of irradiance or tides (Heckman 1985, Pinckney & Zingmark 1991, Glud et al. 2002a).
The MPB PP would be affected by vertical migration of diatoms in situ throughout a
daily cycle but would not be expected to play a role in altering our ex sifu estimates. It has
been shown MPB respond rapidly to changing environmental conditions (Glud et al.
2002a, Falkowski & Raven 2013, Hopes & Mock 2015, Hope et al. 2019) and maximize
their photosynthetic activity to the dynamic environmental conditions within estuaries
(Hope et al. 2019). Glud et al. (2002a) reported that benthic diatoms can acclimate within
minutes to changes in irradiance. Both vertical migration of diatoms and photoadaptation
could bias our flux experiments, if significant changes to the population or physiology of
the MPB community was occurring during the experiments. However, the constant linear

drawdown of oxygen during flux incubations at each irradiance level (Appendix A, Fig
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A.1-5) indicate that oxygen fluxes were constant, and the benthic community was

approximately in steady state
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Figure 4.3: (A) Cell counts for the diatom mats with mean high tide water depth for each
site with 3 replications (B) All sites across the transect averaged for three replications for
the DOE depth integrated cell rate with the experimental light levels from the summer
2019. Oxygen microsensor O: flux from the sediment with depth by hour normalized to
cell numbers in the diatom mat from each specific site. Cell are assumed to be producing
at the same rate for the entire diatom mat.

Cell counts from each diatom mat and 1 cm below the mat revealed that the sites
with deeper water depths on average generally had less diatom cells present (Fig 4.3A).
The site ES was the only one across the transect that did not follow this trend having the
least number of cells other than site MC. At the highest light levels, the diatom mat on all
3 cores from site ES began to curl in on top of itself exposing bare sediment on the edge
of the core. The depth integrated cell normalized O; rate per hour was calculated from the
oxygen microsensor profiles and diatom mat cell counts (Fig 4.3). Assuming that all the

cells in the mat are actively photosynthesising this could provide an estimate of cell

specific production and suggests that per cell oxygen production ranged from 0.01-0.2
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pmol of O cell'! h'!. The sites with the highest cell specific rates were MC and ES which
had the least number of cells present, however ES was not statistically different from the
rest of the sites (Table 3.2). The higher per cell oxygen activity at MC could suggest these
diatoms were adapted to low light environments potentially containing higher amounts of

light harvesting pigments (Chlorophyll a). However, there per cell rate estimates assumes

all of the cells in the mat are producing at the same rate and does not account for the

possibility of shadowing at the bottom of the thicker mats which would cause these cells

to produce at a limited rate based on light availability. Therefore, site MC which had

statistically less cells in the diatom mat had the highest cell specific rates due to less cells

shadowing because of a smaller less dense diatom mat. MC site also had statistically

different P4y, @, and R parameters fitted to the PE curve determined from the whole core

incubations, while ES did not, suggesting that there may be a difference in

photoadaptation and biomass composition present at site MC compared to the other sites

along the transect.
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Figure 4.4: (A) TOE P4, parameters for each individual site-specific core with the
microphytobenthic cell concentration. (B) TOE a parameters for each individual site-
specific core with the microphytobenthic cell concentration. Dashed lines are the 95%

confidence intervals.
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To assess how biomass may influence the PE parameters, and the oxygen flux
from the sediment. The relationship between P and a determined from the whole core
flux incubations and biomass is shown in Fig 4.4. The Py linear trend (Fig. 4.4A) infers
that cell counts can explain 62% of the variability in the P across the sites, suggesting
that biomass is the main factor determining P values. MC has a statistically lower Pmax
than the other sites and the smallest population of diatoms. There is a depth trend with
biomass across the transect, except for site ES which has less biomass than the
comparative shallow water site on the west side shown in Fig 4.3A. Site ES although not
statistically different had an increased cell specific O; rate in Fig. 4.3. This combined
with Fig. 4.4A indicates a smaller population of diatoms present producing at a faster cell
specific rate than ED, WD and WS but still with a not statistically different production
due to a difference in cell composition or photoadaptation of the cells. The « flat trend
(Fig 3.5b) shows that the amount of cells present is independent of the rates of production
at the lower light levels.

Unlike the cell counts, the chlorophyll a content both in the mat and 1cm of
sediment below the mat were not statistically different. The mat chl a content showed no
differences across sites, and in the cm below only WS and MC had sediment chl a
concentrations that were different than the other sites. In both cases chl a content at these
sites was lower than at the other sites. However, these sediment chl a measurements are
below the photic zone of the sediment based on the OPD of at most 0.35 cm determined
from the oxygen microprofiles. These chl a concentrations are therefore likely not

representative of the chl a content of the active phototrophs. The mean chl a
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concentration, 7.73 + 3.70 mg chl a m in the diatom mats and 9.85 + 5.44 mg chl m in
the 1 cm below, and where similar to those reported for other subtidal temperate muddy
sites, for example Ni Longphurit et al. (2007) reported chl a values of 5.4 + 1.0 mg chl m
2, It has been observed in Santema & Huettel (2018) that increased mixing causes
sediment resuspension resulting in the highest chl a concentrations at depths of 5 cm in
the sediment. This could explain why chl a content measured below the mat was
somewhat higher than in the mat itself. In addition, other studies have also found that chl
a concentrations in the uppermost 1 cm of the sediment are a poor representation of the
active phototrophic biomass as the photic zone in the sediment only extends a few
millimetres in the sediment (Kiihl et al. 1997, Kiihl 2005, Glud et al. 2009). It is likely the
chl a measured in the sediment below the mat, is largely derived from phytodetrital
material settling from the pelagic zone above and senescent or saprophytic living

microphytes or spores (Sun et al. 1994, Glud et al. 2009).

4.3 Environmental Limiting Factors

Abiotic (water depth, sediment type and nutrient availability) and biotic (faunal
and floral communities) variables present in the ecosystem can influence the spatial and
structural distribution of microphytobenthos (Asmus 1982, Davis & Mclntire 1983, Ni
Longphuirt et al. 2007). Limiting factors for the production of MPB include small scale
factors of nutrient availability or faunal and floral limiting biomass growth spatially,
creating patches of mats and larger scale factors include water depth and sediment type
limiting production (Brotas et al. 1995, Cahoon 1999, Moreno & Niell 2004, Ni
Longphuirt et al. 2007). Other studies have found that concentrations of chl a are higher

in muddy sediments then sandy based on the correlation between chl a and the silt
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fraction (Underwood & Kromkamp 1999, Ni Longphuirt et al. 2007). For this study all of
the sites across the transect are muddy sediments leaving the large limiting factor to be
water depth which changes on a scale of about 4m from low to high tide and would
therefore influence light availability.

Within the photic zone of muddy or sandy sediments Cartaxana et al. (2016)
found that at an incident downwelling irradiance of 1000 pmol photons m s*! about 6 to
200 umol photons m? s! was reaching the bottom boundary of the photic zone within the
sediment. Indicating that particles within the water column could be playing a large roll in
scattering light before it reaches the sediment or shadowing within the diatom mats
limiting light attenuation to the bottom of the photic zone. For the DRE system the
incidence downwelling irradiance changes based on sunlight and water depth. Therefore,
light is dependent on the time of day and tidal cycle lining up for optimal benthic NCP.
Based on a study done in the Baltic sea for soft sediments like in the DRE the benthic
community has a higher contribution than the pelagic zone to the overall production at
depths less than 4 meters (Ask et al. 2016). This could be the result of light attenuation
within the system and could vary depending on the turbidity and water depth present at a
site. The DRE attenuation of light varies within the tidal period where there is less
downwelling irradiance at low tide and a greater attenuation at high tide. The attenuation
of light affects the deep sites in the transect more than the shallow sites. Based on Fig. 3.7
of the daily NCP estimates for the month of July the shallow sites are limited by the
amount of sunlight each day reaching a consistent peak production every day that light is
available. While the deep sites have inconsistent production rates as they only reach

optimal production on days where peak sunlight aligns with spring tide, high tide. These
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are the days of the month where there is the most amount of clean sea water to dilute the
estuary water, which is higher in particles that scatter light, inhibiting downwelling

irradiance.

4.4 Benthic Net Community Production for DRE

In addition to the daily light-dark cycle, MPB PP can be influenced by the tidal
cycle, as variations in the water depth and attenuation coefficient effect the amount of
light reaching the sediment surface. To account for this, the laboratory determined PE
relationship from the TOE flux incubations were used with surface irradiance (from the
University of Maine’s LOBO buoy) and tidal height (from the Walpole NOAA tide
gauge) to estimate benthic NCP at 1-hour intervals for the month of July 2019.
Integrating over 24 hours produced daily estimates of MPB net community production for
each day of the month and these are summarized in Fig 4.5. The maximum NCP across
the transect was 100.8 + 25.3 mmol O, m d! at site WS and the lowest values being -
45.8 + 5.6 mmol O> m2 d'! at site WD. Only the shallow sites in the transect were net
autotrophic (Fig 4.5), while the other 3 sites were net heterotrophic. Generally, water
depth seemed to be the primary factor determining NCP across the transect. However,
MC had slightly higher NCP then either WD or ED, which were slightly shallower. MC,
due to its deeper water depth, had less irradiance on the sediment surface, and lower day
time O production then either WD or ED, however its dark respiration rate, R, was lower
(33.5 mmol O, m? d!). This could be because there is less fauna present at MC to
mediate O, uptake, possibly because there was less organic matter deposition at MC than
the other 2 sites. There could be less fauna present because of lack of nutrients in the

deepest water in the middle of the channel where there is boat traffic and no aquaculture
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while sites WD and ED are located directly below or above oyster aquaculture farms and
enhanced organic deposition from the farms could drive higher rates of heterotrophic

respiration at these sites.
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Figure 4.5: NCP box plot of the month of July for periods of potential photosynthesising
for each site on the transect. Below zero on the plot is net heterotrophic and above is net
autotrophic.

Most of the coastal benthic primary production studies in temperate regions make
estimates for intertidal sediments while few have studied subtidal sediments. Comparing
to other studies from coastal subtidal temperate regions my estimates are similar.
Sospedra et al. (2015) estimated in situ spring net primary production of 689.6 mmol O
m2 d! at a depth of 9m in sandy sediments comparable to our WS site for a spring
estimation. In the Arctic using the same total core incubation method for NCP Glud et al.
(2002a) estimated benthic net primary production at a site of Sm in depth to be 10.2

moles O, m? d! and 10m in depth to be 9.4 moles O m d'! during the month of July.

They saw seasonal change throughout the 3 months they sampled decreasing from July to
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September. Comparing to the Artic the DRE is more productive which is to be expected
due to increased sunlight, higher temperatures and greater nutrient availability. Lastly
comparing to another temperate site with similar depths (5-10 m) but sandy sediments,
NCP in situ values ranged from -1.4 to 5.7 mmol O, m? d! (Santema & Huettel 2018).
The DRE shallow sites had higher productivity than Santema & Huettel (2018) because
MPB growing on soft sediment like mud have higher productivity rates than those
growing on hard substrates like sand because they have access to nutrients stored in the
sediment (Vadeboncoeur et al. 2006, Ask et al. 2016) instead of competing with the

phytoplankton in the overlying water for nutrients.

4.5 Influence of MPB on Oyster Aquaculture

Benthic contributions to primary production in continental shelf regions are
already an area of biogeochemistry that lacks in research compared to the water column
(Pinckney et al., 2018). This thesis demonstrates the potential importance of the
microphytobenthos community to the primary production in shallow subtidal temperate
estuary. Oyster aquaculture is an important industry in the DRE, and it continues to
expand, understanding the interactions between MPB and aquaculture is important to
understand its sustainability and environmental impacts of this industry. MPB are a
particularly label source of organic carbon and a significant dietary source for benthic
meio- and macro- fauna species (Hope et al. 2019). If MPB are suspended into the water
column they may also become a food source for pelagic ecosystems. It has been found
that microphytobenthos primary production is closely linked to the production of fish and
shellfish in coastal regions (Kritzer et al. 2016, Morioka et al. 2017, Hope et al. 2019) and

in particular up to 70% of the diet of harvested and farmed oysters may be composed of
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MPB (Hope et al. 2019). The presence of microphytobenthos in the DRE could therefore
be of benefit to the bivalve aquaculture industry. In addition, microphytobenthos derived
carbon to COz respiration which 0.6 mol of CO: can account for nearly 1 mol of carbon
found in the shells of bivalves (Fodrie et al. 2017, Hope et al. 2019). The
microphytobenthic derived carbon to CO; is found in shells by the process of calcification
to form the bivalve’s calcium carbonate shell. Microphytobenthos, like shellfish
aquaculture, play a role in water purification by aiding in the removal, transformation or
retention of pollutants (Tolhursf et al. 2002, Kowalski et al. 2009, Snelgrove et al. 2018,
Hope et al. 2019). They can also act as a barrier for the sediment from the overlying water
trapping particles (Kornman & De Deckere 1998, Hope et al. 2019). Evidence from the
Chesapeake Bay can support that the presents of oysters can help with water clarity
(Kemp et al. 2005, Hope et al. 2019) increasing the amount of light reaching the sediment
for MPB PP.

MPB PP can not only increase the amount of oxygen in the overlying water
affecting the pelagic zone but also within the sediment affecting the biogeochemical
gradient within the sediment (Maclntyre et al. 1996, Hope et al. 2019). With increased
production from the microphytobenthos the concentration of oxygen within the sediment
extents deeper during optimal day light hours. The extension of Oz deeper into the
sediment can stimulate nitrification and in return can provide a labile carbon source for
nitrogen cycling bacteria in the sediment. In turn, at night when O> decreases because of
increased respiration and no primary production, dentification increases resulting in a
larger removal of nitrogen from the system (An & Joye 2001, Hope et al. 2019). This is

important for the aquaculture because it may mediate the eutrophication associated with
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shellfish aquaculture waste. Large amounts of shellfish aquaculture in the ecosystem
creates increased organic matter settling on the sediment from the shellfish secretions
(Burkholder & Shumway 2011). Overloading of organic matter can lead to oxygen
deficient zones or so called “dead zone”. MPB can counteract this nutrient loading, either
through stimulation of coupled nitrification-denitrification or the assimilation of nutrients
into their biomass. Increased nitrogen retention and removal can significantly create a
more inhabitable benthic environment for organisms therefore interactions between MPB,
nitrogen cycling bacteria and invertebrates are important (Douglas et al. 2018, Hope et al.
2019). The impact of MPB on the cycling of nitrogen within the sediment can change not
only daily from nutrient uptake and transfer but also seasonally based on biomass (Hope
et al. 2019). Therefore, the presence of microphytobenthos in the DRE driving the MPB
PP could not only be the base of the marine food web but also play a key role in the
sediment biogeochemistry.

Comparing to another site with bivalve aquaculture like the New Meadows River
just southwest of the DRE could provide insight to why the DRE has higher MPB
production than other sites that are similar like the temperate study done by Santema &
Huettel (2018) or Artic study done by Glud et al. (2002a). Therefore, the potential
positive impact of aquaculture to an estuaries overall production could be evaluated.
Understanding what drives the benthic photosynthetic rate will help for the future of the
aquaculture industry as shellfish are secondary consumers. The positive feedback
between these two different trophic level species could be influencing the quality of the

aquaculture in the DRE. Overall, based on this study the DRE has high rates of benthic
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primary production that is light limited, dependant on the tidal period with the shallow

edges of the estuary being net autotrophic in the summer.
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CHAPTER 5

Conclusion

5.1 Summary

This thesis describes the influence of diatom-dominated MPB communities on
sediment-water column O dynamics along a depth transect in a mesotidal temperate
estuary, the Damariscotta River Estuary in Maine, USA. Using a combination of whole
core flux incubations and microsensor profiling the PE relationship between irradiance
and oxygen flux was determined and used to calculate the in situ trophic state (heter- or
autotrophic) of the sediment. It was concluded that light limitation determined by water
depth based on the tidal cycle was the main environmental factor controlling benthic
primary production and the balance between oxygen production and consumption across
the transect. The deepest site in the middle of the channel, site MC, had the least variation
in the oxygen dynamics over both daily and tidal cycles and was always net
heterotrophic, while the shallow sites had much wider variability and were net
autotrophic. Phototrophic biomass was assessed using diatom cell counts and bulk Chl a
measurements. No trends were observed with respect to Chl a, however diatom cell
counts were a primary factor explaining the P parameter in the PE relationship (Eq.
2.2), but did not explain differences in the a parameter which describes the response to
changes in irradiance. Differences in the cell specific O rates between ES and the other
sites (not including MC) could imply a variation in diatom species composition but this
requires further work. More studies are suggesting that in subtidal coastal ecosystems the

benthic microalgae community contributes significantly to the primary production (Glud
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et al., 2009). In the DRE, the benthic microphyte community is contributing to the overall
production of the system at the shallow sites but the heterotrophic consumption is greater

than the production at the deeper sites.
5.2 Errors and Limitations

It became apparent during the experiments that accurately determining the amount
of light illuminating the sediment during PE incubations was a challenge and a potential
source of error in the experiments. Accurately determining sediment irradiance in the
experimental setup of the whole core incubations was more challenging than I was
expecting. Often in the literature there are few details provided as to how irradiance on
the sediment surface was determined. For example, Glud et al. (2002a) describes
achieving the irradiance for their TOE incubations by regulating the source of light to the
sediment surface and Santema & Huettel (2018) achieved controlled light conditions by
shading natural sunlight. These explanations are very brief and did not provide enough
detail for me to follow for the experimental setup of the whole core incubations and
microprofiling. For experiments I used an approach similar to Glud et al. (2002a). To
determine the irradiance on the sediment through the experiment a second empty core
tube with a reactor cap was placed beside one of the flux reactors and instead of sediment,
a miniPAR sensor was placed inside the reactor (Fig 5.1) to record irradiance throughout
the experiment. From this it was determined that the irradiance measured during the
experiment was higher (grey line in Fig 5.2) than the target irradiance (red line Fig 5.2)
which was discovered after the experiments were complete. To further check the

irradiance levels the flux experiment was repeated without sediment but instead a
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miniPAR sensor in both the sediment core that would normally contain sediment and the

light monitoring core.

Figure 5.1: (A) overview of the whole core incubation light experiment setup to rule out
tank variation and variability within the sediment core. (B) overview of the microprofiling
tank light experiment set up to rule out sediment core variability.

The light test was done by setting both tanks up the exact same way as the original
experiments, only this time with two PAR sensors one in the sediment core position
(cores 1-3 Fig 5.1A) and one in a core beside the sediment core position (core beside core
1 Fig 5.1A) to rerecord the light levels. Then the same light level sequence was run for
three replications in all three positions in the whole core tank and the single position in
the profiling tank (Fig 5.1). The sensor in the sediment core position was moved around
in the core to rule out light variability within the core as well as in the tank. From these
results it was concluded that the experimental light during the summer of 2019 was
accurate except for the higher light level because as the light source got closer to the

sediment core the PAR sensor off to the side of the sediment core was shaded, due to
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focusing of the light beam and therefore did not record the highest light level accurately
during the whole core incubation experiment (Fig 5.2 grey vs blue lines). To account for
this a correction factor was applied to the highest light levels measured during the
experiments. For the microprofiling tank the light levels where similar from the test to the

experimental values so that the measured value during the microprofiling could be used.
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Figure 5.2: All light measured in the whole core incubation tank compared to the
experimental light from the MC site experiment from the summer. The red line is the
original light levels set during planning of the experiments, the grey line is the
experimental light recorded during the experiments, and the blue line is light recorded
during the test after the experiments all recorded using a miniPAR sensor. The black line
is light recorded during the experiments using a HOBO logger. For the rest of the site
light plot refer to Appendix A.

To create the same light environment that the benthic community experiences in
situ involved a series of light box filters and colour spectrum adjustments within the
aquarium lights used. Each light used was fitted with a light filter box with a yellow-
green filter attached. As each light interval progressed after the dark period the colour

spectrum was adjusted using the blue, green and then the cool white colours to get
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different light levels within the incubation and microprofiling experiments. Adjusting the
colour spectrum was done to get lower light levels in the tanks because the lights could
only be moved so far away from the cores in the environmental chamber used to allow for
in situ temperature to be set. Therefore, the light colour spectrum may not have been
exactly the same throughout the intervals of light and may have differed from the in situ
light colour spectrum.

To determine the in situ sediment level irradiance a series of calculations was
done based on the hourly recorded surface irradiance and attenuation coefficient. By
calculating the bottom irradiance instead of recording it, there is room for error based on
the attenuation coefficient. If actually measuring the bottom irradiance of each site for the
month of July was a possibility it would have been done. Using the method of ex sifu light
to determine the photosynthetic response curve for the benthic community to make in situ
production estimates has been reported as underestimating the in situ values (Santema &
Huettel 2018). The use of ex situ light response curves may underestimate production
rates because there is no nutrients or CO; supply from deeper sediments or the overlying
water (Cook & Rey 2006, Santema & Huettel 2018) but in this case the incubation period
was not long enough for the nutrients and CO; supply to decline. Therefore, these rates
reflect the community of the 15 cm of sediment at the time of sampling because UV
filtered water is used.

In addition, the in situ water column light attenuation throughout the tidal period
could have been more accurately obtained. This would improve the estimates of sediment
surface irradiance calculated from the LOBO buoy and the tidal varying attenuation

coefficient. During the process of profiling the water column for light uncontrollable
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environmental factors played a role. Cloud coverage during the light profiles was avoided
because of possible shadowing but impacted the duration of time each site could be
profiled. This created difficulties in measuring each site at the same point in the tidal
cycle on the same day, therefore mid tide light profiles were not measured. I hypothesized
prior to light profiling that the attenuation coefficient would not differ greatly between
tides but between sites across the transect. However, this was not the case and there was a
significant tidal signal in this calculated light attenuation coefficient. To account for this a
sinusoidal curve was used to estimate the light attenuation coefficient throughout the tidal
cycle. However, I only had a few points at high and low tide to fit this curve and they
were not always taken on the same day. A more detailed survey of light attenuation
throughout the tidal cycle would provide greater confidence in our modelled attenuation
coefficient. An additional measurement that could have easily been made during this time
was turbidity within the water column during the tidal period, as this would help in
understanding the reason for this difference in light attenuation throughout the tidal cycle.

Working within such a small-time frame and trying to sample each site with
similar conditions (e.g., tide and sun light) turned out to be harder than first anticipated.
Sampling at the same point in the tidal period and spring or neap tide caused problems
due to different time constrains for the divers because of turbidity differing at sites and
there are only so many spring or neap tides during the summer months. Therefore, the
sites (except ES) where sampled approaching high tide assuming less turbidity from the
input of fresh sea water.

The microsensor technique used was based on Berg et al.'s (1998) method had

limitations because of the increments of measurements during the profiling. The method
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to analyze O microprofiles requires the benthic boundary layer (BBL) to be accurately
identified. The microsensor profiles were measured in 100 um increments based on the
electrode used which is a large increment for determining the BBL and would have been
more accurate with an electrode with a finer tip. If the BBL is incorrectly identified this
introduces error into the sediment flux calculation. Therefore, the microprofiles at lower
light levels were subject to potential bias when setting the interface that could have
affected the flux calculations.

Within microphytobenthic production work many different techniques of
estimating are used and presented in different units. These techniques can also differ in
what is defined as primary production indicating either net or gross based on the
technique and whether the consumption was measured separately. If the methods used in
a study are not clearly stated it becomes difficult to compare with other studies. Due to
these circumstances in the field of microphytobenthic primary production a degree of
“creativity” and clearly defined terminology is suggested by Glud et al. (2009) to evaluate
the existing database of studies. Thus, when comparing this study to other it became
difficult as most of the research done in temperate regions has been done on intertidal
zones or sandy sediments. While the research in the Artic sites have sediment type
conditions that are similar but differ in region. Therefore, not having any completely
similar studies to compare to makes it difficult to understand whether the DRE is unusual
in its high productivity of the benthic community or whether all temperate muddy

subtidal sites have high productivity.
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5.3 Future Work

Largely the two biggest variations of benthic community production estimates
reported in other studies are seasonality and in sifu versus ex situ estimations. Studies
which investigated seasonality saw a change in production with the greatest amounts
being reported in the spring and lowest in the Fall (Sospedra et al. 2015). In the case of
the DRE during winter months, the upper part of the estuary can be ice covered
significantly impacting the winter benthic production and possibility of sampling during
these months. The most interesting changes in seasonal production to study in the DRE
would be spring to determine if there is increased production during the spring
phytoplankton bloom or if the estuary is nutrient rich year-round because of the large
amount of aquaculture present. Other studies such as Gillespie et al. (2000) reported
seasonal change with the month of April having the highest net production and the
months of September and February having the least. This study had similar water depth in
a subtidal bay in New Zealand. Further investigation into the production across the
transect of the DRE during different seasons could lead to determining seasonal variation
of production.

The importance of microphytobenthos in shallow water ecosystem is well
established and the limiting factors of production all agree with light and biomass being
key controlling variables while the fate of these communities are unknown (Middelburg
et al. 2000). Research like this study aid in the growing database of benthic production
estimations as the importance of the benthic community contribution is shown. To further
the significance of this study the next step would be to compare these results to estimates

of the pelagic primary production estimates performed in the DRE, the portion of the
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benthic community contribution can be analyzed in comparison to that of the pelagic.
Also looking into the sediment oxygen dynamics based on the microprofiles could lead to
a diagenetic model of the sediment. This could be done with the pre-existing dataset to
understand how the oxygen dynamics in the first few millimeters affect the rest of the
redox cascade. To compare these results to other locations within the DRE or nearby
estuaries would help to understand these results in a wider context and MPB PP in
temperate subtidal estuaries more generally. Transects could be sampled at lower and
middle locations of the DRE where there is significantly less aquaculture and with more
sea water mixing which could lead to less nutrients present or different light attenuation
to the sediment surface. The New Meadows estuary which is located south of the DRE is
another river of interest for the region. It has similar conditions and an increasing amount
of aquaculture each year. Conducting the same experiment within this estuary would be
an opportunity to compare results with the same conditions for a study site.

Other concerns of the study that could have been measured during the process of
the sampling season are identification of the benthic community rather than just the
counts of diatoms present. This could lead to an understanding of whether there is a
difference in diatom community composition to aid in the difference in biomass
presented. Mainly this could help to understand site ES as it has a lower biomass but
greater production than the two deep sites. Also, the heterotrophic community could have
been examined to determine if the deep sites are net heterotrophic because of a larger
biomass of heterotrophic organisms with diatoms present. Another measurement that

could have been done was nutrient availability across the transect to see if that was a
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factor for increasing respiration in the deeper sites compared to the shallow even though
they had not statistically different parameters fitted from the PE curves.

This thesis describes the major differences in O production and consumption
across a transect with varying depths of diatom dominated MPB communities within an
estuary. We conclude that the largest variation between the net production of each site
was light limitation based on the water depth and the alignment of the tidal cycle with
peak sunlight. However, site MC had the least amount of variation between low and high
tide indicating that the shallow sites have greater variation in Oz production dependant on
light attenuation based on the tidal cycle. Variation in diatom species composition is
hypothesized based on cell specific O, rates and may be the reason why similar
production rates were observed at site East Shallow although less biomass was present.
Moving forward with this study there are many factors that could be addressed when

looking deeper into the variation within benthic net community production of the DRE.
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APPENDIX A

TOTAL OXYGEN EXCHANGE

A.1 Raw Oxygen with Experimental Light

Raw Os concentrations in mg L! measured every 5 minutes in the overlying water
for the TOE whole core incubations for each experiment done in the summer of 2019.
This was done for each site along the transect with 3 replication cores along with the
corresponding experimental light levels recorded using a PME miniPAR sensor in the

tank with core next to core 1.
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Figure A.1: West Deep Site (June 25", 2019) TOE raw oxygen concentration in mg L™ for
all 8 different intervals of light with three replication sediment cores. In black the

corresponding light levels from the experiment in a core next to replication sediment core
1.
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A.1.2 East Shallow Site
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Figure A.2: East Shallow Site (July 11", 2019) TOE raw oxygen concentration in mg L
for all 8 different intervals of light with three replication sediment cores. In black the

corresponding light levels from the experiment in a core next to replication sediment core
1.
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Figure A.3: East Deep Site (July 23", 2019) TOE raw oxygen concentration in mg L for
all 8 different intervals of light with three replication sediment cores. In black the

corresponding light levels from the experiment in a core next to replication sediment core
1.
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A.1.4 West Shallow Site
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Figure A.4: West Shallow Site (July 31*, 2019) TOE raw oxygen concentration in mg L™’
for all 8 different intervals of light with three replication sediment cores. In black the

corresponding light levels from the experiment in a core next to replication sediment core
1.

A.1.5 Middle of Channel Site
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Figure A.5: Middle of Channel Site (August 13", 2019) TOE raw oxygen concentration in
mg L for all 8 different intervals of light with three replication sediment cores. In black

the corresponding light levels from the experiment in a core next to replication sediment
core 1.
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APPENDIX B

DIFFUSIVE OXYGEN EXCHANGE

B.1 Oxygen Microprofiles

Oxygen microsensor profiles for each DOE experiment done in summer 2019 for
each site along the transect in the DRE is presented below. Three replication O; profiles
were measured after each light interval in three different locations. The diffusive O> flux
based on the curvature of the profiles was calculated for each profile based on the Berg et

al. (1998) method to establish a diffusive PE relationship.
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Figure B.1: West Deep Site (June 25", 2019) DOE raw oxygen microprofiles in O
concentration with depth in cm with the activity of each section in umol cm=3 d~1 for

all 8 different intervals of light with three replication profiles. Profile activity separated
into consumption in red and production in blue. Profile Dark replication 2 was not used.
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B.1.2 East Shallow Site
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Figure B.2: East Shallow Site (July 11", 2019) DOE
concentration with depth in cm with the activity of each section in umol cm=3 d~1 for
all 8 different intervals of light with three replication profiles. Profile activity separated

into consumption in red and production in blue.
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B.1.3 East Deep Site
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Figure B.3: East Deep Site (July 23", 2019) DOE raw oxygen microprofiles in O
concentration with depth in cm with the activity of each section in yumol cm=3 d~1 for
all 8 different intervals of light with three replication profiles. Profile activity separated
into consumption in red and production in blue.
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B.1.4 West Shallow Site

2 -1

0 umol photon m~
1 2

s

2 -1

14 ymol photon m~
1 2 3

s

- e - - -
. ) P
3 3 3
3
3 3 § ~ 3
£ _ 3 s 3 ~
d 5 A" 5 ) £
3 o R . : B H
§ Jj"’”{’ gg o g .,’""wr § L £ I ] 93 . ;'f
N o ] H -~ r—
g o 3 { e o vrﬂ,ﬂ)’"’ V»"f

rd - o a

§ s 2 5

i ¢ g ] g §V 3 {

an s om m E o mom ® e’ * I ER ) A T

SRIEP By i 7S ey e ] iy 'y FE.
-2 -1 —2
23 uymol photonm™2 s 40 ymol photonm=2 571
e . e -

. g w0 o 0 e ax o oe 00 T om0z 0w 0w om 000 0w o o s 0 e
3 i i 3 £ 3 {
24 i o
5 b3 =
M i a& 3 3 é 5 E
34 { SN
N i (;7 SR 8 3 g ey
i - £ g & i - § e
zg] — H & j*’" H e 5 R
¥ o 5 | $a e §“ P § o
s o . o S u

e y el o
2] { 5( °§
N |
k-4 € 3
P P o -
PR 2 b —_— - g =

60 umol photon m=2 s1

81 umol photon m=2s71

S .
o a5 ™ e , e w0 B
. kL 3
3 o =
H T i
B 3
N {
. =2 =
I e H
5 > § §
*s T 3 oS
L] - 3
] ( .
; o W w et it
W w0 R W ity e e T O A 0 Ty 0 0
-2 -1
221 umol photonm™*s
R——— . — I ) \ w0 o0 0 o o
H] 2 .
£ ? ] ’ % 3
s 3 3 2,
i : 4 5 .
H e - % . q
g B . R <
_ 21 El e 2
i 8 LR e | E Aos
B o £3 = -ﬂ) §s o 5.
8= o L i, P - s
Pt o = o .
3 . 3 e s wa” N
g ) M fm., A ch""
3 g’ g’
3 3 3 s
0o e 0 e o o m w -
e 2 sy Pt " D oy e o

Figure B.4: West Shallow Site (July 31%, 201 9) DOE raw oxygen mlcroprof les in O
concentration with depth in cm with the activity of each section in umol cm™3 d~1 for
all 8 different intervals of light with three replication profiles. Profile activity separated
into consumption in red and production in blue. Profile 23 umol photons m s

replication 3 did not include.
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B.1.5 Middle of Channel Site

0 umol photonm=2% s~1 14 pymol photon m=2s~1

1 2 3 1 2 3

I eone. ey core | J— core bl cone, mh
om0 e oo em oo mesodoods e 0 pooo s s am a3 000 005 040 015 0N 035 000 005 B B 020 025 90 085 040 0as 020 02
N g g
q 3 _
- 5 }
H
: P — 3 T .
; Y, : y = = . -
(0 O éa 1 5 : B £ =
3 P ¢-§ § § i ~F
B ) vg"" e . . {
BN s E
2 o H 3 s i
T Ll
M
0

syt ) @ w0 wow ow m w0 @ ow R W X
ity (arme ey aci e aciity e o 0}

2

40 uymol photon m=2 s™1

1 2 3 1 2 3

" ey o e ) . e
oo e T am o wo s S om om wo wm S o um oo v o H 0w o R - AT R AT
3 3 N 3 3
’ £
M H
- . b
H * s
# i 3 N
- T b
. ¢ . _ S
H i - P - . "
£ . = 31 T o g } H = 3 b=
- BT o g 4 § J =
o H T | o ER I
2 { - - e
i e s
s s g E-g{ 2
Camirtaal® T gl S e
w W w ‘ ‘ o w o =
Ly b o s n et
selivy (umale omi " d ')
-2 -1 -2 -1
60 umol photonm™*s 81 umol photonm™*s
I e e i . _— e i
ot 005 o0 T oz 0w o om w0 55V san 0w 0w Com o 0”5 en o a0 018 010 TETE o1 o 038 i e
3 N 3
3
3 3 1 . :
3
H F1 5 s
_ £ 7 L <
E 2 B —o s S
is i L. It et z e
H s P H P &= o o
L L | o j,/’u 51 e -
-~ -~ S o
- H] 8 o= s
| qf s g’ g‘
. o - ;
— — el - am - R A
Byl F-aa D e LU

155 pmol photon m=2 s 1 221 umol photonm™2 s

1 2 3 1 2 3

J——, e it w0 01 0z a3 ae os o o W)
xe . ooz T3V o5 bs or 00 o1 025 ™0e s e
2 s P
b} g 3 s g 1 s
3 - - 24
3 3 5 -
® s i 34 -
54
3 ] 31 —ae
R £ 2 e — el T
5 e £ T B e ey K e I
1 L §2 § o is | H
3 & <7 — e
M B . N 3 e e 5
1 T o
2 3 2 gl o B 2
34 -
: 3 . 2]
M m : -
. w w0 o
0O e Ty 42 ooy e ey I vty e oty

Figure B.5: Middle of Channel Site (August 13", 2019) DOE raw oxygen microprofiles in
O: concentration with depth in cm with the activity of each section in umol cm™3 d =1
for all 8 different intervals of light with three replication profiles. Profile activity
separated into consumption in red and production in blue.

82



APPENDIX C

EXPERIMENTAL LIGHT

C.1 TOE Tank Light Test

Light in the TOE whole core incubation tank was tested once all experiments
during the summer of 2019 were completed. Testing of the light in the tank was done
because the light levels during the experiments did not match the pre-experimental light
levels tested for the experiments. The light level methods that were done before the
experiments were completed the same during the experiments with the PME miniPAR
sensor next to core 1 instead of in core 1. The light level methods were repeated after the
completion of the experiments in fall 2019 to determine the error.

After the examination of the tested light levels to the original and experimental it
was determined that the error between the light levels was only significant for the last
light level where the largest difference between light was observed (Fig. C.1.1-5).
Therefore, a correction factor was determined for the highest light level and the
experimental light levels plus the corrected highest level was used for the PE relationship

curves for each site.
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C.1.1 West Deep Site
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Figure C.1: West Deep (June 25") experimental light with the original expected light, the
light during the experiment from the miniPAR logger beside sediment core 1 and hobo
logger that was between core I and 2 from summer 2019, and the tested light from fall of
2019.

C.1.2 East Shallow Site
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Figure C.2: East Shallow (July 12") experimental light with the original expected light,
the light during the experiment from the miniPAR logger beside sediment core 1 and hobo
logger that was between core I and 2 from summer 2019, and the tested light from fall of
2019.
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C.1.3 East Deep Site
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Figure C.3: East Deep (July 23™) experimental light with the original expected light, the
light during the experiment from the miniPAR logger beside sediment core 1 and hobo
logger that was between core I and 2 from summer 2019, and the tested light from fall of
2019.

C.1.4 West Shallow Site
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Figure C.4: West Shallow (July 31*') experimental light with the original expected light,
the light during the experiment from the miniPAR logger beside sediment core 1 and hobo

logger that was between core I and 2 from summer 2019, and the tested light from fall of
2019.
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C.1.5 Middle of Channel Site
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Figure C.5: Middle of channel (August 13") experimental light with the original expected
light, the light during the experiment from the miniPAR logger beside sediment core 1
and hobo logger that was between core I and 2 from summer 2019, and the tested light
from fall of 2019.

C.2 DOE Tank Light Test

Light in the DOE microprofiling tank was tested once all experiments during the
summer of 2019 were completed just like the TOE light levels. Testing of the light in the
DOE tank was done because of the error in the TOE tank. The light level methods that
were done before the experiments were completed the same during the experiments with
only a Hobo logger in the DOE tank because the miniPAR logger would not fit in the
tank while profiling was occurring. The light level methods were repeated after the
completion of the experiments in fall 2019 to determine the error. After the examination
of the tested light levels, it was observed that the tested and the original were similar and
the during experimental Hobo was inaccurate due to the aeration in the tank scatter light

over the Hobo and the position of the sensor created shadowing.
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C.2.1 West Deep Site
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Figure C.6: West Deep (June 25") experimental light with the original expected light, the
light during the experiment from the hobo logger from summer 2019 and the tested light
from fall 2019.

C.2.2 East Shallow Site
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Figure C.7: East Shallow (July 12") experimental light with the original expected light,

the light during the experiment from the hobo logger from summer 2019 and the tested
light from fall 2019.
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C.2.3 East Deep Site
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Figure C.8: East Deep (July 23™) experimental light with the original expected light, the
light during the experiment from the hobo logger from summer 2019 and the tested light
from fall 2019.
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Figure C.9: West Shallow (July 31*') experimental light with the original expected light,
the light during the experiment from the hobo logger from summer 2019 and the tested
light from fall 2019.
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C.2.5 Middle of Channel Site
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Figure C.10: Middle of channel (August 13") experimental light with the original
expected light, the light during the experiment from the hobo logger from summer 2019

and the tested light from fall 2019.
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APPENDIX D

IN S1TU LIGHT

D.1 Water Column Profiles

Water column light profiles taken at each site during the summer of 2019. The
west side sites were done at low tide and east at high tide. The middle of the channel site
was done at both low and high tide. This was done to determine the attenuation value for
the water column at the sites to calculate the bottom irradiance level based on surface
light readings. The profiles were exponentially fitted, and average low and high tide

coefficients were determined.

D.1.1 East and West Side Sites

A Normalized from Surface PAR B Normalized from Surface PAR
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Figure D.1: () East side of the channel sites light with depth water column profiles done
during high tide on July 18", 2019 for both the shallow and deep. (B) West side of the
channel sites light with depth water column profiles done during low tide on August 9",
2019 for both the shallow and deep.
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D.1.2 Middle of Channel Site

Normalized from Surface PAR
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Figure D.2: Middle of the channel site light with depth water column profiles done on two
separate days. Low tide was measured on August 9", 2019 and high tide was measured
on August 12", 2019 the core sampling day of the site.

D.1.3 All Sites
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Figure D.3: All of the Light with depth water column profiles done across the transect to
determine the attenuation coefficient. Profiles in black are ones taken at high tide and
ones in grey are from low tide. Average low and high tide coefficients where determined
based off these profiles of the water column to calculate the bottom irradiance.
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APPENDIX E

BENTHIC ESTIMATES

E.1 Parameters and NCP Calculation

In situ water depth, attenuation coefficient and surface irradiance values used to
calculate the benthic NCP. The hourly surface irradiance recorded by the LOBO buoy
used to calculate the downwelling irradiance at the sediment level combined with the kpar
and water depth. The k,.- hourly values calculated from the in situ water column profiles
in Appendix D. Water depth was determined from the NOAA tide and currents buoy

(Walpole, Damariscotta River, ME, 43°56.0 N, 69°34.8 W).
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E.1.1 West Deep Site

o
A 8-
o <
E i
5
s}
§8 4
L]
o
E
T T T T T T T
Jul 03 Jul 08 Jul 13 Jul 18 Jul 23 Jul 28 Aug 02
Date
B
E~
<
g © o
a
3w A
©
; <
T T T T T T T
Jul 03 Jul 08 Jul 13 Jul 18 Jul 23 Jul 28 Aug 02
Date
C -
0 @
S~
@
s _
g < _|
Q o
© _|
°© T T T T T T T
Jul 03 Jul 08 Jul 13 Jul 18 Jul 23 Jul 28 Aug 02
Date
D -~
S L
5 [ I N L L
o AN —
g a
I
58 -
= T T T T T T T
Jul 03 Jul 08 Jul 13 Jul 18 Jul 23 Jul 28 Aug 02

Date

Figure E.1: In situ hourly values from the month of July used to calculate the NCP for
site West Deep (WD). (A) is the irradiance at the surface of the water, (B) is the water

depth at the specific site and (C) is the attenuation value calculated. (D) is the calculated
NCP for site west shallow for the month of July. July 16" missing for plot (4), (C) and
(D) due to Lobo buoy cleaning.
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E.1.2 East Shallow Site
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Figure E.2: In situ hourly values from the month of July used to calculate the NCP for
site East Shallow (ES). (A) is the irradiance at the surface of the water, (B) is the water
depth at the specific site and (C) is the attenuation value calculated. (D) is the calculated
NCP for site west shallow for the month of July. July 16" missing for plot (4), (C) and
(D) due to Lobo buoy cleaning.
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E.1.3 East Deep Site
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Figure E.3: In situ hourly values from the month of July used to calculate the NCP for
site East Deep (ED). (A) is the irradiance at the surface of the water, (B) is the water
depth at the specific site and (C) is the attenuation value calculated. (D) is the calculated
NCP for site west shallow for the month of July. July 16" missing for plot (4), (C) and
(D) due to Lobo buoy cleaning.
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E.1.4 West Shallow Site
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Figure E.4: In situ hourly values from the month of July used to calculate the NCP for
site West Shallow (WS). (A) is the irradiance at the surface of the water, (B) is the water

02

depth at the specific site and (C) is the attenuation value calculated. (D) is the calculated

NCP for site west shallow for the month of July. July 16" missing for plot (4), (C) and
(D) due to Lobo buoy cleaning.
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E.1.5 Middle of Channel Site
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Figure E.5: In situ hourly values from the month of July used to calculate the NCP for
site Middle of Channel (MC). (A) is the irradiance at the surface of the water, (B) is the
water depth at the specific site and (C) is the attenuation value calculated. (D) is the
calculated NCP for site west shallow for the month of July. July 16" missing for plot (A),
(C) and (D) due to Lobo buoy cleaning.

E.2 NCP Box Plots

Box plots were used to determine which site were net autotrophic during periods
of photosynthesising time (day light) for the benthic NCP estimates for the month of July.
Based on Fig. 4.4 only the shallow sites are net autotrophic which was not expected.

Therefore, the parameter @ was examined to see if the standard deviation would affect

97



these results. The parameter R was also changed from Fig. 4.4 from the average R (except

site MC) to the individual R parameters. After changing both of these parameters the
results did not significantly change and the deep sites still remained net heterotrophic. «

was calculated based on the in situ irradiance to determined what the parameter a had to

be for each site to be net autotrophic on three days in July. From this calculation in Table

E.2, it was determined that both deep sites were not close to being net autotrophic based

on the estimates from the TOE parameters.

E.2.1 Alpha (a) Upper and Lower Range
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Figure E.6: (A) NCP box plot using the upper standard error of a parameter. (B) NCP
box plot using the lower standard error of a parameter. Both (4) and (B) estimate the
month of July for periods of potential photosynthesising (day light) for each site on the
transect. Below zero on the plot is net heterotrophic and above is net autotrophic.
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Table E.1: Parameters used for the upper and lower Alpha (a)

(mmol 0, m~? d~1 (umol photons m=2 s™1)™1) standard error ranges for the boxplots
above with individual dark respiration (R) (mmol O, m~2d~1) parameters for Table E.2
calculation.

Site Name Alpha (a) Standard Upper a Lower a Respiration (R)
Deviation +) )
West Shallow 4.5 0.3961 4.9 4.1 81.9
(ws)
West Deep 43 0.5897 4.9 3.7 51.3
(WD)
Middle of 1.4 0.1774 1.6 1.2 335

Channel (MC)

East Deep 3.5 0.3601 3.8 3.1 67.1
(ED)
East Shallow 4.8 0.5275 53 4.2 82.8
(ES)
Average 39 0.3085 4.2 36 70.8
(w/o MC)

Table E.2: Calculated Alpha (a) (mmol 0, m~2 d~1 (umol photons m~2 s71)71)
determined from average 24 hr light levels from the sampling days in July and dark
respiration (R) (mmol 0, m~2d™1Y) from Table E.I to determine « = R/E. These
calculated Alpha’s are the values alpha would have to be for each site to be net
autotrophic with the average in situ irradiance levels.

July 11t July 22nd July 30t
Site Name
Trradiance (E) Alpha (R/E) Irradiance (E) Alpha (R/E) Trradiance (E) Alpha (R/E)
West Shallow 72.7 0.97 133.3 0.53 139.9 0.51
(ws)
West Deep 2.1 335 3.8 18.8 6.1 11.7
(WD)
Middle of 1.3 26.8 2.2 15.1 3.8 8.7
Channel (MC)
East Deep 2.3 30.8 4.1 17.3 6.5 10.9
(ED)
East Shallow 18.5 3.8 33.7 2.1 40.7 1.7
(ES)
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E.2.2 R Upper and Lower Range
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Figure E.7: (A) NCP box plot using the upper standard error of R parameter. (B) NCP
box plot using the lower standard error of R parameter. Both (4) and (B) estimate the
month of July for periods of potential photosynthesising (day light) for each site on the
transect. Below zero on the plot is net heterotrophic and above is net autotrophic.

E.2.3 Individual R Parameters

moles Dfo;,m2 d’
(o]

e T T T —m----
e % ——— 8
| | | | |
WS WD MC ED ES

Figure E.8: NCP box plot using the individual site R parameters for the month of July for

periods of potential photosynthesising (day light) for each site on the transect. Below zero
on the plot is net heterotrophic and above is net autotrophic.
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APPENDIX F

BIOMASS

F.1 Cell Counts

The cell concentration at each site when compared to the parameters showed
linear dependence for the parameter Pnax but not for a or R. In Fig. 4.3 the linear trend
infers that the difference in rates at the higher light levels when P was reached was due
to a cell specific increase in biomass present at each site. For a and R the slope of the
curve is flat indicating no dependence on biomass for the rate of production or

consumption at the lower light levels for the parameter a or the dark period for R.

F.1.1 R Parameter with Cell Concentration

y = 0.2924x + 86.6975

R? = 0.2466
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Figure F.1: TOE R parameters for each individual site-specific core with the
microphytobenthic cell concentration from the diatom counts. Dashed lines are the 95%
confidence intervals.
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F.2 Chlorophyll a Concentrations

When comparing the sediment chlorophyll a concentration to the parameters fitted
from the PE relationship the chl a concentrations showed no correlation. Therefore, the
sediment chl a concentration has no specific effect on the difference in rates from site to
site. This is determined based on the flat trend of the slope of the line fitted to the

parameters versus the chl a concentration for Fig. 2.1-3.

F.2.1 Pmax Parameters with Chl a Concentration
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Figure F.2: TOE P,,,, parameters for each individual site-specific core with the
chlorophyll a sediment concentration for each site. Dashed lines are the 95% confidence
intervals.
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F.2.2 Alpha (a) Parameters with Chl a Concentrations
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Figure F.3: TOE a parameters for each individual site-specific core with the chlorophyll
a sediment concentration for each site. Dashed lines are the 95% confidence intervals.

F.2.3 R Parameters with Chl a Concentrations
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Figure F.4: TOE R parameters for each individual site-specific core with the chlorophyll
a sediment concentration for each site. Dashed lines are the 95% confidence intervals.
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