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ABSTRACT

Estuaries are a diverse habitat characterized by the transition from fresh to salt
water and are influenced by the activities on adjacent land. The excess nutrients that enter
the estuary resulting from agriculture (a prominent business on Prince Edward Island
(PEI)) result in eutrophication – the overgrowth of plants. The occurrence of
eutrophication can greatly impact both the faunal and floral communities, as well as the
physiochemical properties of the sediment. For this study, sediment samples were
collected from three PEI estuaries (Wheatley, Wilmot, and Souris) every two-three weeks
throughout the Summer of 2016. For each sample carbon content was determined and
DNA was extracted. Additionally, sediment from the Trout-Stanley estuary was collected
and the production of ammonium was monitored under both oxic and hypoxic conditions.
The objectives of this experiment were to determine the physiochemical and biotic
differences along estuary gradients in relation to eutrophication, as well as to compare the
patterns of ammonium production under oxic and hypoxic conditions. Riverine estuary
regions were more seriously influenced by eutrophication compared to lower regions, and
ammonium production was highest under hypoxic conditions compared to oxic
conditions. Additionally, both organic and inorganic carbon, as well as DNA
concentrations correlated positively.
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INTRODUCTION

The shores of estuaries tend to be highly populated by humans, making them
vulnerable to negative anthropogenic influences (Lotze et al. 2006). Agricultural practices
are one anthropogenic influence that significantly alter land structure relative to natural
vegetation growth, impacting surrounding aquatic ecosystems in a variety of ways. For
example, in Prince Edward Island, approximately 42% of land is used for agriculture (PEI
Department of Agriculture and Fisheries, 2015). With Prince Edward Island’s high
proportion of agricultural land and small watersheds, the potential for agricultural impacts
on those estuaries is high. Agricultural practices have been shown to be correlated with a
phenomenon known as eutrophication (Kolenbrander 1971; Carpenter 2005; Andersen et
al. 2014; Tromboni and Dodds 2017). Eutrophication by agricultural land use is caused
by an excess of nutrients entering the estuary, primarily as a result of fertilizer usage and
manure, first leading to an overgrowth of plants such as macro-algae, and often leading to
a lack of dissolved oxygen in affected estuaries known as hypoxia, or, in extreme cases,
anoxia where excess organic material increases biochemical oxygen demand (Bugden et
al. 2014). Nutrient increases in estuaries and the resulting oxygen depletion change the
physiochemical and biotic characteristics within the estuary, and of particular importance
to this study: within sediment. Eutrophication often leads to an accumulation of organic
material in sediments when living organisms die and settle to the bottom. This can be
useful for examining biodiversity since deposition rates and species diversity can be
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tracked by collecting and analyzing samples of water and sediment by molecular means
(i.e. eDNA analysis). The ability to re-release nutrients back into the water, further adding
to eutrophication, can be determined through sediment incubation experiments.
It is possible to analyze species diversity because estuarine sediment contains a
historical record of organisms that live in both the water column, and the sediment itself.
Recently, environmental DNA (eDNA) techniques have been used in place of traditional
means of biodiversity monitoring. DNA can be extracted from materials such as sediment
and sequenced in order to classify the species that may be present, or have been present in
the past (Bohan et al. 2017). Additional parameters gathered from sediment such as
organic carbon within sediment can also provide information on the amount of overall
primary production in an estuary (Downing et al. 2008).
Microorganisms within the sediment play a large role in nutrient cycling.
Remineralization occurs when bacteria break down the organic matter in sediment and
release inorganic nutrients ammonium and phosphate. Sulphate reducing bacteria in
marine systems are known to dominate under hypoxic conditions and are thought to
perform key steps in the remineralization of phosphate and ammonium (Sinkko et al.
2013). The production of ammonium can be a significant addition to the overall load of
nutrients to an estuary which would further accelerate eutrophication, making it an
influential factor worth studying. Plants can use ammonium as a source of nitrogen for
growth, leading to high oxygen production during photosynthesis, low oxygen during
respiration and eventually, anaerobic decomposition as plants die off.
The aim of this research was to compare and contrast the impact of eutrophication
along estuaries on the biotic and physiochemical characteristics of sediment found in
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Prince Edward Island (PEI), Canada. It was predicted that areas receiving higher nutrient
input (i.e. riverine areas) would reflect this occurrence by having increased levels of
organic carbon in the sediment (Hopkinson et al. 1999). Due to the higher levels of
organic matter predicted in the riverine regions of estuaries, it was predicted that DNA
concentrations would also be higher in those areas. Inorganic carbon on the other hand
was predicted to be slightly higher at the mid-estuary region, where shelled organisms
(and therefore carbonate) are more abundant. In general, communities were expected to
change along the salinity gradient. Finally, ammonium production measured using
sediment from the Trout-Stanley river, PEI was predicted to be higher under hypoxic
conditions as opposed to oxic conditions based on the efficiency of anaerobic microbes
(particularly sulfate-reducing bacteria).
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LITERATURE REVIEW

Nutrient Enrichment
Nutrient enrichment refers to the anthropogenic elevation of plant nutrients
beyond their natural levels. Plants require macronutrients such as C, N, O, S, and P, at
high concentrations to grow, and also require micronutrients such as Ca, Mg, Si in lesser
quantities. In aquatic systems, N and P are generally considered the most limiting
nutrients for plant growth given that C availability (derived from the atmosphere) is held
constant. This led to the development of the Redfield ratio, a formula consisting of the C,
N, and P levels typically found in the organic matter of marine phytoplankton (Anderson
1995). Redfield’s ratio is 106:16:1 (C:N:P), although there has been some debate about
the simplicity of this ratio. While decades of limnologic study suggest that P is often the
limiting element in lentic systems (Schindler 1977), in marine systems, N is usually
considered the limiting element (Moore et al. 2013).
Nitrogen, while abundant in its elemental form in the atmosphere, is a limiting
agent for most organismal development (Howarth and Marino 2006). Only 2% of
nitrogen present in soil is readily available for organisms. Thus, it has become common
practice for farmers to use artificial nitrogen fertilizers on their crops to increase
productivity (Bianchi 2007). Phosphorus has been found to have similar effects on
waterways, and one of the main passages for elements to enter the waterway is through
runoff of agricultural lands that have been applied with manures and fertilizers (Carpenter
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2005). The creation of farmland through deforestation and the successive planting of
crops has had detrimental effects on land structure as the removal of deeply rooted trees
being replaced with temporary crops has allowed soil to become unstable, increasing
runoff (Zheng 2006). PEI typically has a high abundance of row crops (particularly
potatoes) subjecting the island to heavy chemical fertilizer usage (Jiang et al. 2011).
Although runoff from farmland can bring nutrients into the estuary, it is not the only
available pathway; groundwater discharge is the dominant means of transportation of
nitrogen from field to estuary (Johannes 1980; Bugden et al. 2014; Jiang et al. 2015).
Interestingly, Ünlü et al. (1999) found that the occurrence of nitrogen leaching (closely
dependent upon soil hydraulic properties) primarily as nitrate, increased significantly with
increased fertilization rates, but that nitrogen absorption decreased. While these fertilizers
aid in the production of healthy, fully developed crops for consumers, they can end up in
groundwater, particularly in the form of the nitrate ion that is water soluble, and can result
in very troublesome issues concerning watershed communities and water quality (Jiang
and Somers 2008).

Eutrophication
Enrichment of nutrients in aquatic systems can lead to eutrophication, an event
that decreases the overall water quality. While eutrophication itself refers to the
overgrowth of plants, Bugden et al. (2014) elaborated on the consequences associated
with eutrophication in estuaries which include: toxic or nuisance phytoplankton blooms,
excessive macro-algal growth, decreased submerged vegetation, higher levels of organic
matter in the sediment, hypoxia/anoxia, changes in community structure, possible fish or
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shellfish kills, limited recreational water use and diminished aesthetic appeal.
Consequently, overall biomass found in the estuary is increased, and can cause issues
through the production of cyanobacterial toxins, decreased oxygen availability, and even
habitat destruction as phytoplankton and/or macro-algae block sunlight from lower level
vegetation (Anderson et al. 2002). Diminished oxygen levels can be very dangerous for
aquatic life and in serious cases large scale fish kills may occur. An additional
characteristic of eutrophication is the occurrence of harmful algal blooms (HABs) (Paerl
1997). HABs (sometimes referred to as green or red tides depending on the dominant
species involved) are events in which phytoplankton grow rapidly, resulting in the harm
of other organisms either through the toxins they release or via indirect influences (i.e.
foams, and oxygen depletion) (Anderson et al. 2002).
Phytoplankton blooms can also contribute to increased sedimentation (Krümmel
et al. 2003; Carstensen et al. 2007; Janetski et al. 2012 as cited by Shi et al. 2017).
Evidence from Grimm et al. (1997) suggests that phytoplankton actually engage in a
process they defined as “self-sedimentation”. Self-sedimentation is a term used to
describe the ability of phytoplankton to excrete dissolved polymers which react with
water molecules forming sticky, gel-like substances referred to as transparent exopolymer
particles (TEPs). This phenomenon typically occurs when blooms stop proliferating, and
increases the aggregative abilities of phytoplankton allowing them to sink rapidly, making
them less likely to be consumed by other organisms (Grimm et al. 1977). Ultimately, this
process permits more organic material to settle in the estuary.
In the dynamic environment of an estuary, estuarine characteristics can greatly
influence how nutrient enrichment manifests as eutrophication. For example, tidal
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amplitudes are very influential in eutrophication of estuaries as they determine water
residence times; micro-tidal estuaries are more strongly affected by hypoxia than macrotidal estuaries (Coffin et al. 2017). In areas with small tidal amplitudes such as on the
north and west coasts of PEI (of importance to this study: The Wheatley estuary),
flushing in watersheds is minimal, increasing the chance for hypoxic conditions as new
oxygen is not being transported into the estuary to meet the biochemical oxygen demands
brought on by plant decomposition (Coffin et al. 2017). Additionally, smaller tidal
fluctuations are better associated with increased sedimentation (Abril et al. 1999),
potentially increasing organic matter on the benthos. PEI estuaries such as Souris and
Wilmot are on the eastern and southern sides of PEI respectively, and therefore
experience more relief from eutrophication through more dramatic tidal dynamics (Coffin
et al. 2018).

Sediment chemical characteristics
The chemical characteristics of sediment are influenced by sources of deposition.
Sediment derived from land on PEI is generally sand and fine sand (Alberto et al. 2016),
with low organic matter content (MacDougall et al. 1988). Sources of organic material in
estuarine sediment are generally related to biological processes within the estuary, e.g.
deposition of phytoplankton, macro-algae and organic matter from aquaculture; however,
external sources (such as leaves and terrestrial/marsh vegetation) can also be influential
and should not be disregarded. Thus organic carbon in sediment is indicative, in part, of
the level of productivity within that estuary (Cranford et al. 2009). Eutrophication will
lead to increased deposition of organic matter and should therefore amount to higher
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levels of organic carbon within the sediment (Bugden et al. 2014). Organic carbon has
also been shown to correlate with abiotic factors. For instance, Coffin et al. (2018) report
findings indicating that organic matter is negatively correlated with salinity and nitrate
levels.
Anoxia due to eutrophication leads to an increase in anaerobic bacterial
decomposition of deposited organic matter. This anaerobic endogenous decay is more
efficient than under aerobic conditions and can lead to a return of nutrients into the
estuary (Middelburg and Levin 2009). Bacteria that degrade organic matter in aquatic
systems reduce sulfate to create hydrogen sulfide (Morse et al. 1987), a toxic compound
to many organisms (Cranford et al. 2017). Sulfidic sediments are expected to occur in
hypoxic conditions such as those mentioned above and Cranford et al. (2009) found
results indicating that mussel farms were directly related to increased hypoxic and sulfidic
sediments. These sulfate-reducing bacteria also increase water alkalinity, and aid in
carbonate precipitation (Baumgartner et al. 2006). Sulfate-reducing bacteria are also
thought to be a major bacterial group responsible for remineralization of organic matter
with the resultant release of ammonium and phosphate (Sinkko et al. 2013).
Inorganic carbon measures provide information on recent deposited shellfish
abundance in the estuary as it is a major component of their shells (McConnaughey et al.
1997 as cited by McConnaughey and Gillikin 2008). Generally, there will be more
carbonate deposition resulting from the farming of bivalves and other shelled organisms
in saltwater areas compared to freshwater areas. The biomass of algae and shellfish, on
the other hand, contribute to organic matter content in sediments when they decompose
and settle into the benthic zone of watersheds (Cranford et al. 2009).

9
Human activity is also a contributing factor to carbon within rivers and oceans.
Humans have caused an escalation in atmospheric carbon dioxide levels which can be
slightly mediated through oceanic absorption of this greenhouse gas (Feely et al. 2010).
Unfortunately, this increase in oceanic carbon dioxide has resulted in a decrease in pH, as
well as a reduction in carbonate saturation (Feely et al. 2010). When carbonate levels fall
below saturation (i.e. they begin to precipitate), the ocean will begin to break down
materials such as shells to absorb more carbonate, ultimately inhibiting calcification for
some marine species (Feely et al. 2010). Interestingly, Borges and Gypens (2010)
determined that eutrophication affects the carbon cycle in such a way that it can resist the
effects of ocean acidification. Considering these findings, higher amounts of carbonate (in
other words inorganic carbon) in the sediment of estuaries subject to more intense or
frequent eutrophication would be expected.

Biotic Community Differences and eDNA
Species patterns along estuary salinity gradients are expected to change based on
the salinity tolerance of each species. Typically, species abundance is highest in euhaline
and oligohaline salinities as well as tidal freshwater areas, and is found to be lowest in
mesohaline salinities (Whitfield et al. 2012). Eutrophication is another factor that can
affect what species inhabit estuaries. Some species, such as the four-spined stickleback
and the mummichog can tolerate, and even benefit from the macro-algal abundance
characteristic of eutrophic estuaries (Schein et al. 2012; Finley et al. 2013; Bremner et al.
2015), while other species, for example the three-spined stickleback, are negatively
influenced by these conditions (Schein et al. 2012; Bremner et al. 2015). A study
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performed by Hughes and Thomas (1971) looked at species along the salinity gradient of
Bedeque Bay, PEI, and found that both plant and animal species differed from the upper
to the lower estuary (with higher species diversity towards the ocean). It is therefore
predicted that there will be more species diversity along the salinity gradient (towards the
lower estuary). Similarly, more marine species would be expected in the lower estuarine
areas.
Of particular interest however, are the species found in the benthic sediment zone
that cannot be easily monitored or identified, such as changes in micro-algal communities
within estuaries (Underwood et al. 1998). Phytoplankton blooms or HABs may arise from
an array of varying water quality changes, and can occur in both fresh and salt water
(Paerl 1988). Differences in the bacterial communities along estuary gradients have been
reported by Bouvier and Giorgio (2002). Additionally, Bird and Kalff (1984) found that
in both fresh and salt waters bacterial numbers were strongly and positively correlated
with chlorophyll levels. This evidence suggests that eutrophic waters will therefore have
higher bacterial abundance than oligotrophic or mesotrophic waters. The ensuing
depletion of oxygen through bacterial decomposition can, in turn, decrease overall species
abundance if oxygen levels become too low for species survival (Cranford et al. 2017).
Biomonitoring can reveal more about these species patterns between and within estuaries
which can provide information on which depositing bacteria and archaea are causing
anoxia.
Next-generation sequencing (NGS) is a quickly growing family of molecular
biology techniques (Medinger et al. 2010). These methods of massively parallel DNA
sequencing make it possible to quickly sequence entire genomes or transcriptomes as well

11
as to comprehend the diversity of organisms that inhabit any environment (Medinger et
al. 2010). Fragments of DNA from species living in an aquatic ecosystem may be
deposited in the sediment; DNA can then be extracted from sediment specific marker
genes, amplified by polymerase chain reaction (PCR), and subsequently sequenced using
NGS (Gabor et al. 2003). EDNA will primarily provide information on what species are
contributing to the sediment. Tessler et al. (2017) were able to use eDNA techniques to
study bacterioplankton using the 16S rRNA gene (a gene representative of bacteria).
Similarly, Pawlowski et al. (2015) were able to use eDNA to study metazoans using the
18S rRNA gene (a gene representative of metazoans). These studies are examples of what
is now possible to discover using eDNA and how widely applicable it can be.
One of the most important reasons for adopting this technique is the minimal
invasiveness (i.e. to metazoans) required to collect adequate samples (Goldberg et al.
2016). The technique also allows more definitive identity of known organisms which may
typically be difficult to examine and identify (particularly micro-organisms) and, using
this technique increases chances of detecting rare species in an environment (Goldberg et
al. 2016). Another benefit of using DNA sequencing techniques for the detection of
aquatic organisms include reducing the time it takes to identify large quantities of
organisms (Chariton et al. 2010).
Unlike alternative methods, next generation sequencing does not require the use of
bacterial cloning in the process of genetic amplification; instead, PCR can be used to
amplify specific fragments of DNA (Mardis 2008). Once strands are amplified, DNA
sequencing can commence. In the case of deposited sediments, the temporal variability of
species composition is integrated into the sediment as a historical record of all species
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present, rather than at one particular time point. This is potentially important in estuaries
where species composition may vary dramatically over the year. Although there are many
advantages to using eDNA there are still some issues that researchers must be made
aware of when using this technique (Roussel et al. 2015). The main disadvantage of
eDNA compared to traditional biomonitoring techniques is that the relationship between a
species collected DNA abundance within an environment, and its absolute density in the
environment is not well validated, however, determining relative abundance through
eDNA may be useful (Bohan et al. 2017).
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METHODS

Sampling sites and data collection
Three PEI estuaries: Souris, Wheatley, and Wilmot (Fig. 1) were sampled in this
study throughout the Summer of 2016 (Table 1). These three estuaries were meant to
provide the range of variables of space and time for the depositional and benthic
processes of agriculturally influenced estuaries. Triplicate sediment samples were taken at
each of three locations: riverine, upper, and mid estuary (defined by their salinity ranges
shown in Table 2 and their GPS coordinates shown in Table 3), using Mini-Ponar benthic
grab. Benthic grab samples were collected and stored in glass jars covered with aluminum
(both of which were solvent-rinsed with acetone). For additional protection from
contaminants the glass jars were sealed in plastic zip-lock bags and frozen at -20C.

Environmental DNA analysis

DNA from thawed benthic grab samples, was extracted using a power soil
extraction kit (as per MO BIO Laboratories, Inc. instructions). Approximately 5 µl of the
extracted DNA was then pipetted onto a micro volume spectrophotometer (NanoVue
Plus) which was used to determine the concentration of eDNA in each sample.
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Wheatley

Wilmot

Souris

Figure 1. A map of Prince Edward Island, Canada, highlighting Wheatley (north shore),
Wilmot (south shore) and Souris (east shore) estuaries and their three respective
sample sites (riverine, upper, and mid-estuary).
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Table 1. Salinity (PSU) levels at riverine, upper, and mid sites of the Souris, Wheatley
and Wilmot estuaries.
Estuary

Souris

Wheatley

Wilmot

Site

Salinity (PSU)

Riverine

10-28

Upper

21-29

Mid

25-30

Riverine

3-20

Upper

15-27

Mid

24-29

Riverine

7-21

Upper

9-24

Mid

19-27
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Table 2. Sample collection dates for Souris, Wheatley, and Wilmot estuaries, Prince
Edward Island, Canada.
Estuary

Souris

Wheatley

Wilmot

Sampling Period

Date

1
2
3
4
5
1
2
3
4
5
1
2
3
4
5

15-Jun-16
06-Jul-16
20-Jul-16
11-Aug-16
06-Sep-16
11-Jun-16
04-Jul-16
18-Jul-16
02-Aug-16
30-Aug-16
21-Jun-16
08-Jul-16
24-Jul-16
15-Aug-16
08-Sep-16
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Table 3. GPS coordinates for each sampling site (riverine, upper and mid-estuary) from
Souris, Wheatley, and Wilmot estuaries, Prince Edward Island, Canada.
Estuary

Souris

Wheatley

Wilmot

Site

Latitude

Longitude

Riverine

46.383125

-62.295442

Upper

46.376770

-62.292400

Mid

46.368000

-62.282120

Riverine

46.382400

-63.282740

Upper

46.388783

-63.269489

Mid

46.406537

-63.247455

Riverine

46.390580

-63.724300

Upper

46.389930

-63.738170

Mid

46.389113

-63.748847
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Organic and inorganic carbon content
The loss on ignition technique (LOI) as described by Heiri et al. (1999) was used
in this study to assess organic and inorganic carbon content of the collected sediment
samples. Initially, the sediment was oven-dried in a PRECISION Economy Incubator at
60C for approximately 48 hours. Organic matter was then combusted in an Isotemp®
Programmable Muffle Furnace, by heating to 550C for four hours. The following
equation was then used to calculate the percent mass of organic carbon present in each
sample:
𝐿𝑂𝐼550 =

(𝐷𝑊60 −𝐷𝑊550 )
𝐷𝑊60

× 100

(1)

where DW60 is the dry weight before combustion, and DW550 is the weight after the first
combustion (at 550 °C). A second combustion to determine inorganic carbon was then
performed, this time at a temperature of 950C for two hours. The following equation was
then used to calculate the percent mass of inorganic carbon present in each sample:
𝐿𝑂𝐼950 =

(𝐷𝑊550 −𝐷𝑊950 )
𝐷𝑊60

× 100

(2)

where DW950 is the weight after the second combustion (at 950 °C).

Nutrient remineralization in oxygenated and deoxygenated sediments
For this experiment approximately 18 liters of sediment were collected from the
upper estuary section of the Trout-Stanley river, PEI, Canada (46.419522, -63.439300),
on February 15th, 2018, using a post hole digger, and an ice auger to drill through the ice.
Artificial seawater was then made as per Kester et al. (1967), although only NaCl, KCl,
CaCl2*2H20, MgSO4*7H20, MgCl*6H20, and NaHCO3 salts were included to avoid
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major nutrients. The seawater was diluted with distilled water until a salinity of 25 PSU
was reached.
Approximately 500 ml of the collected sediment and 500 ml of artificial seawater
were placed into each of 12 PVC pipes sealed at one end. Six of the 12 pipes were then
bubbled with compressed air, while the other six were given only N 2 gas. Water samples
(100 ml) from each tube were taken at 1, 3, 6, 9, 12, 24, 48, 72, 96, 120, and 144 hours
after the start of the experiment. Following each collection, water was replaced (100 ml)
with clean, artificial seawater.
Half of the samples were put in the freezer for later phosphate and nitrate analysis;
the other half were analyzed for ammonium levels using a fluorometric method outlined
by Holmes et al. (1999), but modified for a 96-well microplate fluorometer (FLx800
Microplate Fluorescence Reader by Bio-Tek, Instruments, INC). This method works well
over a range of water salinities as well as a range of ammonium concentrations.
The stable working reagent was a commercially available orthophthaldialdehyde
solution in a borate buffer (Fluoraldehyde™) with added sodium sulfite. 180 µl of this
reagent and 20 µl of sample were mixed and incubated in the dark for 15 minutes. For
this procedure a standard made from dissolved ammonium chloride was also used.
According to Holmes et al. 1999, excitation wavelengths lower than 380 nm and emission
wavelengths greater than 400 nm were functional for the analysis of ammonium samples.
Filter range was M360/460. The product of this test revealed the concentration of
ammonium from a quantified sample of water, determined by the strength of light
emitted.
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Other measures such as temperature, oxygen, pH, and salinity were also taken
regularly. Water temperature, dissolved oxygen, conductivity and salinity were measured
with a YSI 550 multimeter, while pH was taken with a VWR benchtop pH meter.
Additionally, one oxic and one hypoxic pipe had their dissolved oxygen levels and water
temperature measured every 15 minutes with an Onset HOBO® Dissolved Oxygen
logger.

Statistical analysis

All sediment analyses were completed in R version 3.4.4 (R Core Team 2018).
Correlations between variables were done with a spearman rank correlation in the R
packages dplyr (Wickham et al. 2017) and Hmisc (Harrell et al. 2018). Exploratory
analysis of sediment carbon treated sites as separate factors. A one-way ANCOVA was
used to compare sites over the summer with time being treated as a continuous variable.
This linear model was done using the package car (Fox and Weisberg 2011). Post hoc
comparisons of sites were done with a Tukey’s test, in the package Multcomp (Hothorn et
al. 2008). Normality was examined using normal probability plots. Organic carbon
content was natural log transformed in the model.
Incubator ammonium concentration was converted to the mass of N evolved for
every time point. In order to account for sample removal, the mass of N at each time point
was corrected for the cumulative N previously removed (volume x concentration for each
previous time point). The evolution of N was modeled using a first-order rate equation of
the form:
N = C x (1 – e(-k x t))

(3)
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where N is the cumulative mass of nitrogen released from sediment, C is the asymptotic
constant representing the maximum mass of nitrogen evolved at infinite time, and t is the
incubation time. Curves were fit using nonlinear estimation in STATISTICA (v.13)
software.
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RESULTS

Organic carbon content

Wheatley estuary was found to have the most organic carbon content overall (Fig.
2). More specifically, the riverine section of both the Souris and Wheatley estuaries had
the highest organic carbon levels along the estuary (Fig. 3a and 3b respectively; Table 4).
Wilmot estuary showed a different trend with the highest organic carbon content at the
upper-estuary site (Fig. 3c; Table 4). The mid-estuary region of each estuary had
consistently low (the lowest in Wheatley and Wilmot) amount of organic carbon (Fig. 3a,
3b, and 3c; Table 4). The effect of time was not a statistically significant factor on organic
carbon content.

Inorganic carbon content
Wheatley estuary had the highest concentrations of inorganic carbon overall for
the three estuaries (Fig. 4). Within each estuary the concentrations varied throughout the
estuary as Souris’ riverine site had much higher concentrations than either upper or midestuary (Fig. 5a), whereas the highest inorganic concentrations found within Wheatley
and Wilmot both occurred at the upper-estuary site (Fig. 5b and 5c respectively).
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Figure 2. Mean percent mass of organic carbon content measured in each of three PEI
estuaries (Souris, Wheatley, and Wilmot). Bars represent standard error.
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Figure 3. Mean percent mass of organic carbon content along the salinity gradient of
Souris (a), Wheatley (b), and Wilmot (c) estuaries. Site 1 represents the riverine
section of the estuary, site 2 the upper estuary and site 3 the mid-estuary. Bars
represent standard error.
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Table 4. Matrix of Tukey contrasts between the organic carbon content of the riverine, upper, and mid-estuary sites of the Souris,
Wheatley and Wilmot estuaries.
Souris
Riverine

Souris
Upper
***

Souris
Mid
***

Souris
Riverine
Souris Upper
Souris Mid
Wheatley
Riverine
Wheatley
Upper
Wheatley
Mid
Wilmot
Riverine
Wilmot
Upper
Wilmot Mid
Asterisks and period represent significance. 0 ‘***’

Wheatley
Riverine
-

Wheatley
Upper
-

Wheatley
Mid
***

Wilmot
Riverine
***

Wilmot
Upper
***

Wilmot
Mid
***

***
***

***
***
-

***

***

***
**
*

***

***

***

*

***

-

.

-

-

-

0.001 ‘**’

0.01 ‘*’

0.05 ‘.’

1 ‘-‘
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Figure 4. Mean percent mass of inorganic carbon content measured in each of three PEI
estuaries (Souris, Wheatley, and Wilmot). Bars represent standard error.
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Figure 5. Mean percent mass of inorganic carbon content along the salinity gradient of
Souris (a), Wheatley (b), and Wilmot (c) estuaries. Site 1 represents the riverine
section of the estuary, site 2 the upper estuary and site 3 the mid-estuary. Bars
represent standard error.
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DNA concentration
DNA was highest overall in the Wheatley estuary (Fig. 6). The riverine site of
both the Souris and Wheatley estuaries had the highest levels of DNA compared to upper
and mid-estuary (Fig. 7a and 7b respectively). Contrastingly, Wilmot’s upper estuary had
the highest amount of DNA within the estuary (Fig. 7c).

Relations between carbon content and DNA concentrations
A strong positive correlation was found between organic carbon content and
inorganic carbon content (N=130, rho=0.76, p<0.001; Fig.8). Inorganic carbon content
was also positively correlated with DNA concentration (N=130, rho=0.54, p<0.001;
Fig.8). Finally, organic carbon content was also found to correlated positively with DNA
concentrations (N= 130, rho= 0.40, p<0.001; Fig.8).

Ammonium production
The highest overall ammonium production in sediment reactor experiments
occurred under hypoxic conditions as opposed to oxic conditions (Figure 9). Temperature
and oxygen remained relatively constant over time. Mean temperature in the incubations
was 14.07 ± 0.02 °C, and 14.04 ± 0.02 °C for the oxic and hypoxic reactors, respectively
(Appendix I). Mean dissolved oxygen was measured to be 8.27 ± 0.36 mg/L and 3.21 ±
0.52 mg/L in the oxic and hypoxic reactors, respectively (Table 5). Ammonium
concentrations increased similarly within both conditions but diverged over time as the
rate of increase became faster in the hypoxic samples and concentrations became
consistently higher (Figure 9). First order rate equations showed that the predicted
production of nitrogen at infinite time was 3.96 g for oxic conditions (corresponding to

29
504 g/m2) and 6.29 g for hypoxic conditions (corresponding the 801 g/m2). Between the
two conditions, pH and salinity also experienced minor changes. Salinity increased under
both conditions although the overall concentration was higher and the rate of increase was
faster under hypoxic conditions (Appendix II). pH remained fairly stable under the oxic
conditions as well, but increased slightly over time within the hypoxic condition
(Appendix III).
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Figure 6. DNA concentration (ng/µl) measured in each of three PEI estuaries (Souris,
Wheatley, and Wilmot). Bars represent standard error.
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Figure 7. DNA concentration (ng/µl) along the salinity gradient of Souris (a), Wheatley
(b), and Wilmot (c) estuaries. Site 1 represents the riverine section of the estuary,
site 2 the upper estuary and site 3 the mid-estuary. Bars represent standard error.
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Figure 8. Scatterplots showing the positive correlations between inorganic carbon and
organic carbon (a), DNA and inorganic carbon (b), and DNA and organic carbon
(c).
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Figure 9. Nitrogen production in A) oxic reactors and B) hypoxic reactors measured over
a period of 144 hours.
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Table 5. Average oxygen (mg/L) levels throughout the reactor experiment for hypoxic
and oxic conditions, measured over a period of 144 hours.
Time after start
of experiment
(hours)
1
3
6
24
48
72
96
120
144

Average Oxygen (mg/L)
Hypoxic conditions (mg/L ± std.
Oxic conditions (mg/L ± std.
error)
error)
3.21 ± 0.17
2.98 ± 0.15
3.26 ± 0.09
3.03 ± 0.24
4.08 ± 0.22
3.24 ± 0.13
3.47 ± 0.13
2.94 ± 0.09
2.69 ± 0.11

8.23 ± 0.07
8.28 ± 0.16
8.02 ± 0.04
8.62 ± 0.06
8.80 ± 0.04
8.56 ± 0.06
8.02 ± 0.04
8.20 ± 0.06
7.74 ± 0.09
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DISCUSSION

This study found that organic carbon was generally highest in the uppermost parts
of the estuaries examined. Furthermore, DNA content generally followed the trends in
organic matter. Sediment organic carbon also changed between June and September,
though not consistently at each estuary. Reactor experiments with estuary sediment
demonstrated that significant amounts of nitrogen are released from sediment within a
144 h period. Hypoxia in the overlying water, accelerated the rate and increased the
ultimate mass of N produced.
In addition to nutrient loading itself, one of the most probable explanations for the
differing levels of organic matter deposition seen along the estuary gradients as well as
between estuaries is differences in tidal dynamics. Nitrogen loading was previously
determined to be 49, 149, and 427 kg/ha/yr of N for the Souris, Wheatley and Wilmot
estuaries, respectively (Coffin et al. submitted). As such, nitrogen alone does not at all
explain the higher level of organic matter accumulation in the Souris and Wheatley
estuaries. However, taking into account the tidal dynamics around PEI may help explain
this lack of agreement. Coffin et al. (submitted) found that the overall water residence
times were 1.85, 1.74, and 0.73 d, for Souris, Wheatley and Wilmot estuaries,
respectively. Thus, the two-fold longer residence time, with subsequently lower flushing
in the Wheatley and Souris estuaries can account for some of the variance in organic
matter found here as the effective concentration of nutrients may be less, and more
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organic matter or nutrients are exported from the estuary with greater flushing.
Another explanation for the high organic carbon content of the Souris and
Wheatley estuaries found in the uppermost regions is their proximity to agricultural land,
and their narrower structure (compared to lower estuary areas). Nutrients enter the estuary
from the river, and plants in the upper estuary, largely macro-algae (Ulva sp.) and
phytoplankton are able to absorb those nutrients very rapidly, leading to a proliferation of
plant growth in this part of the estuary. It has been reported that nitrogen is generally
depleted by plants in the water column within the first 400 m of a river entering an
estuary (Valiela 1997). A study by Coffin et al. (unpublished) also found hypoxia/anoxia
to be more severe in the upper 10% of the Wheatley estuary as compared to half-way
down the estuary (by area). Thus, the uppermost estuary, where nutrients first meet
marine plants is well established as being the most severe area of eutrophication.
DNA concentrations were also correlated with inorganic carbon and carbon levels
as is indicative of the deposition of biological matter. While a relationship with organic
carbon was expected, a relationship with inorganic carbon was not. However, these data
indicate that organic matter deposited had an inorganic carbon component. Mats of
macro-algae can often be covered by a proliferation of snails which may in part explain
the inorganic carbon content in those highly eutrophic areas. Coffin et al. (2018) found
that snails are predominant in this plant habitat, but become even more dominant when
hypoxic or anoxic conditions occur as those organisms are tolerant of the adverse
conditions. The proportion of time under 4 mg/L of oxygen (May-November) was 14,
2.5, and 1% for the Wheatley, Souris and Wilmot estuaries, respectively. This may
explain the high inorganic carbon mid estuary at Wheatley that tends to incur higher
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severity of hypoxia throughout the estuary. This area of the estuary is dominated by thick
mats of Ulva.
Annual trends in organic matter in PEI estuarine sediment reflect a balance
between deposition, and remineralization. Generally, it would have been expected that
remineralization would increase through the summer, peaking in august when sediments
are most likely to be anoxic. A downward change in organic matter at Souris and
Wheatley upper estuary site indicating a reduction in organic matter could potentially
have been due to remineralization over the season. The upper estuary is also most likely
to incur hypoxia/anoxia, enhancing remineralization. The converse may be true, and the
relative rate of organic matter deposition in the uppermost reaches of the Wilmot River
are potentially due to the relatively oxic conditions limiting remineralization.
Hypoxia significantly enhanced the internal loading of nitrogen from estuarine
sediments. Studies in the Baltic (Sinkko et al.2013) and Chesapeake Bay have also shown
the enhanced production of nitrogen from sediments under low oxygen conditions
(Buridge 1991). While anaerobic remineralization was thought to be the reason for
increased rates of N production, it should be emphasized that the present study did not
confirm anaerobic sediments directly, nor was the reduction of sulphate that accompanies
this remineralization of carbon measured. The experimental setup only achieved hypoxic
overlying water, thus it cannot be presumed that sediment was totally anoxic. However,
given relatively low rates of oxygen transfer into sediment, oxygen can decrease with
depth from the surface so sediments were likely anoxic at some level below the surface. It
is possible that even the oxic reactors had some level of hypoxia/anoxia in sediment.
Subsequent experiments could use increased nitrogen bubbling, partially sealed
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incubators to reduce overlying oxygen, and a greater height of water to provide near
anoxia.
The internal production of nutrients is significance to understanding and
predicting estuarine responses to nutrients. Management action to reduce nutrients
requires some knowledge of how much to reduce them by in order to prevent severe
effects like estuarine anoxia (Bugden et al. 2014). However, at present, we are only able
to understand the external loading of nutrients to estuaries in the regions. While models
have been developed to predict oxygen from N loading and estuarine flushing (Coffin et
al. submitted), external nitrogen was not as strong a predictor as would be expected. This
may be due to not accounting for internal loading of nitrogen, which as was seen herein,
can be considerable. For example, the Wheatley River has an external loading of 149 kg
N/ha/yr (Coffin et al, submitted); the highest value seen for the Trout River sediment was
approximately 8000 kg/ha of produced nitrogen. While not all of an estuary is dominated
by high organic mud, nor do all estuaries go anoxic, this still imparts the potential relative
significant of internal loading of N to the overall nitrogen budget of an estuary.
Each estuary is unique, being influenced by a combination of factors including
but not limited to tidal fluctuations, oxygen availability, carbon composition, deposition
rates, agriculture, and aquaculture. Therefore, a more comprehensive study combining
many biotic and abiotic factors would provide valuable insight that could potentially be
used for conservation purposes in the future. Additionally, while it was not possible
within the timeframe of the present study, eDNA analysis would provide useful
information on the microbial community within estuaries and how it may differ along
estuary gradients and between different estuaries. This could also illustrate the dominance
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of sulphate reducing bacteria that are critical to remineralization. In order to improve
understanding of estuary dynamics and the effects of eutrophication, it would be
beneficial to analyze the biogeochemistry of more estuaries located at different locations
on PEI – this will be critical to developing models for estuarine impact that let
environmental managers make decisions.
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APPENDIX

Table I. Average temperature (°C) for hypoxic and oxic conditions throughout the reactor
experiment, measured over a period of 144 hours.

Time after start
of experiment
(hours)
1
3
6
24
48
72
96
120
144

Average Temperature
Hypoxic conditions (°C ± std.
Oxic conditions (°C ± std. error)
error)
14.18 ± 0.04
14.00 ± 0.03
13.99 ± 0.04
13.78 ± 0.03
14.01 ± 0.05
14.00 ± 0.03
14.15 ± 0.03
14.07 ± 0.03
14.16 ± 0.03

14.31 ± 0.02
14.04 ± 0.05
14.12 ± 0.04
13.84 ± 0.02
13.94 ± 0.02
14.00 ± 0.01
14.16 ± 0.02
14.08 ± 0.02
14.17 ± 0.01
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Table II. Average salinity (PSU) levels for hypoxic and oxic conditions throughout the
reactor experiment, measured over a period of 144 hours.

Time after start
of experiment
(hours)
1
3
6
24
48
72
96
120
144

Average Salinity
Hypoxic conditions (PSU ± std.
error)
24.55 ± 0.05
24.62 ± 0.03
24.70 ± 0.01
24.86 ± 0.05
24.97 ± 0.05
25.08 ± 0.06
25.12 ± 0.07
25.27 ± 0.07
25.32 ± 0.09

Oxic conditions (PSU ± std.
error)
24.57 ± 0.07
24.58 ± 0.08
24.60 ± 0.05
24.74 ± 0.07
24.82 ± 0.06
24.71 ± 0.14
24.96 ± 0.05
25.04 ± 0.05
25.06 ± 0.07
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Table III. Average pH for hypoxic and oxic conditions throughout the reactor experiment,
measured over a period of 144 hours.
Average pH
Time after start of Hypoxic conditions (± std. error)
experiment
(hours)
1
8.133 ± 0.014
3
8.185 ± 0.025
6
8.337 ± 0.020
12
8.192 ± 0.093
24
8.385 ± 0.009
48
8.243 ± 0.014
72
8.320 ± 0.041
96
8.362 ± 0.036
120
8.418 ± 0.030
144
8.405 ± 0.039

Oxic conditions (± std. error)

8.192 ± 0.024
8.163 ± 0.020
8.128 ± 0.014
8.042 ± 0.064
8.182 ± 0.021
8.127 ± 0.015
8.130 ± 0.018
8.133 ± 0.026
8.115 ± 0.005
8.150 ± 0.030
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