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Abstract:
Anthropogenic contamination of water bodies with excess nutrients and road salts
has resulted in cultural eutrophication and freshwater salinization throughout the
Midwestern and Eastern United States. This study focuses on the algal populations and
chemical properties of two small, manmade water bodies; Gilmore Pond in Westborough,
MA, and Peacock Pond in Norton, MA. Over the course of six months (late May-early
November), environmental parameters including nutrients, ions, as well as temperature,
dissolved oxygen, conductivity, and pH were measured to determine effects on pond
trophic status and algal populations. Gilmore Pond was determined to be a eutrophic
system, dominated by phytoplankton, with brown waters, likely resulting from terrestrial
dissolved organic carbon inputs. Peacock Pond was determined to be a eutrophic system,
dominated by benthic algae, with high salt contamination from surrounding roads and
walkways. Additionally, a field study of the dinoflagellate Ciratium hirundinella in
Peacock Pond revealed morphological changes with fluctuations in water temperature
and phosphorus. Using past data on algal bioindicators and environmental parameters, a
decline in water quality was observed in both water bodies between a similar survey in
2013 and the present study. The results of this study will be used by future student
researchers and pond managers as we attempt to improve the aesthetic and ecological
properties of these ponds.
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Introduction:
Many biogeochemical studies focus on the cycling of nutrients in medium or large
freshwater bodies (Carpenter et al, 1992; Schindler, 1977; Schlesinger and Bernhardt,
2013). Fewer publications have examined the cycling of these nutrients in small ponds,
where seasonal mixing and stratification of waters does not occur (Scheffer and van Nes,
2007; Song et al, 2017; Moore, 2014). Though smaller in size, the ecosystem services
ponds provide are numerous. Ponds may serve as visually appealing landscapes, or may
serve as a recreational site for fishing, swimming, and boating. Ponds also host a variety
of organisms including larval insects and tadpoles, which tend to prefer the stagnant
waters of a small pond (Velinsky et al, 2004).
1. CHEMISTRY:
Biogeochemical processes dictate the functioning of all ecological systems,
terrestrial or aquatic (Schlesinger and Bernhardt, 2013). In recent years, inland waters
have been recognized as a significant component of the global carbon cycle, acting as
important mediators of the exchange of carbon dioxide between the atmosphere and
terrestrial environment (Kritzberg et al, 2014). From a regulatory standpoint, small ponds
and large lakes are subject to the same water quality standards, though they differ in
terms of limnology (NHDES, 2003). It is therefore essential that we monitor chemical
parameters of these water bodies in order to understand how these systems differ, and to
determine the chemical qualities that classify a pristine system from a polluted system
(Olem and Flock, 1990).
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1.1 Phosphorus
Phosphorus is an important component of many biological compounds including
bones and cellular components such as adenine triphosphate (ATP), nucleotides, and
proteins (Correll, 1998). Through various ecological studies, scientists have determined
phosphorus to be the primary limiting element in freshwater systems, and thus inadequate
amounts of phosphorus can cause a freshwater system to become scarce in aquatic flora
and fauna (Schindler, 1977). On the contrary, too much phosphorus in a system can lead
to abundant growth of aquatic primary producers, a phenomenon known as
eutrophication. Eutrophication can have many detrimental effects on an ecosystem,
including unsightly algal blooms. Algal blooms can increase the turbidity of water,
therefore blocking sunlight to aquatic macrophytes. After the death of a bloom and
aquatic plants, bacterial decomposition can lead to oxygen depleted waters, which are
often characterized by mass fish kills (Correll, 1998; Paerl and Otten, 2013). The death of
some bloom species (such as cyanobacteria) can even produce toxic secondary
metabolites which can cause neurological and muscular issues in fish, dogs, and even
small children (Paerl and Otten, 2013).
Rapid depletion of phosphorus by organisms or binding via sediment, make this
nutrient scarce in freshwater bodies (Correll, 1998). In 1958, oceanographer Alfred
Redfield described for the first time the average atomic ratio of carbon to nitrogen to
phosphorus found in oceanic phytoplankton. The average nutrient ratios in marine
phytoplankton were 106 moles carbon to 16 moles nitrogen to 1 mole phosphorus
(106:16:1). This ratio differs in freshwater environments (ranging from 6-44 N:P and 8-
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20 C:N), but the same concepts of phosphorus limitation still apply to most freshwater
bodies (Schlesinger and Bernhardt, 2013).
Because phosphorus does not occur in a gaseous state, the primary sources of the
element to natural waters are via surface water runoff, decomposition of organic
materials, and recycling. The element may also be sourced from groundwater flows
though this is less likely as phosphorus has a strong binding affinity with common soil
metals such as iron, manganese, and copper. The small amount of phosphorus that does
make it into water can only be used by plants and algae in an inorganic form called
orthophosphate (PO43-). Organic forms must be metabolically converted to
orthophosphates by microbial communities before they can be utilized by plants and
algae (Correll, 1998, Figure 1). There are many factors that dictate the overall patterns of
the phosphorus cycle in aquatic environments including dissolved oxygen conditions, pH,
temperature, sediment binding viability, and nutrient requirements of primary producers
(Reddy and Reddy, 1993).

Figure 1: The phosphorus cycle in freshwater systems (Correll, 1998).
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Variations in dissolved oxygen content of waters overlying the sediment can
greatly alter the availability of orthophosphates. In the summer months, lake waters may
seasonally stratify into epilimnion, metalimnion, and hypolimnion based on temperature
differences in the water column (thermocline). Typically, iron hydroxides, aluminum
oxides, and calcium carbonate in pond/lake sediments are bound to orthophosphate
compounds, limiting their availability to primary producers. However, in seasonally
stratified waters, occluded (absorbed/bound) orthophosphates may be released in the
presence of anoxic hypolimnetic waters due to the redox sensitivity of the iron
compounds (Reynolds and Davies, 2001; Søndergaard et al, 2001; Schlesinger and
Bernhardt, 2013). In the winter, waters will become mixed again as temperatures become
more consistent, causing phosphorus to resuspend throughout the water column (Olem
and Flock, 1990).
In small ponds, seasonal stratification does not occur as a thermocline fails to
develop at shallower depths. The differing thermal structures of small ponds may result in
phosphorus cycling that is unique from other aquatic systems (Song et al, 2017). Though
shallow ponds do not stratify, they may still be at risk of low dissolved oxygen levels due
to stagnant waters or pressure from respiring organisms. The lack of depth in these ponds
may also give phytoplankton direct access to orthophosphates released from sediments in
anoxic conditions (Reynolds and Davies, 2001).
Though the redox mechanism of phosphorus release is perhaps the best
understood mechanism, there is evidence of phosphorus release from sediment in aerobic
conditions as well (Jensen and Andersen, 1992; Søndergaard et al, 2001; Reynolds and
Davies 2001). Increased alkalinity of overlaying waters may displace bound phosphorus
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from sediment by the replacement of phosphate groups with hydroxyl groups in binding
compounds (Reynolds and Davies, 2001; Jensen and Andersen, 1992). Additionally,
increased sulfate levels (basic) have been shown to drive phosphorus into solution. The
effects of sulfate may be amplified in anoxic conditions, due to increased sulfate
reduction (Søndergaard et al, 2001; Schlesinger and Bernhardt, 2013). Increased
temperatures may also cause the release of bound phosphorus by stimulating
mineralization, therefore freeing organically bound phosphorus (Jensen and Andersen,
1992).
The chemical processes occurring in freshwater bodies in combination with
biological processes (sulfate reduction, nutrient absorption, and microbial decomposition)
have shown varied effects on the dispersion of phosphorus in freshwater systems. In
consideration of small ponds, phosphorus cycling will vary based numerous parameters.
For example, the development of anoxic waters above the sediment may occur in some
ponds but not others. It is therefore difficult to determine the exact mechanisms of
phosphorus cycling from one small pond to the next.
1.2 Nitrogen
Fertilizers produced via the industrial fixation of nitrogen gas (N2) into ammonia
(NH3) are responsible for feeding nearly half of the human population. Though the advent
of the Haber-Bosch process is considered a societal success, the excess ammonia and
nitrate produced by this process along with fossil fuel combustion has disrupted the
natural global nitrogen cycle (Elser et al, 2009; Stein and Klotz, 2016). This increase of
NH3 and NOX emissions over the last 150 years has specifically resulted in increased
nitrate deposition and runoff to aquatic systems (Porcal et al, 2009). Other sources of
6

nitrogen to aquatic ecosystems include improper waste disposal; a result of increased
urbanization and intensified agriculture (Stewart et al, 1982).
The effects of this disruption are primarily seen in marine ecosystems, where
phytoplankton are typically limited by nitrogen. In certain situations, freshwater bodies
may also be limited by nitrogen, though this is less common (Schindler, 1977). Nitrogen
can be taken up by primary producers in the form of ammonium (NH4+) or nitrate (NO3-)
(Velinksy et al, 2004). Like phosphorus, excessive nitrogen can lead to eutrophication,
loss of species, aquatic toxicity, and overall habitat disruption (Loken et al, 2016).
Algal blooms resulting from nitrogen fertilization will often be dominated by
species incapable of fixing their own nitrogen (Stewart et al, 1982; Elser et al, 2009).
This selection of species with high N:P ratios may result in decreased diversity and
enhanced phytoplankton phosphorus limitation. This results in poor-quality food for
zooplankton consumers (Elser et al, 2009). On the contrary, if a system is nitrogen
depleted and phosphorus rich, cyanobacteria species will tend to gain dominance as many
have the ability to fix their own nitrogen via specialized cells called heterocytes (Stewart
et al, 1982; Ramm et al, 2014; Yema, 2016; Scheffer et al, 1997).
1.2 Carbon and Pond Browning
Increased turbidity and brown color of lakes and ponds has become a problem of
emerging concern in the past decade for surface waters in the Northern Hemisphere
(Kritzberg et al, 2014; Williamson et al, 2015, Urrutia-Cordero et al, 2017). These brown
waters are usually highly turbid and acidic with low dissolved oxygen content, and little
life (excluding microbes and some algae) as a result of high dissolved humic matter input
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from decomposing organc material (dissolved organic carbon, DOC). Waters of this
disposition are classified as dystrophic or polyhumic.
In cases of brownifed water, the two main sources of organic matter are decayed
phytoplankton and aquatic macrophytes (autochthonous), or a terrestrial source of
decayed leaves and plant matter (allochthonous) (Williamson et al, 2015; Wetzel, 1984).
Brownification is most often a natural process, affecting oligotrophic soft water systems
in forested areas. Other non-natural forms of brownification may be due to changes in
land use, recovery from atmospheric sulfate deposition, or increased precipitation and air
temperature as a result of global warming (Kritzberg et al, 2014; Williamson et al, 2015;
Urrutia-Coredero et al, 2017; Porcal et al, 2009). The ecological consequences of
brownified water stem from decreased photosynthesis as a result of shading. This can
cause a decrease in phytoplankton diversity as well as a shift in food web structure,
including changes in predator-prey interactions. Most other consequences of browning
are purely aesthetic (Kritzberg, 2017; Urrutia-Cordero et al, 2017; Porcal et al, 2009).
1.4 Road Salts
Road salt consumption in the United States has steadily risen since its first uses in
the 1940s as a deicing agent (Corsi et al, 2010). An estimated 10-20 million tons of road
salts are applied to US roadways per year, largely due to urban development of once rural
lands and roadways (Schuler et al, 2017). In the spring the melting of ice and snow can
cause pulses of chloride-rich runoff. Groundwater release of the ion can induce high
chloride concentrations year-round (Corsi et al, 2010).

8

As salt ions accumulate in a water body, conductivity will increase as well.
Phytoplankton and periphyton have shown varied responses to high conductivity
situations. Hintz et al. (2017) determined a reduction in the biomass of filamentous algae
in response to high salt conditions at levels as low as 250 mg/L Cl-. Yet there is a positive
effect of salt on phytoplankton abundance due to a reduction in zooplankton density.
These organisms are more sensitive to chloride, and their numbers may be reduced at
lower concentrations than algae (Hintz et al, 2017; Van Meter et al, 2011). Though
phytoplankton abundances do not appear to be negatively impacted by environmentally
relevant chloride concentrations, shifts in algal species composition and dominance to
more salt-tolerant species may occur (Chambers et al, 2001, Judd et al, 2005).
Alternatives to NaCl such as magnesium chloride (MgCl2), calcium chloride
(CaCl2), and calcium magnesium acetate (C8H12CaMgO8) have become popular in recent
years due to their effectiveness over NaCl salts. Though these deicers can be used in
smaller amounts, the added chloride ion (MgCl2 and CaCl2) could increase the potency of
chloride ions in runoff when used improperly. The presence of magnesium and calcium
ions could also augment aquatic toxicity by exchange with heavy metals in soil and
sediments, also causing depletion of oxygen. Though still harmful in large amounts,
calcium magnesium acetate is believed to be one of the safest alternatives to road salt
(Schuler et al, 2010, Ramakrishna and Viraraghavan, 2005).
2. BIOLOGY
In addition to observance of chemical parameters, biological surveys represent a
powerful tool in the assessment of water quality both long-term and short-term (Ajaya
and Kumar, 2017; Bellinger and Sigee, 2010; Velinksy et al, 2004). Rapid and dramatic
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changes in biology such as algal blooms may indicate an imbalance in nutrients while
long-term changes such as alterations in food web structure may be caused by nutrient
imbalances or the absence of a keystone species. Such changes can even be seen in the
surrounding terrestrial environment, which hosts many organisms (frogs, birds, and
insects) with strong ties to aquatic systems (Velinksy et al, 2004).
2.1 Planktonic Algae
As primary producers, planktonic algae are one of the first organisms to respond
to fluctuations in light and nutrient availability. Within the grouping of common
freshwater algae lie approximately seven phyla: Diatoms (Bacillariophyta), green algae
including desmids (Charophyta), and other greens (Chlorophyta), cyanobacteria
(Cyanobacteria), euglenoids (Euglenozoa), dinoflagellates (Miozoa), and yellow-green
and golden-brown algae (Ochrophyta) (Guiry and Guiry, 2018). Phytoplankton rely on
their buoyancy and the cohesion of water to maintain their position in the photic zone,
giving them a clear advantage in turbid water over anchored aquatic plants (Lichman et
al, 2010).
2.1a Algal Stoichiometry and Morphology
Rapidly growing cells are apt to have more ribosomal RNA for rapid protein
synthesis than species with slower growth rates. rRNA is rich in phosphorus, and thus
these rapidly growing species are expected to have a higher phosphorus content and
demand than slow-growing species. This phenomenon is known as the growth rate
hypothesis (Sterner and Elser, 2002). Applications of the growth rate hypothesis have led
phycologists to discern three major nutrient acquisition strategies of phytoplankton. First
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are the velocity-adapted species. These include most small green algae and diatoms,
which have high nutrient uptake rates, high growth rates, and thrive on nutrient pulses for
rapid growth. Second are the storage-adapted species, which also have high uptake rates
but store nutrients rather than expressing high growth rates so that they may survive
between nutrient pulses. These include larger diatoms and greens, which store nitrate in
large cellular vacuoles. Last are the affinity-adapted species, which slowly take up
growth-limiting nutrients at low concentrations. These include representatives from
almost all groups, but have been studied best in marine coccolithophores (Sommer, 1984;
Litchman, 2007). In general, phosphorus rich conditions select for species with lower N:P
ratios and faster growing species while P-limited conditions select for individuals with
high N:P ratios such as cyanobacteria species capable of fixing their own nitrogen
(Litchman, 2007).
Phycologists have further classified phytoplankton in studies of foodweb
structures as “inedible” and “edible.” Inedible species refer to algae that are too large to
consume for zooplankton predators (generally > 40-50 µm in length). These include
genera such as Ceratium, and large filaments such as Oedogonium and Anabaena
(Cottingham, 1999; Bell, 2002). Though an effective strategy against predation, grazer
resistant algae are poor competitors when it comes to nutrient acquisition (Litchman,
2007). Most other phytoplankton (< 40-50 µm in length) can be classified as edible
(Cottingham, 1999; Bell, 2002). The advantages to smaller cell size are an increased
surface to volume ratio, which makes smaller phytoplankton superior at nutrient
absorption in nutrient limiting conditions. Smaller cells may be able to overcome the
negative consequences of size by producing other grazer avoidance traits such as spines,
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mucilage, or toxins that make them difficult or deadly to consume. Some species are even
able to alter phenotypes from a single genotype (such as presence or absence of mucilage,
spine length, or colony size) under certain environmental conditions, a phenomenon
known as phenotypic plasticity (Litchman et al, 2010; Lürling, 2003).
2.1b Community Structure
Typically, the growing season of a eutrophic temperate system begins with a
spring diatom bloom. This is followed by a dominance of green algae that transitions into
a mid-late summer cyanobacteria bloom. In the fall, diatoms or dinoflagellates will again
take precedence (Litchman et al, 2010; Bellinger and Sigee, 2010). In oligotrophic and
mesotrophic systems, the pattern is generally more constrained to a dominance of
diatoms in the spring, which is succeeded by dinoflagellates or cyanobacteria in the late
summer and fall (Bellinger and Sigee, 2010). Other factors such as grazer pressure,
nutrients, and temperature can greatly alter these standards of population succession.
Diatoms have rather low optimum growth temperatures (15-25 ºC), which is why they are
usually most abundant in the spring or late fall. On the contrary, cyanobacteria and green
algae favor higher temperatures and are therefore more common in the summer months
or early fall. Changes in temperature as a result of climate warming could further disrupt
these patterns of succession (Litchman et al, 2010; Urrutia-Cordero et al, 2017).
2.1c Algae as Bioindicators
Individual phytoplankton species or groups of phytoplankton with similar
characteristics can be useful in determining the health of an ecosystem by surveying their
absence or presence in a particular water body (Bellinger and Sigee, 2010; Ajayan and
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Kumar, 2017). Algal bioindicators can provide certain benefits over physiochemical
measurements as they reflect overall water quality (spatially and temporally) and provide
a direct measure of the ecological impacts of environmental stressors. Additionally, algal
bioindicators are able to express the effects of various physical and chemical parameters
over time. Physiochemical measurements, though easily quantifiable and comparable to
reference values, use more costly analyses and only provide information on water quality
at a single point in time, rather than an aggregate value (Bellinger and Sigee, 2010).
Surveys of phytoplankton species in lakes and ponds of known trophic status have
allowed researchers to determine bioindicators for those trophic levels. A resilient and
abundant population of pollution-tolerant species season after season in combination with
high levels of phosphorus or other nutrients is indicative of eutrophic waters. Examples
of such species include diatoms Aulacoseira and Navicula, green algae Chlamydomonas
and Volvox, and cyanobacteria Anabaena, Aphanizomenon, and Microcystis (Bellinger
and Sigee, 2010; Palmer, 1969). Salt-tolerant species, such as Scenedesmus or other
species commonly found in brackish waters may also be used as bioindicators of salt
contamination in freshwater (Lürling, 2003).
2.1d Harmful Algae
Unlike other algae, many cyanobacteria species have the ability to fix atmospheric
nitrogen via specialized cells called heterocytes. This enables them to colonize
phosphorus rich and nitrogen depleted waters, making them strong competitors against
other algae that are unable to fix nitrogen (Ramm et al, 2014, Yema, 2016; Scheffer et al,
1997). Cyanobacteria, along with a few dinoflagellate and diatom species are able to
produce toxic secondary metabolites that can have negative impacts on human and
13

ecosystem health in large quantities (MDPH, 2007). Unlike a traditional algal bloom,
dominances of these toxin-producing species are characterized as harmful algal blooms
(HABs). In the case of cyanobacteria, toxins such as microcystin, saxitoxin, and
cylindrospermopsin are usually released upon cell lysis occurring after the death of a
bloom (Paerl and Otten, 2013; Bláha et al, 2009).
Cyanotoxins are particularly worrisome for small children, as they tend to ingest
more water than adults during recreational swimming. The cyanotoxin threshold for a
small child is around 14 ppb, after drinking 7 tablespoons of water. The Massachusetts
Department of Public Health (MDPH) estimates that at cyanobacteria concentrations of
70,000 cells/mL, cyanotoxin levels may be close to 14 ppb. Toxins at these levels may
cause skin irritation and rashes. However, at more concentrated levels, neurotoxins can
harm small children and have even been reported to cause seizers and death in dogs
(Boyer et al, 2004).
2.2 Aquatic Plants and Benthic Algae
In addition to increased phytoplankton biomass, some lakes and ponds may
express the effects of eutrophication as excessive macrophyte (aquatic plant) or benthic
algae growth. Benthic algal mats, also known as periphyton, are algal filaments and
individual cells that attach themselves to a substrate, usually wood or rocks, on the
bottom of water body (Bellinger and Sigee, 2010; Velinsky et al, 2004). Macrophytes and
benthic algae are essential to the health of a water body, as both provide shelter from
predators for juvenile fish and benthic invertebrates, and act as a food source for
waterfowl and fish (Velinksy et al, 2004; Klessig et al, 1990).
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Though important to ecosystem health, an excessive growth of macrophytes and
benthic algae may indicate high nutrient loading and impair the aesthetic quality of a
water body (Klessig et al, 1990). The areas where light penetrates the water along the
perimeter of the pond are known as the littoral zone. Because nutrients are easily
accessible in the littoral zone, benthic algae and aquatic macrophytes are most often
limited by light rather than nutrients (Cantonati and Lowe, 2014). Living on the perimeter
of the pond also enables macrophytes and periphyton to take up nutrients from runoff and
groundwater before the nutrients make it out to deeper waters (Bellinger and Sigee, 2010;
Mayer et al, 2015). This mechanism has been used as an effective management strategy
for phytoplankton blooms, as benthic algae in the littoral zone can be easily harvested
once sufficient nutrient removal has been achieved (Mayr et al, 2015).
3. POND MANAGEMENT:
As a result of urbanization, anthropogenic stressors have caused the cultural
eutrophication of many water bodies, including small ponds. When considering the
management of small ponds, it is important to first study the pond over multiple growing
seasons in order to identify the prevailing issues and correct treatment methods. In cases
of oligotrophic and mesotrophic ponds, some of the best treatment strategies are simple
preventative measures such as deflection of nutrient runoff and proper aeration (Thornton
and Payne, 1990).
The management of eutrophic ponds and lakes can prove more difficult, and
treatment strategies vary depending on the interests of the overseeing authorities and
extent of eutrophication. A variety of physical, chemical, and biological management
techniques are often utilized to control the eutrophication process (Wagner, 2004). The
15

most popular physical management strategies include dredging and harvesting, though
these methods can prove laborsome, as they have to be repeated through many growing
seasons. Chemical management using herbicides and algaecides, though effective, are a
less popular method due to the sometimes unpredictable environmental consequences.
The addition of chemicals such as iron, alum, and even calcium has also been used as
management strategies for excessive phosphorus. These chemicals act to bind
biologically available phosphates, where they generally stay, unless redox conditions
become unfavorable (Søndergaard et al, 2001). The last strategy uses methods such as
food web manipulation and plant competition to rid a water body of nuisance algae such
as cyanobacteria (Cooke and Olem, 1990). This may include the use of beneficial
bacteria, which aide in decomposing phosphorus –rich organic material, and the use of
natural pond dyes to block out light wavelengths most valuable to photosynthesizers
(Solitude Lake Management, 2017). Generally, a combination of all methods is the most
effective treatment for eutrophic waters (Cooke and Olem, 1990).
INTRODUCTION TO STUDY:
1. History
Peacock Pond is a 2.1 acre manmade pond on the lower campus of Wheaton
College in Norton, MA. It was constructed in 1929 with the intended use as a recreational
skating/hockey pond (Wheaton College Achieves, 2017). The college has put much effort
into management since the pond’s creation. Past management has included draining and
dredging the pond and use of aerators and fountains for treatment of excessive algae and
duckweed. In the summer of 2016 Wheaton College hired Solitude Lake Management. In
2017, the company began adding a mixture of pond dye and beneficial bacteria to the
16

pond monthly. This in combination with the new aeration system remediated most of the
duckweed in the later summer months (Solitude Lake Management, 2017). The primary
sources of water to this pond are rain, runoff from roadways, storm/roof drains, and
groundwater.
Gilmore Pond is another manmade pond in Westborough, MA currently under the
supervision of the Westborough Community Land Trust (WCLT). The pond has been left
in a natural state (no management) since it became property of the Land Trust. It is
roughly 2.2 acres in size and was historically an old farm pond dug in the early 1900s by
the Gilmore family for watering their cows, and in case the barn caught fire. In the 1960s
it was used recreationally as a skating pond (Allen, 2007). Recently, the areas
surrounding the 12.9-acre parcel of protected land have been developed into suburban
housing (WCLT, n.d.). The primary water sources to this pond are groundwater and
rain/runoff.
2. Past Research
In the fall of 2013, thesis studies by previous Wheaton College students Sarah
Moore (2014) and Annie Bennett (2014) were conducted on Gilmore and Peacock Pond
in order to determine trophic status and potential management strategies. Both ponds
were determined to be eutrophic due to high abundances of phytoplankton (Gilmore) or
macrophytes (Peacock).
The present study furthered their research by determining changes in the two
ponds over the past four years via comparison of the 2017 water quality and algal
population data with 2013 data. As eutrophication takes course, water quality was
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hypothesized to have declined in both ponds, despite any recent attempts at management.
Unlike the previous study, this research took into consideration the relationships between
the phytoplankton in the pond and nutrients, including morphological responses, or a shift
in population dynamics. This research also began to investigate the effects of sediment on
the phosphorus cycle in both ponds and explained the likely causes of browning waters in
Gilmore Pond. The results of this study will be used by future student researchers and
management organizations as they attempt to monitor and manage water quality in these
ponds.

Methods:
Study Sites: The two study sites of this research were Peacock Pond on the Wheaton
College campus in Norton, MA and Gilmore Pond in Westborough, MA. Water column
profiles and samples were collected at study sites initially described by Moore and
Bennett to compare 2013 data with the present research (Bennett, 2014; Moore, 2014).
Additionally, samples were collected at three other sites on Peacock Pond (Sites 2, 3, and
center site) and one additional site on Gilmore Pond (center site) to determine spatial
variations in water quality. This yields a total of three sites on Gilmore Pond (Figure 2),
and four sites on Peacock Pond (Figure 3). Sites 1, 2, and 3 were accessed from the shore
while the center site was accessed by kayak. The center sites included water profiles for
temperature, dissolved oxygen, pH, and conductivity up to 1 meter in Gilmore Pond, and
1.5 meters in Peacock Pond, to determine any variations in the water column with depth.
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Center Site

Figure 2: Monthly sampling sites of Gilmore Pond (Sites 1, 2, and center site). Image modified from
Moore and Bennett, 2014.

Site 3

Site 2
Center Site
Site 1

Figure 3: Monthly sampling sites of Peacock Pond (Sites 1, 2, 3, and center site). Image modified from
Moore, and Bennett 2014.
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Water Column Profiling: Temperature, dissolved oxygen, conductivity, and pH were
measured monthly from May to early November to gain an understanding of the natural
processes occurring within the ponds by comparison with EPA/relevant reference values.
Measurements were taken at the surface of the water using an Oakton pH meter and YSI
85 meter (temperature, dissolved oxygen, conductivity). For the center sites, these
measurements were conducted in half-meter increments from the water surface to a few
centimeters above the sediment. Conductivity and dissolved oxygen measurements were
not collected in May, as the equipment was not yet available.
Water samples were also collected May through November at these sites for
nutrients (PO43-, total phosphorus, NO3-, and NH4+), ions (SO42-, K+, Na+, Cl-, Mg2+, and
Ca2+), chlorophyll-a, and UV-254 absorbance analyses. Water was collected in 20 mL
scintillation vials, which were rinsed with pond water at least twice prior to being filled.
Dissolved nutrient and ion samples were filtered in the field using a 100mL syringe and
swinnex filter-holder apparatus fitted with a 25 mm ashed GF/F filter (pore size 70 µm).
Used filters were replaced with a new filter at each site. Upon returning to the lab,
samples were frozen at < 0 ºC until analysis. Sediment samples for total phosphorus were
collected at sites 1 and 2 (Gilmore), and sites 1 and 3 (Peacock). Samples were frozen at
< 0 ºC until analysis.
Nutrient Analyses: Total phosphorus analyses of sediment were conducted following
methods described by Ostrofsky (2012). Total phosphorus and phosphate analyses of
water samples were conducted using the ascorbic acid method (APHA Method 4500-PE,
1992). The detection limit for this method is 0.25 µM or 0.008 mg/L P. Potassium
persulfate used for this analysis was recrystallized in order to produce low reagent blanks
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by removing any impurities within the persulfate crystals. Ammonium concentrations in
water samples were analyzed using modifications to the colorimetric technique of
Solórzano (1969). Modifications include the use of a 1 cm cuvette instead of 10 cm. The
detection limit for this method is 0.25 µM or 0.024 mg/L NH4+.
Particulate Organic Carbon and Nitrogen (POC and PON): To determine particulate
organic carbon and nitrogen content of the ponds, water samples taken from Site 1 of
Peacock Pond and Site 2 of Gilmore Pond were filtered through 25 mm GF/F filters in
the lab until the filter was clogged. The filters were then submitted to the MBL
Ecosystems Center for analysis on a CHN (Carbon, Hydrogen, Nitrogen) elemental
analyzer using EPA Method 440.0 (Zimmerman et al, 1997).
UV-254: Because the equipment to quantify DOC was not available, measurements of
water absorbance at 254 nm for Peacock Site 1 and Gilmore Site 2 were used as a proxy
(Kritzberg, 2017). These sites were chosen for comparison with the POC and PON
analyses for water from these sites in September. Following the protocols of Williamson
et al. (2015) the samples were filtered through a 25mm GF/F filter and absorbance was
measured on a spectrophotometer at a wavelength of 254 nm. The water had initially
been frozen for at least a few months prior to analysis. The thawing process could have
resulted in a loss of some of the volatile components of the water, though comparisons
could still be made between water bodies.
Ions: Concentrations of Na+, K+, Mg2+, Ca2+, Cl-, SO42-, and NO3- were measured using
ion chromatography on a Dionex ICS-2100. Detection limits for this machine are 0.040,
0.031, 0.001, 0.208, 0.136, 0.055, and 0.162 mg/L for each respective ion (APHA
Method 4110, 1992; Moore, 2014).
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Alkalinity: Alkalinity of each water body was calculated by subtracting the total anion
concentration in equivalents from the total cation concentration in equivalents as
measured by ion chromatography (Bennett, 2014; Moore, 2014).
Water Hardness: Water hardness was calculated using the equation below (Velinsky et
al, 2014).
[CaCO3] = 2.5*[Ca2+] + 4.1*[Mg2+]
Chlorophyll-a: Chlorophyll-a concentrations were measured using modifications to
Lorenzen et al (1967). Instead of sonication, the filters were immediately put in falcon
tubes and frozen at 0 ºC until analysis. 25 mL of 90% acetone were added to the tubes 24
hours prior to analysis by spectrophotometry. Tubes were placed back in the freezer until
analysis. The following equation was used to convert absorbances at 665 and 750 nm to
Chl-a concentration in µg/L.
µ𝑔
26.7(665𝑐𝑜 − 665𝑐𝑎 ) ∗ 𝑉𝑎𝑐𝑒𝑡𝑜𝑛𝑒
)=
𝐿
𝑉𝑠𝑎𝑚𝑝𝑙𝑒 ∗ 𝐿

𝐶ℎ𝑙 − 𝑎 (

Where 26.7 is the Lorenzen coefficient, 665co is the corrected absorbance before
acidification (absorbance at 665 nm – absorbance at 750 nm), and 665ca is the corrected
absorbance after acidification (absorbance at 655 nm after acidification – absorbance at
750 nm after acidification). Vacetone is the volume of acetone in mL, Vsample is the volume
of filtered water in liters, and L is the cuvette path length in cm.
Benthic Algae Mat Biomass (Peacock Pond): Due to the notable growth of benthic algae
in Peacock Pond, filamentous algae mats were collected and quantified for 0.5 meter
quadrats haphazardly dispersed within the shallow regions of the pond (water depth less
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than 2.5 feet) in late October. Back at the lab the samples were rinsed to remove debris,
and dried at 90°C overnight. A total of five North Basin samples and five South Basin
samples were collected. Final dry-weight biomasses were multiplied by four to give final
measurements in biomass m-2. The dominant filament was identified to genus level.
Phytoplankton Sampling and Enumeration: In order to determine the phytoplankton
presences and absences in the ponds, plankton tows and absolute abundance samples
were collected in the North and South basins of Peacock Pond and at site 2 on Gilmore
Pond to examine variations in algal populations (abundance and composition) over time.
Plankton was collected by tossing an 80 µm net approximately 10 feet from the shoreline
ten times. In order to quantify algal density, absolute abundance samples were collected
by submerging a 150 mL bottle just below the surface of the water. Upon returning to the
lab, samples were preserved with a few drops of Lugol’s iodine and stored in a fridge at
roughly 5 ºC until analysis.
Algae from the phytoplankton tow sample bottles were enumerated under a
compound microscope at 200x magnification using a phase-contrast objective lens. Algae
were enumerated until the total number of individuals counted reached 200 in order to
determine the relative abundance of algae in each pond. This process was replicated two
times for comparison. In this method, an individual refers to a “counting unit” which may
be represented by a single filament, a single colony, or an individual cell. To determine
the absolute concentration of phytoplankton per mL of water, one mL of the preserved
water sample (absolute or relative abundance sample) was enumerated under a phasecontrast microscope at 200x magnification. Using a Sedgewick-Rafter counting cell
(containing 1,000 counting cells total), 50 grids were counted, the number of individuals
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in these 50 cells was multiplied by 20 to estimate the total number of individuals per mL.
A list of genera was compiled from the concentrated and absolute abundance samples.
Algae and zooplankton were identified using a variety of keys (Baker et al, 2012;
Graham et al, 2009; Needham, 1962; Haney et al, 2013) and classifications were
confirmed using AlgaeBase (Guiry and Guiry, 2018). Analyses of diversity (Shannon and
Simpson), evenness, and richness from the absolute abundance counts were conducted
using the following formulas:
1. Shannon Diversity:
𝑅

𝐻 ′ = − ∑ 𝑝𝑖 𝑙𝑛 𝑝𝑖
𝑖−1

Where ∑ is the sum of calculations, R is the number of genera, pi is the proportion
of individuals of one genera divided by the total number of individuals, and ln is the
natural log. A larger value indicates a more diverse population while a smaller value
indicates less diversity.
2. Simpson Diversity:

𝜆=

1
∑𝑅𝑖=1 𝑝𝑖2

Where ∑ is the sum of calculations, R is the number of genera, and pi is the
proportion of individuals of one genus divided by the total number of individuals. A
value closer to R indicates a more even spread of diversity, while values closer to zero
indicate the dominance of one or multiple genera.
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3. Richness and Evenness: The percentage of similar genera between the two
ponds and genera richness were also obtained from these data. Using the Shannon value
(H’), genera evenness was calculated using the following formula:

𝐸=

𝐻′
𝑙𝑛(𝑅)

Where H’ is the Shannon value, ln is the natural log, and R is the total number of genera.
A value of one indicates perfect evenness while values closer to zero indicate stronger
dominance of one genus.
Statistical Analyses: All analyses were done using PAST statistical software (Hammer et
al, 2001).
1. Non-metric Multidimensional Scaling (NMDS): NMDS is a rank-based
ordination technique often used to examine ecological data because it makes no
assumptions of linear relationships among variables (Murray-Hudson et al, 2014). NMDS
was utilized to determine the relationships between sampling sites, sampling months, and
environmental parameters. Five environmental parameters (PO43-, NO3-, NH4+, pH, and
conductivity) were the most important of the environmental parameters and were
therefore chosen for the NMDS plot. A strong correlation between a sampling month and
an environmental parameter can be illustrated by the point’s proximity to the
environmental parameter line. Ellipses were used to illustrate the relationship between
months by site (Gilmore, Peacock North Basin, or Peacock South Basin). Shepard Plot
stress values were calculated to determine the fit of the NMDS plot. A stress value below
0.05 indicates a good fit, values below 0.1 indicate a fair fit, but values above 0.2 indicate
a close to arbitrary ordination.
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2. Similarity Percentage Breakdown (SIMPER): SIMPER values were calculated
to assess the average percent contribution of an algal genus to the dissimilarity between
two ponds/basins. From these values, the genera most responsible for differences
between the populations of two ponds/basins can be determined.
3. Canonical Correspondence Analysis (CCA): CCA differs from NMDS as it
constrains the ordination using multiple regressions on environmental variables (MurrayHudson et al, 2014). CCA plots were constructed to determine the relationship between
sampling months, environmental parameters, and algal genera representing at least 1% of
the total population across all months. A strong correlation between a sampling
month/algal genus and an environmental parameter can be illustrated by the point’s
proximity to the environmental parameter line. The top five important environmental
parameters were determined based on the number of relationships those environmental
parameters have to algal genera or sampling months, and therefore may differ by
pond/site.
Ceratium hirundinella Morphology (Peacock Pond): Variations in Ceratium hirundinella
cell morphology were examined as a potential indicator of environmental stressors in
Peacock Pond. Total individual length, girdle length, and third antapical horn length were
measured in pixels using the program ImageJ in Wheaton College’s Imaging Center for
Undergraduate Collaboration (ICUC). These lengths were later converted to µm. Pictures
were taken at 40x magnification following protocols of Hamlaoui et al (1998) and
Gligora et al (2003). A total of 20 individuals at each collection site (North and South
Basin) were imaged for each month’s phytoplankton tow excluding the November North
Basin sample due to an absence of C. hirundinella cells. If a third horn was absent, no
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measurement was taken, however any rudimentary or well-developed antapical horns
were measured from girdle to the tip of the horn. One-way ANOVA (analysis of
variance) statistics were calculated for nutrients (NH4+, NO3+, PO43-, TP), and
temperature to determine the significance of said environmental stressors on C.
hirundinella morphology. Following analysis by one-way ANOVA, a Dunn’s post-hoc
analysis was constructed for each parameter to determine specific differences between
the three categories of third horn presence (absent, rudimentary, and present).
Sediment Core Microcosms: In an effort to determine phosphorus fluxes between water
and sediment, ten 10 cm sediment cores were collected in early November from each
pond using a 30 cm long, 6.35 cm wide clear PVC piping. The remainder of the corer (20
cm) was filled with water. Sediment incubations were conducted under modifications to
the protocols of Ogdahl et al (2014) to determine the movement of phosphorus in
simulated pond microcosms. An inorganic source of phosphorus was supplied to the
microcosms in the form of dipotassium phosphate (K2HPO4). The six treatments per pond
included 2 oxic, 2 anoxic, 2 oxic + 5 µM K2HPO4, 2 anoxic + 5 µM K2HPO4, 1 oxic + 10
µM K2HPO4, and 1 anoxic + 10 µM K2HPO4. The oxic treatments were left uncapped
while the anoxic treatments were capped and sealed to develop anoxic waters. The
incubations was carried out for eight days in a Conviron Adaptis growth chamber with a
light cycle of 14 hours light and 10 hours dark per day at a temperature of 20.5 ºC and
50% relative humidity. These parameters were chosen based off of average water
temperatures and humidities for the ponds in the summer months. 5 mL water samples
for total phosphorus and dissolved phosphorus (PO4) were taken from the overlaying
water on days 0, 1, 2, 4, 6, and 8. Sediment samples for total phosphorus analysis were
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taken on the first and last days of the incubation. Due to a lack of development of anoxic
waters in the capped treatments (determined using a YSI 85 dissolved oxygen probe),
these anoxic treatment results were discarded. The lack of anoxia was likely due to leaky
caps or the short duration of this experiment. Phosphorus flux calculations where unable
to be calculated from these data but data from the oxic treatment were retained for
analysis of sediment and water phosphorus concentrations.

Results:
General Observations: Peacock Pond had greenish-blue water throughout most of the
summer of 2017 due to the application of pond dye monthly (Solitude Lake Management,
2017). By the second sampling date (6/24/2017), there was a duckweed (Wolffia sp.)
bloom on Peacock Pond, most concentrated in the North Basin. It persisted into the July
sampling date but was limited to less than 5 ft2 of the pond surface area. In the September
and November sampling months, some of the periphyton/benthic algae was observed to
be floating at the surface of the water in the North Basin of Peacock Pond (pers. obsv.).
Gilmore Pond had brown, highly turbid waters. On the July sampling date of
Gilmore Pond, the plankton net used to take tows from site 2 was very slimy with a
strong fish odor. The slime had no apparent color. There were also lime-green algal
colonies about the size of a dime floating in the waters of the center site and site 2. These
colonies were observed again at the perimeter of the pond in September and were later
identified as Microcystis sp.
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Air and Water Temperature: Peacock Pond had an average air temperature of 21.5 °C
with a high of 26.1 °C (June) and a low of 16.7 °C (November). Water temperatures were
closely associated to air temps with an average of 21.7 °C, a high of 25.5 °C (June) and a
low of 13.7 °C (November). Gilmore Pond had an average air temperature of 17.3 °C
with a high of 23.3 °C (June) and a low of 10.5 °C (May). Water temperatures averaged
20.9 °C with a high of 25.3 °C (June) and a low of 15.9 °C (November). Water
temperatures in Gilmore Pond were not as closely related to air temperatures.
Dissolved Oxygen: Peacock Pond shallow waters averaged 7.2 mg/L (80.6% saturation)
while the waters just above the bottom of the pond (1.5 meters’ depth) averaged 6.4 mg/L
(68.4% saturation). Gilmore Pond shallow waters averaged 6.27 mg/L (67.3% saturation)
and waters at near-bottom depth (1 meter) averaged 2.5 mg/L (30.9% saturation). The
noticeable difference between the DO content of the two ponds can be attributed to the
presence of a fountain in Peacock Pond which was installed on 5/10/2017 and then turned
off and taken out of the pond in late October (Figure 4). Aerators in the pond remained
active throughout the winter.
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Figure 4: A comparison of average dissolved oxygen concentration (mg/L) between Peacock and Gilmore
Pond. Error bars = average ± Standard Error. N = 3. Note the displacement of the fountain system in
Peacock between September and November sampling dates.

pH: Peacock Pond had shallow water pH values ranging from 6.7-8.9 with an average of
8.0. Gilmore Pond had an average pH of 6.8 and a range of 6.2-8.0.
Phosphorus: Peacock Pond had an average total phosphorus value of 0.09 mg/L and an
orthophosphate value of 0.012 mg/L. Gilmore Pond had an average total phosphorus
value of 0.11 mg/L and a dissolved phosphorus value of 0.014 mg/L (Figure 5). On the
November sampling date in Peacock Pond, there was a dramatic increase in
orthophosphate levels (0.03-0.04 mg/L), which may have been caused by a heavy
rainstorm on October 30 (Figure 10).
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Figure 5: Total and dissolved phosphorus concentrations in mg/L across time for all sites on Peacock and
Gilmore Pond. A value of zero indicates a concentration below the detection limit. Take note of the
differing Y-axis scales between TP and PO4 graphs.
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Sediment Total Phosphorus: The sediments in Peacock Pond could be classified as high
in organic matter, and more silt-like than the sandy sediment in Gilmore Pond (personal
obsv). Peacock Pond sediments had an average total phosphorus concentration of 0.38
mg/g dry weight while Gilmore Pond sediments had an average total phosphorus
concentration of 0.35 mg/g dry weight (Figure 6).
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Figure 6: Total phosphorus concentrations in mg P/g dry sediment across time for Peacock pond sites 1
and 3, and Gilmore sites 1 and 2.

Nitrogen: Peacock Pond had higher ammonium values than Gilmore Pond, averaging
0.54 mg/L while Gilmore Pond averaged 0.22 mg/L. Peacock ammonium values were
elevated in June (1.31-2.61 mg/L) (Figure 7). Similar trends were observed in the nitrate
data. Peacock concentrations ranged from 0-3.58 mg/L while Gilmore values ranged
from 0-0.27 mg/L (Figure 8).
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Figure 7: Ammonium concentrations in mg/L across time for all sites on Peacock and Gilmore Pond. A
value of zero indicates a concentration below the detection limit.

5
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

Gilmore NO30.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

5/5
5/20
6/4
6/19
7/4
7/19
8/3
8/18
9/2
9/17
10/2
10/17
11/1

5/5
5/20
6/4
6/19
7/4
7/19
8/3
8/18
9/2
9/17
10/2
10/17
11/1

NO3 (mg/L)

Peacock NO3-

Figure 8: Nitrate concentrations in mg/L across time for all sites on Peacock and Gilmore Pond. A value of
zero indicates a concentration below the detection limit. Take note of the differing Y-axis scales.
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Particulate Organic Carbon and Nitrogen (POC and PON): Particulate organic nitrogen
values were similar for the two ponds while Gilmore pond had a particulate carbon
concentration roughly 1000 µg/L greater than Peacock Pond (Table 1).
Table 1: Particulate organic carbon and nitrogen content and C/N ratios for Peacock Site 1 and Gilmore
Pond Site 2 September water samples.

Site

µg N/L

µg C/L

C/N ratio

Peacock 1

644.91

4178.37

6.48

Gilmore 2

692.79

5214.80

7.53

UV-254: UV-254 absorbances ranged between 0.264 and 0.331 for Gilmore Pond while
Peacock Pond concentrations were lesser, ranging between 0.117 and 0.141 (Figure 9).
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Figure 9: Absorbances at 254 nm for Peacock Pond Site 1 and Gilmore Pond Site 2 across sampling dates.

Ions and Conductivity: Conductivity in Peacock Pond was much higher than Gilmore
Pond, and is reflected in the elevated levels of sodium, chloride, calcium, and magnesium
(Figures 11 and 12). A strong correlation was observed between sodium and chloride
ions in both ponds (Peacock R2 = 0.84, Gilmore R2 = 0.77). Calcium and magnesium ions
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were also strongly correlated in Peacock and Gilmore pond (R2 values of 0.92 and 0.98
respectively). A large amount of rainfall on October 30, 2017 may have greatly reduced
conductivity measured in Peacock Pond on November 2nd (Figure 10).
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Figure 10: Conductivity (µS/cm) and precipitation (cm) data for Peacock and Gilmore Pond over time.
Take note of the differing Y-axis scales for conductivity. Precipitation data acquired from Weather
Underground personal weather stations KMANORTO10 located on the Wheaton College campus in
Norton, and KMAWESTB21 located off of Kings Grant Road in Westborough, MA.
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Figure 11: Sodium and chloride ion concentrations in mg/L for Peacock and Gilmore Pond over time. Take
note of the differing Y-axis scales between Gilmore and Peacock.
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Figure 12: Calcium and magnesium ion concentrations in mg/L for Peacock and Gilmore Pond over time.
Take note of the differing Y-axis scales.

Alkalinity and Water Hardness: Peacock Pond was found to have an average alkalinity of
150.09 mg/L while Gilmore Pond had an average alkalinity of 39.94 mg/L (Table 2).
Peacock Pond had an average hardness of 143.88 mg/L, while Gilmore Pond had an
average concentration of 30.91 mg/L.
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Table 2: A comparison of alkalinity and water hardness between Peacock and Gilmore Pond across the
sampling period.

Month

May
June
July
August
September
November
AVERAGE:

Peacock
Alkalinity
(mg/L)
30.00
24.11
32.61
44.12
488.37
281.31
150.09

Gilmore
Alkalinity
(mg/L)
14.77
18.87
22.27
20.12
85.86
77.75
39.94

Peacock
Hardness
(mg/L)
80.37
73.40
84.16
116.90
321.00
187.46
143.88

Gilmore
Hardness
(mg/L)
13.10
14.59
16.30
14.99
65.60
60.88
30.91

Algal Taxonomy and Abundance: 56 genera were identified in Peacock Pond while 46
were identified in Gilmore Pond. The total population in Peacock Pond was mostly
comprised of green Chlorophyta algae (68%) with main contributors Desmodesmus and
Scenedesmus. The second most abundant group was diatoms, making up 9% of the
population. In Gilmore Pond, there was a more even distribution of phyla. The majority
was cyanobacteria (29%) followed by green Charophytes (28%), and green Chlorophytes
(27%). Diatoms made up 12% of the total population (Table 3, Figure 16).
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Table 3: A compiled list of the zooplankton and algae present in Peacock and Gilmore Pond broken down
by phylum, order, family, genus (if identified) Organisms that were identified from phytoplankton tows are
quantified by presence (+) or absence (-), while organisms identified from absolute abundance counts are
represented as a percentage of the total algae counted in that pond. G% refers to the percentage of that
genus in Gilmore Pond, P% refers to the percentage of that genus in Peacock Pond. Algae comprising
more than 5% of the population are bolded as “dominant” genera. All zooplankton were identified from
the UNH Zooplankton Key (Haney et al, 2013). All algal taxonomies were identified from AlgaeBase
(Guiry and Guiry, 2018).

EUBACTERIA
Phylum Cyanobacteria (Cyanobacteria)
Order
Chroococcales
Nostocales

Family
Microcystaceae
Nostocaceae

Synechococcales
Unidentified

Merismopediaceae
Unidentified

Genus
Microcystis
Anabaena sp. 1
Anabaena sp. 2
Aphanocapsa
Unidentified filament 1
Unidentified filament 2
(Lyngbya)
Unidentified filament 3 (small)
Unidentified colony

G%
0.3
8.7
7.1
4.0

P%
0.1
0.2
3.7
0.4
-

9.3
0.1

-

G%
3.9
+
<0.1
0.7
7.9
<0.1

P%
0.1
0.1
0.8
0.2
1.9
0.4
<0.1
+
0.8
0.2
<0.1
0.1
0.2
0.2
<0.1
0.6
0.4
<0.1
+
2.9

CHROMISTA
Phylum Bacillariophyta (Diatoms)
Order
Cocconeidales
Cymbellales
Eunotiales
Fragilariales

Family
Cocconeidaceae
Cymbellaceae
Eunotiaceae
Fragilariaceae

Naviculales

Striatellales
Tabellariales
Unidentified

Amphipleuraceae
Naviculaceae
Pinnulariaceae
Stauroneidaceae
Striatellaceae
Tabellariaceae
Unidentified

Aulacoseirales

Aulacoseiraceae

Genus
Cocconeis
Cymbella
Eunotia
Fragilaria sp. 1
Fragilaria sp. 2
Synedra sp. 1
Synedra sp. 2
Frustulia
Navicula
Pinnularia
Stauroneis
Striatella
Asterionella
Centric diatom
Large pennate diatom
Medium pennate diatom
Small pennate diatom
Unidentified pennate diatom 1
Unidentified pennate diatom 2
Aulacoseira
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Phylum Miozoa (Dinoflagellates)
Order
Gonyaulacales
Peridiniales
Unidentified

Family
Ceratiaceae
Peridiniaceae
Unidentified

Genus
Ceratium hirundinella
Peridinium
Unidentified dinoflagellate
filament

G%
<0.1
-

P%
0.8
2.3
+

G%
0.8
0.3
5.1
12.0
10.4
-

P%
0.1
+
0.3
+
3.3
<0.1

G%
0.1
0.4
0.1
0.1
0.1
4.3
8.2
<0.1
0.1
0.1
5.2
1.5
0.5
2.7
<0.1
0.1
2.4
0.6
0.1
+

P%
1.6
+
0.4
0.2
0.1
0.1
0.6
0.8
47.4
13.0
0.5
<0.1
1.1
0.7
<0.1
<0.1
+
0.5
0.4
-

PLANTAE
Phylum Charophyta (Green Algae)
Order
Desmidiales

Family
Desmidiaceae

Genus
Closterium (small)
Closterium (large)
Cosmarium
Euastrum
Micrasterias
Staurastrum
Staurodesmus
Un-ID Desmid

Phylum Chlorophyta (Green Algae)
Order
Chlamydomonadales
Sphaeropleales

Family
Chlamydomonadaceae
Characiaceae
Hydrodictyaceae

Neochloridaceae
Radiococcaceae
Scenedesmaceae

Schroederiaceae
Selenastraceae

Chlorellales

Treubariaceae
Chlorellaceae

Trebouxiophycales
Cladophorales
Ulotrichales
Unidentified

Trebouxiophyceae
Cladophoraceae
Ulotrichaceae
Unidentified

Genus
Chlamydomonas
Characium
Pediastrum
Stauridium tetras
Tetraedron minimum
Golenkinia
Gloeocystis
Coelastrum
Desmodesmus
Scenedesmus
Tetrallantos
Tetrastrum heteracanthum
Schroederia
Ankistrodesmus sp. 1
Ankistrodesmus sp. 2
Kirchneriella
Monoraphidium
Selenastrum
Treubaria
Dictyosphaerium
Micractinium
Crucigenia
Rhizoclonium
Ulothrix
Unicellular green 1
Unicellular green 2
Unidentified filament
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Phylum Ochrophyta (Golden-Brown and Yellow-Green Algae)
Order
Chromulinales
Eustigmatales

Family
Dinobryaceae
Eustigmataceae

Synurales
Mischococcales
Tribonematales

Mallomonadaceae
Centritractaceae
Tribonemataceae

Order
Alismatales

Family
Araceae

Genus
Dinobryon
Pseudostaurastrum
Tetraedriella
Mallomonas
Centratractus
Tribonema

G%
1.2
0.1
0.7
0.5
<0.1

P%
5.9
<0.1
0.1
-

G%
-

P%
+

G%
0.3
<0.1
-

P%
0.1
0.3
0.1
5.3
<0.1

G%
+
-

P%
+

G%
+
+
+
+
+
-

P%
+
+
+
+
+
+
+

G%
+
+
+
+
+

P%
+
+
+
+

Phylum Angiosperm (Flowering Plants)
Genus
Wolffia

PROTISTA
Phylum Euglenozoa (Euglenoids)
Order
Euglenales

Family
Euglenaceae
Phacaceae
Unidentified
Unidentified

Genus
Euglena
Trachelomonas
Phacus
Un-ID Euglenoid 1
Un-ID Euglenoid 2

Phylum Ciliophora (Ciliates)
Order
Petricha
Tintinnida

Family
Vorticellidae
Codonellidae

Genus
Vorticella sp.
Codonella sp.

ANIMALIA
Phylum Rotifera (Rotifers)
Order
Collothecaceae
Flosculariaceae
Ploima

Family
Collothecidae
Filinidae
Brachionidae

Synchaetidae

Genus
Collotheca pelagica
Filinia longiseta
Brachionus angularis
Kellicottia bostoniensis
Keratella earlinae
Keratella sp.
Polyarthra major
Polyarthra vulgaris

Phylum Arthropoda (Arthropods)
Order
Diplostraca
Cyclopoidea

Family
Daphniidae
Unidentified
Unidentified

Genus
Daphnia sp.
Unidentified Cladoceran
Copepod Nauplii
Copepod (small)
Copepod (large)
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Chlorophyll-a: Chlorophyll-a concentrations in Peacock Pond averaged 16.8 µg/L while
Gilmore Pond averaged 46.4 µg/L (Figure 13). Waters from Gilmore Pond were always
difficult to filter, often clogging the filter after 100 mL (personal obsv). Gilmore Pond
had a large outstanding value for the month of July (467.3 mg/L), which was not included

100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0
0.0

Peacock

11/2

9/29

8/30

7/30

6/24

Gilmore

5/22

Chl-a (ug/L)

in this graph.

Figure 13: Averaged chlorophyll-a concentrations in µg/L for Peacock and Gilmore Pond over time. Error
bars = average ± Standard Error. N = 4.

Benthic Algae Mats (Peacock): Peacock pond had an average benthic algae biomass of
148.7 g dry weight m-2 within the shallow (wadeable) regions of the pond. However,
there was a large difference in the amount of benthic algae between the North and South
basins as the North Basin averaged 28.2 g dry weight m-2 and the South Basin averaged
269.2 g dry weight m-2 (Figure 14). The dominant benthic algae genus was identified as
Rhizoclonium sp. (Family Cladophoraceae), a green branching filament.
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Biomass (g dry weigh m-2)

700.0
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0.0
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Figure 14: Comparison of benthic algae biomass between the North and South basins of the wadeable
regions of Peacock Pond. Black dot = average biomass. Top of box = third quartile. Bottom of box = first
quartile. Error bars = max and min values. N = 5.

Phytoplankton Enumeration and Community Composition: Peacock Pond had a peak
abundance of individuals per mL on August 30th while Gilmore Pond had a peak algal
abundance on July 30th (Figure 15). At these times, the majority of the algal population
was dominated by green algae genera (Figure 16, Figure 17). For Peacock Pond, this was
primarily Desmodesmus and Scenedesmus. Gilmore Pond’s peak abundance was
comprised of the green alga Staurastrum but also included significant amounts of an
unidentified colonial cyanobacteria (Figure 17). Other dominant phyla included
cyanobacteria and diatoms in Gilmore Pond. These phyla peaked in abundance after the
succession of the green algae dominance.
Relative abundances of algae taken from phytoplankton tows suggest a different
trend of dominance (Figure 18). In Peacock Pond Aulacoseira, Desmodesmus, Ceratium
hirundinella, and Dinobryon were most abundant while in Gilmore Pond Ankistrodesmus,

43

Anabaena, Desmodesmus, Staurastrum, and a small cyanobacteria filament were most

Individiuals/mL

abundant.

35000

Peacock N. Basin

30000

Peacock S. Basin

25000

Gilmore

20000
15000
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9/22

9/7

8/23

8/8

7/24

7/9

6/24

6/9

5/25

5/10

0

Figure 15: Number of phytoplankton per mL of water over the six month sampling period in Gilmore and
Peacock Pond (North and South Basin).
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Figure 16: Individuals per mL grouped by phylum across the six month sampling period for Peacock and
Gilmore Pond. Take note of the differing Y-axis scales.
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Figure 17: Dominant genera in individuals per mL across a six month sampling period for Peacock and
Gilmore Pond where dominant refers to a genus that is >5% of total population. Take note of the differing
y-axes between Peacock and Gilmore
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Figure 18: Relative abundances of the most abundant genera in Peacock and Gilmore Pond phytoplankton
tows. The Y-axis represents the number of individuals per 200 total counted individuals.
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Diversity, Richness, and Evenness: Peacock Pond had 56 identified phytoplankton genera
across the six-month sampling period while Gilmore Pond had 46. The two ponds had
roughly 49% of their genera composition in common. Despite the lesser amount of
identified phytoplankton, Gilmore Pond had higher Simpson diversity and Shannon
diversity due to the evenness of dominant species in the Pond. On the contrary, Peacock
Pond was dominated by Desmodesmus, which accounted for nearly half of the total
number of observed individuals, thus disrupting evenness values (Table 4).
Table 4: A comparison of diversity indexes (Shannon and Simpson) and genera richness between Peacock
and Gilmore Pond.

Index

Peacock

Gilmore

Shannon #

2.18

2.83

Simpson #

3.96

13.69

Richness

56
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Evenness

0.54

0.74

Non-metric Multidimensional Scaling (NMDS): The final NMDS plot of the three
phytoplankton sampling sites (Gilmore Site 2, Peacock North Basin, and Peacock South
Basin) had a Shepard plot stress value of 0.13 indicating a fair fit in the ordination.
Environmental parameters associated with these three sites were pH, conductivity,
nitrate, ammonium, and orthophosphate. All Gilmore Pond sampling months were highly
correlated with PO43- and were unified as a distinct group from the Peacock North and
South basin data (Figure 19). Peacock North and South basin did not separate on the
NMDS plot.
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Figure 19: NMDS plot of Gilmore (red), Peacock North Basin (dark blue), and Peacock South Basin (light
blue). Points 1-6 are Gilmore sampling months May-November, points 7-12 are Peacock N. Basin
sampling months May-November, and points 13-18 are Peacock S. Basin sampling months May-November.
Green lines (pH, conductivity, NO3, NH4, and PO4) represent significant environmental parameters. A
point closer to a green line means that point (month) is strongly correlated with the environmental
parameter.

Similarity Percentage Breakdown (SIMPER): The average dissimilarity between Peacock
and Gilmore Pond was 76.33. The genus Desmodemus accounted for the greatest
percentage of this dissimilarity, at 18.02%, and Staurastrum and Anabaena accounted for
roughly 7.60% each of the dissimilarity. The average dissimilarity between Peacock
North and South basin was 57.86. The genus Desmodesmus accounted for 40.48% of this
dissimilarity.
Canonical Correspondence Analysis (CCA): In Gilmore Pond, environmental parameters
pH, temperature, conductivity, PO43-, and total phosphorus (TP) were selected for CCA
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analysis. Notably, May was strongly correlated with pH as it had the largest pH value
(7.77) and July was strongly correlated with PO43-. The presence of Dinobryon was
strongly correlated with higher temperatures. In the North basin of Peacock Pond,
environmental parameters pH, conductivity, dissolved oxygen, PO43=, and NH4+ were
selected for CCA analysis. There was a strong correlation between Desmodesmus with
pH and Scenedesmus with dissolved oxygen. In the South basin of the pond,
environmental parameters PO43-, total phosphorus, NH4+, temperature, and pH were
selected for CCA analysis. There was a strong correlation between Ankistrodesmus with
temperature and Desmodesmus and Scenedesmus with pH. The relationships of other
months and algal genera for all ponds and basins can be identified from the CCA plots
below (Figure 20, Figure 21, and Figure 22).

CCA Genera Key for figures 20, 21, and 22: A. Anabaena, B.
Ankistrodesmus, C. Aulacoseira, D. Chlamydomonas, E. Desmodesmus, F.
Dictyosphaerium, G. Dinobryon, H. Eunotia, I. Fragilaria, J. Gloeocystis, K.
Lyngbya, L. Monoraphidium, M. Navicula, N. Peridinium, O. Scenedesmus, P.
Small Cyanobacteria Filament, Q. Small Pennate Diatom, R. Staurastrum, S.
Staurodesmus, T. Un-ID Colonial Cyanobacteria, U. Un-ID Desmid, V. Un-ID
Euglenoid
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Figure 20: CCA plot of Gilmore Pond genera (blue points) and May through November sampling dates
(red points 1-6). Green lines (pH, temperature, conductivity, PO4 and total phosphorus) represent
significant environmental parameters. A point closer to a green line means that point is strongly correlated
with the environmental parameter.

Figure 21: CCA plot of Peacock Pond North basin genera (blue points) and May through November
sampling dates (red points 7-12). Green lines (PO4, NH4, conductivity, pH, and dissolved oxygen) represent
significant environmental parameters. A point closer to a green line means that point is strongly correlated
with the environmental parameter.
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Figure 22: CCA plot of Peacock Pond South basin genera (blue points) and May through November
sampling dates (red points 13-18). Green lines (PO4, total phosphorus, NH4, temperature, and pH)
represent significant environmental parameters. A point closer to a green line means that point is strongly
correlated with the environmental parameter.

C. hirundinella Morphology (Peacock Pond): Due to the absence of C. hirundinella in
the North Basin of the pond for the November sampling month, only the South basin data
was analyzed. C. hirundinella populations peaked in July at 300 cells/mL. The average
length of individuals decreased from 236 µm to 168 µm over the course of the six month
sampling period (Figure 23). Another observable trend was the variations in the presence
or absence of a third antapical horn (third horn) (Figure 24). For months May-September
more than half of the quantified individuals were lacking a third horn. On the November
sampling date, there was a dramatic decrease in the number of individuals lacking a third
horn to 5%. The remaining individuals expressed a rudimentary horn (40%) or fully
developed third horn (55%) (Figure 25). There was no correlation observed between
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overall cell length and presence of a third horn. However, there was an observable
relationship between PO43- and total phosphorus with the presence of a rudimentary or
fully developed third horn (Figure 26). After a significance test by one-way ANOVA,
Dunn’s post-hoc analysis showed temperature had a significant relationship with the
presence of a rudimentary (P = 0.049) or fully developed (P = 0.034) third antapical horn.
PO43- also had a significant relationship with the presence of a rudimentary (P = 0.031) or
fully developed (P = 0.041) third antapical horn. There was also a significant relationship
between total phosphorus and fully developed third horns (P = 0.042), and though there
was a tendency for total phosphorus concentrations to be higher for rudimentary horns,
the relationship was just below the threshold of significance (P = 0.051). Relationships of
NH4+ and NO3- to horn presence or absence were not statistically significant (P > 0.05).

300.0

Length (um)

250.0
200.0
150.0
100.0
50.0
0.0
5/21

6/24

7/30

8/30

9/29

11/2

Figure 23: Ceratium hirundinella average length comparisons across the six-month sampling period in the
South Basin of Peacock Pond. N = 20.
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Figure 24: Images of C. hirundinella cells with
absent (top left), rudimentary (top right), and
present (bottom left) third antapical horn. Scale
bar = 100 µm.
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Figure 25: Absence, presence, or rudimentary presence of a third antapical horn (fourth horn) in Ceratium
hirundinella individuals across the six sampling months for the South Basin of Peacock Pond. N = 20.
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Figure 26: The average concentrations of PO43- and total phosphorus for C. hirundinella cells with an
absent, rudimentary, or present third antapical horn (fourth horn). These values were averaged across
sampling dates in the South Basin. Different letters (a or b) indicate statistically significant (P < 0.05)
differences among groups. N = 20.

Sediment Core Microcosms: Sediment core incubations conducted over an eight day
period showed rapid removal of orthophosphate in the form of K2HPO4 over roughly four
days in Peacock Pond cores and roughly two days in Gilmore Pond cores (Figure 27). A
majority of the total phosphorus values were near initial concentration values by the end
of the incubation, suggesting phosphorus was occluded in the sediment (Figure 28). This
was most evident in the Gilmore cores, which showed an increase in sediment total
phosphorus concentration as the initial phosphate load increased.
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Figure 27: Total and dissolved phosphorus concentrations in mg/L for Peacock and Gilmore Pond across
an eight day sediment core incubation. No add = no added K2HPO4. +P = 5 µm added K2HPO4. ++P = 10
µm added K2HPO4. A value of zero indicates a concentration below the detection limit. Error bars =
average ± Standard Error.
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Figure 28: Initial (day 0) and final (day 8) sediment total phosphorus concentrations in mg P/g dry
sediment from Peacock and Gilmore sediment core incubations. Initial = concentration before K 2HPO4
additions. No add = no added K2HPO4. +P = 5 µm added K2HPO4. ++P = 10 µm added K2HPO4. Error
bars = average ± Standard Error. Replicates were not performed for the ++P treatment, or initial
measurement.

Discussion:
A comparison to a previous study by Sarah Moore and Annie Bennett in 2013 will
be used to interpret changes in water quality (Table 5). Because the 2013 study of
Peacock Pond was only conducted from early September to mid November, the 2017 data
in the table below reflect the same dates for a more accurate comparison. The same types
of comparisons were made for Gilmore Pond, which was sampled from mid June to early
November in 2013. The results support the hypothesis that overall water quality has
declined since this prior study, but more severely in Peacock Pond. It is important to note
that some of these water quality changes observed from year to year could be a result of
natural variation, not indicative of water quality decline.
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Table 5: A comparison of environmental parameters determined in Peacock Pond and Gilmore Pond
between 2013 and 2017. The first line of values represents average ± SD. The second line of values, in
parentheses, represents the range.

Parameter

DO (mg/L)
pH
Alkalinity
(mg/L)1

Water
Hardness
(mg/L)1
Water Temp
(°C)
Air Temp
(°C)
Na+ (mg/L)

Cl- (mg/L)

Ca+ (mg/L)
Mg2+ (mg/L)
SO42- (mg/L)
NO3- (mg/L)
PO43- (mg/L)1

1

Peacock (2013) Peacock (2017) Gilmore
Sept-Nov
Sept-Nov
(2013)
Jun-Nov
9.68 ± 1.86
7.03 ± 1.49
8.19 ± 1.34
(7.35-11.5)
(4.21-8.69)
(6.5-10.0)
7.45 ± 0.47
7.80 ± 0.84
7.78 ± 0.41
(6.8-7.9)
(6.7-8.68)
(7.1-8.1)
104.03 ± 87.69 384.84 ±
34.35 ± 8.58
(65.56-320.64) 146.41
(19.49-60.94)
(281.31488.37)
105.30 ± 28.77 254.23 ± 94.42 25.49 ± 6.16
(36.18-126.95) (187.46(14.70-44.51)
321.00)
14.44 ± 4.34
17.4 ± 4.0
18.25 ± 5.59
(8.5-19.0)
(13.3-21.5)
(7.0-27.0)
16.9 ± 6.4
17.8 ± 1.6
15.5 ± 5.16
(8.5-24.5)
(16.7-18.9)
(6.5-26.0)
142.45 ± 6.33
272.70 ± 93.67 3.58 ± 0.50
(134.63(171.37(2.79-4.66)
151.60)
365.82)
231.23 ± 71.64 376.27 ±
3.52 ± 0.89
(55.11-265.46) 130.54
(0-5.62)
(236.44507.99)
29.07 ± 11.96
61.19 ± 17.77
5.01 ± 1.38
(0-36.55)
(41.25-80.35)
(2.98-10.44)
7.95 ± 0.61
24.69 ± 7.11
3.16 ± 0.86
(6.92-8.81)
(17.23-32.45)
(1.77-6.22)
6.88 ± 1.21
3.67 ± 0.80
1.48 ± 0.54
(5.60-9.20)
(2.73-5.03)
(0.90-3.23)
0.06 ± 0.12
0.34 ± 0.31
0.02 ±0.02
(0-0.35)
(0-0.88)
(0-0.08)
0.026 ± 0.022
0.021 ± 0.016
0.111 ± 0.107
(0.007-0.064)
(0-0.044)
(0.009-0.596)

Corrected from 2013 errors.

58

Gilmore
(2017)
Jun-Nov
6.26 ± 0.91
(4.96-7.83)
6.71 ± 0.25
(6.15-6.93)
44.97 ± 33.77
(18.87-77.75)

34.47 ± 26.32
(14.59-65.60)
20.3 ± 3.6
(15.8-26.3)
18.7 ± 5.5
(10.6-23.3)
4.50 ± 1.09
(3.26-6.39)
4.29 ± 0.67
(3.29-5.80)

6.53 ± 3.01
(3.76-10.60)
4.77 ± 4.19
(1.22-9.69)
1.15 ± 0.83
(0.44-2.42)
0.13 ± 0.09
(0-0.21)
0.014 ± 0.007
(0-0.024)

TP (mg/L)1
Richness (#
genera)
Shannon
Diversity

0.063 ± 0.065
(0.020-0.221)
68

0.151 ± 0.097
(0.067-0.182)
56

0.300 ± 0.226
(0.035-1.359)
59

0.110 ± 0.078
(0.040-0.366)
46

2.3

2.2

2.3

2.8

CHEMISTRY:
1. Dissolved oxygen
Surface waters are classified as water contained within rivers, wetlands, lakes, and
the ocean. While Class A and B waters are suitable for primary and secondary contact
recreation, Class C waters are designated as habitats for fish and other aquatic life, and
for secondary contact recreation including fishing, kayaking, and wading (EPA, 2006).
Both ponds meet the surface water quality standard value of 3 mg/L of dissolved oxygen
for Massachusetts Class C surface waters, yet the near-bottom waters average of Gilmore
Pond fell below this standard but never reached anoxic levels.
2. Phosphorus
Both ponds had dissolved phosphorus values that fell within the range of a
eutrophic body (0.005-0.1 mg/L PO43-) (Bellinger and Sigee, 2010). Peacock Pond has a
total phosphorus value that fell within the range of eutrophic (0.024-0.096 mg/L) while
Gilmore Pond is classified as hypereutrophic (>0.096 mg/L) (Carlson and Simpson,
1996).
Average total phosphorus levels were almost twice as high as previously observed
concentrations in Peacock Pond (2013) (Table 5). A 2005 study by Aquatic Control
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Technologies also found lower levels of total phosphorus (0.017 mg/L) than present
values. In small urban ponds, a majority of external phosphorus inputs are carried with
storm water in particulate forms (Song et al, 2017). Because phosphorus fertilizers are
not used on the Wheaton College campus, the phosphorus is likely sourced from the
various storm drains situated in and around campus. One of these drains is located off of
the heavily traveled East Main Street (Figure 29). A vortech settles most of the sand
coming off of this roadway, but particulate and dissolved chemicals are discharged into
the pond. Due to the multitude of potential phosphorus inputs into Peacock Pond, a point
source was unable to be identified. It is also possible that some phosphorus is coming
from an internal source (sediments or decomposition of organisms).
Orthophosphate values remained fairly consistent between the two years (Table
5). Because this nutrient is in high demand, primary producers deplete it rather quickly,
so levels are expected to remain consistent despite any changes in orthophosphate inputs
(Schindler, 1977; Correll, 1998; Reddy and Reddy, 1993). The consistently low levels of
orthophosphate are further supported by the sediment core microcosm experiments,
which demonstrated a depletion of orthophosphates to almost undetectable levels less
than 24 hours after the addition of nutrients (Figure 28).
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Figure 29: 1994 map of storm drain and roof drain pipes flowing into Peacock Pond (red) and outflow
(blue). Image courtesy of Gary Pavao, Wheaton College Chief Engineer.

In Gilmore Pond, total phosphorus appears to have decreased between sampling
periods, as well as orthophosphate (Table 5). A 2005 study by Aquatic Control
Technologies found lower average concentrations of total phosphorus for a date in
August (0.06 mg/L), showing that phosphorus concentrations have varied in Gilmore
Pond over time. There was also a notable increase in total phosphorus at site 1 two days
after a large rainstorm (Figure 10). Since this site is located near an inlet to the pond, the
phosphorus, now bound up in algae as an organic form, could have been sourced from
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runoff. The algal compositions of Gilmore Pond appear to be strongly influenced by
orthophosphate, leading to a strong distinction in algal composition from Peacock Pond
(Figure 19).
The undetectable levels of orthophosphate at the deep site of Peacock Pond in the
May through August sampling periods are likely due to the benthic algal mats
surrounding the perimeter of the pond (Figure 5). These filamentous algae located at the
edge of the pond (littoral zone) are able to rapidly deplete incoming nutrients from
surface water flows and storm drains surrounding the pond, therefore depleting
orthophosphates at the center (Bellinger and Sigee, 2010; Mayer et al, 2015). Notably,
the center site was also situated in the south basin of the pond, where littoral algae was
most concentrated (Figure 14). The dramatic increase in orthophosphates measured
across all sites on the November sampling date may have been sourced from sediment
release of orthophosphate, as sediment total phosphorus values decreased on the same
date (Figure 6). Another likely source is water runoff and the various storm sewers
emptying into the pond as a result of heavy rainfall of about 5 cm two days prior (Figure
10).
The similarities in the amounts of sediment-bound phosphorus in Peacock and
Gilmore Pond can likely be attributed to similar sediment character. Though both ponds
are considered eutrophic, their sediment total phosphorus values were well below
concentrations determined in other studies of eutrophic lakes (Gonsiorczyk et al, 1998;
Kleeburg and Dudel, 1997). The values aligned most closely with concentrations
determined in urban stormwater management ponds (0.259-0.389 mg/g, Song et al,
2017). A majority of the phosphorus in these management ponds is in the form of
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organically bound phosphorus, sourced from decomposing algae (Song et al, 2017). The
second largest fraction of sediment phosphorus was bound up with calcium. Similar to
Peacock Pond, these ponds exhibit high concentrations of calcium ions, which will
precipitate into a CaCO3-P complex with increased pH (Song et al, 2017). Lower
sediment total phosphorus concentrations are also characteristic of ponds with calcareous
sediment (0.58-1.46 mg/g, Williams et al, 1971). It is also possible that a fair portion of
the phosphorus was bound up in the algae during the summer months, and becomes
recycled in the fall and winter.
Like Gilmore and Peacock Pond, these urban stormwater management ponds
exemplify high total phosphorus concentrations (0.052-0.111 mg/L) in the water column.
Because sediment phosphorus concentrations were low, but the ponds still exhibit high
water total phosphorus concentrations, it is thought that urban storm water management
pond sediments retain phosphorus poorly (Song et al, 2017). While Peacock Pond
exemplifies many characteristics similar to these ponds, Gilmore Pond doe not. Further
characterization of these ponds’ sediment and external phosphorus sources may be
necessary to determine why forested Gilmore Pond has sediment total phosphorus values
similar to those of an urban pond.
Contrary to the conclusions of this study of urban ponds, interactions between
sediments and the water column in microcosm experiments illustrate that the sediments
may not have reached their binding capacity for orthophosphates. This is demonstrated
by the gradual increase in final sediment total phosphorus concentrations as added
phosphorus levels increased. This was particularly evident in Gilmore Pond (Figure 28).
The weight of these results should be taken minimally however, as only two replicates
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were performed for the no addition and 5 µm addition, and only one incubation was
performed for the 10 µm treatment. With such large error bars in the final sediment
phosphorus concentrations, this experiment should be replicated in the future to confirm
the differences in treatments. Further characterization of these pond’s sediments will also
help determine binding availability of the sediments.
3. Nitrogen
Nitrate has increased both in Peacock Pond and Gilmore Pond between 2013 and
2017 (Table 5). This could be a result of nutrient loading from fertilizers (Peacock Pond)
or runoff (Gilmore Pond). Ammonium concentrations were incomparable between the
years due to differing analytical techniques (Moore and Bennett, 2014). In 2017,
ammonium levels were elevated across all Peacock Pond sites in late June. Wheaton
College uses Harrell’s and Lebanon nitrogen-based fertilizers throughout most of the
summer (S. Kelly, pers. interview). These measurements could have been taken postfertilizer application on the surrounding grass of the pond. Ultimately, any ammonium
that is not taken up by terrestrial plants will flow into the pond via surface runoff if it
rains shortly after application (Velinsky et al, 2004). A significant amount of rain
(roughly 3 cm) was measured in June, a few days prior to sampling (Figure 10).
A majority of the literature on acceptable nitrogen levels refers to total nitrogen
rather than dissolved ammonium and nitrate values. Unfortunately, this is a parameter
that was not determined in this study; however, a review by Camargo et al (2005)
determined long-term exposures of nitrate concentrations above 10 mg/L could adversely
affect freshwater fish, amphibians, and invertebrates. Their review suggests a threshold
nitrate value of 2 mg/L for chronic exposure to protect the most sensitive freshwater
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species. Both Peacock and Gilmore Pond fall below this threshold with average nitrate
values of 0.54 and 0.22 mg/L respectively, but both had observable fish populations.
Such low levels of biologically available nitrogen in combination with high phosphorus
levels make both ponds optimal for nitrogen-fixing cyanobacteria species, which may
have negative impacts on aquatic organisms (Paerl and Otten, 2013; Bláha et al, 2009;
Yema et al, 2016). There is one instance in May where Peacock Pond had nitrate levels
above 2 mg/L (Figure 8), but this is not concerning, as these levels did not persist
throughout the rest of the sampling period. Though current levels are low, this nutrient
should be closely monitored in future surveys of these ponds to determine if there is a
continual increase in nitrate, as observed between 2013 and 2017.
4. Carbon and Pond Browning:
Water temperatures in Gilmore Pond were not as closely related to air
temperatures likely due to an incubation effect from the turbid waters. Waters of this
nature have been described as “brownified” in previous studies (Williamson et al, 2015;
Kritzberg, 2017; Kritzberg et al, 2014; Urrutia-Cordero et al, 2017). The POC levels in
Gilmore Pond were over 1000 µg/L higher than Peacock Pond (Table 1), possibly due to
the striking differences in the vegetation surrounding the ponds. The forested perimeter
of Gilmore Pond is likely responsible for the higher particulate organic carbon load to the
pond. A large fraction of POC and the majority of DOC in forested lakes and ponds are
sourced from decomposing leaves shed by the surrounding trees each fall. Other major
sources of POC to lakes include phytoplankton (roughly 50%), littoral weeds, and benthic
algae (Williamson et al, 2015; Wetzel, 1984). In comparison to other water bodies, the
September POC contents of both ponds aligned more with eutrophic waters. A study by
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Fukushima et al (1996) of a eutrophic lake in Tokyo, Japan found POC values ranging
from 3580 µg/L to 4860 µg/L. Because most studies focus on the effects of DOC in
aquatic ecosystems rather than POC (Williamson et al, 2015; Kritzberg, 2017; Kritzberg
et al, 2014; Maizel et al, 2017), reference values of POC in lakes are scarce.
A proxy for DOC, UVA-254 was used to discern differences in color between the
two ponds. UVA-254 absorbances were consistently higher in Gilmore Pond than
Peacock (Figure 9). Studies of brownified ponds and lakes primarily rely on DOC instead
of the UV-254 proxy to quantify humic matter (Kritzberg, 2017; Kritzberg et al, 2014;
Hessen, 1992). Therefore, the high UV-254 values seen in Gilmore Pond (average 0.306
nm) were most comparable to a study of dystrophic bogs in Wisconsin, which had a
range of 0.383-0.422 nm (Maizel et al, 2017). Dystrophic waters are classified as highhumic, brown, acidic water, with low amounts of dissolved oxygen that support few
organisms, excluding bacteria and some algae (Maizel et al, 2017; Williamson et al,
2015). The same study by Maizel et al (2017) also considered mesotrophic lakes (0.1010.178 nm), which aligned more closely to the average UV-254 values in Peacock Pond
(0.125 nm). Another study of eutrophic Lake Chaohu in China had UV-254 values
ranging from 0.097-0.143 nm, comparable to the mesotrophic lakes in Wisconsin (Jiang
et al, 2014). Based on these values alone, Peacock Pond would be classified as a
eutrophic or mesotrophic system, while Gilmore Pond would be considered dystrophic.
The pH of Gilmore Pond decreased roughly one unit since the 2013 study (Table
5). Though not considered to be overly acidic at this point, the pH of the pond is at the
lower end of the 6.5-8.0 range where many aquatic organisms function optimally, and
some of the Gilmore Pond values, particularly for November, were below the
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Massachusetts surface water quality standard pH range of 6.5-9.0 for Class C water
(MDEP, 2006). Though pH has decreased, the water appears to have a decent buffering
capacity, as alkalinity is above the 20 mg/L threshold set by the EPA (Table 5) (Addy et
al, 2004). An average water hardness value of 34.47 mg/L classifies Gilmore Pond as a
soft water system. Soft waters are also typical of ponds with high humic acid content in
forested areas (Velinksy et al, 2014; Kritzberg et al, 2014).
Considering the lower pH, soft water, elevated POC levels, and UV-254 values
akin to dystrophic systems (Maizel et al, 2017; Williamson et al, 2015), Gilmore Pond is
likely going through a browning phenomenon as a result of increased humic acid inputs
from terrestrial sources. However, Gilmore Pond appears to have sufficient levels of
dissolved oxygen (Figure 4), and supports a diversity of algae (Table 3) so it does not
meet all the requirements to be considered a dystrophic body of water. Brownification is
very typical, and a natural process for woodland ponds. Gilmore pond is most likely
going through this natural process, though it does fit some criteria of the land-use
hypothesis (Kritzberg, 2017). Around 1971, the perimeter of the pond was cleared of
trees (Aerial photo, 1971). Since this time, it has been reestablished with shrubs and trees.
Transitions such as this from a can result in enhanced forest productivity, causing greater
terrestrial carbon accumulation, resulting in faster development of brown water
(Kritzberg, 2017).
Even at a meter deep, the waters in Gilmore Pond are so turbid that macrophytes
and benthic algae seem to have difficulty surviving, as they were absent in the 2013
survey, and absent along the perimeter of the pond in 2017. The alterations to the
euphotic zone caused by the pond’s turbidity likely selects for phytoplankton species,

67

whose levels of primary production seem to counterbalance the lack of macrophytes and
benthic algae in the pond (Figure 13) (Urrutia-Cordero et al, 2017; Velinksy et al, 2014;
Bennett, 2014).
Because increased pond and lake brownification is a relatively new occurrence in
the Northern Hemisphere (Kritzberg et al, 2014; Williamson et al, 2015, Urrutia-Cordero
et al, 2017), management and treatment techniques are limited (France et al, 1996;
Kritzberg, 2017). The most effective treatment of DOC loading from terrestrial sources
would be management of the trees and shrubs surrounding the pond. One study found an
average 97% decrease in allochthonous (external) DOC inputs after tree removal in ten
Canadian lakes (France et al, 1996). Though an effective method for reducing DOC
inputs, such drastic alterations to the forested perimeter of the pond do not come without
consequences. The forest surrounding the pond or “buffer” zone, comprised of trees,
shrubs, and grasses act as a filter for pollutants, sediment, and debris that may make its
way toward the pond from surface water runoff or groundwater. A properly functioning
buffer zone is essential to Gilmore Pond, as it lacks littoral algal mats, which would take
up nutrients, decreasing phytoplankton growth as seen in Peacock Pond. Additionally,
buffer zones are essential to erosion prevention and preservation of habitat, as the roots of
trees, shrubs, and grasses act together to keep the shoreline intact (MDEP, 2003; France
et al, 1996; Velinsky et al, 2004). Altering the buffer zone could also cause invasive
species of plants to become more prevalent. In the state of Massachusetts, activities that
would alter the buffer zone within 100 feet from the shore of a lake, pond, or wetland are
restricted under the Wetlands Protection Act, and require a Notice of Intent if the
surrounding area is to be developed (MDEP, 2003).
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4. Road Salts:
Peacock Pond had an average hardness of 143.88 mg/L, classifying it as a hard
water system while Gilmore Pond had an average concentration of 30.91 mg/L,
classifying it as a soft water system (Velinsky et al, 2004). There was much variation in
the alkalinities and water hardness of Peacock Pond, due to the variability in ion
concentrations which seemed to be affected by precipitation as well as periods of dryness.
Water hardness has risen roughly 150 mg/L in Peacock Pond from 2013 values (Table 5),
indicating these waters should now be classified as a very hard water system instead of
moderately hard (Velinksy et al, 2004). The differences in water hardness between the
two ponds are likely caused by an external source of ions to Peacock Pond. The water
hardness values of the relatively secluded Gilmore Pond only rose an average of 10 mg/L
between the four years and are still considerably lower than concentrations measured in
Peacock Pond (Table 5). This is further supported by evidence of increased alkalinity and
ions sodium (Na+), chloride (Cl-), calcium (Ca2+), and magnesium (Mg2+) in Peacock
Pond (Table 5, Figure 30).
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Figure 30: Changes in ion concentrations in Peacock Pond between 2013 and 2017. Comparisons made
from averaged September-November data. Error bars = average ± SE.
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The EPA currently holds a chronic (long term exposure) value of 230 mg/L for
chloride (EPA, 1988). Peacock Pond had chloride levels above the threshold for chronic
exposure in 2013 and 2017, while Gilmore Pond’s chloride levels remained well below
the threshold (Table 5). Salt pollution from deicers and fertilizers are likely the cause of
alkalization, increased conductivity, and basic pH in Peacock Pond (Kaushal et al, 2018;
Schuler et al, 2017). This effect is so widespread that it has been dubbed freshwater
salinization syndrome, affecting a large portion of water bodies in the densely populated
portions of the Eastern and Midwestern United States, where road salts are applied most
frequently (Kaushal et al, 2018). On the Wheaton College campus, traditional road salt
(NaCl) is only utilized on roadways, while an alternative, calcium magnesium acetate
(C8H12CaMgO8) is used on walkways (S. Kelly, pers. interview). Both road salts and
alternatives from adjacent areas are ultimately deposited into the pond likely due to the
walkways and storm drains located in close proximity to the pond (G. Pavao, pers.
interview). This includes road salts from the heavily traveled East Main Street (Figure
29). Because the pond does not receive continuous water flow from any sources (G.
Pavao, pers. interview), the flushing rate of the pond is likely minimal, causing a buildup
of Mg2+, Ca2+, Cl-, and Na+ ions.
While chloride’s negative effects on algal cells and fish can only be observed at
very high concentrations, road salts containing chloride and sodium ions have exhibited
increased mortality in freshwater zooplankton species at lower levels (Corsi et al, 2010,
Van Meter et al, 2011; Findlay and Kelly, 2011, Hintz et al, 2017). Invertebrates such as
Hyalella azteca may also see reduced survival rates at concentrations as low as 420
mg/L. Though zooplankton were only quantified by presence or absence in this study
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(Table 3), increasing chloride levels could decrease zooplankton diversity and abundance
in years to come, causing significant changes to food web structure (Hintz et al, 2017;
Schuler et al, 2017, Van Meter et al, 2011).
Peacock Pond’s conductivity was lowest two days after 6 cm of hard rain, and
pond conductivity was highest in August, following a period of little to no rain (Figure
10). These variations are likely due to the dilution of pond water with more water
(November) and evaporation of pond water (August), concentrating salinity. Future
studies of Peacock Pond may wish to characterize variations in conductivity and ions in
consideration of seasonality and precipitation events. Unlike a summer precipitation
event, melting of snow after the application of deicers in the springtime could greatly
increase conductivity (Koryak et al, 2000).
Over the course of winter 2013/2014 the Wheaton College grounds crew used 250
tons of road salt and 50 tons of calcium magnesium acetate for snow removal (Coleman,
2014). Because groundwater release and prolonged retention times can induce high
chloride concentrations year-round, reduction in usage appears to be the only effective
road salt and road salt alternative management strategy (Corsi et al, 2010; Findlay and
Kelly, 2011). Even sand, though meant for traction and not deicing, is not a viable
alternative, as it can become a substantial source of sediment input to rivers, ponds, and
lakes (Findlay and Kelly, 2011). The decreases in biodiversity (Hintz et al, 2017; Schuler
et al, 2017; Van Meter et al, 2011), corrosion of infrastructure (Kaushal et al, 2018;
Findlay and Kelly, 2011), decreases in dissolved oxygen (Hintz et al, 2017; Ramakrishna
and Viraraghavan, 2005), and increases in contaminant mobilization (Kaushal et al,
2018), provide strong motivation to reduce the quantities of de-icing agents applied to
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campus roads and walkways, as a majority of these landscapes ultimately drain into the
pond (Figure 31). Though detrimental to pond ecosystems, salting roads and walkways is
essential to public safety on the campus, so decreasing use may be difficult.

Figure 31: Heavy use of calcium magnesium acetate (C8H12CaMgO8 ) deicer on the steps of the Wallace
Library. Wheaton College, Norton, MA.

BIOLOGY:
Under the Carlson and Simpson Trophic Index (1996), averaged chl-a values
would classify Peacock Pond as mesotrophic (2.6-20 µg/L) while Gilmore Pond would be
classified as eutrophic (21-56 µg/L) (Figure 13). These values fail to take into
consideration the presence of benthic algal growth and macrophytes in Peacock Pond,
which may be taking nutrients away from planktonic algae. Eutrophication dominated
macrophytes and benthic algae is known as an alternative stable state of eutrophication
(Velinsky et al, 2004; Bennett, 2014). Peacock Pond may be in an alternative stable state
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of eutrophication dominated by benthic algae, because the observed phosphorus values
align more closely with those of a eutrophic system (Figure 5).
1. Phytoplankton Community
In consideration of the phytoplankton in Peacock Pond, the population followed a
successional pattern characteristic of a mesotrophic/eutrophic pond (Figure 16)
(Bellinger and Sigee, 2010) Dinobryon blooms are typical in April (Willén, 2003;
Urrutia-Cordero, 2017), observed in Peacock Pond by previous student researchers (Aka
et al, 2017), in addition to a second dominance of Dinobryon observed in late June, cooccurring with high temperatures (Figure 21). This was succeeded by a dominance of
green algae in July through September. Green algae were the most abundant of all phyla,
mostly comprised of the Chlorophyceans Desmodesmus and Scenedesmus (Figure 17). In
September, diatoms reached their peak abundance and in early November, cyanobacteria
dominance began to rise. The abundance of these two groups in the fall is also
characteristic of mesotrophic/eutrophic waters (Bellinger and Sigee, 2010).
Gilmore Pond was also dominated by green algae throughout most months, but by
desmids (Charophyta) rather than Chlorophyta (Figure 16). The successional patterns of
algae observed in Gilmore Pond were not characteristic of any trophic successions
described by Bellinger and Sigee (2010). Instead, the cyanobacterium Anabaena was
most abundant in late May, and was succeeded by a dominance of Charophyta in June
and July, which was mostly comprised of Staurodesmus and Staurastrum. Other genera
of cyanobacteria, Aphanocapsa and an unidentified filament were dominant in July and
November respectively (Figure 17). The slimey plankton net from the July field day
could have been caused by this clear, colonial cyanobacteria, Aphanocapsa. There was an
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increase in small diatoms in the fall, which is characteristic of mesotrophic and eutrophic
water bodies (Bellinger and Sigee, 2010).
The uncharacteristic algal successional pattern of Gilmore Pond may be
influenced by the dystrophic-like patterns in the system. A dominance of filamentous
cyanobacteria are typical of dystrophic ponds due to their ability to withstand high
turbidity, further increasing their competitive abilities over non-bacterial algae (Scheffer
et al, 1997). Desmids, which dominated in the summer months have been shown as a
dominant species in Netherland fens (marshes/bogs), which are also classified as
dystrophic systems. In a study by Coesel (1982), desmid diversity tended to decrease
with more severe eutrophication and there was an increase in planktonic forms and
smaller cells with increases in eutrophication. Unlike Peacock Pond, there was little to no
larger phytoplankton species present in Gilmore Pond. Smaller green algae, like the
desmids found in Gilmore Pond and the Scenedesmus and Desmodemsus found in
Peacock Pond indicate a dominance of velocity-adapted species in either system.
Velocity adapted species thrive on nutrient pulses (Sommer, 1984; Litchman, 2007), like
the pulse of phosphate observed in Peacock Pond during early November (Figure 5).
The differences seen between the dominant species in the absolute abundance
counts and relative abundance counts is likely due the size of the net (80 micron) used to
collect relative abundances (Figure 17, Figure 18). This net will select for larger species,
as anything smaller than 80 microns will flow through the net. This caused a
concentration of larger genera, particularly in Peacock Pond where larger algae were
more common.
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In comparison to past research, Shannon diversity remained consistent in Peacock
Pond and increased in Gilmore Pond. Richness decreased slightly in both ponds, likely
due to the lesser amount of sampling dates, and time spent identifying samples (Table 5).
Although there were less genera enumerated in the present study, Gilmore Pond had
increased diversity, likely as a result of better species evenness (0.74). Evenness in
Peacock Pond was lower (0.54) due to an abundance of Desmodesmus, which comprised
48% of the total population. This is also expressed by the Simpson index of diversity,
which takes into account evenness. A Simpson value closer to the richness number (46 in
Gilmore, 56 in Peacock) indicates a more even spread of genera. Gilmore pond had a
value of 13.7 while Peacock Pond was lower, at 4.0.
1.1 Algae as Bioindicators
Examination of specific genera and species can complement allocations of trophic
status determined by seasonal population successions and diversity. Known as algal
bioindicators, these resources can be an informational and inexpensive alternative to
continuous water quality/nutrient monitoring (Bellinger and Sigee, 2010). Both Gilmore
and Peacock Pond had bioindicator species in common with previous studies of
mesotrophic, eutrophic, and hypereutrophic waters (Table 6).
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Table 6: Mid-summer phytoplankton bioindicator found in Peacock (P) and Gilmore Pond (G) for
oligotrophic, mesotrophic, eutrophic, and hypereutrophic waters. Table adapted from (Bellinger and Sigee,
2010).

Trophic Level
Oligotrophic

Diatoms

Ceratium
hiruninella (P)

Mesotrophic

Eutrophic

Dinoflagellates

Aulacoseira
sp. (P)

Greens
Staurodesmus sp.
(G)
Dictyosphaerium
sp. (G),
Cosmarium sp.
(G), Staurastrum
sp. (P and G)
Eudorina sp. (P)

Scenedesmus sp.
(P and G),
Ankistrodesmus
sp. (P and G),
Pediastrum sp. (P
and G)

Hypereutrophic

Cyanobacteria

Anabaena sp. (P
and G),
Microcystis
aeruginosa (P
and G)
Aphanocapsa
sp. (G)

Many freshwater green algae, including Chlorella, Anksitrodesmus, and
Scenedesmus have been shown to thrive in salt-stressed conditions (Dash et al, 1995).
The reduced turgor pressure of cells from increased conductivity can make algae take on
a new steady state of growth, more dependent on light and scavenging abilities
(Fodorpataki and Bartha, 2004). The freshwater algal genera Secenedesmus and
Desmodesmus (previously referred to as Scenedesmus, Fawley et al, 2011) are two
particular genera of green algae known for such metabolic plasticity (Fodorpataki and
Bartha, 2004; Fawley et al, 2011).
Scenedesmus has been shown to perform just as well as a control culture under
salt-stressed conditions of up to 5840 mg/L. This study was performed in the laboratory
over the course of seven days with a strain of Scenedesmus that had never been exposed
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to sodium ions (Fodorpataki and Bartha, 2004), exhibiting the innate salt-tolerance of this
genus. Another study by Dash et al (1995) found Scendesmus to grow optimally at salt
concentrations of 1200 mg/L under nutrient-limited conditions. These concentrations are
close to some of the combined Na+ and Cl- ion levels measured in Peacock Pond (Figure
11). Coincidentally, the dominance of Desmodesmus and Scenedesmus peaked in August,
on the same date as the highest conductivity and ion levels recorded in the Pond (Figure
17, Figure 10). Other less salt-tolerant algae may have been unable to compete in these
conditions. The exceeding dominance of these salt-tolerant genera in Peacock Pond
shows an undeniable biological response to salt contamination.
1.2 Harmful Algae
In late May, a dominance of the cyanobacterium Anabaena in Gilmore Pond at an
estimated 5460 individuals/mL put Gilmore pond at risk for high cyanobacteria toxin
levels (> 70,000 cells/mL) under provisions set fourth by the Massachusetts Department
of Public Health for recreational waters (MDPH, 2007). In order to accommodate
colonial cyanobacteria as well as filamentous, cyanobacteria toxin concentrations are
estimated in cells/mL rather than by individuals. With an average of 39.4 cells/filament
(Range 9-96, N=25), there was an average concentration of 215,124 cells/mL. Taking
into consideration a standard deviation of 22.5 cells/filament, this gives a possible range
of 92,274-337,974 cells/mL. In any case, the average number of cells/mL in May exceeds
the threshold of 70,000 cells/mL set by the MDPH. Only 12.8 cells/individual are needed
to reach this threshold. Aphanocapsa cells/mL may also have exceeded this threshold, but
cells were not quantified in this study.
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At concentrations of 70,000 cells per mL, toxin levels are estimated to be around
14 ppb. Toxins commonly produced by Anabaena include anatoxin-a, cylindrospermopsin, microcystin, and saxitoxin (Paerl and Otten, 2013; WHO, 1999). These toxins can
bioaccumulate in aquatic organisms, cause rashes to humans, and at very high levels will
affect nervous system function (Bláha et al, 2009; WHO, 1999). Anatoxin-a toxins has
been found to cause death in pets, livestock, and birds who may drink water from lakes
and ponds highly concentrated with cyanobacteria (WHO, 1999).
Actual toxin levels may vary drastically amongst species or even within species
based on the surrounding environment and water quality, so a high cyanobacteria count
does not necessarily indicate high toxin levels. If nutrient or temperature conditions are
unfavorable, cyanobacteria may produce fewer toxins (Rapala et al, 1997). Futhermore,
aggregated concentrations of individuals, such as the Microcystis colonies observed in
September in Peacock Pond may have a more localized effect. Wind-driven distribution
of cyanobacteria should also be taken into consideration, as numbers could become more
concentrated along shorelines (WHO, 1999). For this reason, the best method of
quantifying toxins is through mass spectrometry (MS) or enzyme-linked immunsorbent
assay (ELISA). Due to the cost of these detection methods, identification of a significant
bloom should be the first step in identifying a potential harmful algal bloom (WHO,
1999; Paerl and Otten, 2013). Gilmore Pond is not typically used for swimming, but the
trails surrounding the pond are well traversed. Because of the varied and somewhat
unknown effects of cyanotoxins, people and animals (such as dogs) should avoid
swimming or wading in Gilmore Pond, especially during the peak of a bloom.
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2. Ceratium hirundinella morphology (Peacock Pond):
Though C. hirundinella was not a dominant species of algae in either basin of
Peacock Pond, previous literature has shown morphological variations in this species in
response to pollutants (Bruno and McLaughlin, 1977; Hamlaoui et al, 1998). These
morphological variations are relatively easy to distinguish due to the algae’s large size
(150-250 µm) (Hamlaoui et al, 1998). The decreasing overall length in cells in the early
fall months are consistent with previous research on C. hirundinella in temperate regions
(Figure 23) (Gligora et al, 2003), as are the decreased abundance of individuals which is
typical in the September-October months due to temperature decreases (Heaney et al,
1983). The presence of two antapical horns has been observed to occur in the spring
while presence of the third antapical horn has been observed to occur in the summer
months, a form of cyclomorphosis. However, this hypothesis has been challenged by the
results of Hamlaoui et al (1998) et all who contend that if the hypothesis were true, we
would not see simultaneous occurrence of forms at the same time.
Large copepods and the rotifer Asplanchna priodonta are the only zooplankton
observed to consume C. hirundinella cells (Hamlaoui et al, 1998), classifying this
plankton as “inedible” to most zooplankton (> 40-50 µm in length) (Cottingham, 1999;
Bell, 2002). Yet, in the absence of fish, C. hirundinella with a third antapical horn may
become dominant (Hamlaoui et al, 1998). Though zooplankton are typically unable to
consume C. hirundinella cells, it is thought that in the absence of small fish, zooplankton
will become more abundant and in response, numbers of C. hirundinella with a third horn
will increase. This is because zooplankton will still try to consume C. hirundinella cells
they come into contact with. Though energetically expensive, establishment of a third
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antapical horn makes it harder for zooplankton to get the C. hirundinella cells into their
mouthparts.
The same study also observed a tendency of the proportion of third antapical horn
presence to increase with nutrient loading, but the relationship was found to be
insignificant (Hamlaoui et al, 1998). Yet in this field survey of morphology, a significant
relationship was found between the presence of rudimentary and fully developed third
horns and orthophosphate (P = 0.031 and P = 0.041 respectively) But no significant
relationship was found between horn presence and nitrate or ammonium. The cooccurring heavy rainfall a day prior to the November sampling date may have caused this
influx of phosphorus to the pond (Figure 10, Figure 5). A majority of C. hirundella cells
may have developed a third horn as a way of increasing surface area for better nutrient
acquisition (Gligora et al, 2003).
A different study found that the third antapical horn developed at water
temperatures below 15 ºC (Bruno, 1975) This is consistent with my results but fails to
explain the C. hirundinella cells in May through September that are expressing a
rudimentary or present third horn, and other studies that have found a dominant
population of third horn individuals in temperatures above 15 ºC. Nonetheless, Dunn’s
post-hoc analysis showed a statistically significant relationship between the presence of
rudimentary or fully developed third horns and temperature in this study (P = 0.049 and P
= 0.034 respectively). The development of a third horn at lower temperatures could be
advantageous as a way of increasing surface area to reduce sinking velocity (Litchman et
al, 2010; Gligora et al, 2003). An alternative explanation could be a selection process by
which cells with an already present third antapical horn are able to resist sinking, and
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therefore occur more frequently in reduced temperatures. Cells with only two horns are
more likely to sink to the bottom sediments.
The results of these morphological studies suggest that a multitude of
environmental stressors may contribute to the development of an antapical horn, making
it challenging to pinpoint the exact stressor. Increase in herbivory, temperature, and
nutrient loading may all have an effect on the development of a third antapical horn. Due
to the co-occurrence of temperatures below 15 ºC and orthophosphate concentration
increases on the November sampling date, it is difficult to determine if there is a singular
cause to this morphological change or a combined force. The length of time between
sampling dates (around one month) is also not conducive to this type of study, where
changes in morphology can occur rapidly. Chapman et al (1981) found it takes just 2-2.5
hours for horns to develop after excystment. Because this study was done in the
laboratory where a nutritious medium is well supplied, it is still uncertain how long horns
may take to develop in a more nutrient-depleted natural environment, especially
considering third horns may develop after excystment. For this reason, laboratory studies
on the effects of nutrient loading and temperature to C. hirundinella would be best to
strengthen the results of this field study.

Conclusion:
This extensive study into the relationships between chemical parameters and algal
populations has shed light on the dynamic complexity of Gilmore and Peacock Pond.
Environmental stressors have been shown to have both direct and indirect effects on algal
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populations, and in turn, algal populations may strongly influence water chemistry (i.e.
cyanobacteria). Furthering the complexity of these systems, a multitude of stressors may
contribute to morphological variations (i.e. C. hirundinella) and population dynamics of
algae in these ponds.
Similar to previous studies (Bennett, 2014; Moore, 2014) Gilmore Pond was
found to be eutrophic and dominated by phytoplankton while Peacock Pond likely takes
on an alternative state of eutrophication, dominated by benthic algae and duckweed
(Velinsky et al, 2014). Further characterization of these ponds has revealed Gilmore Pond
to be suffering from a brownification phenomenon, likely a natural process that may have
been hastened by land use change and high humic acid inputs from terrestrial sources.
Some of the declines observed in Gilmore Pond may be due to natural variances in
environmental parameters. Despite aesthetic improvements in Peacock Pond by the
company Solitude Lake Management, there appears to be an overall decline in water
quality. This was largely due to increased phosphorus and ion concentrations, though the
beneficial bacteria pellets applied to this pond the past two summers by Solitude Lake
Management may take a few years to show significant reductions in phosphorus
concentrations. Peacock Pond is also one of many water bodies in the Eastern United
States suffering from freshwater salinization syndrome. These characterizations are
strongly supported through algal and chemical evidence, and indications of overall water
quality decline since 2013.
Management of these ponds may be best achieved through preventative measures
(Peacock Pond) or no action at all (Gilmore Pond). Redirection of storm water in
combination with more conservative road salt and salt alternative application will reduce
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further salinization of Peacock Pond. Though removal of the trees surrounding Gilmore
Pond may reduce the turbidity of the water, it could lead to higher external inputs of
nutrient runoff, and an increase in invasive plant species, especially while the
surrounding terrestrial environment responds to current development. Both ponds appear
to have low concentrations of phosphorus in their sediments, and may bind phosphorus
poorly. Continued monitoring of these sites by future student researchers and
management companies has become essential to the well being of these ponds as they
continue to experience the negative effects of cultural eutrophication and climate change.
From a regulatory standpoint, there is currently no distinction between lakes and
ponds as they are subject to the same water quality standards. In consideration of
limnology, ponds differ from lakes in that they are generally smaller and shallower. Due
to their smaller size and reduced depth, many ponds do not seasonally stratify. Nutrient
cycling and water chemistry in these smaller ponds may differ as a result (NHDES,
2003). Based on these results, the oftentimes aesthetically unappealing disposition of
small ponds may be a result of natural brownification and eutrophication processes.
Further consideration and development of new water quality standards for small ponds
may become relevant for future studies.
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