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ABSTRACT 

 Freshwater flows out of the Herring River estuary at Cape Cod National Seashore 

have been restricted through a dike for nearly a century. Along with extensive salt marsh 

drainage efforts throughout the river’s small watershed, the dike’s tidal restriction has 

drastically altered geochemical transformations and the trophic structure of estuarine biota. 

Stagnant water conditions are prevalent throughout the upper estuary, leading to seasonal 

eutrophication. This thesis investigates the chemical and biological consequences of these 

ecosystem manipulations within a holistic examination of estuarine ecology and geochemical 

processes. Through the examination of water quality data collected during 2013-2015, this 

study corroborates past NPS findings on seasonal eutrophication, and presents strong 

evidence for the mobilization of metals from drained salt marsh sediments. Additional 

inquiries are made into potential mechanisms for autumnal acidification, the chemical 

implications of reduced salinity and oxygen levels, and the effects of stagnant, acidic, and 

reducing water conditions in the upper estuary. 
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INTRODUCTION 

Cape Cod National Seashore, established by John F. Kennedy in 1961, was the first 

U.S. national park founded through the purchase of private and state land. The National 

Park Service (NPS) has faced inevitable challenges in this first official foray into the joint 

management of an extremely popular national park, but this experiment in cooperation with 

local political institutions and private landowners has generally proven extremely successful 

(Finch, 1993). The successful inclusion of pre-existing communities into a national park’s 

landscape speaks to a fundamental truth that many schools of conservation have historically 

denied: humanity cannot conceptualize itself as an entity separate from nature. Humans are 

absolutely dependent on the natural world for survival, no matter how large a conceptual 

barrier is constructed between civilization and the wild Other. On Cape Cod, human history 

is embraced as an integral element of the landscape, not a scar upon it to be covered up. 

However, not all of this history has benefitted the Cape’s complex ecosystems. 

Extensive manipulation of ecosystem function has been a key to humanity’s survival 

for most of its existence as a species. Human beings have been changing their environments 

for millennia, and scientists’ ability to understand the effects of these changes has always 

lagged behind human capacity for environmental change. Signs of humanity’s presence 

abound in most, if not all, of earth’s ecosystems. Agriculture, water diversion, hunting, and 

pastoralism have left their mark on landscapes around the world since prehistoric times. The 

industrial revolution enabled far more drastic and rapid ecosystem manipulations during the 

last century: synthetic chemical manufacturing, mechanized agriculture and resource 

extraction, and alteration of atmospheric composition through fossil fuel combustion are all 

accelerating trends whose effects are far from fully understood. In an era of rapid 
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globalization and large-scale problems such as climate change, fewer environmental issues 

are neatly constrained to discrete areas. The growing scale of environmental problems and 

the complexity of their causal chains make it increasingly difficult to develop environmental 

assessment protocols which incorporate all of a biological system’s components. 

Simultaneously, technological advances have enabled the investigation of much smaller-scale 

biological processes, encouraging increased focus on an ecosystem’s constituent parts as 

opposed to the whole. The pressures of global economic forces have greatly outstripped 

science’s ability to understand humanity’s impacts on biological communities around the 

world. Now more than ever, scientific inquiry must pursue holistic understanding of 

environmental problems if scientists are to effectively steer society to better decisions.  

Cape Cod’s Herring River estuary (HRE) presents a rare opportunity to investigate 

the effects of an environmental manipulation throughout the entire affected ecosystem. 

Lying on the outer reaches of this peninsula in Massachusetts, the entire Herring River 

watershed covers less than two square miles and runs under five miles from its kettle pond 

headwaters to Cape Cod Bay. Its location within Cape Cod National Seashore has limited 

development within its watershed and facilitated decades of scientific study, primarily related 

to the drainage of its salt marshes and the dike which has restricted the mouth of this estuary 

for over a century. Several catastrophic fish kills occurred in the early 1980s, and during the 

same decade the National Park Service (NPS) began considering restoration of the HRE. 

Since then extensive environmental monitoring has been conducted intermittently to better 

characterize functional issues in the estuary. In 2015, the NPS completed a three-year water 

quality monitoring study in the HRE, and an environmental impact statement (EIS; cited as 

[NPS, 2015]) was published detailing alternatives for replacing the Chequessett Neck Road 
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dike which currently restricts the upper estuary. This EIS constitutes a major step toward the 

construction of a controllable gated structure to mitigate upstream stagnation, reintroduce 

tidal influence, and rebuild salt marshes in the estuary. This thesis seeks to further improve 

scientific understanding of the biological and chemical processes at work in the Herring 

River’s degraded waters. Such understanding will be essential for effective restoration of this 

ecosystem and the many other restricted small estuaries on the eastern seaboard of the 

United States. 

PART I – GEOLOGIC HISTORY OF THE HERRING RIVER WATERSHED 

The Herring River flows across the Wellfleet outwash plain, one of the numerous 

glacial deposits which underlie outer Cape Cod. These glacial sediments were deposited 

during the retreat of the Laurentide Ice Sheet, which began melting roughly 18,000 years ago 

near the close of the Pleistocene epoch. Lower Cape Cod was formed between two lobes of 

this ice sheet. The Cape Cod Bay Lobe bounded the cape to the west, and as this lobe 

melted it formed a glacial lake occupying what is now Cape Cod Bay. This lake was confined 

on the south by the Sandwich moraine, which now roughly underlies the towns of Bourne, 

Sandwich, and Barnstable (Fig. 1). Glacial Lake Cape Cod was bounded on the north by 

retreating ice, and released water through the height of land at the base of the cape where the 

Cape Cod Canal is now located. The much larger South Channel Lobe abutted the cape to 

the east, and was still melting when the Cape Cod Bay Lobe disappeared. As meltwater from 

this larger lobe flowed westward into Glacial Lake Cape Cod, huge amounts of glacially-

accumulated sediment were deposited to form the lower cape. Fluctuations in the lake’s 

volume and size determined the shape of its shoreline (and thus the location of glacial 

sediment deposition by meltwater streams), so the shoreline of the lake at the time of the 
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Wellfleet outwash plain’s deposition roughly corresponds to the current coastline of Cape 

Cod Bay (Oldale, 1981).  

 

Figure 1 – Cape Cod’s prevailing geographic terminology is notoriously confusing: the “upper cape” refers to 
the base of the peninsula, “mid cape” refers to the middle of the southern section (the “bicep” of the arm), the 
“lower cape” extends east to the “elbow”, and the north-south end of the peninsula is referred to as the “outer 
cape” (or occasionally also as the “lower cape”). 

Wikimedia commons required attribution information:  

By EricM (Own work) [CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia 
Commons (https://upload.wikimedia.org/wikipedia/commons/f/fb/Cape_Cod_National_Seashore.png 

While the upper cape is underlain by the rocky Sandwich moraine, the glacial 

sediments which make up the outer cape are not directly underlain by any significant rock 

deposits.  This lack of substantial geologic structure gives the cape its transient shape - the 

outer cape exhibits extremely high rates of longshore sediment transport, and such transport 

Herring River Estuary 
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directly contributed to the formation of the HRE.1 The continental shelf underlying the cape 

lies at a depth of 100 m or more below the surface, giving very little geologic structure to 

surface deposits and further contributing to the ephemeral geography of Cape Cod (Oldale, 

1981).  

The sandy glacial soil of the outer cape has substantial impacts on the hydrology and 

geochemistry of its inland waters. Cape Cod’s upland soils are uniformly classified as podzols. 

This sandy soil class exhibits a shallow organic layer underlain by thin topsoil (A-horizon) 

and a very white E-horizon that has been leached of minerals. The B-horizon below this 

white layer is generally quite red in color, due to the precipitation of iron minerals leached 

from the E-horizon. Podzols are typically formed in coniferous forests; in this case the 

dominant pitch pine (Pinus rigida) community of the outer cape may have contributed to local 

podzol formation. Podzols are rich in silicate minerals such as quartz that have a low affinity 

for soluble ions (driving the leaching trend exhibited in the E-horizon) (Oldale, 1981). The 

Herring River estuary is underlain by three primary soil types specific to Cape Cod, each of 

which forms a specific layer of the estuary’s structure. Uplands are dominated by Carver 

coarse sand, which helps identify the upland/hydric soil boundary. Maybid Variant silty clay 

loam is a hydric soil formed in tidal marsh deposits when they are drained of salt water - in 

this case during mosquito ditch digging. This loam generally underlies old sections of salt 

marsh that have been drained, and many of these areas have been colonized by upland plant 

species. The primary peats in the estuary underlying the current tidal zone are Ipswich, 

Pawcatuck, and Matunuck peats (NPS, 2015). Therefore soil type within the Herring River 

1 The rough trend of sediment transport on Cape Cod is erosion from the ocean side of the outer cape and 
deposition on the bay side. Erosion is generally becoming more prevalent, however, which may be a product of 
rising sea levels. 
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watershed exhibits very little variation between locations, and primarily changes based on 

elevation. This soil homogeneity is another result of the estuary’s very small size that makes 

it easier to study as a whole. 

As the South Channel Lobe receded, sections broke off from the receding glacier 

and became covered in the deposited sediments. These huge chunks of ice, which took 

thousands of years to melt, formed Cape Cod’s many kettle ponds (typical of glacial outwash 

plains). These ponds act as “windows” into the groundwater, and only form if the kettle 

bottom is below the water table (Oldale, 1981).2 The Herring River rises from a series of 

four such kettle ponds in the far northeast corner of Wellfleet (LeBlonde, 1984). Without 

any tidal inundation, the river level would thus follow the hydrological gradient of the lower 

cape since it originates from ponds level with the water table. Furthermore, the river did not 

likely cut its own valley. Cape Cod’s sandy soils are highly permeable and greatly favor 

infiltration over runoff, and there is also not strong evidence to suggest the valleys of the 

lower cape were cut by glacial melt. These valleys may have formed by spring sapping - the 

process by which a spring migrates uphill as it erodes the soil downhill of its outflow. This 

could have occurred during the Glacial Lake Cape Cod era, when the water table under the 

lower cape was substantially higher. The presence of permafrost at the end of the last ice age 

could also have fostered runoff to cut these valleys (Oldale, 1981). 

2 Some of the ice blocks which formed kettle ponds on Cape Cod may have been as tall as 200 feet - the land 
surrounding Cliff Pond in Brewster is 140 feet above sea level, and the pond bottom is 60 feet below sea level 
(Oldale , 1981). 
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The current manifestation of the HRE is relatively young even by estuarine 

standards.3 At its peak in 1850, the estuary consisted of 1,000 acres of salt marsh nestled 

behind a chain of islands strung together by trombolos - sand spits which connect islands to 

the mainland. In the eighteenth and nineteenth centuries, these trombolos formed via 

northerly longshore currents depositing sediments southward along the bay-side shoreline of 

the lower cape. These spits connected Bound Brook Island, Griffin Island, and Great Island 

(south of Griffin) with the mainland cape to the north, diverting the Herring River abruptly 

southward away from Cape Cod Bay and into the head of Wellfleet Harbor (Fig. 2; 

3 Most estuaries on earth formed roughly 8000 years ago at the end of the last ice age, when sea levels rose to 
their current height – drowning coastal river valleys and creating estuaries (Barnes, 1984). 

Figure 2 – Study area. The solid blue shapefile represents current water levels in the HRE. The river’s kettle 
pond headwaters are labeled, as are tributaries and local landmarks. 
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LeBlonde, 1984). This diversion constrained the river’s estuary from multiple outlets around 

the islands to its current single-outlet configuration, which likely expanded the brackish 

estuarine zone considerably by forcing tidal influence through the single outlet. This 

configuration is more characteristic of a stereotypical estuary.  

PART II - THE IMPORTANCE OF ESTUARIES 

Estuaries are roughly defined as semi-enclosed water bodies where seawater is 

measurably diluted with riverine fresh water. Estuarine formation takes place through four 

primary mechanisms: estuaries that occupy the sites of former glaciers are known as fjords;4 

other estuaries arise from tectonic separation which opens into the ocean,5 occupy river 

valleys which have been “drowned” by sea level rise, 6 or form when longshore coastal 

currents form a barrier island which partially encloses the mouth of a river.7 River deltas are 

not estuaries, since deltas are a landform made up of sediments deposited by a river. 

However, deltas can form at the head of smaller estuaries in areas of low wave energy, and 

the world’s iconic large deltas like the Nile and Mississippi exhibit estuarine functions like 

upstream saltwater infiltration and mixing (Bird, 2008).  The HRE primarily exhibits 

characteristics of a bar-built estuary which has formed at the mouth of a small drowned 

valley. 

4 Puget Sound, WA is a series of fjords cut by the Puget Lobe of the Cordilleran Ice Sheet 

5 San Francisco Bay, CA 

6 Chesapeake Bay, MD 

7 Pamlico Sound, NC 
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Estuaries are among the most productive ecosystems on earth, and this productivity 

is driven by their physical characteristics: the river entering an estuary constitutes a massive 

throughput of energy, carbon, and other nutrients, which are essentially available in limitless 

quantities to estuarine flora and fauna. However, estuaries differ from other high-

productivity ecosystems like coral reefs and tropical rainforests in their inefficient use of 

available energy. This inefficiency is driven in part by the small number of species which can 

inhabit estuarine environments. Estuaries do not exhibit the species diversity of tropical 

ecosystems like coral reefs or rainforests, and accordingly the complex complementarity of 

resource needs which causes such ecosystems to run so efficiently is absent from estuaries 

(Barnes, 1984). However, those species which are able to adapt to the challenging conditions 

of estuaries can reap enormous benefits – low interspecies competition for a vast amount of 

resources. These benefits have effectively incentivized the evolution of a wide array of 

osmotic strategies, making estuaries a veritable laboratory of aquatic evolution. 

Two primary challenges are presented to full-time or even migratory residents of 

estuaries. Firstly, the physical stress of living in tidal zones excludes many species, as extra 

energy is required to move between habitats in strong currents every day. The second and 

most important challenge for most estuarine species is maintaining internal osmotic balance 

in a medium with constantly changing salinity. Estuaries exist in a small sliver between two 

major evolutionary habitats - freshwater and the ocean. Few freshwater species can survive 

in salinity higher than 5%, and most marine species prefer salinities above 18% (Barnes, 

1984). Two major strategies exist to overcome the challenge of changing salinity: 

osmoregulation (controlling internal salt concentration) and osmoconformation (adopting an 

internal salinity equal to surrounding waters). Both of these broad categories may confer a 
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wide salinity tolerance, but there are substantial evolutionary challenges precluding the 

evolution of effective novel strategies – partially explaining the low species diversity 

characteristic of estuaries (Barnes, 1984).  

Some estuarine species have adopted extensive cellular abilities to osmoconform: 

individual cells in some species regulate their own osmolarity through the transport of 

organic osmolytes, while other estuarine organisms’ cells can simply tolerate dramatic diurnal 

changes in external ion concentration. Blue crabs (Callinectes sapidus) are one example from 

the northeastern United States that have evolved an intricate osmoconformation mechanism. 

Upon entering an estuary from the ocean, these crustaceans’ internal salt concentration 

decreases as freshwater draws salt ions out of the blood, inhibiting the function of the 

oxygen carrier hemocyanin. To counteract this chemical change, blue crabs increase internal 

ammonia production, which raises their blood pH. Alkaline conditions in the bloodstream 

promote oxygen binding to hemocyanin, offsetting the effects of decreased salt levels in 

blood (Sherwood et al., 2013).  

Despite their generally passive approach, even species that predominantly 

osmoconform must be able to regulate internal osmolarity if they are exposed to very low 

salinity waters, so some degree of osmoregulation is required for life in estuaries. 

Osmoregulation also requires the evolved ability to switch between salt excretion and salt 

uptake as external salinity changes, which has rarely been evolved (Sherwood et al., 2013). 

Many crustaceans maintain high solute concentrations in estuaries via reduced body surface 

permeability, active ion uptake, and hypotonic urine. Larger, more mobile crab species 

migrate daily or seasonally (depending on the size of their tolerated salinity range) with the 
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movement of their preferred isohalines, and smaller crabs often burrow into sediments to 

avoid unfavorable salinity levels (Barnes, 1984).  

These adaptive challenges prevent most estuaries from supporting more than one or 

two species from any given genus. However, in the uncommon case of multiple closely 

related species inhabiting the same estuary, their habitat ranges will be segregated based on 

the preferred salinity of each species. This pattern of niche segregation is most common in 

small benthic species like amphipods and isopods (Barnes, 1984). This rare example of niche 

segregation in this spatially uniform ecosystem 8  serves as a partial proxy for true 

environmental niches defined by habitat type – estuaries thus exhibit niche diversity 

characteristic of a much larger and more variable ecosystem based on chemical parameters 

alone. Differing environmental pressures on a single species that inhabits many estuaries can 

also be a powerful driver of genetic variation and speciation. These variations are mainly 

manifest in physiological adaptations to osmotic regulation. A population’s specializations to 

a single estuary’s conditions can be extensive enough to result in a novel subspecies – that in 

turn can be limited in its viable expansion range by this specialization (Barnes, 1984). The 

challenges of life in estuaries are clearly exhibited by dwarfism and depressed reproduction 

among populations of marine organisms inhabiting estuaries (Barnes, 1984). 9  However, 

estuaries constitute a vital habitat during the life cycles of many marine animals. The 

challenges associated with living in estuaries yield relatively low predator populations for 

species that can live there. Many populations of anadromous fish such as Pacific Salmon 

spend several months after hatching in estuaries, feeding on abundant nutrient sources and 

8 Most estuaries are heavily dominated by homogenous mudflats due to high rates of sediment deposition 

9 Body length has been shown to negatively correlate with salinity in some marine organisms (Barnes, 1984) 
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adjusting to salt water (Grisham).10 Due to their importance in promoting genetic diversity 

and evolution, even small individual estuaries thus represent unique and discrete 

components of greater coastal ecosystems. 

The mixing rate and pattern between salt and freshwater in estuaries has drastic 

implications on species distribution, and mixing patterns are primarily determined by the 

salinity gradient and wave action.11 As suspended particles cross the interface from fresh to 

saltwater, several chemical changes take place. The increased concentration of cations in 

seawater causes the attractive forces between silt particles 12  to increase, causing silt to 

flocculate and fall out of suspension once it reaches the saline part of the estuary. The speed 

at which particles flocculate depends on the soil type, and these floccules can either be 

recycled through intra-estuarine currents (flocculating and deflocculating as they are cycled 

from salt to fresh water) or adhere to the bottom as sediment. Coarser sediments often 

accumulate upstream of the estuary since they do not remain suspended. Therefore, estuaries 

exhibit finer sediments than points upstream, producing the muddy conditions which 

dominate many estuaries. Most estuaries are thus net accumulators of sediment (Barnes, 

1984). 

Patterns of sediment deposition are also dependent on whether the ocean or river is 

“dominant” in the estuary - the dominant body will supply the majority of organic material 

10 This strategy is particularly important for populations which arrive at the ocean relatively early in life – 
estuaries give juveniles a safe place with plentiful food where they can grow to a viable size before entering the 
ocean.  

11 The Coriolis effect also plays a role in larger estuaries, but this force is negligible for a very small estuary like 
the Herring River. 

12 Defined as 4-63 µm in diameter 
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and sediment to the estuary. Estuaries that are ocean-dominated can still accumulate 

sediment, which can settle out of seawater in the relatively calmer conditions in an estuary. 

Sediment deposition usually occurs at high tide outside of the central channel, and is 

accelerated by the presence of salt marsh vegetation that acts as a trap for sediment. Finally, 

the particle size and composition of offshore sediments or soils in the watershed can 

drastically influence sediment deposition patterns within an estuary (Barnes, 1984). Before 

being diked, the HRE was largely ocean-dominant due to the very small size and sandy soils 

of its drainage basin. 

The three primary basal food sources in estuaries are benthic algae, phytoplankton, 

and detritus. Detritus is the most abundant primary nutrient source, since many estuaries act 

as detritus traps,13 and constitutes a vital means of energy exchange and the base of the food 

web in most estuaries. The main source of this organic carbon is decaying aquatic and 

terrestrial plant material. The interstitial fluid within detrital particles is colonized by bacteria, 

which initially subsist off of organic compounds dissolved in this fluid. The bacteria also 

require macronutrients like nitrogen and phosphorous in greater proportions than are 

available in this organic matter, so these nutrients limit the rate of detrital digestion. This 

discrepancy in available nutrients causes detritus-associated bacteria to enter a latent life 

stage while accumulating adequate N and P, as these nutrients are slowly cycled into the 

detrital interstitial space from the aquatic ecosystem. The assimilation of vital macronutrients 

by these bacteria and subsequent colonial growth makes colonized or “aged” detritus an 

improved nutrient source for consumers higher on the food chain. Consumption of detritus 

13 The mechanism of sediment accumulation in estuaries described above also holds true for the accumulation 
of organic matter. Thus an inverse correlation exists between organic content of estuarine sediments and the 
average particle size in these sediments, since calmer waters allow fine organic matter and silt to settle out. 
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thus takes place over several trophic levels. A wide variety of estuarine fauna feed on the 

fungi and bacteria which associate with detritus, including nematodes and heterotrophic 

flagellates and ciliates. These microfauna are in turn predated by meiobenthos such as 

polychaetes and small arthropods. Macrofauna such as bivalves and larger arthropods feed 

on these meiobenthos, and these macros in turn comprise the main diet of top estuarine 

predators - birds and larger fish species (Barnes, 1984). 

While detritus forms the base of the food chain in estuaries, it is not an outstanding 

source of nutrients. Since detritus is primarily composed of decaying plant matter, it contains 

higher proportions of hearty structural compounds like cellulose which are difficult to digest 

(Barnes, 1984). Additionally, soluble nitrogen, phosphorous, and organic compounds are 

leached out of the detritus both during leaf senescence (through reuptake during 

programmed seasonal senescence) and after leaves have fallen into water bodies (through 

leaching during aquatic decomposition; Wang, 2014). Due to the poor quality of detritus, 

detritivores exhibit inefficient nutrient assimilation which limits their growth when 

supplementary nutrient availability is low (Valiela, 1995). Humic acids are a specific class of 

detritus which may have significant impacts on the HRE. These compounds form through a 

complex series of decomposition steps which is still a topic of debate. These complex 

organic acids, while weakly acidic, can complex with and degrade into a massive array of 

compounds, with a myriad of potential impacts on aquatic chemistry (vanLoon and Duffy, 

2005). 
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PART III - MAJOR CURRENT ISSUES IN THE HERRING RIVER ESTUARY 

HISTORY OF THE CHEQUESSETT NECK ROAD DIKE 

Human intervention in the HRE began in 1859, when a rail bed was constructed 

through the Herring River’s marshes, cutting off large parts of the estuary from exchange 

with the harbor. 50 years later, the dike at the mouth of the river was constructed. This 

dike’s initial purpose was to control tidal flow into the estuary in order to drain some of the 

estuarine salt marsh, ultimately allowing the former marsh land to be farmed. The 

burgeoning tourism industry on Cape Cod also played a role in the dike’s construction. 

Captain Lorenzo Dow Baker, a wealthy citizen of Wellfleet, 14  envisioned the reclaimed 

marsh land as summer residences and cranberry bogs. Another purpose of the dike was to 

decrease breeding areas for the abundant brown saltmarsh mosquitoes (Ochlerotatus cantator, 

formerly known as Aedes cantator) that were seen as a nuisance to tourism.15 The economic 

benefits of the salt marsh had also declined at the turn of the 20th century: demand for salt 

hay16 from the river’s marshes to feed livestock had evaporated, and alewife17 populations 

and fishing revenue were in decline due to the overselling of fishing rights by the town of 

Wellfleet. By 1906, the town was making less than 40% of 1893 revenue from the sale of 

fishing rights on the herring run (LeBlonde, 1984).  

14 Baker practically invented the U.S. banana trade, and starting in 1878 was president of the Boston Fruit 
Company – which through a series of mergers eventually formed the basis of Chiquita Brands International 
(Koeppel, 2008). Baker’s unfavorable environmental legacy thus extends far beyond Cape Cod to the banana 
plantations of Central America. 

15 Draining salt marshes actually had the opposite effect, exposed peat to oxidation creating acidic conditions 

16 Also known as saltmarsh cordgrass - Spartina alterniflora 

17 Alosa pseudoharengus – a species of anadromous herring and the river’s namesake  
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The diking of the river initiated a dramatic shift in the species composition of this 

small ecosystem. The original structure included a one-way “clapper valve.” This small door 

slowed the outflow of freshwater and entirely blocked saltwater from flowing upstream with 

the tide, effectively dividing the former unrestricted estuary’s smooth salinity gradient into 

two extremes. The dike changed the freely flushed estuary into a largely stagnant reservoir of 

fresh and brackish water, and dramatically changed the biological community in and around 

the HRE (NPS, 2015). The complete loss of tidal inundation decimated clam and oyster 

beds, and wiped out the estuary’s cordgrass and eelgrass community (LeBlonde, 1984). The 

dike also prevented passage of alewife upstream to their spawning grounds in the headwater 

kettle ponds. Furthermore, the absence of tidal influx and draining of marshes lowered the 

estuary’s level, allowing upland plant species to colonize the drained former salt marsh. Over 

the course of many decades, chronically decreased salinity has inhibited the flocculation of 

sediments and organic matter in the HRE, and the physical barrier of the dike has also 

decreased sediment deposition by tides. This loss of sedimentary input into the HRE has 

inhibited marsh accretion processes, and marsh elevation has accordingly decreased 

approximately one meter above the dike compared to the marshes lining the harbor (NPS, 

2015). Marsh subsidence upstream of the dike provides compelling evidence that the HRE 

was an ocean-dominated estuary, as net sedimentary loss has occurred since diking. 

WATER QUALITY ISSUES 

The full effect of the Chequessett Neck Road dike on freshwater flows out of the 

HRE is perhaps best illustrated through comparison of current vs. projected unrestricted 

water residence times in the system. Current residence times above High Toss Road are over 

6 months (4,801 hrs), and within the Mill Creek sub-basin residence times can reach nearly a 
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year and a half (12,553 hrs; Fig. 2). If the dike were removed, residence time in both of these 

subsections of the estuary would decrease to 6 days (144 hrs) and approximately two and a 

half weeks (424 hrs), respectively, a 97% reduction in residence time for both branches (NPS, 

2015). These values dramatically illustrate the extensive stagnation currently plaguing this 

estuary, and decreases in tidal influx imposed by the dike have also had profound effects 

throughout this estuarine ecosystem. 

The current abnormal composition of flora and fauna communities in the HRE 

provides evidence of the dike’s negative influence. The last fish census in the HRE, 

conducted in 2005, concluded that nearly all populations of native fish species had declined 

over recent decades. While many species of estuarine and freshwater fish have historically 

been found in the HRE, the most commercially important and abundant species are the 

anadromous fish which use the river’s kettle pond headwaters as spawning grounds.  The 

herring run, which supported a commercial catch of 240,000 fish in 1890, was last estimated 

at 7,740 individuals in 2011. Mass die-offs in alewife and American eel (Anguilla rostrate) were 

observed in 1985 and 1980, respectively. The herring kill was attributed to low dissolved 

oxygen levels, while the eel die-off was a result of acidic conditions and elevated sulfate and 

aluminum concentrations. Two other anadromous species that have disappeared from the 

HRE are hickory shad (Alosa mediocris) and striped bass (Morone saxatilis). Juveniles from 

these species constitute an important food source for salt marsh birds, which have largely 

disappeared from the estuary due to changes in habitat type. The predominant marsh 

vegetation in the HRE has shifted from shorter salt marsh grasses like cordgrass to thick 

monocultures of tall common reed (Phragmites australis). Accordingly, bird community 

composition has changed from a diverse assemblage including ground nesters like ducks and 
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terns, to a community dominated by songbirds able to nest in the thick reeds. Acidic water 

conditions have also eliminated many of the other estuarine fish species that provide food 

for waterfowl. 

 Shellfishing in Wellfleet Harbor has significant commercial value to the local 

community, and the Chequessett Neck Road dike has negatively impacted this industry. The 

HRE historically supported populations of oysters, quahogs (hard clams), softshell clams, 

and scallops. All of these species are currently found downstream of the dike and historically 

populated the estuary, but only a small population of oysters currently exists in the restricted 

portion of the estuary just upstream of the dike. Stagnant water conditions in the HRE have 

also been shown to concentrate pollutants and pathogens such as fecal coliform. Coliform 

contaminations have caused the commonwealth of Massachusetts to close all shellfishing 

sites within the restricted estuary, as well as all downstream sites within 3,000 feet of the dike 

(NPS, 2015). 

Despite the lack of significant anthropogenic inputs of phosphorous and nitrogen 

into the Herring River watershed, the estuary is still experiencing detrimental eutrophication. 

The primary sources of aquatic nutrient loading are animal waste and atmospheric 

deposition, since there are few septic systems in the watershed and the river’s catchment is 

so small. Previous observations by the National Park Service indicate that the HRE is 

experiencing eutrophication during the summer, when evaporative losses, net primary 

productivity (NPP), and waste deposition by migratory waterfowl are all at their annual peak. 

Data from 2006 to 2010 showed a roughly 200% spike in ammonium concentrations in 

upstream mosquito ditches during the month of June, as well as an approximately equal 
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corresponding increase in phosphate concentrations in both the mosquito ditches and 

restricted mid-river channels in early summer (NPS, 2015). 

Eutrophication often causes substantial increases in NPP, which in turn can alter the 

structure of estuarine food webs. A study on eutrophication in another of Cape Cod’s small 

estuaries found that increases in producer biomass and lowered oxygen levels were 

associated with anthropogenic nutrient loading. Increased NPP and eutrophic conditions 

decreased basal consumer abundance and lowered species richness, particularly of small 

crustaceans. This diminished prey availability significantly changed food web relationships, 

with typically omnivorous/mainly carnivorous species becoming predominantly herbivorous 

in the eutrophic estuary (Fox et al., 2009). Eutrophic conditions therefore do not only 

increase producer abundance in estuaries, but can fundamentally change the entire biological 

function of these ecosystems. 

The presence of eutrophic water conditions is reinforced by the formation of 

extensive monculutres of the invasive macrophyte Phragmites australis throughout the HRE.18 

A review paper of the eutrophication’s effects on macrophyte communities found that 

nutrient enrichment favored fast-growing species which have not evolved significant nutrient 

conservation mechanisms (Rejmánková, 2011). The introduction of excess nutrients thus 

likely favors monoculture formation by the aggressive expansion of the European Phragmites 

18 Often called common reed or simply Phragmites, the invasive nature of this species has been of some 
controversy in recent years. The invasive formation of Phragmites monocultures in marshes along the eastern 
seaboard drove a common misconception that the species, common in Europe, was not native to the Americas. 
However, recent genetic research has shown that most American populations of Phragmites outside the 
northeast are the native subspecies P. a. ssp. americanus, and coastal wetlands exhibiting invasive monocultures 
such as the HRE have been largely taken over by the more vigorous European subspecies P. a. ssp. australis 
(Pagad, 2006). 
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subspecies. Phragmites’ tall adult height and rhizomatic propagation make it extremely 

effective at outcompeting other marsh species and establishing monocultures (Rejmánková, 

2011). Common reed has also been shown to tolerate acidic conditions extremely well, 

which could be another factor favoring its invasion of the acidified HRE (Pagad, 2006). 

The current vegetation regime in the HRE was most recently documented by Cape 

Cod National Seashore plant ecologist Stephen M. Smith in 2015. Smith found that the 

lower HRE marshes are characterized by a small community of S. alterniflora within 0.5 km of 

the dike. The limited range of this formerly dominant native halophile species is another 

testament to the severe limitation of tidal influx through the dike. No native halophiles are 

found upstream of this cordgrass community, and P. australis is heavily dominant outside the 

tidal influx zone.19 The invasive P. australis was by far the most dominant macrophyte species 

in the HRE, appearing in over 56% of all plots sampled throughout the entire estuary (Smith, 

2015). 

Eutrophication driven by waste from waterfowl and other wildlife has likely provided 

a source of bacterial contamination in the estuary as well. Fecal coliform bacteria originate in 

the digestive tracts of warm-blooded animals and are expelled in solid waste. These bacteria 

are commonly used as an indicator organism of larger pathogenic contamination by fecal 

matter (NPS, 2015). Some strains of fecal coliform are able to persist in the environment for 

three months or more (Anderson et al., 2005). Coliform concentrations have been measured 

in the HRE during several previous studies, and a 2005 study detected coliform 

concentrations over 70 times the legal limit for shellfish harvesting outside the dike adjacent 

19 Phragmites subspecies (i.e. australis or americanus) can only be determined with certainty through genetic 
sequencing, which was not conducted in this study 
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to shellfish aquaculture areas. Concentrations of fecal coliform are generally highest directly 

upstream of the dike, at stations 4 and 5 (NPS, 2015; Fig. 4). Several species of fecal 

coliform20 demonstrate tolerance to acidic conditions beyond those exhibited in the H.R.E.’s 

waters; this tolerance ostensibly evolved to help coliform survive in the digestive tract 

(Benjamin & Datta, 1995). Acid tolerance could potentially help coliform compete with 

other microbes and survive in the acidified aquatic environment of the HRE. Previous 

studies have also shown that fecal coliform are able to persist significantly longer in 

freshwater than saltwater, which also promotes the accumulation of these bacteria in the 

tidally-restricted upper HRE (Anderson et al., 2005). 

EFFECTS OF FORMER SALT MARSH SEDIMENT DRAINAGE 

The drainage of salt marshes in the HRE has caused long-term acidification 

problems in this ecosystem, and the chemical consequences of sediment drainage include 

metal mobilization in potentially toxic quantities (NPS, 2015). While no sulfur data was 

collected in this study, Soukup & Portnoy determined that the process of sulfur-driven 

acidification and iron mobilization outlined in this section was occurring in the HRE during 

their study in 1986. Their findings are the basis for this study’s investigation of sulfur 

speciation and metal interaction.  

Salt marsh sediments and other flooded soils have proven to be an evolutionary 

laboratory for alternative metabolic pathways beyond aerobic respiration. The lack of 

abundant gaseous or dissolved oxygen in these soils means that the microbes inhabiting 

them must use alternative terminal electron acceptors instead of oxygen to produce ATP. 

20 Including pathogenic strains of Enterohemorrhagic E. coli (EHEC) 
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One such alternative is implemented by a class of bacteria and archaea referred to as sulfate-

reducing bacteria. These anaerobic bacteria take sulfate (SO4
2-), which is naturally abundant 

in seawater, and reduce it to hydrogen sulfide (H2S). This reduction is coupled to the 

oxidation of organic compounds and hydrogen, which gain electrons from sulfate and thus 

energy for the microbe (Barton, 1995). Hydrogen sulfides and related reduced sulfur 

compounds are highly reactive with oxygen, but are rendered inert by the anaerobic 

conditions in these sediments. However, when these sediments are drained, these sulfides are 

exposed to atmospheric oxygen and can be oxidized to form sulfuric acid (H2SO4). The 

equilibria governing the general redox chemistry of these transformations are as follows: 

SO4
2- + 2H+ ↔ H2S + 2O2 

H2S + 2O2 ↔ H2SO4 

The speciation of acidic compounds in the HRE is governed by these compounds’ 

relative pKa.
21  While sulfuric acid should be hypothetically formed by the oxidation of 

sulfates and sulfides in the drained salt marsh sediments, its status as a strong acid means 

that it completely dissociates in solution.22 The pKa for the dissociation of this first H+ from 

sulfuric acid’s hydroxyl group is accordingly quite low (-3 ; Ka ~ 1000).  However, sulfuric 

acid is unique as the only strong acid which can hold two hydrogen ions. The dissociation of 

the first hydrogen yields the bisulfate ion (HSO4
-), a weak acid with a “second” pKa (for the 

remaining hydroxyl group) of 1.99. 

21 Ka, the acid dissociation constant, describes the strength of an acid based on its tendency to dissociate into its 
constituent ions in solution (one of these ions is always H+, the concentration of which is measured by pH). 
The negative log of Ka, pKa is commonly used to describe acid strength as it is more practical for comparing 
acids over a great range of acidity. Acids with a pKa of lower than -2 (corresponding to a Ka over 100) are 
generally known as the strong acids. 

22 Unless the solution is saturated, which is virtually impossible at environmental concentrations. 
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The fate of sulfur in aquatic ecosystems is closely intertwined with that of iron, the 

fourth most abundant element in the earth’s crust. Iron is essential for oxygen transport in 

the human body and plays a central role in metabolism for many species of plants, fungi, 

animals, and microbes (Hem et al., 1962). Iron and sulfur complex extensively in many 

forms, primarily as pyrite (FeS2).
23 Iron naturally occurs in two different oxidation states or 

“species” – ferrous iron [Fe2+/Fe(II)] and ferric iron [Fe3+/Fe(III)] – and these two species 

make up a redox couple. The difference between these two species is dramatic in relation to 

mobility in aquatic systems. Fe(III) easily forms insoluble oxidized compounds like rust, 

while Fe(II) is much more soluble and stable as a dissolved ion in water (Stumm & Morgan, 

1996). The solubility of Fe(II) is also higher in freshwater than seawater, so iron generally 

becomes more mobile as salinity decreases (NPS, 2015). Fe(II) is also much more 

bioavailable than Fe(III) due to this differential solubility. Anoxic conditions, such as those 

found in groundwater or salt marsh sediments, favor ferrous iron thanks to the reducing 

nature of anoxic waters – iron-rich marine sediments have been shown to harbor 

populations of both sulfate-reducing and iron-reducing bacteria, increasing the relative 

abundance of Fe(II) (Canfield, 1988). 

A major source of iron in the HRE is likely the iron-rich podzol soil which 

dominates upland areas in the river’s watershed. These coarse sandy soils do not hold ions 

well, and are characterized by iron mobility from the E-horizon to lower soil layers (Oldale, 

1981). Due to the importance of iron in sedimentary microbes’ anaerobic metabolic 

pathways, it is likely that bioaccumulated iron is leaching out of the drained salt marsh soils 

23 Pyrite is also the most abundant sulfide mineral on earth, a testament to the natural abundance of iron in the 
earth’s crust and the affinity between sulfur and iron. 
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in the HRE watershed. 1986 study of acidic sediment drainage in the HRE concluded that 

acid formation in the estuary proceeded according to these coupled equilibria from Stumm 

& Morgan (Soukup & Portnoy, 1986): 

(A) FeS2 (s) + 7/2 O2 + H2O
 ↔ Fe2+ + 2SO4

2- + 2H+ 

(B) Fe2+ + ¼ O2 + H+ ↔ Fe3+ + ½ H2O 

(C) Fe3+ + 3 H2O ↔ Fe (OH)3 (s) + 3H+ 

(D) FeS2 (s) + 14 Fe3+ + 8 H2O ↔ 15 Fe2+ + 2 SO4
2- + 16H+ 

These equilibria demonstrate the importance of sulfur in oxidation/reduction between iron 

species, specifically the simultaneous reduction of Fe(III) to Fe(II) and release of free 

protons from water in equation D (which decreases pH). Pyrite is a naturally abundant 

product of sulfate reduction in the former salt marsh sediments of the HRE, ensuring that 

adequate reactants are present in equation A above to carry out these processes on a 

sufficiently large scale for acidification to occur. Acidic conditions in the HRE were also 

found to correspond with increased aluminum reduction and mobilization from sedimentary 

clays (Soukup & Portnoy, 1986).  

The biological impacts of significant acidification and metal mobilization are 

overwhelmingly negative. Firstly, excess protons react with carbonate ions (CO3
2-) to form 

carbonic acid (H2CO3), effectively decreasing the amount of free carbonate available for shell 

precipitation in mollusks (EPOCA).24 The removal of tidal influx has also left the estuary 

largely devoid of marine carbonate, making it challenging for stationary bivalves to survive in 

the restricted HRE today. Additionally, the impacts of acidification on metal mobilization 

24 A much larger scale version of this process is driving global ocean acidification, with the reaction between 
atmospheric CO2 and H2O producing the excess protons which locks up carbonate ions in non-bioavailable 
forms. 
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produce toxic conditions for fish. Exposure to aluminum causes osmotic stress in fish – 

dissolved aluminum displaces calcium on gill surfaces, disrupting fish’s primary mechanism 

of osmoregulation by forcing a net efflux of sodium and chloride from the bloodstream.25 

Aluminum exposure has also been shown to cause damage skin in fish, occasionally to the 

point of necrosis. Elevated Fe(II) also disrupts respiration – Fe(II) readily reacts with 

dissolved oxygen and water to form iron hydroxide (Fe(OH)2), which can inhibit gas 

exchange in the gills to the point of suffocation. This reaction also effectively lowers the 

availability of oxygen to aquatic organisms by locking up elemental oxygen in hydroxides. 

Iron has also been shown to cause mortality in some aquatic plants and mass die-offs in 

aquatic worms, bivalves, and other benthic species through the precipitation of 

oxyhydroxides on the surface these fauna (Sammut et al., 1995).  

There is no established toxicity threshold for aluminum, since its negative impacts 

are also highly dependent on pH. However, grossly elevated levels of aqueous Al3+ were 

measured in 1986, which may have contributed to the fish kills observed during the 1980s.26 

Aluminum was last measured in the HRE in 2007, and only a fraction of samples were found 

in excess of “concentrations of concern”27, so this ion was not measured during the study 

period for this paper (NPS, 2015). Iron was measured during this study, but due to problems 

with the lab processing protocol and reagents used, this data is not available for inclusion in 

this thesis. However, during the 2006-2010 study period, iron levels in the HRE were 

25 Low [Ca2+] in the waters of the HRE due to low tidal influx likely exacerbates this problem for anadromous 
species. 

26 Aluminum is generally considered to be the primary driver of fish mortality in acidified aquatic ecosystems 
(Sammut et al., 1995). 

27 Generally accepted as approximately 0.1 mg/L (Sammut et al., 1995) 
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observed well in excess of the EPA’s national recommended water quality criteria for metals 

(1 mg/L), especially in the mid-river restricted acid-sulfate zone and in the restricted 

mosquito ditches (NPS, 2015). 

In an ironic twist, the acidic conditions resulting from this salt marsh drainage have 

been shown to exclude predators of brown saltmarsh mosquito larvae, but not the 

mosquitoes themselves.28 The extensive ditching and flood control exerted on the HRE in 

the early 20th century have thus only made life easier for the mosquitoes these manipulations 

were meant to extirpate (NPS, 2015). This example perfectly illustrates the interaction 

between discrete chemical and biological factors which this thesis hopes to explore. In the 

following sections, examinations of water quality in the HRE will be situated within the 

greater ecological narrative. The holistic examination of this ecosystem is only possible if 

each of its constituent parts is examined within the clear context of the whole. 

28 The larvae of Ochlerotatus cantator are acid tolerant down to a pH of 2.85 (Soukup & Portnoy, 1986) 
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MATERIALS & METHODS 

STUDY AREA 

The Herring River flows from a series of 

four groundwater-fed kettle ponds in the 

southeastern corner of Truro and northeastern 

corner of Wellfleet, Massachusetts (Fig. 4). The 

main stem runs southwest from Herring Pond 

through three culverts for just under two miles, 

before being joined by a tiny tributary called 

Bound Brook. Roughly half a mile farther 

downstream, Pole Dike Creek joins the river just 

above High Toss Road, where the river is 

restricted through another culvert. After passing 

High Toss, the channel widens into the lower 

estuary as the level of the river approaches mean 

sea level. The Herring River is less than five 

miles in length, and its historical salt marsh 

estuary covers roughly 1100 acres. The estuary 

continues to widen as it approaches Chequessett 

Neck Road dike, slightly over one mile to the 

Figure 3 – Map of Cape Cod National Seashore and 
surrounding areas. The Herring River Estuary empties into 
the Gut at the head of Wellfleet Harbor in the center of 
this map – the river is labeled just above Chequessett 
Neck Road dike. 
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southwest of the High Toss culvert. Both the main stem and its tributaries have been 

extensively channelized through marsh drainage efforts, removing many of the river’s 

original meanders (note the straightened upper main stem in Fig. 3; NPS, 2015). 

Figure 4: Study area. Sites of water quality collection are labeled seasonal or monthly. The inner blue outline 
represents current water levels in the estuary, and the larger hatched outline above the dike represents modeled 
mean high tide with no tidal restriction at the Chequessett dike. 

The dike at the mouth of the estuary dampens tidal range29 considerably. Wellfleet 

Harbor has an unrestricted tidal range of 10.3 ft (3.1 m), while behind the dike tidal range is 

diminished to 2.4 ft (0.7 m).  The dike thus restricts tidal range in the estuary considerably, 

during normal diurnal tidal cycles as well as spring tides and storm-driven tidal events. Both 

29 Generally defined as mean low water to mean high water 
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normal daily cycles and high tide events serve important functions in estuarine processes, 

including sediment transport and water exchange. The volume of water brought in on high 

tide is an order of magnitude higher downstream of the dike, illustrating the huge quantity of 

ocean water which is kept out of the estuary every day. Freshwater is largely held in a 

stagnant mass above the dike as well, as discussed at the beginning of the Water Quality 

Issues section in the Introduction. 

IN SITU WATER QUALITY MONITORING 

Water samples and water quality data were collected for this study at 9 locations, 

which can be roughly grouped into four categories: tide-restricted headwater channels (sites 

5 and 11), tide-restricted midriver channels (sites 2, 4, 8, B, and C), tide-restricted river 

mouth (site A), and unrestricted river mouth (site 1). Data was collected seasonally (2-4 times 

a year, roughly in spring, summer, and fall) at sites 5, 11, and 1, and monthly (between April 

and November) at sites 2, 4, 8, A, B, and C (Fig. 4). The analysis presented in this study was 

performed on data collected between April 2013 and September 2015, which constitutes the 

most recent study of water quality in the HRE. All sampling was done during ebb tides, 

maximizing freshwater influence and minimizing dilution of riverine processes by incoming 

tidal waters. This tidally-informed sampling scheme significantly affected the resulting data, 

and was adopted in order to examine the maximum influence of riverine waters on biological 

and chemical processes in the estuary. The estuary is most starkly divided at low tide, when 

the stagnant freshwater zone reaches its greatest extent as the previous tide is pulled out of 

the dike. 
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Water quality variables were recorded at the water surface using a handheld YSI 556 

instrument with a multi-parameter probe. YSI measurements included temperature, 

conductivity, salinity, dissolved oxygen (DO), pH, and oxidation-reduction potential (ORP). 

pH probes for this study were replaced during July 2014 and the new probes did not 

measure ORP, so 2013 is the only full season with ORP data.  

CHLOROPHYLL Α  

In addition to YSI data, two replicate 2L water samples were collected at each site 

for laboratory analysis. Lab tests and in situ measurements were both conducted on every 

sampling day in the study. Water samples were analyzed at the Atlantic Research and 

Learning Center Laboratory at Cape Cod National Seashore for chlorophyll a concentrations.  

Chlorophyll a is an organic pigment that is essential for photosynthesis. It is found in 

all green plants, and constitutes 1-2% of the total dry biomass of planktonic algae (Clesceri et 

al., 1998). Water samples were tested for chlorophyll a to determine the relative abundance 

of phytoplankton. The chlorophyll a content of water samples was determined using the 

Welschmeyer fluorometric method: A water sample of known volume was filtered through a 

0.7 µm glass fiber filter and frozen until analysis. The filters were then placed in test tubes 

and photosynthetic pigments were extracted with 90% acetone. The chlorophyll a content of 

this extraction solution was determined with the Welschmeyer non-acidified flouorometric 

protocol using a Turner Designs non-acidified fluorometry module (Clesceri et al., 1998). 

GEOGRAPHIC INFORMATION SYSTEM (GIS) 

Maps for this study were created from National Park Service files using ArcGIS 10.2 

in the Whitman College GIS lab. The salinity and pH shapefiles in figures 7 and 10, 
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respectively, were created using interpolation with the kriging tool. This technique takes data 

from points in known locations, and fills in an intermediate gradient according to a formula. 

In this case, linear kriging was used, which extrapolates in a linear as opposed to radial 

direction. This method ensures that the hierarchy of the river’s characteristics is preserved in 

these visual representations (e.g., areas downstream of a high salinity site will display higher 

salinity, since sites in the opposite [upstream] direction have lower salinity). 

BENTHIC INVERTEBRATE SURVEY 

The abundance of benthic 

macroinvertebrate species is commonly 

used as a biological indicator of water 

quality conditions. To determine 

composition and relative abundances 

of benthic invertebrate communities 

throughout the HRE, a pre-restoration 

baseline study of benthic organisms was 

conducted. 56 sampling stations were 

selected to yield representative samples 

of the HRE’s full range of depths and 

salinities. These stations were divided 

into three spatial sections: the Upper 

Herring River (UHR), the Lower Herring River (LHR), Downstream of the dike (DS). The 

benthic survey was conducted annually in mid-summer from 2013-2015. UHR sites were 

only sampled in 2014 and 2015.  

Figure 5 – Sampling sites for benthic macroinvertebrates 
in the HRE. Note that the Downstream (DS) section lies 
outside the diked portion of the estuary. Image credit: 
Agnes Mittermayr 
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To ensure sufficient spatial coverage to meet the study objectives, sampling stations 

were placed using a stratified random tessellated hexagon design. A hexagon grid was placed 

over a map of the river area, and 4-5 hexagons were place within each of the three strata. 4 

stations were randomly placed into each hexagon, for a total of 16-20 stations in each of the 

three spatial categories. The specific location of these sites in the HRE is shown in Fig. 5. At 

each station, a sample was collected using a 225 cm2 petite Ponar benthic grab. The collected 

material was rinsed through a 1 mm sieve to remove mud. A qualitative analysis determined 

that a 1 mm sieve representatively sampled the macrofauna in this system, since few 

additional macroorganisms were retained on a 500 μm sieve after passing through the 1 mm 

sieve. Each sample was stored in a mesh bag, brought back to the laboratory, sorted, and 

identified to species or the lowest taxonomic level possible (Clesceri et al., 1998). 

RELEVANT ENVIRONMENTAL LEGISLATION 

The Commonwealth of Massachusetts has designated the HRE as a Class SA water 

body, the highest-quality designation for coastal and marine waters under the Massachusetts 

Department of Environmental Protection’s 30  Surface Water Quality Standards 

(Massachusetts state law 314 CMR 4.00). This designation carries with it a series of allowable 

ranges for certain water quality measurements. Two such allowances apply to data collected 

in the HRE during this study: the pH of class SA waters must be between 6.5 and 8.5, and 

the dissolved oxygen concentration of these waters must be greater than 6.0 mg/L. The 

standards outlined in 314 CMR 4.00 constitute the primary legal obligations for water quality 

in the HRE, and these values are marked on figures below to provide context for the data 

30 MassDEP 
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reported therein. These thresholds are most beneficial to understanding this study’s results as 

showing the maximum allowable extent of water quality degradation, at which the HRE can 

still function well enough to be classified as a high-quality coastal ecosystem. 

 

 

33 



RESULTS 

BENTHIC MACROINVERTEBRATE SURVEY 

 Tables detailing the benthic macroinvertebrate study data can be found in the 

appendices (pp. 54 – 57).  While benthic invertebrate surveys are a good indicator of water 

quality conditions, it is generally not advisable to use the presence or absence of individual 

species to draw conclusions about the health of a water body. The factors which determine 

species abundance and distribution are complex, and any given assemblage of species will 

respond differently to ecosystem disturbance in different locations (Clesceri et al., 1998). 

Cape Cod National Seashore currently has a postdoctoral research position (currently held 

by Dr. Agnes Mittermayr) partially dedicated to analyzing the benthic invertebrate 

observations presented in this thesis – a testament to the complexity of statistically analyzing 

this type of data. While a formal analysis has not yet been published, Dr. Mittermayr has 

identified a few preliminary trends in this data: Of 14,040 individuals sampled, the most 

abundant organisms in terms of individuals observed (out of 14,040 total individuals) were 

bivalves, while the most abundant in terms of observed species diversity (out of 139 species 

observed) were polychaetes. A preliminary analysis of species richness indicated that 

downstream sites may support more species (although this was not shown statistically), and a 

diversity analysis using the Shannon Index was largely inconclusive. 

CHLOROPHYLL A 

 Chlorophyll a levels in the HRE were found to fluctuate significantly over the course 

of the season, with no strong visible trend. Algal populations can fluctuate dramatically and 

rapidly based on nutrient and light availability, so monthly sampling is unlikely to accurately 
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identify long-term trends in algal populations in the HRE (Valiela, 1995). As such, this data 

should be approached with a focus on individual sample measurements, specifically high 

outliers that may be indicative of algal blooms (Fig. 9.3). 

  

 

 

35 



 

Figure 6.1 – Chlorophyll a data collected during the 2013 season. From left to right, the sites are arranged from 
outside the dike to the upstream tributaries. Green columns separate data from individual sites, and the double 
columns between sites 11 and 4 denote a break from the main stem to the Pole Dike Creek tributary where 
sites 4 and 5 are located (see study area - Fig. 4). Monthly sites (A, 2, B, C, 8, and 4) were sampled from April 
to November, and seasonal sites (1, 11, and 5) were sampled in April, May, August, and November for 2013.  

 

Figure 6.2 – 2014 Chl a data. Monthly sites (A, 2, B, C, 8, and 4) were sampled from April to November, and 
seasonal sites (1, 11, and 5) were sampled in April, July, and October for 2014. Most sites above exhibit a 
degree of fall decline from early spring levels. Chl a measurements for site 11 were not available for 2014.  

 

Figure 6.3 – 2015 Chl a data. Data was only available through August 2015 due to the time constraints of this 
thesis, so seasonal data is only available for April and July (hence the lack of a third data point for sites 1, 11, 
and 5). Monthly sites were sampled twice in April through August. The highest measurement observed in this 
study period (112.60 μg/L) was taken at site 4 in July (full value not shown due to standardized y-axis scale). 
This measurement is likely not very precise due to small volume of water filtered (50-60 mL; several hundred 
mL were filtered for most other samples) and the large discrepancy between this average value’s two 
constituent measurements (71.68 μg/L and 153.52 μg/L). Nevertheless, these factors suggest that a very high 
amount of suspended matter was present relative to other samples, with more photosynthetic organisms than 
any other sample (although the exact number cannot be accurately determined). 
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CHEMICAL OBSERVATIONS 

SALINITY 

The Chequessett Neck Road dike acts as a strong divider of salinity in the HRE, 

which is most pronounced at ebb tide when samples were taken in this study. The dike 

creates a pronounced differential between upstream and downstream sites, which is 

illustrated by the river’s salinity gradient in Fig. 7. This figure represents the maximum extent 

of freshwater conditions in the estuary, as saline waters extend farther upstream at high tide.  

 
Figure 7 – Map of HRE with interpolated salinities between dike and midriver sites. Produced using the linear 
kriging interpolation tool in ArcGIS. Averages of all seasonal salinity data went into this model. Note the 
homogeneity throughout all 7 upper sites – the extent of the stagnant freshwater zone at ebb tide. 

Fig. 8 quantifies the rapid increase in salinity which occurs near the dike at low tide. 

This salinity trend is well modeled by the function y = 114.25x-0.817 (R2 = 0.8762), which 
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exhibits a slow rise from <1 ppt at the kettle ponds transitioning to an asymptotic rise to 

typical ocean levels (~30-40 ppt) outside the dike – represented by the y-axis at 21m in Fig. 8. 

Site 1 outside the dike is at 1m on the x-axis in Fig. 8.  

Figure 8 – Scatterplot showing correlation between salinity and distance from the dike for 2015. The y-axis has 
been inverted to better demonstrate the prevalence of freshwater conditions from the origin throughout much 
of the estuary and the sharp asymptotic rise to saline conditions near the dike. This correlation is well-described 
by an exponential function, with a sharp decline in salinity occurring between station A (20 m upstream of the 
dike) and station 2 (2000 m upstream). The dike is represented by the x-axis at 21m (to keep all distance values 
positive to allow exponential modeling). 

DISSOLVED OXYGEN 

 Dissolved oxygen (DO) levels in the estuary are an important indicator of 

photosynthetic activity and biochemical oxygen demand (BOD) (vanLoon & Duffy, 2005). 

58 (36.0%) of the 160 measurements taken in this study had DO below the MassDEP 6 

mg/L threshold. All three years generally exhibit similar trends, with higher DO values in the 

spring and fall and dips below the 6mg/L threshold during the summer. 
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Figure 9.1 – Dissolved oxygen data collected during the 2013 season. Chart organization is identical to Fig. 6. 
The dotted line represents the minimum dissolved oxygen level under MassDEP regulations for class SA 
coastal and marine waters (at least 6mg/L DO).  Monthly sites (A, 2, B, C, 8, and 4) were sampled from April 
to October, and seasonal sites (1, 11, and 5) were sampled in April, May, and twice in August for 2013.  

 

Figure 9.2 – 2014 DO data. 2014 data was collected according to the same schedule described in Fig. 6.2. 

Figure 9.3 – 2015 DO data. Note the fifth data point for site 4. This value, 1.52, was the lowest DO 
measurement in this study by 0.50mg/L.  Monthly sites (A, 2, B, C, 8, and 4) were sampled monthly from April 
to September, and seasonal sites (1, 11, and 5) were sampled in April and July for 2015. 
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PH 

The HRE exhibits quite variable pH throughout the year, with a higher prevalence of 

acidic conditions throughout the estuary. Out of all 160 data points collected in this study, 

81 (50.3%) had a pH below the state regulations for class SA waters of 6.5. All pH data for 

the three study years is shown in Fig. 11. pH was highest in the more saline portions of the 

estuary and tended to be above 7.0, while freshwater sites exhibited lower pH with few 

observations above 7.0. During 2013 and 2015, pH followed similar spatial and temporal 

patterns, with lower values in spring than in summer and fall. In 2014 the opposite pattern 

was observed, with generally lower acidity in freshwater portions of the estuary. In a seeming 

contradiction to this trend, the most acidic conditions of the study were measured at site B 

on November 18 2014, with an observed pH of 4.53. On the same day, sites 2, C, and 8 

produced the next three lowest pH measurements (5.09, 5.09, and 5.15, respectively). 

However, 2014 was also the only year when sampling continued into November; therefore it 

is unclear if even lower pH values would have been observed in November 2013 or 2015. 
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Figure 11.1 – pH data collected during the 2013 season. Chart organization is identical to Fig. 6 and Fig. 9. The 
two dotted lines represent the allowable pH range under MassDEP regulations for class SA coastal and marine 
waters (pH between 6.5 and 8.5). The third pH measurement for site A was 7.03 and is barely visible in this 
figure, explaining the presence of an empty column in the middle of site A’s data. All pH data follows the same 
schedule as DO data shown in Fig. 9. 

 

Figure 11.2 – 2014 pH data. Note the last pH measurement for site B: this value of 4.53, recorded during 
November 2014, is the lowest pH measured in this study by over half a pH unit. The three next lowest pH 
measurements were observed on the same sampling day at sites 2, C, and 8. 2014 data was collected according 
to the schedule described in Fig. 9.2. 

Figure 11.3 – 2015 pH data. Data was only available through September 2015 due to the time constraints of this 
thesis, so seasonal data is only available for spring and summer (hence the lack of a third data point for sites 1, 
11, and 5). The spring pH measurement for site 11 (left of the visible bar) was 7.01 and is not visible in this 
figure, explaining the presence of a second empty column preceding site 11’s data. 2015 data was collected 
according to the schedule explained in Fig. 9.3.  

4
5
6
7
8
9

10

1 A 2 B C 8 11 4 5

pH
 

Sampling site ID 

4

5

6

7

8

9

10

1 A 2 B C 8 11 4 5

pH
 

Sampling site ID 

4

5

6

7

8

9

10

1 A 2 B C 8 11 4 5

pH
 

Sampling site ID 

42 



 

OXIDATION-REDUCTION POTENTIAL 

The oxidation-reduction potential (ORP) of the HRE is relevant to this study since 

this chemical component, along with pH, determines the solubility of sedimentary metals 

and the speciation of other elements. Dissolved ion content is generally modeled using 

conductivity, which is shown in Fig. 12 in a correlation with ORP. 

 

Figure 12 – Correlation between ORP and Conductivity for 2013. This graph excludes sites 1 and A since the 
elevated salinity at the dike dramatically increases conductivity (~30-40,000 µS/cm), obscuring this relationship. 
This correlation is statistically significant at α = 0.05 (p<0.01, N=40). The two high outliers in the upper left are 
mid-river sites 2 and C in October. pH probes for this study were replaced during July 2014 and the new 
probes did not measure ORP, so 2013 is the only full year with ORP data. 

Redox potential is measured on a positive/negative scale – positive charges denote 

oxidizing conditions, while negative values denote reducing conditions. While conditions 

throughout the estuary are technically oxidizing (>0 mV), Fig. 12 shows that as redox 

potential decreases (conditions become more reducing), there is a large enough rise in water 

conductivity to suggest significantly increased ionic load. Reducing conditions favor the 

transformation of some solid-phase metals to soluble species, for example the reduction of 

insoluble Fe(III) to soluble Fe(II) is accelerated at lower ORP.31 Dissolved oxygen has a 

31 Previous studies of instrumental methods have determined that conductivity accurately measures both biotic 
and abiotic reduction of Fe(III) to Fe(II) in anoxic systems (Regberg et al., 2011) 
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significant impact on ORP, with decreases in DO corresponding to more reducing 

conditions. However, no statistically significant correlation between ORP and DO was 

identified in this study.

HYPOTHETICAL SULFUR AND IRON SPECIATION 

A transition diagram showing the most common sulfur compounds in the HRE is 

shown in Fig. 14. Within the chemical characteristics of the upper estuary shown in Fig. 13 

(ORP between 0 and 350 mV and pH between 4.5 and 7.5), sulfate (SO4 ) is likely the 

predominant form of solubilized sulfur present and soluble ferrous iron (Fe2+) is likely the 

more predominant iron species.  

 
Figure 13 – 2013 pH and ORP data for the HRE. The red box indicates typical pH/ORP values for the upper 
estuary, and corresponds to the box in figure 14. Axes are identical for Fig. 13/14.  
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Figure 14 – Transition diagram for sulfur complexation in water. Note the Fe(III)/Fe(II) transition boundary 
(Fe(II) is favored below the line, Fe(III) is favored above it). The red box roughly indicates the characteristic 
pH and redox potential for the Herring River study. Hem et al., 1962. 
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DISCUSSION  

 The salinity data presented in the results demonstrates the full extent of stagnant 

freshwater conditions due to diking in the HRE, and this stagnation has likely exacerbated 

water quality issues. This study’s water quality data corroborates previous NPS 

observations of seasonal eutrophication and associated increases in BOD. These results 

have also identified extensive acidic and reducing conditions, which appear to contribute to 

metal mobilization from drained salt marsh sediments. This discussion focuses on the 

effects of two primary ecosystem manipulations: diking, and potential mechanisms of 

acidification through salt marsh drainage as well as humic acid accumulation and 

eutrophication. 

CONSEQUENCES OF LIMITED TIDAL EXCHANGE 

 The greatly elevated residence times of the upper HRE and the extent of stagnant 

freshwater conditions shown in Fig. 7 and Fig. 8 illustrate the dramatic stagnation imposed 

by the dike. A wide range of the estuary’s current problems are likely a result of this 

stagnation and corresponding tidal exclusion: pollutants are allowed to accumulate above the 

dike by the trapped river waters, while subsiding marshes are not inundated with marine 

sediments to promote marsh building, saline waters are not promoting the flocculation of 

suspended sediments and organic material into sediments, and brackwater species are 

excluded from all but the lowest reaches of the HRE. 

SEASONAL CONCENTRATION MECHANISM OF EUTROPHICATION 

The seasonal eutrophication of an ecosystem with no anthropogenic nutrient inputs 

and a limited catchment is likely the result of synergistic interactions between biological, 
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physical, and chemical properties in this system. BOD tends to increase during summer 

months as a result of increased solar energy entering the estuary, and ammonium 

concentrations spiked by 200% in June during the previous study in the HRE (NPS, 2015). 

This study speculates that the previously documented summer eutrophication of the HRE 

during is driven by a combination of stagnation and increases in evaporative loss, waste 

deposition by wildlife, and NPP.  Nitrogen and phosphorous concentrations have previously 

been shown to spike in early summer, and iron concentrations also appear to increase at this 

time.32  Shallow water bodies such as the HRE have relatively high surface area to volume 

ratios.33 This ratio causes evaporative losses during summer months to be higher relative to 

total volume than losses in a similarly sized but deeper water body. As water evaporates from 

the estuary, contaminants are left behind, and metals, acids, and pathogens are introduced to 

the estuary from drained sediments and animal waste during precipitation events. The 

highest evaporative losses of the year are also accompanied by elevated waste deposition by 

migratory waterfowl and maximum primary productivity under increasingly eutrophic 

conditions. Due to the long residence times described previously,34 large portions of the 

estuary are allowed to remain essentially stagnant through the summer months. This 

stagnation would certainly enable the concentration of contaminants by evaporation, since 

tides are not flushing out these stagnant sections and the river water is not allowed to flow 

freely out of the dike. The dike’s prevention of waste elimination therefore may allow 

contaminants to build up in the estuary during summer months. 

32 This could be due to evaporative concentration of already dissolved iron, dropping pH dissolving more iron 
out of the sediments, or a combination of several factors. 

33 Increased siltation of the HRE due to a lack of tidal energy has significantly reduced the estuary’s volume as 
well (NPS) 

34 Six months to over a year in some locations 
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INCREASED BIOCHEMICAL OXYGEN DEMAND 

This study’s dissolved oxygen and chlorophyll a findings corroborate previous NPS 

findings about macronutrient eutrophication in the HRE (NPS, 2015). Fig. 9 makes clear the 

seasonal dips in dissolved oxygen that occur during the summer months, with several sites 

exhibiting DO levels below the MassDEP threshold for state class SA waters (6mg/L).35 

This drop in available oxygen indicates that biochemical oxygen demand (BOD) is elevated 

during the summer. Elevated BOD has immediate impacts on biological communities, and 

can also significantly alter biogeochemical processes and transformations in waters and 

sediments. DO levels can fluctuate rapidly, and many factors influence the abundance of 

oxygen in aquatic environments. Warmer water has a lower capacity to dissolve oxygen, so 

DO and temperature are often inversely correlated. BOD can be elevated by the presence of 

reducing agents such as dead organic matter, inorganic ions, and metals, which bind and 

sequester dissolved oxygen (vanLoon & Duffy, 2005).36  

Algal blooms caused by excess nutrients in a system can also increase BOD. 

Nitrogen and phosphorous 37  are common limiting nutrients for aquatic plants, algae, 

phytoplankton, and bacteria. When available in excess, these nutrients drastically increase the 

amount of photosynthetic activity a given ecosystem can support, leading to algae and 

phytoplankton blooms. During the night, respiration in this expanded population of 

photosynthetic organisms can decrease DO levels if respiration exceeds the photosynthetic 

35 DO is likely lowest at low tide (when samples were taken) due to stagnant freshwater conditions, so these 
results likely represent the lower end of DO concentrations in the HRE 

36 Elevated BOD is also a likely correlate of lower ORP (more reducing conditions), so eutrophic conditions 
may also promote the mobilization of metals like Fe(II) 

37 Both of which are present in seawater and were likely deposited into former salt marsh sediments in the 
HRE 
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replacement rate of oxygen. Increased plant biomass in turn greatly increases the amount of 

nutrients available to microbial consumers, whose populations also multiply rapidly.38 The 

growth of aquatic microbes is accompanied by a dramatic increase in aerobic respiration in 

the water, resulting in decreased oxygen levels. Species such as alewife which cannot survive 

at low DO die off, while microbes that can survive at low oxygen levels continue to multiply 

and elevate BOD as long as excess nutrients are still available to drive this process (Valiela, 

2006).  

Eutrophic increases in NPP such as algal blooms are often measured using 

chlorophyll a levels (Fig. 9). This study did not identify a significant correlation between 

dissolved oxygen and chlorophyll levels, as DO is influenced by multiple factors beyond 

primary productivity, and algal populations often fluctuate on shorter time scales than this 

monthly sampling scheme could detect. However, this study did identify at least one instance 

of a eutrophication-driven algae bloom. While no nutrient data was collected during this 

study period, previous NPS research has shown that nitrogen levels spike sharply in the 

summer. The highest chlorophyll level identified in this study was taken at site 4 during July 

2015 (Fig. 6.3).39 The lowest DO measurement in this study (1.52 mg/L) was observed at the 

same site on the same day (Fig. 8.3), indicating that an algae bloom had occurred. 

38 This includes bacteria that directly metabolize inorganic nitrogen compounds (nitrifying bacteria), as well as 
microbes that feed on organic matter from algae and aquatic plants 

39 This value – 112.60 µg/L – is likely not very accurate due to the relatively low sample volume filtered (50-60 
mL; several hundred mL were filtered for most other samples). This low filtration indicates that there was a 
very high amount of suspended matter in the sample so filtering had to be cut short. The extrapolation of the 
chl a concentration from a smaller amount of filtrate is inherently less accurate, and the large discrepancy 
between this average value’s two constituent measurements (71.68 µg/L and 153.52 µg/L) also points toward 
inaccuracy. However, it can be inferred that a very high amount of suspended matter was present relative to 
other samples, with more photosynthetic organisms than any other sample. 
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ORP AND METAL MOBILIZATION 

The anoxic conditions that result from stagnant water conditions throughout the 

upper HRE also favor the reduction and mobilization of iron as Fe(II) – a lower 

concentration of oxygen decreases the likelihood of oxidation reactions (thus increasing the 

likelihood of reduction occurring). The lack of a statistically significant correlation between 

DO and ORP is somewhat unexpected, considering oxygen levels directly impact ORP. 

However, several factors exist which may obscure this relationship. Firstly, DO fluctuates 

rapidly based on location and time, and thus one sample per month (always taken at ebb 

tide) yields more momentary snapshots at a specific point in the tidal cycle than an actual 

oxygen level trends in the HRE. ORP is also influenced by more factors than the prevalence 

of oxidizing species, and may change over longer time frames than DO. 

The statistically significant correlation between ORP and conductivity shown in Fig. 

12 demonstrates compelling evidence that redox state and metal solubility are correlated in 

the HRE. This correlation verifies that the reducing conditions characteristic of salt marsh 

sediments, along with the acidic conditions observed in the HRE (Fig. 11), are likely driving 

the reduction and mobilization of metallic ions such as iron and aluminum from drained salt 

marsh sediments. The very low conductivities observed in this study indicate that the 

sampling scheme was successful in observing the maximum extent of freshwater conditions 

by sampling at ebbing tide. 40  The exclusion of nearly all saltwater influence from 

conductivity samples, along with the significant correlation identified in Fig. 12, supports this 

paper’s assertion that the conductivity observed is complex sedimentary metal ion activity 

40 Fig. 12 excludes sites 1 and A on either side of the dike, which had conductivities around 30-40,000 
µS/cm, while the highest values upstream of the dike was ~1000 µS/cm 
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and not salinity. All sites included in Fig. 12 also fell within the lowest salinity range (0-2.58 

ppt) shown in Fig. 7, which further supports the assertion that the conductivity observed is 

ionic activity At pH greater than 5, dissolved ferrous iron is oxidized and precipitated out of 

solution within a few hours of its mobilization (Hem et al., 1962). The high variability in 

conductivity measured in the HRE therefore indicates that iron is being dynamically oxidized 

and reduced41 in this system, as opposed to singular events elevating dissolved iron for a 

short period of time. 

Furthermore, the transition diagram in Fig. 14, along with Soukup & Portnoy, 1986,  

demonstrate that sulfate (SO4
2-) is likely the dominant sulfur form at the chemical conditions 

in the HRE. This supports the hypothesis that sulfuric acid and bisulfate ions are potentially 

being mobilized from the former salt marsh sediments, and that the dynamic equilibria 

between bisulfate and sulfate is potentially the primary factor governing pH in the HRE. 

Previous studies of metal retention in estuaries have found that iron is among the most 

conserved ions in estuaries, with an experimentally-determined 99% retention rate (Valiela, 

2006). The addition of a dike to the estuary has likely prevented the expulsion of almost all 

iron from this restricted system, raising concerns related to iron’s biological toxicity and 

reinforcing the concentration hypothesis outlined above.  

Iron is also generally limiting to communities of microbes, and the HRE’s 

enrichment in this micronutrient could confer another competitive advantage to acid-

tolerant coliform already enjoying the estuary’s low pH. A lack of tidal flushing likely elevates 

coliform levels in the estuary by concentrating animal waste as described previously. The 

41 Precipitated and dissolved 
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HRE’s high fecal coliform levels may be further exacerbated by macronutrient 

eutrophication, particularly by phosphate. A study conducted in a runoff collection wetland 

adjacent to a tidal creek found that fecal coliform colonies can be phosphorus-limited under 

eutrophic freshwater conditions (Chudoba et al., 2013).  

Beyond bacterial communities, iron is probably of the greatest concern to the 

receiving waters of Wellfleet Harbor once the tidal restriction is removed. Trace elements are 

thought to be more limiting in oceanic waters than in coastal areas. For example, iron 

fertilization has been implemented in several high-profile algae bloom experiments (Valiela, 

1995). It is possible that increased rates of iron expulsion from the estuary could enrich the 

waters of the harbor enough to promote algae blooms, although it is impossible to accurately 

predict the likelihood of such an event.  

ACIDIFICATION 

pH is problematically low throughout the middle and upper reaches of the HRE, as 

shown by the MassDEP violation rate of 50% of sites shown in Fig. 11. The lowest pH 

measurements taken at open water sites in the estuary were just above 4.542, and previous 

research has shown sedimentary pore waters to exhibit pH of approximately 3 (NPS, 2015). 

When pH falls below 4 in sedimentary pore waters, iron oxidation no longer takes place 

spontaneously, so the precipitation of dissolved iron can only be facilitated by acidophilic 

bacteria. These bacteria in turn consume oxygen, inhibiting the oxidation of iron and even 

iron oxides to be remobilized from sediments (Bigham et al., 2002). Soukup & Portnoy 

found that the iron and acidification equilibria from Stumm & Morgan on pp. 24 were 

42 WQ site B recorded a pH of 4.53 in November 2014 
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occurring in former salt marsh sediments, which likely provides the primary mechanism of 

acidification in the HRE. The eutrophic conditions detailed earlier also likely lower pH, as 

CO2 released during elevated respiration would lower pH through the process detailed on pp. 

24. 

POTENTIAL ACIDIFICATION BY HUMIC ACID PRODUCTS 

The continuing decline of water pH during autumn 2014 is one of the most 

interesting trends identified in this study’s results. This trend is most apparent in the very 

low pH measurements taken on November 18, 2014 at sites 2, B, C, 8, and 4 (Fig. 11.2). 

While this trend is only obviously visible in 2014, the other two study years do not have 

available data for the month of November – when leaf senescence has progressed to a point 

of significant leaf litter deposition and microbial decomposition of leaf litter has slowed.43 

One potential driver of the observed decline in pH across multiple WQ sites during autumn 

is the leaching of humic substances from decaying leaf litter from the season’s leaf 

senescence.44 These weakly acidic compounds’ carboxyl groups have a pKa between 2.5 and 5, 

yielding sufficient acidity to remain deprotonated when dissolved in water at low 

concentration and thus contribute hydrogen ions to the system, lowering pH. The elevation 

of acidity by humic acids is most dramatic in freshwater aquatic systems without an 

abundant basic buffering compound (such as marine carbonate), and the sandy podzol soils 

surrounding the HRE also have a low capacity to buffer acids. Decreased salinity upstream 

from the dike and high residence time certainly favor significant accumulation and retention 

43 Cape Cod is also known for its reliable Indian Summer – weather remains mild significantly further into fall 
than in the rest of New England due to the surrounding ocean waters’ stored heat from the summer. This 
yearly phenomenon often pushes leaf senescence back into late October. 

44 Significant deposition of leaf litter into stagnant portions of the HRE has been observed (NPS, 2015) 
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of these transformed acidic compounds (vanLoon & Duffy, 2005).45 Humic substances also 

interact extensively with metal ions, and may increase iron reduction and solubility in the 

HRE. Adequate concentrations of humic acids (>500ppm) have been shown to produce 

organo-ferrous (Fe2+) complexes even at pH levels greater than 5. These complexes can 

persist for months and slowly release ferrous ions back into solution even when exposed to 

air (Hem et al., 1962). 

As stated in the introduction, the sediment oxidation product sulfuric acid (H2SO4) 

will completely dissociate into bisulfate and hydrogen ions (which would account for the 

decreased pH in the HRE based on previous findings). Due to bisulfate’s weakly acidic pKa 

(1.99), its speciation in the HRE is likely governed by the equilibrium HSO4
- ↔ H+ + SO4

2- - 

both sulfate and bisulfate ion are found in proportion to the products on the opposite side 

of the equilibrium. Since humic acids generally have pKa’s between 2.5 and 5, it is unlikely 

that a garden variety humic acid would have any significant impact on pH in the HRE (if the 

process identified by Soukup & Portnoy, 1986 is still going on today). However, one possible 

exception to the insignificance of these compounds comes from the invasive Phragmites. A 

2009 study demonstrated that the invasive subspecies P. a. ssp. australis secretes gallic acid 

(GA) from its rhizomes to limit the growth of competitors. This phytotoxic humic acid, 

along with its primary photo-degraded product mesoxalic acid (MOA), serve a significant 

role in promoting Phragmites’ aggressive monoculture formation (Rudrappa et al., 2009). GA 

45 Humic compounds’ predominantly negative charge can also bind pesticides and other synthetic organic 
compounds via the formation of metal bridges between the acid and the pesticide. This bridging, which is 
facilitated by transition metals such iron, effectively increases the solubility of pollutants by attaching them to 
soluble humic substances. 
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is a weak acid, with a carboxyl pKa value of 3.94. However, the photodegraded MOA product 

is substantially more acidic, with a carboxyl pKa of 1.56 (HMDB). 

Figure 15 – Molecular structure of mesoxalic acid (C3H2O5). This compound’s low molecular weight and 
simplified structure increase its acidity by enabling easier leaving of H+ ions from its two carboxyl groups. 
Image credit: HMDB. 

MOA’s pKa is lower than that of bisulfate (HSO4
-), which this study speculates is the 

dominant acid in the HRE. This difference indicates that MOA could contribute to 

decreasing pH in the HRE, as it is more liable to dissociate than bisulfate and will thus 

contribute more protons to the system even in the presence of bisulfate. The toxic nature of 

GA and MOA would also indicate that these compounds would not be re-uptaken during 

seasonal senescence. More research into the seasonal root dynamics of Phragmites is necessary 

to investigate this claim. 

CONCLUSIONS 

This study generally corroborates the findings from the National Park Services’ prior 

research in the Herring River – eutrophication and pH have reached problematic levels 

throughout the estuary, sediment drainage has mobilized metals into this system at 

potentially toxic levels, and the dike’s inhibition of tidal exchange is preventing this system 

from functioning as an estuary. Novel ideas and possibilities explored in this paper include 

the seasonal concentration hypothesis driven by stagnation and evaporative loss and the 

potential for a decline in pH due to the deposition of MOA in the estuary by invasive 
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Phragmites. Furthermore, this study’s findings on the correlation between ORP and 

conductivity identified in Fig. 12; this correlation suggests that ORP monitoring in the HRE 

should be reinstated, and iron mobilization should be explored further through the lens of 

reduction potential.  

Moving forward, the National Park Service must continue to diligently monitor the 

condition of the Herring River estuary. When the time comes for the dike to be replaced 

with adjustable flood gates, it would be wise to outsource some environmental modeling 

work to project the flow of pollutants out of the estuary into the valuable shellfishing beds in 

Wellfleet Harbor. Re-accretion of salt marsh sediments will likely take a decade or more, and 

will provide a valuable opportunity to study salt marsh restoration – specifically the speed 

and pattern of marsh accretion, as well as chemical changes associated with re-flooding 

previously drained sediments. While currently in a sorry state, this estuary is a beloved local 

resource and is well on its way to meaningful restoration. 

While this study has clearly identified several water quality factors which negatively 

impact estuarine function in the HRE, these results should not be interpreted as an objective 

judgment of appropriate future ecosystem manipulations, nor a license for those 

manipulations. The planned tide-control structure at the mouth of the estuary will relieve 

upstream stagnation, reintroduce a greater level of tidal exchange, and begin the process of 

rebuilding the estuary’s marshes. However, the Herring River estuary can never be truly 

“restored” to its condition before diking and marsh drainage. The planned dike replacement 

will effectively create a new ecosystem in the HRE, and the response of the estuary’s 

biological community to these restorations will certainly be dramatic and intriguing. Dike 

removal studies have found that the complete re-accretion of diked salt marshes could take 

up to a century, and the restoration of pre-dike chemical equilibria will likely also take several 
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decades (Jongepier et al., 2015). It will take more than ecological study for the National Park 

Service and the people of Wellfleet to decide the course of the long project ahead. Ecology is 

a tool to help understand how ecosystems function, but groups of people must decide how 

ecosystems should be changed. Throughout the planning stages, the National Park Service 

and the citizens of Wellfleet have done strong collaborative work, and the replacement of 

Chequessett Neck Road dike is expected to yield a resilient and functional estuarine 

ecosystem with increased benefits for the community and wildlife.  

 

 

57 



 

ACKNOWLEDGEMENTS 

I would like to thank aquatic ecologist Dr. Sophia Fox for hosting me as an intern at 

Cape Cod National Seashore during summer 2014, and for her essential input on this thesis. 

Two years ago, her provision of a small opportunity to a disillusioned shorebird intern 

turned out to be one of the most important moments in my academic life. Thank you to my 

Whitman advisors, Dr. Paul Yancey and Dr. Allison Calhoun, for their guidance, patience, 

and facilitation of this learning experience. I am also thankful to Herring River biological 

technician Karen Vaughan for her advice, expertise, and investment in the estuary. This 

research experience was made possible by the Summer Internship Grant from the Whitman 

Student Engagement Center. Finally, thank you to my family for supporting my interest in 

the sciences and my studies at Whitman. 

 

 

58 



APPENDICES 

A – UPPER HRE BENTHIC MACROINVERTEBRATE SURVEY DATA 
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BS_UHR_1_1_2014 0 1 0 15 0 17 0 0 0 0 0 5 0 2014 Sand 17-20 <5   5-8 detritus  2-5 
BS_UHR_1_2_2014 0 0 35 2 16 7 0 0 0 0 0 2 0 2014 Sand 17-20 <5   5-8 detritus  5-8 
BS_UHR_1_3_2014 0 0 0 2 2 0 0 0 0 0 0 0 0 2014 Sand 17-20 <5 6.0-6.5  5-8 detritus  2-5 
BS_UHR_1_4_2014 26 17 0 19 0 16 0 0 0 0 1 1 0 2014 Sand 17-20 <5 6.5-7.0  5-8 detritus  5-8 
BS_UHR_2_1_2014 0 2 0 105 2 8 0 0 0 0 3 0 0 2014 Sand <16 <5 7.0-7.5  5-8 detritus  5-8 
BS_UHR_2_2_2014 0 0 1 49 3 0 1 0 0 0 6 19 0 2014 Sand <16 <5 7.0-7.5  5-8 detritus  8-11 
BS_UHR_2_3_2014 0 0 0 18 1 0 0 0 0 0 2 0 0 2014 Sand <16 <5 8.0-8.5  5-8 detritus  5-8 
BS_UHR_2_4_2014 18 0 0 74 0 2 0 0 0 0 1 18 0 2014 Sand <16 <5 7.0-7.5  5-8 detritus  5-8 
BS_UHR_3_1_2014 0 4 0 64 4 3 1 0 0 0 5 0 0 2014 Sand <16 <5 6.0-6.5  5-8 detritus  5-8 
BS_UHR_3_2_2014 0 1 0 36 2 0 0 0 0 0 4 18 0 2014 Sand <16 <5 7.5-8.0  5-8 detritus  5-8 
BS_UHR_3_3_2014 0 1 0 104 4 8 0 0 0 0 1 0 0 2014 Sand <16 <5 6.0-6.5  5-8 detritus  5-8 
BS_UHR_3_4_2014 0 0 0 63 5 6 0 0 0 0 4 10 0 2014 Sand <16 <5 7.0-7.5  5-8 detritus  8-11 
BS_UHR_4_1_2014 0 0 0 21 43 0 1 0 0 0 0 11 0 2014 Sand <16 <5 6.0-6.5  5-8 detritus  5-8 
BS_UHR_4_2_2014 0 0 0 21 1329 1 0 0 0 0 0 6 0 2014 Sand 17-20 <5 5.5-6.0  5-8 detritus  5-8 
BS_UHR_4_3_2014 0 0 0 1 395 1 0 0 0 0 0 70 0 2014 Sand <16 <5 6.0-6.5  5-8 detritus  2-5 
BS_UHR_4_4_2014 0 0 0 13 581 4 0 0 0 0 0 0 0 2014 Sand <16 <5 6.0-6.5  5-8 detritus  2-5 
BS_UHR_5_1_2014 0 5 2 38 9 0 0 0 0 0 1 0 0 2014 Sand <16 <5 6.0-6.5  5-8 detritus  8-11 
BS_UHR_5_2_2014 0 0 0 34 6 1 1 0 0 0 0 0 1 2014 Sand <16 <5 6.0-6.5  5-8 detritus  5-8 
BS_UHR_5_3_2014 0 0 0 13 0 0 1 0 0 0 3 0 0 2014 Sand <16 <5 6.0-6.5  8-10 detritus  5-8 
BS_UHR_5_4_2014 0 0 0 18 2 0 2 0 0 0 1 0 0 2014 Sand <16 <5 6.0-6.5  5-8 detritus  2-5 
BS_UHR_1_1_2015 0 3 0 5 2 40 0 0 0 0 2 11 0 2015 Sand 21-24 <5 6.0-6.5 <3 detritus  5-8 
BS_UHR_1_2_2015 0 1 1 10 2 28 0 0 0 0 6 46 0 2015 Sand 21-24 <5 6.0-6.5 <3 detritus  8-11 
BS_UHR_1_3_2015 0 88 13 4 3 45 0 0 0 0 16 4 0 2015 Sand 17-20 <5 6.0-6.5  5-8 detritus  8-11 
BS_UHR_1_4_2015 0 60 0 1 9 92 24 0 0 0 3 0 1 2015 Sand 17-20 <5 6.0-6.5  5-8 detritus  8-11 
BS_UHR_2_1_2015 0 1 0 4 2 21 0 0 0 0 0 0 0 2015 Sand 17-20 <5 6.0-6.5  5-8 detritus  2-5 
BS_UHR_2_2_2015 0 7 0 6 0 18 0 0 0 0 0 0 0 2015 Sand 17-20 <5 6.0-6.5  5-8 detritus  2-5 
BS_UHR_2_3_2015 0 5 0 6 0 2 0 0 0 0 6 0 0 2015 Sand 17-20 <5 6.0-6.5  3-5 detritus  5-8 
BS_UHR_2_4_2015 0 0 0 45 2 11 0 0 0 0 6 0 0 2015 Sand 17-20 <5 5.5-6.0  5-8 detritus  5-8 
BS_UHR_3_1_2015 0 0 0 8 650 8 0 0 0 0 11 7 0 2015 Sand <16 <5 5.5-6.0  5-8 detritus  5-8 
BS_UHR_3_2_2015 1 10 0 44 52 65 2 0 0 0 8 0 1 2015 Sand <16 <5 6.5-7.0  5-8 detritus  11-14 
BS_UHR_3_3_2015 0 21 0 87 50 29 0 0 0 0 3 0 0 2015 Sand <16 <5 6.0-6.5  5-8 detritus  5-8 
BS_UHR_3_4_2015 6 0 0 27 15 4 0 0 0 0 4 4 1 2015 Sand <16 <5 6.0-6.5  5-8 detritus  8-11 
BS_UHR_4_1_2015 19 0 0 4 21 3 0 0 0 0 0 0 6 2015 Sand <16 <5 6.0-6.5  5-8 detritus  5-8 
BS_UHR_4_2_2015 0 0 0 5 92 28 0 0 0 0 1 2 0 2015 Sand <16 <5 5.5-6.0  5-8 detritus  5-8 
BS_UHR_4_3_2015 0 0 1 19 231 33 3 0 0 0 0 0 0 2015 Sand <16 <5 <5.5  5-8 detritus  8-11 
BS_UHR_4_4_2015 0 0 0 18 80 27 0 0 0 0 0 0 0 2015 Sand 17-20 <5 6.0-6.5  5-8 detritus  2-5 
BS_UHR_5_1_2015 0 0 2 9 6 0 3 0 0 0 1 0 0 2015 Sand 17-20 <5 5.5-6.0  3-5 detritus  8-11 
BS_UHR_5_2_2015 0 0 0 35 2 7 0 0 0 0 5 2 0 2015 Sand 17-20 <5 5.5-6.0  3-5 detritus  5-8 
BS_UHR_5_3_2015 2 0 0 85 7 1 0 0 0 0 2 4 0 2015 Sand 17-20 <5 5.5-6.0  3-5 detritus  8-11 
BS_UHR_5_4_2015 0 0 0 5 5 13 2 0 0 0 0 1 0 2015 Sand 17-20 <5 5.5-6.0  3-5 detritus  5-8 
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B – LOWER HRE BENTHIC MACROINVERTEBRATE SURVEY DATA 
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BS_LHR_1_2_2013 0 3 112 4 0 0 0 1 0 0 0 6 0 2013 Sand 25-28 20-30 7.5-8.0  5-8 detritus/algae  5-8 
BS_LHR_1_3_2013 34 4 2 1 0 2 0 0 0 0 0 1 0 2013 Sand 25-28 20-30 7.5-8.0  5-8 detritus  8-11 
BS_LHR_1_4_2013 5 3 0 0 2 1 0 0 0 0 0 0 0 2013 Sand 25-28 20-30 7.5-8.0  5-8 detritus  5-8 
BS_LHR_3_1_2013 0 16 0 0 0 5 0 0 0 0 0 0 0 2013 Sand 25-28  10-20 7.0-7.5  3-5 bare  2-5 
BS_LHR_3_2_2013 6 4 0 0 0 7 0 0 0 0 0 1 0 2013 Sand 21-24 20-30 6.5-7.0  3-5 detritus/algae  5-8 
BS_LHR_3_3_2013 13 39 0 1 0 14 0 0 0 0 0 0 0 2013 Sand 25-28 20-30 7.5-8.0  5-8 detritus/algae  11-14 
BS_LHR_3_4_2013 8 7 0 3 0 2 0 0 0 0 0 0 0 2013 Sand 25-28 20-30 7.5-8.0  5-8 detritus  11-14 
BS_LHR_4_1_2013 9 0 20 0 0 0 0 0 0 0 0 0 0 2013 Sand 21-24 <5 6.5-7.0  5-8 bare  2-5 
BS_LHR_4_2_2013 0 0 93 0 2 0 0 0 0 0 0 0 0 2013 Sand 17-20 <5 6.0-6.5  3-5 detritus  5-8 
BS_LHR_4_3_2013 3 0 220 0 0 0 0 0 0 0 0 1 0 2013 Sand 17-20 <5 6.0-6.5  3-5 detritus  2-5 
BS_LHR_4_4_2013 0 0 178 1 0 0 0 0 0 0 0 0 0 2013 Sand 17-20 <5 6.0-6.5  3-5 detritus  2-5 
BS_LHR_5_1_2013 0 0 68 0 6 0 0 0 0 0 0 0 29 2013 Sand 21-24 <5 6.0-6.5  3-5 bare  5-8 
BS_LHR_5_2_2013 0 0 151 0 0 0 0 0 0 0 0 0 0 2013 Sand 17-20 <5 5.5-6.0  5-8 detritus  2-5 
BS_LHR_5_4_2013 0 0 789 0 4 0 0 2 0 0 0 2 0 2013 Sand 17-20 <5 6.0-6.5  3-5 detritus  5-8 
BS_LHR_1_3_2014 4 68 1 1 0 2 0 0 4 0 0 0 5 2014 Sand 21-24 20-30 8.0-8.5 >10 detritus  8-11 
BS_LHR_1_4_2014 21 11 4 2 0 4 0 0 4 0 0 0 2 2014 Sand 21-24 20-30 7.0-7.5  8-10 detritus/algae  11-14 
BS_LHR_3_1_2014 4 7 4 0 0 17 0 0 0 0 0 0 0 2014 Sand 21-24  10-20 7.0-7.5  8-10 detritus  5-8 
BS_LHR_3_2_2014 6 46 2 14 0 14 0 0 0 0 0 0 0 2014 Sand 21-24  10-20 7.0-7.5  8-10 algae  11-14 
BS_LHR_3_3_2014 5 16 0 1 0 22 0 0 0 0 0 0 0 2014 Sand 21-24 20-30 7.5-8.0 >10 detritus  5-8 
BS_LHR_3_4_2014 13 5 6 0 0 4 0 0 4 1 0 5 0 2014 Sand 21-24 20-30 7.0-7.5  8-10 detritus 14-17 
BS_LHR_4_1_2014 7 0 460 0 0 0 0 0 0 0 0 1 0 2014 Sand 21-24 <5 7.5-8.0 >10 detritus  2-5 
BS_LHR_4_2_2014 7 0 816 1 0 0 2 0 0 0 0 26 0 2014 Sand 21-24 <5 8.0-8.5 >10 detritus  8-11 
BS_LHR_4_3_2014 4 0 219 2 0 0 0 0 0 0 0 2 0 2014 Sand 25-28  10-20 8.0-8.5 >10 detritus  5-8 
BS_LHR_4_4_2014 19 1 0 0 0 0 0 0 0 0 0 0 0 2014 Sand 25-28  5-10 8.0-8.5 >10 detritus  2-5 
BS_LHR_5_1_2014 2 0 24 0 1 0 0 0 0 0 0 0 0 2014 Sand 21-24 <5 6.5-7.0  5-8 detritus  5-8 
BS_LHR_5_2_2014 0 0 244 0 10 0 0 4 0 0 0 2 0 2014 Sand 21-24 <5 6.5-7.0  5-8 detritus  5-8 
BS_LHR_5_3_2014 0 0 1 0 2 1 0 0 0 0 6 10 0 2014 Sand 21-24 <5 6.0-6.5  5-8 detritus  5-8 
BS_LHR_5_4_2014 0 1 183 0 1 0 1 2 0 0 0 2 0 2014 Sand 17-20 <5 7.0-7.5 >10 detritus  5-8 
BS_LHR_1_1_2015 12 32 36 5 0 2 0 3 0 0 1 1 0 2015 Sand 21-24 20-30 7.5-8.0  5-8 detritus/algae 17-20 
BS_LHR_1_2_2015 9 77 0 4 0 14 0 0 0 0 0 0 0 2015 Sand 21-24 20-30 7.5-8.0  8-10 detritus/algae  8-11 
BS_LHR_1_3_2015 20 8 33 8 0 0 0 0 0 0 0 0 0 2015 Sand 25-28 20-30 7.5-8.0  5-8 detritus/algae  11-14 
BS_LHR_1_4_2015 6 23 2 0 0 0 0 0 0 0 0 0 0 2015 Sand 25-28 20-30 7.5-8.0  5-8 ruppia  5-8 
BS_LHR_3_1_2015 2 18 2 0 0 7 0 0 0 0 0 0 0 2015 Sand 25-28 20-30 7.5-8.0  5-8 detritus  5-8 
BS_LHR_3_2_2015 10 38 1 12 1 85 0 0 0 0 0 4 0 2015 Sand 25-28 20-30 7.5-8.0  8-10 detritus  11-14 
BS_LHR_3_3_2015 4 77 2 6 0 89 0 0 0 0 0 4 1 2015 Sand 25-28 20-30 7.5-8.0  5-8 detritus/algae  8-11 
BS_LHR_3_4_2015 2 0 23 0 0 52 0 0 0 0 0 0 0 2015 Sand 25-28 20-30 7.5-8.0  5-8 detritus  2-5 
BS_LHR_4_1_2015 2 18 12 0 5 1 0 0 0 0 0 0 0 2015 Sand <20 <5 6.0-6.5  3-5 detritus  5-8 
BS_LHR_4_2_2015 6 1 164 1 0 0 0 0 0 0 0 0 0 2015 Sand <20 <5 6.0-6.5  5-8 detritus  2-5 
BS_LHR_4_3_2015 3 64 64 15 1 1 1 0 0 0 0 0 0 2015 Sand 21-24 <5 6.5-7.0  3-5 detritus  11-14 
BS_LHR_4_4_2015 0 3 96 0 0 0 0 3 0 0 0 0 0 2015 Sand <20 <5 6.0-6.5  3-5 detritus  11-14 
BS_LHR_5_1_2015 226 0 78 0 4 0 0 4 0 0 0 0 0 2015 Sand 21-24 <5 6.0-6.5  5-8 detritus  2-5 
BS_LHR_5_2_2015 2 0 36 0 8 0 0 1 0 0 0 0 0 2015 Sand 21-24 <5 6.0-6.5  5-8 detritus  2-5 
BS_LHR_5_3_2015 0 0 3 0 1 0 0 0 0 0 0 0 0 2015 Sand 21-24 <5 6.0-6.5  5-8 detritus  2-5 
BS_LHR_5_4_2015 21 1 9 0 27 0 0 0 0 0 0 0 0 2015 Sand <20 <5 6.0-6.5  3-5 detritus  2-5 
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C – DOWNSTREAM HRE BENTHIC MACROINVERTEBRATE SURVEY DATA 
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BS_DS_1_1_2013 2 1 0 0 0 0 0 0 0 0 0 0 0 2013 Sand 21-24 >30 7.5-8.0  8-10 detritus  2-5 
BS_DS_1_2_2013 1 6 0 0 0 0 0 0 0 0 0 0 0 2013 Sand 21-24 >30 7.5-8.0  8-10 detritus  2-5 
BS_DS_1_3_2013 1 0 16 0 0 0 0 0 2 1 0 0 0 2013 Sand 21-24 >30 7.5-8.0  8-10 detritus  5-8 
BS_DS_1_4_2013 1 14 0 0 0 0 0 0 0 0 0 0 0 2013 Sand 21-24 >30 7.5-8.0  8-10 detritus  2-5 
BS_DS_2_1_2013 0 0 0 0 0 2 0 0 0 0 0 0 0 2013 Sand 21-24 >30 7.5-8.0  8-10 bare  2-5 
BS_DS_2_2_2013 0 4 0 0 0 0 0 0 0 0 0 0 0 2013 Sand 21-24 >30 7.5-8.0  8-10 detritus  2-5 
BS_DS_2_3_2013 6 16 0 0 0 0 0 0 0 0 0 0 0 2013 Sand 21-24 20-30 7.5-8.0  5-8 detritus  2-5 
BS_DS_2_4_2013 2 3 0 0 0 0 0 0 0 0 0 0 0 2013 Sand 21-24 >30 8.0-8.5  8-10 detritus  2-5 
BS_DS_3_1_2013 0 1 0 0 0 3 0 0 0 0 0 0 0 2013 Sand 21-24 >30 7.5-8.0  5-8 bare  2-5 
BS_DS_3_2_2013 2 1 0 0 0 0 0 0 0 0 0 0 0 2013 Sand 21-24 20-30 7.5-8.0  5-8 detritus  2-5 
BS_DS_3_3_2013 2 1 69 0 0 0 0 0 0 0 0 0 0 2013 Sand 21-24 20-30 7.5-8.0  5-8 detritus  2-5 
BS_DS_3_4_2013 0 1 3 0 0 0 0 0 0 0 0 0 0 2013 Sand 21-24 20-30 7.5-8.0  5-8 detritus  2-5 
BS_DS_4_1_2013 2 8 1 0 0 0 0 0 1 0 0 0 1 2013 Sand >28  10-20 7.0-7.5  5-8 bare  5-8 
BS_DS_4_4_2013 1 5 0 0 0 0 0 0 0 0 0 0 0 2013 Sand 25-28 20-30 8.0-8.5 >10 detritus  2-5 
BS_DS_5_1_2013 4 0 25 5 0 4 0 0 0 5 0 0 0 2013 Sand >28  10-20 7.0-7.5  5-8 bare  8-11 
BS_DS_5_2_2013 1 4 0 0 0 4 0 0 1 0 0 0 0 2013 Sand 25-28 20-30 8.0-8.5  8-10 detritus  2-5 
BS_DS_5_3_2013 0 1 0 0 0 3 0 0 3 6 0 0 0 2013 Sand 25-28 20-30 8.0-8.5 >10 detritus  2-5 
BS_DS_5_4_2013 0 31 0 0 0 1 0 0 0 3 0 0 0 2013 Sand 25-28 20-30 8.0-8.5  8-10 bare  2-5 
BS_DS_1_1_2014 8 8 1 0 0 0 0 0 0 0 0 0 0 2014 Sand 21-24 >30 8.0-8.5  8-10 detritus  5-8 
BS_DS_1_2_2014 1 5 2 0 0 0 0 0 2 1 0 2 0 2014 Sand 21-24 >30 8.0-8.5  5-8 detritus  8-11 
BS_DS_1_3_2014 0 23 0 0 0 0 0 0 2 0 0 0 0 2014 Sand 21-24 >30 8.0-8.5  5-8 detritus  2-5 
BS_DS_1_4_2014 0 10 0 0 0 1 0 0 1 0 0 1 0 2014 Sand 21-24 >30 8.0-8.5  5-8 detritus  2-5 
BS_DS_2_1_2014 3 0 0 0 0 0 0 0 0 1 0 0 0 2014 Sand 21-24 >30 >8.5  8-10 detritus  2-5 
BS_DS_2_2_2014 7 1 0 0 0 0 0 0 0 1 0 1 1 2014 Sand 21-24 >30 8.0-8.5  8-10 detritus  8-11 
BS_DS_2_3_2014 4 5 45 0 0 0 0 0 0 1 0 2 0 2014 Sand 21-24 >30 >8.5  5-8 detritus  8-11 
BS_DS_3_2_2014 2 14 0 1 0 2 0 0 2 0 0 0 4 2014 Sand 21-24 >30 >8.5  5-8 detritus  5-8 
BS_DS_3_3_2014 2 12 434 0 0 0 0 0 2 0 0 4 0 2014 Sand 21-24 >30 >8.5  8-10 detritus  5-8 
BS_DS_4_1_2014 0 2 0 0 0 0 0 0 0 0 0 0 21 2014 Sand 21-24 20-30 8.0-8.5  8-10 algae  2-5 
BS_DS_4_2_2014 0 7 0 0 0 0 0 0 1 0 0 0 0 2014 Sand 21-24 >30 >8.5  8-10 detritus  2-5 
BS_DS_4_3_2014 0 1 519 3 0 0 0 0 1 1 0 0 0 2014 Sand 21-24 >30 >8.5  5-8 detritus  5-8 
BS_DS_4_4_2014 12 2 100 0 0 0 0 0 4 0 0 2 1 2014 Sand 21-24 >30 >8.5  8-10 detritus  11-14 
BS_DS_5_1_2014 0 12 536 0 0 5 0 0 1 0 0 2 0 2014 Sand 21-24 >30 8.0-8.5  8-10 detritus  5-8 
BS_DS_5_2_2014 0 0 2 0 0 0 0 0 2 6 0 1 0 2014 Sand 21-24 >30 >8.5  8-10 detritus  5-8 
BS_DS_5_3_2014 2 3 22 0 0 0 0 0 6 4 0 3 17 2014 Sand 21-24 >30 8.0-8.5  8-10 detritus  11-14 
BS_DS_5_4_2014 0 11 2 0 0 2 0 0 2 5 0 1 23 2014 Sand 21-24 >30 >8.5  8-10 detritus/algae  8-11 
BS_DS_1_1_2015 0 23 1 0 0 55 0 6 4 0 0 0 0 2015 Sand 25-28 >30 8.0-8.5  8-10 detritus/algae  8-11 
BS_DS_1_2_2015 2 13 0 0 0 45 0 1 0 0 0 0 0 2015 Sand 25-28 >30 8.0-8.5  8-10 detritus  5-8 
BS_DS_1_3_2015 0 9 0 0 0 2 0 0 5 0 0 0 0 2015 Sand 25-28 >30 8.0-8.5  8-10 detritus  2-5 
BS_DS_1_4_2015 0 3 0 0 0 13 0 0 2 0 0 0 0 2015 Sand 25-28 >30 8.0-8.5  8-10 algae  5-8 
BS_DS_2_1_2015 12 0 0 0 0 19 0 0 0 0 0 0 9 2015 Sand 25-28 >30 8.0-8.5  8-10 detritus  8-11 
BS_DS_2_2_2015 2 1 3 0 0 0 0 0 0 0 0 0 0 2015 Sand 25-28 >30 8.0-8.5  8-10 detritus/algae  5-8 
BS_DS_2_3_2015 14 3 0 0 0 0 0 0 0 0 0 0 0 2015 Sand 25-28 >30 8.0-8.5  8-10 detritus  5-8 
BS_DS_2_4_2015 8 4 0 0 0 29 0 0 0 0 0 0 0 2015 Sand 25-28 >30 8.0-8.5  8-10 detritus  5-8 
BS_DS_3_1_2015 18 3 7 0 0 1 0 0 0 0 0 0 0 2015 Sand 21-24 >30 7.5-8.0  5-8 detritus  5-8 
BS_DS_3_2_2015 7 1 3 0 0 0 0 0 0 0 0 2 0 2015 Sand 21-24 >30 7.5-8.0  5-8 detritus  5-8 
BS_DS_3_4_2015 1 2 5 0 0 0 0 0 1 0 0 0 0 2015 Sand 21-24 >30 7.5-8.0  5-8 detritus  2-5 
BS_DS_4_1_2015 14 12 0 0 0 2 0 0 0 0 0 1 0 2015 Sand 21-24 >30 7.5-8.0  5-8 detritus  8-11 
BS_DS_4_2_2015 43 3 364 1 0 0 0 0 0 0 0 0 0 2015 Sand 21-24 >30 7.5-8.0  5-8 detritus  8-11 
BS_DS_4_3_2015 12 18 83 0 0 1 0 0 0 0 0 0 0 2015 Sand 21-24 >30 7.5-8.0  5-8 detritus  11-14 
BS_DS_4_4_2015 72 5 523 1 0 1 0 0 3 0 0 0 0 2015 Sand 21-24 >30 7.5-8.0  5-8 detritus 14-17 
BS_DS_5_2_2015 46 10 3 0 0 1 0 4 1 0 0 38 0 2015 Sand 21-24 20-30 7.5-8.0  5-8 detritus/algae 17-20 
BS_DS_5_3_2015 26 46 4 2 0 16 0 0 2 0 0 0 0 2015 Sand 21-24 20-30 7.5-8.0  8-10 detritus 17-20 
BS_DS_5_4_2015 8 20 5 0 0 17 0 0 1 0 0 2 0 2015 Sand 21-24 20-30 7.0-7.5  5-8 detritus 14-17 
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