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Development has been shown to alter the physical, chemical, and biological 

characteristics of water bodies, leading to degraded water quality. Maintaining water 

quality while allowing for growth presents a major challenge for communities.  The Lake 

Waukewan watershed encompasses five towns in the rapidly-growing Lakes Region of 

New Hampshire, and the lake is the public drinking water supply for the Town of 

Meredith.  Over the past decade, water quality has declined as population has increased, 

and watershed towns responded by creating a watershed management plan.  To establish 

baseline water quality data for the watershed and to identify potential areas in the 

watershed that posed threats to lake water quality, we analyzed physical habitat and water 

chemistry at 12 tributary sites, and physical habitat and macroinvertebrate community 

composition at six tributary sites.  Water quality was generally good throughout the 

watershed, indicated by intact riparian zones, the predominance of forest cover, and 

average diversity for first- and second-order streams.  Several subwatersheds, particularly 

those near the urbanized portion of Meredith, as well as southern New Hampton and 

Center Harbor, showed elevated conductance levels; higher than optimal phosphorus 

concentrations were found in scattered subwatersheds.  Generally, chemical variables 

indicated declining water quality with increasing imperviousness; biological and habitat 

variables improved as impervious increased, in contrast to prior research.  However, 

signs of biological stress were observed, including lower than expected abundance of 

sensitive taxa, dominance by oligochaetes and tolerant chironomids, and an imbalance in 

functional feeding groups.  We believe that the small sampling size, the small range of 

impervious cover in the watershed, and the small size of the sampled streams may have 

masked the actual effects of imperviousness on habitat and diversity.  Local riparian land 

use contributed more to instream habitat conditions than whole-watershed land use did; 

while whole-watershed land use patterns better determined water chemistry in streams.  

High priority should be placed on the Lower Reservoir, Upper Reservoir, Saywood 

Brook, Pollard Shores, Golf Course Drainage, and Monkey Pond sites. 
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Assessing Water Quality in the Lake Waukewan 

Watershed, Meredith, NH: Integrating Biological 

Indicators, Water Chemistry, and Land Use 
 

Chapter One: Introduction and Purpose 

 

1.1 Introduction 

 Water plays many vital roles in our lives; not only do we depend on clean water for 

drinking, but also for supporting agriculture, sustaining aquatic fisheries and ecosystems, 

enjoying water-based recreation such as swimming, fishing, and boating, and appreciating the 

aesthetics of lakes, rivers, and streams.  The need to sustain water resources, however, often 

competes with many activities of day-to-day life.  Poorly-planned shoreline development, road 

construction and subsequent automobile travel, increased lake recreation, introduction of exotic 

species and concurrent disruption of native ecosystems, and other stressors frequently threaten 

water quality. 

 Both human health and ecosystem health are tied to water quality.  Inputs of bacteria, 

viruses, and contaminants from sewage, urban and agricultural runoff, and other sources pose 

serious threats to human health and threaten aquatic ecosystems.  Land disturbance and clearing 

of riparian vegetation may result in increased sedimentation levels and water temperature, thus 

impacting fish, invertebrate, and other wildlife habitat.  Nutrient imbalances often lead to algal 

blooms, resulting in decreased aesthetic and recreational value, negative impacts to 

biodiversity, increased treatment costs, and, sometimes, public health threats in the case of 

toxic blooms. 

 In 2000, the US Environmental Protection Agency (EPA) estimated that 40% of the 

nation‘s water bodies were unsafe for fishing or swimming.  Moreover, the EPA identified 

nonpoint source (NPS) pollution, or pollution derived from diffuse sources throughout the 

landscape, as the most significant contributor to water pollution in the United States, 

accounting for between 70% and 90% of all water quality impairment (US EPA 2000a).  

Sources of NPS pollution include nutrients and sediments from agricultural runoff, poor 

logging practices, road or building construction, septic systems, lawns, or stormwater runoff 

from roads and parking lots.  Stormwater runoff from urban and suburban areas has been 

identified by the US EPA (2000b) as a significant source of NPS pollution; contaminated 

runoff from roads, rooftops, parking lots, and other impervious surfaces represents the second-

largest sector of NPS pollution in lakes and the third-largest pollution source in rivers (Barrios 

2000; Arnold and Gibbons 1996; Carpenter et al. 1998). 

 NPS pollution affects the physical, chemical, and biological quality of water bodies by 

disrupting the balance between these three components of water quality.  The point at which the 

concentration of a substance exceeds the ecosystem‘s ability to break down or incorporate the 

substance, aquatic life or human safety may be compromised.  For instance, increased 

temperatures and sedimentation due to clearing of vegetation may lead to changes in aquatic 
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communities (May et al. 1997; Richards and Host 1994; Klein 1979), while increases in 

dissolved substances (e.g.—chloride) or in biota (e.g.—cyanobacteria) may impact the taste or 

safety of drinking water (Carpenter et al. 1998; Paerl 1988).  

 The interaction between water bodies and the surrounding land area underlines the 

importance of a whole-watershed approach to water quality, because varying land use patterns 

across a landscape have different implications for water quality (Richards and Host 1996).  For 

instance, the extent and intensity with which an area urbanizes is strongly correlated with 

generation of NPS pollution and resultant declines in water quality (e.g.—May et al. 1997; 

Schueler 1994).  A joint study by the Trust for Public Lands and the American Water Works 

Association found an inverse relationship between treatment costs and the percentage of 

forested land in a watershed among 27 public water suppliers throughout the United States.  For 

each 10 percent decrease in forest cover, treatment costs increased an average of 20 percent 

(Freeman et al. 2008).  Although urbanization is generally characterized by increasing human 

population, activity, and modification of landforms (McDonnell and Pickett 1990), certain 

elements are consistently associated with urbanization.  Specifically, imperviousness, or the 

sum of roads, parking lots, sidewalks, rooftops, and other impermeable surfaces in a landscape, 

is often used as a surrogate for the amount of urbanization occurring within a watershed 

(Schueler 1994). 

 While imperviousness itself is not a direct source of water pollution, it creates 

conditions that contribute to impaired water quality and changes in aquatic communities.  The 

impact of impervious surfaces on water bodies is a combination of hydrologic changes, 

physical alterations to stream channels and shorelines, and increased generation of pollutants 

(Deacon et al. 2005; Coles et al. 2004; Booth et al. 2002; Barrios 2000; Arnold and Gibbons 

1996; Schueler 1994; Klein 1979).  A comprehensive literature review of these physical and 

chemical changes to water bodies and their impacts on macroinvertebrate community 

assemblages, as well as relevant water quality protection legislation, are presented in Chapter 1.  

Chapter 2 describes the study area and methods utilized in the study.  Chapter 3 presents the 

results of the study, and Chapter 4 discusses those results.  Chapter 5 contains 

recommendations for the watershed communities.  A companion thesis, Madorma and 

Greenawalt-Yelle (2008) also addresses the issue of watershed imperviousness from a 

Geographic Information Systems (GIS) perspective. 

 

1.2  Purpose of the study 
 

 This study aims to identify potential threats to drinking water supply in the Lake 

Waukewan watershed, in accordance with the 1996 amendments to the Safe Drinking Water 

Act (SDWA), which emphasized that a proactive approach to safe drinking water is preferable 

to treatment or restoration of degraded sources (Daniels 2003; US EPA 2004).  This philosophy 

is echoed by the State of New Hampshire, which maintains that it is ―easier, cheaper, and more 

logical to protect lakes from degradation than it is to restore degraded lakes‖ (NH DES 1999). 

 The main objectives of the current study, therefore, were to assess water quality in 

subwatersheds throughout the watershed, to pinpoint subwatersheds of concern relative to 

water quality, and to identify subwatersheds with good water quality that should be maintained.  

Additionally, the current study explored the relationship between the components of water 
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quality and subwatershed imperviousness, in order to recommend management objectives to 

address the impacts of imperviousness to water quality. 

 The combination of water chemistry sampling, physical habitat assessment, and 

biological monitoring of subwatershed tributaries provided a baseline comparison of water 

quality throughout the watershed, while the inclusion of imperviousness data gathered in a 

parallel study by Linda Madorma (Madorma and Greenawalt-Yelle 2008) allowed communities 

to visualize the relationship between land use and water quality.  Communities can then 

monitor changes in water quality over time, identify and address specific areas within the 

watershed which pose threats to overall lake water quality, and identify and protect areas of 

good water quality.  Thus, the data obtained through this study provided communities with 

baseline data, as well as a powerful planning tool. 

 

1.3 Literature Review 
 

Defining Water Quality 

 The term water quality describes the suite of interrelated physical, chemical, and 

biological characteristics of water (Figure 1) and therefore requires the integration of landscape 

factors above a particular sampling point.  As landscapes are increasingly altered as a 

consequence of urbanization, changes to hydrology, physical stream channels, chemical traits, 

and biological assemblages occur (e.g.—Deacon et al 2005; Baker 2003; May et al 1997; 

Arnold and Gibbons 1996; Allan 1995; Klein 1979; Dunne and Leopold 1978). 

Components of 

water quality

Physical factors:

temperature, velocity, 

substrate, channel 

traits, conductivity, DO

Biological factors: 

community assemblages 

of aquatic animals and 

plants, algae

Chemical factors: 

nutrients, dissolved 

compounds

 
Figure 1: Components of water quality.  Water quality describes the suite of interrelated 

physical, chemical, and biological characteristics of water. 

 

 Various hydrologic and geomorphic variables such as velocity and flow regimes, 

channel morphology, substrate composition, and temperature, comprise the physical component 

of water quality.  Additionally, variables including conductance, pH, and dissolved oxygen  are 
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considered to be physicochemical variables since they are physical properties of water that are 

important determinants of water chemistry (Brooks et al 2003).  For instance, conductance 

measures the electric current (a physical property) that can pass through water; this 

measurement represents the amount of dissolved chemical constituents present in a sample.  

Likewise, the amount of oxygen capable of being dissolved in water is influenced by 

temperature (a physical property) biological activity (Brooks et al 2003).  These variables 

shape aquatic habitat, influence the chemical and biological condition of water bodies, and may 

contribute to transport of chemical pollutants.  For example, both increased flow and disruption 

of vegetative buffers lead to increased erosion of fine sediments and diminished habitat quality 

for aquatic biota (Roy et al. 2003; May et al. 1997; Schueler 1994; Klein 1979). 

 All water bodies are influenced by their surrounding land area—the ‗watershed‘ or 

‗catchment‘.  In addition, contact with the atmosphere, biota, soil, and parent rock influences 

the type and concentration of dissolved chemical constituents.  These constituents, including 

dissolved inorganic minerals, organic byproducts of biological processes, and synthetic 

compounds such as pesticides or fertilizers, have long been used as water quality indicators 

(Hem 1985).  Although regional geology has a major influence on water chemistry, 

anthropogenic inputs such as land cover change, agriculture, and urbanization also contribute to 

water chemistry.  For instance, excessive concentrations of nitrate and phosphorus may result 

from inputs of fertilizers and human or animal waste, while high chloride levels arise from 

runoff from roads and parking lots (Paul and Meyer 2001; Nimiroski and Waldron 2000; 

Carpenter et al. 1998). 

 Bacteria, protozoa, fish, invertebrates, and other aquatic organisms comprise the 

biological component of water quality and are tied to physical and chemical characteristics of 

water bodies.  Biotic health of water bodies applies not only to the presence of harmful 

organisms but also to the integrity and variety of existing biological communities (Huston 

1994).  The State of New Hampshire defines biological integrity as the capability of 

―supporting and maintaining a balanced, integrated, and adaptive community with similar 

composition, diversity, and functional organization to comparable regional habitats‖ (NH DES 

1999).  For instance, pathogens can be introduced into water bodies through inputs of fecal 

matter, while high nutrient levels can alter bacterial populations and thus oxygen and light 

levels, favoring certain adaptable species over others and adversely impacting fish or 

invertebrate diversity (Giller and Malmqvist 1998; Merritt and Cummins 1996; Allan 1995; 

Karr 1991; Peckarsky et al. 1990).  Similarly, land disturbance can contribute to habitat 

impairment by releasing sediments to waterways.  These factors influence the overall condition 

of a given water body; a healthy condition reflects diverse, adaptable, fully-functioning 

assemblage of organisms.  Biological diversity, then, reflects the health of the overall aquatic 

system. 

   Given the interrelated nature of these factors, properly designed water quality 

monitoring studies physical, chemical, and biological indicators, each of which may point to 

different remedial or protective strategies.  Standard water chemistry data can be augmented by 

biological indicators such as aquatic community assemblages and physical habitat variables in 

order to draw a more complete picture of water quality.   
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Physical Effects of Imperviousness 

 

 Modification of land area due to urbanization impacts the suite of hydrologic, 

geomorphic, and physicochemical properties of water bodies.  Specifically, altered velocity and 

flow lead to greater erosive force in streams, which subsequently affects the amount of 

suspended and dissolved materials, as well as the amount of sediment reaching streams and, 

ultimately, lakes.  Removal of shoreland vegetation is linked to increased water temperature, as 

well as decreases in debris inputs, oxygen levels, and bank stability (Booth et al. 2002; Nelson 

1999; Osborne and Kovacic 1993; Binkley and Brown 1993; Lowrance et al. 1985). 

 

Altered Velocity and Flow 

 

 As land is converted from natural permeable cover to rooftops, parking lots, roads, and 

other surfaces that prevent precipitation from infiltrating into the ground, the amount of surface 

runoff increases (Dunne and Leopold 1978).  One study found that, at levels of 10-20% 

watershed imperviousness, runoff volume doubled; at levels of 35-50%, runoff tripled; and 

above 75% imperviousness, runoff increased fivefold (Arnold and Gibbons, 1996) (Figure 2). 

 

 
 

Figure 2: Influence of increasing imperviousness on stream hydrology.  Increased percent total 

impervious area (PTIA) results in increased runoff, lower evapotranspiration (ET) and lower 

infiltration. (Figure adapted from Arnold and Gibbons 1996). 

 

 This increase in runoff volume alters the hydrologic characteristics of streams in 

developed and developing areas, as much of the runoff travels directly to waterways.  The lag 

time, or duration between baseflow and peak stormflow, is significantly shorter in streams 

Natural cover 

>75% PTIA 

10-20% PTIA 

35-50% PTIA 
30% ET 35% ET 

38% ET 40% ET 

30% Runoff 

20% Runoff 

10% Runoff 

55% Runoff 

Infiltration:   

21% Shallow + 

21% deep 

Infiltration:   

20% Shallow + 

15% deep 

Infiltration:   

25% Shallow + 

21% deep 

Infiltration:   

10% Shallow + 

5% deep 
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draining developed areas (Booth et al. 2002; Arnold and Gibbons 1996; Klein 1979).  

Moreover, peak discharges increase along with development, causing more erosion and more 

flooding (Paul and Meyer 2001; Taylor 1993; Espey et al. 1965).  Leopold (1968) found that 

the amount of urbanization is directly related to the number of annual bankfull flows.  During 

low flow periods, however, urban base flows are decreased, due to decreased recharge of 

precipitation into groundwater (Silva and Williams 2001; Klein 1979; Espey et al. 1965).  The 

resulting hydrologic regime of streams draining developed areas, then, is characterized by 

greater fluctuation in flows with negative impacts on flow at both ends of the hydrograph. 

 

Altered Channel Morphology and Substrate Composition 

 

 Increased fluctuation in stream flow leads directly to greater instability and erosion of 

stream banks, as high velocity flows scour banks.  Percent watershed imperviousness is 

positively correlated with increased stream channel width and decreased bank stability (Ourso 

and Frenzel 2003; May et al. 1997; Schueler 1994; Booth 1990; Klein 1979).  Coles et al. 

(2004) observed that the habitat features most impacted by urbanization were related to stream 

depth; as urban land cover increases, stream channels become more constricted, while runoff 

increases.  Above 10% imperviousness, channel stability is compromised, resulting in the loss 

of pool and riffle structures as sediments are flushed into streams and deposited into pools and 

between rocks in the substrate (Schueler 1994; Booth 1990).   

 Erosion of stream banks, coupled with land disturbance during construction of 

structures and roads, contributes to fine sediment loading in developing areas (Paul and Meyer 

2001; May et al. 1997; Richards and Host 1994; Pratt et al. 1981; Klein 1979).  For instance, in 

a comparison of forested, agricultural, and urban watersheds in North Carolina, urban streams 

contained the highest proportion of fine sediments (Lenat and Crawford 1994).  Nelson (1999) 

examined the sediment budget of an urbanizing Washington watershed and found that 

developed land uses contribute more fine sediments relative to total sediment transport.  

Moreover, bank erosion accounted for roughly 20% of sediment entering streams and was 

attributed to increased discharge from impervious areas.  Likewise, two-thirds of the sediment 

load in rapidly-urbanizing San Diego Creek in 1993 originated from channel erosion (Trimble 

1997).  

 

Altered Physicochemical Attributes 

 

 Urbanization is associated with changes in other physical stream variables including 

temperature, turbidity, specific conductance, and dissolved oxygen.  These characteristics are 

closely related to the modification of physical habitat variables such as riparian vegetation, as 

well as to watershed imperviousness. 

 Temperatures of urban streams are typically higher compared with their rural 

counterparts (Deacon et al 2005; Arnold and Gibbons 1996; Klein 1979).  Several factors 

contribute to increased stream temperatures.  First, the removal of vegetation along riparian 

areas increases the amount of direct solar energy which reaches streams; removal of riparian 

buffers can raise stream temperatures between 3 and 7°C (Brown 1989 [in Binkley and Brown 

1993]).  Likewise, temperature differences of up to 11°C have been observed between upstream 
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forested reaches and downstream agricultural reaches in the same stream (Klein 1979).  

Secondly, impervious surfaces across the landscape readily absorb heat, which is then 

transferred to runoff, resulting in increased water temperatures (Coles et al. 2004; Arnold and 

Gibbons 1996). 

 As water temperature increases, oxygen dissolves less readily.  Golterman et al. (1978) 

found that a 5°C increase in water temperature (from 10°C to 15°C) reduced oxygen solubility 

by nearly 20 percent.  Increased stream temperatures may alter biological communities, 

particularly when coupled with decreased oxygen levels.  For instance, stonefly abundance 

decreases along with temperature (Giller and Malmqvist 1998).  Various functions, including 

metabolic rates, egg development, juvenile growth rate, adult size, and reproductive ability, of 

many cold-water species, including salmonid fish species, are influenced by temperature (Giller 

and Malmqvist 1998).  

 Additionally, turbidity generally increases with both agricultural and urban land uses, 

due to erosion from construction sites, runoff from roads, rooftops, lawns, and other areas 

which collect fine particles, and other land disturbances (Deacon et al. 2005; Gray 2003; Roy et 

al. 2003).  Turbidity generally increases along with watershed development, since removal of 

riparian vegetation is considered to be the greatest contributing factor to stream channel 

erosion, as vegetation functions to anchor bank materials in place (Pedersen 1999; Trimble 

1997; Klein 1979).  Likewise, May et al. (1997) observed that stream bank stability, and 

therefore sediment input, was strongly correlated with both the width and extent of intact 

riparian cover.  Sedimentation also impacts the chemical composition of streams and is a major 

source of phosphorus loading.  Accumulated fine sediments can contain high concentrations of 

phosphorus, which is released into the water column when the sediments are disturbed 

(Schindler 2006). 

 Specific conductance is a measure of the amount of dissolved ionic compounds in 

water; elevated levels in streams reflect increased inputs of dissolved chemical constituents 

associated with human activity, including road salt application, septic leachate, animal manure, 

and urban runoff.  Conductance, therefore, is positively correlated with developed areas 

(Deacon et al. 2005; Coles et al. 2004; Roy et al. 2003; Paul and Meyer 2001; Ourso 2001; 

Wang and Yin 1997; Lenat and Crawford 1994) and agricultural land use (Deacon et al. 2005; 

Roy et al. 2003). 

 

 

Effects of Imperviousness on Stream Chemistry 

 

 Chemical characteristics of water bodies in developed landscapes differ significantly 

from those of more rural water bodies.  Pollutant generation is concentrated in developed and 

developing areas; additionally, increased impervious area often results in more efficient 

transport of contaminants to water bodies.  Nutrients such as nitrogen and phosphorus, sodium 

and chloride, metals, and other chemical constituents are generated and transported in greater 

concentrations to receiving waters. 
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Increased Generation and Transport of Pollutants 

 

 While imperviousness in general contributes to water quality impairment, 

transportation-related imperviousness, including roads, driveways, and parking lots, has a 

greater impact, due to the generation of pollutants by motorized vehicles, the widespread nature 

of the transportation network, and its high connectivity to water bodies (Lee and Heaney 2003; 

Ourso and Frenzel 2003; Barrios 2000; Bolstad and Swank 1997; Schueler 1994).  For instance, 

roads and parking lots collect petrochemicals, metals, organic nutrients, and other 

contaminants; dense road networks are often coupled with stormwater systems that are 

designed to transport water quickly away from road surfaces.  This rapid transport into 

receiving waters often does not allow for either sufficient infiltration or natural filtration, at the 

expense of surface water quality. 

 Often, this high connectivity to waterways contributes more to water quality impairment 

than the actual concentration of pollutants.  For example, in a study of 30 watersheds in 

Australia, Walsh et al. (2001) observed that the efficiency of stormwater drainage in 

watersheds containing primarily low-density development increased the impacts of 

imperviousness on streams.  Additionally, paved road density was found to be a strong 

predictor of water quality in North Carolina streams (Bolstad and Swank 1997), while other 

studies observed relationships between chloride concentrations and state-maintained roads 

(Nimiroski and Waldron 2000) or municipal roads (Sassan and Kahl 2007). 

 

Nitrate and Phosphorus 

 

 Runoff from developed areas contains elevated concentrations of nitrate and phosphate 

than runoff from forested areas (Pip 2005; Roy et al. 2003; Silva and Williams 2001; Lenat and 

Crawford 1994).  Deacon et al. (2005) cited nutrient increases of up to one order of magnitude 

in runoff from developed areas in southeastern New Hampshire.  Omernik (1977) found that 

nitrate concentrations in urban areas were second only to those in areas of intense agriculture, 

while urban phosphorus concentrations were second only to cleared land.  Similarly, Herlihy et 

al. (1998) found that nitrate concentration in streams was negatively correlated with watershed 

forest cover.  The likelihood of elevated nutrient concentrations in streams increases when the 

amount of non-forested watershed land reaches 10% (Wheeler et al. 2005).  Intact riparian 

buffers, however, were found to decrease the amount of phosphorus and nitrogen reaching 

streams (Hill 1996; Osborne and Kovacic 1993; Lowrance et al. 1985). 

 Both nitrogen and phosphorus enter water bodies via improperly sited or failing septic 

systems, erosion from construction sites, agricultural land treated with animal manures or 

chemical fertilizers, or other fertilized areas such as lawns and golf courses (Carpenter et al. 

1998).  Impurities contained in road salt are also significant sources of phosphorus (Trombulak 

and Frissell 1999; Oberts 1986).  Although much attention is given to failing or improperly 

sited septic systems, even properly-located and functioning septic systems contribute some 

nitrogen via wastewater to surrounding groundwater (Williams et al. 2007; Tolman et al. 

1989).  Conventional septic systems have been found to remove less than half of the nitrogen in 

wastewater (Costa et al. 2002; US EPA 2002a; Andreoli et al. 1981).  Elevated nitrogen levels 
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in groundwater have been linked to septic plumes at densities of as low as 40 systems per 

square mile (US EPA 1986). 

 Excess phosphorus and nitrogen contribute to eutrophication of water bodies (Schindler 

2006; Carpenter et al. 1998; Allan 1995; Pearl 1988).  Excess plant growth fostered by 

nutrients can rapidly deplete dissolved oxygen and cause die-offs of aquatic animals, including 

important recreational species, as well as impair aquatic habitat.  Moreover, cyanobacteria 

blooms are symptomatic of N-related eutrophication; these nuisance blooms can pose direct 

health risks if ingested, negatively impact the taste of drinking water, or produce harmful 

byproducts during disinfection (NH DES 2002; Carpenter et al. 1998; Paerl 1988).  All of these 

issues impact aquatic communities and human health in developed and developing watersheds. 

 

Chloride and Sodium 

 

 Chloride concentrations are strongly correlated with developed land uses (Baker 2003; 

Ourso and Frenzel 2003; Silva and Williams 2001; Ourso 2001), and chloride is considered a 

surrogate for human presence in the landscape (Rosfjord et al. 2007; Herlihy et al. 1998).  For 

instance, Kaushal et al. (2005) found that chloride concentrations increased logarithmically 

with watershed imperviousness in Baltimore streams.   

 Comparison of relatively undisturbed areas with human-impacted areas indicates that 

chloride levels elevate as human land use, particularly transportation, increases.  Mean chloride 

concentrations in undeveloped watersheds in the Hubbard Brook Experimental Forest from 

2001-2006 were 0.44 mg/L (Likens et al. 2001), while chloride levels in high-elevation lakes in 

Maine averaged 0.5 mg/L from 2000 to 2003 (Rosfjord et al. 2007).  In contrast, chloride levels 

in the Mohawk River (NY) increased by 243% between 1952 and 1998, as road salt application 

jumped from 16 to 46 kg m
-2

 day
-1

 (Godwin et al. 2003).  Similarly, mean chloride 

concentrations in tributaries of the Scituate Reservoir in Rhode Island increased from 16.9 

mg/L in 1983 to 26.4 mg/L in 1987 as road salt application also increased (Nimiroski and 

Waldron 2000). 

 Stream chloride concentrations also correspond to the spatial proximity of roads and 

streams (Rhodes et al. 2001).  For instance, chloride concentrations downstream of a state 

highway near Amherst, ME were 1.5 to 2.25 times greater than those above the road crossing 

(Mason et al. 1999).  Likewise, downstream chloride concentrations were significantly higher 

in all of four Adirondack streams bisected by a state highway (Demers and Sage 1990).  

Chloride concentrations were also directly related to the density of state-maintained roads in 

the Scituate Reservoir watershed (Nimiroski and Waldron 2000).  Long-term monitoring in 

Mirror Lake, New Hampshire indicated significant differences in stream chemistry between a 

tributary receiving highway runoff and a tributary receiving runoff from primarily local 

residential roads.  Chloride levels in the residential tributary increased roughly fourfold from 

1970 to 2005.  Chloride concentrations in the northeast inlet below the interstate highway, 

however, increased nearly forty-fold during the same period (Likens et al. 2001). 

 While mineral weathering and precipitation are natural sources of both sodium and 

chloride, these sources are small compared with the array of anthropogenic sources.  For 

instance, weathering and precipitation combined accounted for only 16.7% of chloride inputs 

into the South Fork of the Shenandoah River watershed (Sherwood 1989) and 6% in the 
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Scituate Reservoir watershed (Nimiroski and Waldron 2000).  In contrast, the majority of 

chloride in both studies was derived from anthropogenic sources.  Road salt was the primary 

contributor in both studies, although domestic sewage, including septic leachate, and 

commercial fertilizers represented a significant amount of chloride loading in both studies 

(Nimiroski and Waldron 2000; Sherwood 1989). 

 Since chloride moves conservatively through ecosystems, it travels relatively easily into 

groundwater supplies and accumulates over time (Environment Canada 2001: Hem 1985).  As 

more chloride is added to aquatic systems, it may become increasingly concentrated through 

time and therefore at higher values year round, leading to increased baseline concentrations of 

chloride in streams (Kelly et al. 2008).  Evidence that this high level of chloride can persist 

over time was shown in streams in Maryland, New Hampshire, New York and Pennsylvania, 

where elevated chloride levels were observed year-round in both urban and rural streams 

(Kaushal et al. 2005) and after road salt application was discontinued (Kelly et al. 2008; 

Koryak et al. 2001; Demers and Sage 1990). 

 

Effects of Imperviousness on Benthic Macroinvertebrates 

 

 Aquatic biota, being bound to local stream conditions for at least a portion of their life 

cycle, are intimately tied to changes in water quality (e.g.—Gray 2003; Barbour et al 1999; 

Giller and Malmqvist 1998; Merritt and Cummins 1996; Garie and McIntosh 1986).  For 

instance, hydrologic processes such as flow regime give rise to the form and function of aquatic 

habitat, while chemical attributes of streams regulate normal metabolism.  An imbalance in 

certain chemicals may result in acute toxicity for individuals or may alter characteristics such 

as oxygen availability or habitat quality by allowing excessive nutrient or plant growth.  

Furthermore, biotic interactions such as predator-prey relationships and food dynamics are 

often altered by changing chemical concentrations (Karr 1999). 

 

Thresholds of Imperviousness 

 

 Declines in macroinvertebrate abundance and diversity along gradients of 

imperviousness are well-documented in all geographic regions (Deacon et al. 2005; Gray 2003; 

Ourso and Frenzel 2003; Roy et al. 2003; Richards and Host 1994; Garie and McIntosh 1986; 

Pratt et al. 1981; Klein 1979), with sensitive taxa being replaced by more tolerant taxa 

(Cuffney et al. 2005; Coles et al. 2004; Gray 2003; Morse et al. 2003; Ourso and Frenzel 2003; 

Karr 1998; Lenat and Crawford 1994; Jones and Clark 1987; Pratt et al. 1981). 

 As land is converted from natural to urban or suburban use, the type and richness of 

macroinvertebrates change.  For instance, both Ephemeroptera, Plecoptera, and Trichoptera 

(EPT) and non-midge Diptera diversity declined along a gradient of urbanization in three 

geologically distinct areas, while Oligochaetes and other tolerant taxa increased (Cuffney et al. 

2005).  In a comparison of three watersheds with varying land cover, EPT taxa abundance 

declined by 75% between forested and urban watersheds, while mollusk and oligochaete 

abundance increased.  In the same study, EPT taxa dominated the forested watershed, while 

oligochaetes and dipterans dominated the urban watershed (Lenat and Crawford 1994).  In an 

Anchorage watershed, EPT taxa diversity and abundance were negatively correlated with 
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population density, and oligochaete density increased along with population density (Ourso 

2001). 

 Thresholds for stream biological degradation, indicating conditions at which biotic 

integrity shifts from good to fair or poor, occur at relatively low levels of watershed 

imperviousness, ranging from 6% (Morse et al. 2003; Garie and McIntosh 1986), to 15% (Roy 

et al. 2004; Jones and Clark 1987; Klein 1979).  The higher thresholds such as 15% are 

typically found in more developed areas, in which impacts have likely already occurred, thus 

masking the true threshold.  Cuffney et al. (2005), in contrast, did not observe a threshold effect 

along an urbanization gradient and suggested that impacts to aquatic biota occurred at all levels 

of watershed development.  Specifically, the amount of urban, low-density residential, 

commercial-industrial, and transportation-related infrastructure had the most influence on 

biological integrity.  Coles et al. (2004) found that aquatic communities changed most at low 

levels of watershed development, as measured by an urban intensity index which included 

criteria such as population density, infrastructure, land use/cover, and socioeconomic traits.  

This shift from a diversity of sensitive invertebrate taxa such as mayflies, stoneflies, and 

caddisflies to a less varied assemblage of tolerant taxa such as aquatic worms and certain 

species of flies is often a biological response to cumulative environmental stresses that begin at 

low levels of human activity (US EPA 2002b). 

 

Physical Habitat Effects on Macroinvertebrates 

 

 Benthic macroinvertebrates utilize a diversity of substrate habitat and are thus adversely 

impacted by the input of fine sediments resulting from bank failure and erosion.  Many 

invertebrate taxa utilize the interstitial spaces between substrate particles for refugia from 

currents or predators; when these spaces are filled with fine particles, macroinvertebrate 

diversity suffers.  Substrate particle size is positively correlated with macroinvertebrate 

diversity (Murphy and Davy-Bowker 2005; Miller et al. 2004; Lenat and Crawford 1994; 

Richards and Host 1994; Pratt et al. 1981); Roy et al. (2003) observed that particle size was the 

strongest predictor of biotic integrity scores.  Braccia and Voshell (2006) attributed decreasing 

macroinvertebrate diversity and loss of sensitive taxa along a gradient of cattle-impacted 

streams to increased percentages of fine sediments.  Likewise, streams with similar 

physicochemical attributes but differing degrees of stream bank stability exhibited differences 

in macroinvertebrate assemblages; diversity was higher in more stable streams (Death and 

Winterbourne 1995).  Sawyer et al. (2004) suggested that a decrease in sensitive taxa in 

macroinvertebrate communities in southeastern streams with less forest cover was due to 

increased sedimentation.  Gray (2003) attributed shifts in macroinvertebrate composition to 

habitat variables such as increased sedimentation and decreases in debris dams. 

 Disruption of riparian buffers negatively impacts invertebrate communities.  Intact 

riparian buffers help influence temperature, sediment, nutrients, and availability of organic 

matter.  Several invertebrate functional feeding groups, including shredders, depend upon 

inputs of woody debris, or relatively large pieces of organic matter, into streams; decreases in 

riparian vegetation are correlated with decreased inputs of woody debris (Giller and Malmqvist 

1998).  Richards et al. (1996) found that riparian physical habitat factors such as canopy cover 

most influenced invertebrate diversity.  Similarly, a study along urbanization gradients in three 
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regions found that the percentage of intact riparian buffer significantly maintained biological 

integrity (Cuffney et al. 2005).  Roy et al. (2003) suggested that biotic integrity was better 

predicted by the percentage of the riparian zone within 100 meters of streams that was forested 

than by whole-watershed forest cover. 

 

Chemical Effects on Macroinvertebrates 

 

 Chemical parameters appear to be less of a factor than physical habitat variables in 

causing declines in stream macroinvertebrates.  Miller et al. (2004) failed to observe a 

correlation between chemical parameters and invertebrate communities within Wyoming 

streams.  Similarly, other studies found that invertebrate community structure was more 

strongly correlated to land use categories than to water chemistry (Sawyer et al. 2004; Ourso 

and Frenzel 2003; Lenat and Crawford 1994).   In streams in which both water quality and 

habitat are impaired to some degree, habitat appears to play a greater role in determining 

macroinvertebrate communities.  Nedeau et al. (2003) observed that macroinvertebrate 

diversity was greater below a discharge of industrial effluent in an urban-impacted stream in 

Michigan; although water chemistry was impaired, the increased discharge improved habitat 

quality by scouring away the fine sediment to expose the cobble bottom of the stream. 

 The cumulative impact of an array of chemical stressors, however, may impact 

macroinvertebrates.  For instance, although Pratt et al. (1981) observed declines in 

macroinvertebrate diversity in the Green River, MA, no single chemical constituent was present 

at concentrations toxic to benthic organisms.  The authors, however, suggested that synergistic, 

cumulative effects of contaminants in urban runoff may have contributed to the observed 

declines. 

 Several laboratory studies have been conducted to measure the impact of salt 

concentrations on selected invertebrate species, and although few documented cases of acute 

toxicity at typically expected stream or lake concentrations have been observed, stress 

responses and mortality occur as chloride concentrations increase.  For instance, Blasius and 

Merritt (2002) observed that road salt runoff did not appear to alter stream trophic assemblages 

in field studies; predator abundance was typical, and there was a normal distribution of 

functional feeding groups.  However, some mortality, although not a lethal dose response, of 

Perlid stoneflies and Tipulid crane flies was observed after 48 hours of laboratory exposure to 

very high chloride concentrations (6,000 mg/L), as well as stress responses such as avoidance 

behaviors and decreased movement, feeding, and reaction to stimuli at 2,500 mg/L.  Likewise, 

Benbow and Merritt (2004) observed 13% mortality of mayfly species at 3,000 mg/L chloride. 

 These stresses may impact community dynamics over time.  For example, differences in 

community structure were observed between springs with varying chloride concentrations; 

Ceratopogonidae and the caddisfly Pseudostenophylax were associated with higher-than-

average chloride waters (concentrations as high as 250 mg/L) (Williams et al. 1997).  

Similarly, EPT taxa were absent from urban Pennsylvania streams with high (16,000 μS/cm) 

conductance (Koryak et al. 2001). 

 Despite a lack of acute response by many invertebrate taxa to high chloride 

concentrations, chloride can be viewed as one of a suite of environmental stresses experienced 

as watersheds undergo development.  The cumulative impact of these biological, chemical, and 
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physical stressors may impair survivability of sensitive taxa.  For example, Hydropsychid 

caddisflies and Perlid stoneflies exposed to organochlorine effluents exhibited gill deformities 

(Vuori and Kukkonen 2000), and respiratory rates in dragonfly larvae increased with 

chlorination byproduct concentration (Calabrese et al. 1987).  Chloride, in these cases, may 

interfere with respiration or impose energetic demands on individuals.  Chronic stress may also 

impair reproductive activities in certain taxa; while survival in Daphnia exposed to chloride 

concentrations of 625 mg/L was comparable to survival of control cohorts, reproduction in salt-

exposed group decreased by 39% (Birge et al., 1985 in Environmental Protection Agency, 

1988). The overall result of chronic chemical stress may be that more adaptable organisms, 

including invasive species, may enjoy a competitive advantage at the expense of taxa with 

narrow life requirements (Richburg et al. 2001). 

 

Impact of Spatial Scale of Land Use on Chemical and Biological Parameters 

 

 How urban land use is distributed within a watershed can influence its impacts on the 

various components of stream systems.  Whole-watershed land use is generally the strongest 

indicator of water chemistry (Sponseller et al. 2001; Richards et al. 1996).  For instance, 

conductivity (Wang and Yin 1997) and chlorides (Silva and Williams 2001) are positively 

correlated with urbanization throughout the entire watershed. Additionally, in predominantly 

rural watersheds, percent forest cover was found to be the primary influence on water quality 

variables (Harding et al. 1998). 

 In contrast, invertebrate responses to urbanization are strongest at the local level; in 

particular, local riparian land use can impact stream communities regardless of whole-

watershed land use.  For instance, stream invertebrate community assemblages were best 

correlated with imperviousness within a 200-meter riparian buffer (Sponseller et al. 2001).  

Similarly, Morley and Karr (2002) observed that local land cover in urban streams most 

impacted aquatic biota; greater imperviousness in any given watershed was mitigated by the 

presence of intact riparian zones.  Among 10 streams in southeastern New Hampshire, 

macroinvertebrate metrics were strongly correlated with land cover in radial and stream buffers 

than with whole-watershed land cover (Deacon et al. 2005).  Additionally, wide riparian 

buffers were found to partially offset negative impacts of urbanization on transport of fine 

sediments (Sawyer et al. 2004), decreases in woody debris, and baseflow conductivity (May et 

al. 1997).  Local land use, however, can only mitigate some of the impacts of development.  

Booth (1990) stated that intact riparian buffers are necessary, but not sufficient, for high quality 

aquatic habitat. 

 

Relevant Water Quality Standards and Regulations 

 

 Water quality legislation through the past several decades has increasingly focused on 

an integrated view of physical, chemical, and biological indicators of degraded water—a few 

key variables that provide general classification of the condition of surface waters.  The 1972 

Clean Water Act (CWA) was intended to restore and maintain the chemical, physical, and 

biological integrity of waterways.  Amendments to the CWA through 1987 emphasized the 

need to address nonpoint source pollution, addressed aquatic life as a component of water 
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quality standards, and required states and municipalities to develop bioassessment programs to 

measure this component.  The CWA also requires states to maintain both the ―fishable and 

swimmable‖ designation of waterbodies, as well as the ecological integrity of all waterbodies.  

Furthermore, the CWA contains an ―anti-degradation policy,‖ which requires that states protect 

high-quality water from becoming impaired (US EPA 2004; Karr 1991). 

 Similarly, New Hampshire‘s Comprehensive Shoreland Protection Act (CSPA), 

implemented in 1991 and amended in 2008, was designed to protect water quality in New 

Hampshire‘s lakes and rivers by focusing on activities and land use within the shoreland buffer 

zone (NH DES 2008).  Furthermore, the State of New Hampshire Surface Water Quality 

Regulations includes the generally-accepted definition of biological integrity; New 

Hampshire‘s surface waters must be capable of ―supporting and maintaining a balanced, 

integrated, and adaptive community with similar composition, diversity, and functional 

organization to comparable regional habitats‖ (NH DES 1999).  The emphasis on biological 

integrity recognizes that aquatic biota are influenced by both the physical and chemical 

attributes of a water body, and changes in aquatic communities can help identify potential 

issues in water quality (Norris and Thoms 1999; Karr and Dudley 1981).  

 Regulation of chemical inputs to water sources often focuses on impacts to drinking 

water supplies.  Water resource managers cite taste as the most prevalent concern with regard 

to elevated chloride levels in water.  The US Environmental Protection Agency has set a limit 

of 250 mg/L chloride in drinking water supplies; this is regarded as the level at which the taste 

of water becomes objectionable (US EPA 2004).  Similarly, health concerns related to sodium 

intake and hypertension have led the EPA to set a recommended limit of 20 mg/L for sodium 

(US EPA 2004). 

 Based on numerous acute and chronic biological responses by plants, vertebrates, and 

invertebrates to chloride, the US Environmental Protection Agency has set guidelines for 

ambient water quality relative to chloride.  According to the guidelines, chloride concentrations 

should not exceed the four-day average of 230 mg/L more than once every three years.  

Alternately, the one-hour concentration of chloride should not exceed 860 mg/L more than 

once every three years (US EPA 1988). 

 While phosphorus itself is not harmful to human health, excess concentrations can 

indirectly cause health concerns.  Most often, phosphorus is linked to toxic blooms of 

cyanobacteria, which produce neuro- or hepatotoxins (Carpenter et al. 1998).  Therefore, no 

drinking water standard has been established for phosphorus (US EPA 1988).  In contrast, high 

concentrations of nitrogen, in the form of nitrate, can pose a direct threat to human health by 

binding with hemoglobin (Carpenter et al. 1998).  For this reason, the drinking water standard 

for nitrate has been set at 10 mg/L (US EPA 1988). 

 These regulations underscore the integrated relationship between the physical, 

chemical, and biological aspects of water quality, as well as the relationship between land use 

and the health of waterways. 

 

Biomonitoring: Rationale and Use 

 

 The EPA Consolidated Assessment and Listing Methodology (CALM) guidance 

document recognized that collection of biological data represents the most direct method of 
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assessing the extent to which a waterbody supports aquatic life in the context of abiotic factors.  

The CALM document recommended that biological data represent a core indicator for aquatic 

life use determinations, as biota respond uniquely to changes in water quality and provide 

information about a water body that no other measurement can (US EPA 2002c). 

 Bioassessment techniques focus on the integration of physical, chemical, and biological 

attributes of surface waters.  As such, bioassessment addresses cumulative impacts of 

urbanization and may best be employed to provide an overall evaluation of or baseline data 

regarding a watershed (Barbour et al. 1999).  Since biota represent a long-term integration of 

chemical and physical attributes of water bodies, community assemblages may reflect overall 

trends that may have been missed by short-term intermittent water sampling (Cox 1991).  Many 

bioassessment programs utilize macroinvertebrates as a measure of overall stream health or as 

early indicators of water impairment (Shelton and Blocksom 2004). 

 As a means of measuring the state of aquatic communities, various metrics were 

developed to evaluate in-stream conditions.  These metrics describe various facets of 

macroinvertebrate community health such as relative abundance of both sensitive and tolerant 

taxa, trophic structure, overall diversity and abundance, and the percentage of the total 

community represented by the dominant taxon.  Analyzing these diverse metrics allows water 

resource managers to quickly assess and compare the overall biotic integrity of several water 

bodies, to identify potential stressors based on the abundance or scarcity of indicator taxa, or to 

determine changes in biota through time (Barbour et al. 1999). 

 

1.4 Conclusion 
 

Changes in land use have been shown to alter water chemistry, physical habitat, and 

biological communities.  Examining these components of water quality throughout a watershed 

and comparing water quality spatially within a watershed can help water resource managers 

and communities address areas of degraded or declining water quality and protect areas of good 

water quality through community planning efforts and remediation strategies.  Our research 

will help communities in the Waukewan Watershed protect current drinking water quality, as 

well as pinpoint areas of potential concern.  The combination of habitat assessment, chemical 

sampling, and biological assessment will further inform watershed communities of 

management strategies. 
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Chapter Two: Methods 
 

2.1 Introduction 
 

 This study was conducted to generate baseline water quality data for the tributaries of 

Lake Waukewan which will be used to identify potential threats to lake water quality.  

Subwatersheds were identified and used to analyze the watershed at a finer scale.  This 

subwatershed-scale view recognizes that development is occurring at different intensities 

throughout the watershed and that different portions of the watershed differently impact lake 

water quality.  Given the relationships between land use and water quality, this research has 

addressed the following questions to better understand the condition of the watershed and its 

connection to drinking water quality: 

1. What patterns exist throughout the watershed in tributary measurements of chemical 

variables, physical habitat quality, and macroinvertebrate community structure? 

2. Do these variables tell different stories about water quality in the watershed? 

3. What are future management priorities and mitigation possibilities? 

 

2.2 Description of Study Area 
 

 The Lake Waukewan watershed encompasses 3,298 hectares in the towns of Meredith, 

Center Harbor, Holderness, New Hampton, and Ashland in central New Hampshire.  The 

watershed contains diverse natural communities including five major lakes and ponds, several 

perennial and intermittent streams, associated wetlands, and significant amounts of forested 

uplands (Figure 3). 

 
Figure 3: Land cover in the Lake Waukewan watershed.  The watershed is a largely rural 

region with small pockets of dense development; nearly 70% of the watershed is forested.  The 

―water/wetlands‖ category excludes Lake Waukewan, Lake Winona, Bear Pond, Otter Pond 

and Hawkins Pond.  Open water was not included in the calculations because the study 

analyzed land cover/land uses that could be altered for anthropogenic purposes. (Madorma and 

Greenawalt-Yelle 2008). 
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While the watershed is classified as predominantly rural, several areas, particularly at 

the southeastern portion of the watershed, contain significant pockets of high-density 

residential, commercial, and industrial development.  Moreover, New Hampshire‘s Lakes 

Region is one of the most rapidly growing in the state.  For instance, according to the New 

Hampshire Office of Energy and Planning, the population of both Meredith and New Hampton, 

which together comprise 56% of the watershed area, increased by more than 20% between 

1990 and 2000 (NH Office of Energy and Planning, 2007).  This estimate assumes that 

population growth occurred evenly throughout land area of the two towns, however, so the 

actual population growth within the Lake Waukewan watershed may differ from the above 

estimates. 

 The dominant feature of the Waukewan watershed is the 386-hectare Lake Waukewan, 

which empties into Lake Winnipesauke and supplies 3,000 seasonal and year-round residents in 

the Town of Meredith with public water.  The shoreline of Lake Waukewan is mostly 

developed, containing approximately 200 seasonal and year-round camps and homes (WWAC 

2005). 

 The basis for the watershed approach relies on the idea that the watershed is a logical 

unit of hydrologic measurement, as it drains a specific land area (WWAC 2005; Brooks et al. 

2003).  Further dividing a watershed into subwatersheds allows managers and planners to 

visualize impacts to water quality in different portions of the same watershed, and to assess the 

impact of land use and management activities in different watershed areas (WWAC 2005; 

Brooks et al. 2003).  Based on topography and drainage, the watershed was divided into 

eighteen subwatersheds, ranging in area from 10.8 to 567.6 hectares (Figure 4; Town of 

Meredith 2002).  Population density and development vary among subwatersheds; while A, B, 

and C contain the highest levels of residential, commercial, and industrial development in the 

watershed, subwatersheds K, O, and I are sparsely developed.  Subwatershed J, located in the 

northwest portion of the watershed, consists primarily of privately conserved land, along with 

some residential development.   

 

The Volunteer Lake Assessment Program 

 

 The Volunteer Lake Assessment Program (VLAP) is a cooperative program between 

NH DES and volunteer monitors or lake associations.  The program was designed to engage 

train long-term local volunteers to collect lake water quality data, to sample tributaries draining 

to lakes, and to survey the surrounding watersheds (NH DES 2007a).  VLAP volunteers have 

been annually monitoring lake water quality at the inlet, outlet, and deep spots of Lake 

Waukewan since 1991 (Figure 4).  Data from the VLAP program suggest that, although water 

quality in Lake Waukewan is still generally good, it has declined since monitoring began.  For 

instance, mean conductivity in surface water of the lake increased by 59% since 1991, from 

71.6 μS/cm to 113 μS/cm (WWAC 2005; Figure 5).  Similarly, chloride concentrations in the 

epilimnion were 13mg/L in 1994, compared with the accepted average background levels in 

New Hampshire lakes and ponds of 3mg/L (NH DES 2007b). 
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Figure 4: Subwatersheds of the lake Waukewan Watershed.  Blue symbols represent sampling 

sites at which both biomonitoring and water chemistry data were collected, which green 

symbols represent sampling sites at which only water chemistry data were collected.  Red 

symbols represent ongoing VLAP lake sampling sites, at which lakewater chemistry data have 

been collected since 1991. (Map created by Linda Madorma) 
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Figure 5: VLAP conductance data, 1991-2005.  VLAP data indicate that conductance values in 

the surface water of Lake Waukewan have increased since monitoring began in 1991. 

 

 

 VLAP data also show increases in nitrogen since monitoring began, as well as elevated 

phosphorus concentrations in the hypolimnion.  Coupled with low to anoxic summer dissolved 

oxygen levels in the hypolimnion, these elevated levels may contribute to changes in lake 

biology.  For instance, in November of 2004 and December of 2005, Anabaena blooms 

occurred in Lake Waukewan (WWAC 2005).  This toxic cyanobacteria is associated with 

increased nutrient concentrations, particularly nitrogen, in water bodies (e.g.—Paerl 1988; 

Carpenter et al. 1998). 

 

Waukewan Watershed Advisory Committee Management Plan 

 

 Data collected through continued VLAP monitoring illustrated changes taking place in 

lake water quality and underscored the need for the five towns within the watershed to establish 

a watershed management plan in order to maintain overall water quality.   Sixteen community 

members representing the five towns formed the Waukewan Watershed Advisory Committee 

(WWAC) in 2004.  The WWAC identified potential sources of pollution in the watershed, 

established a list of priorities for watershed management based on a ranking of threats to water 

quality, and generated recommendations to protect water quality (WWAC 2005).  One such 

recommendation was the completion of a baseline tributary study, which would help assess 

threats to lake water quality throughout the watershed.  This tributary study is described in the 

following section. 

 

2.3 Description of Project Methods 
 

 The current study collected baseline data for tributaries feeding Lake Waukewan, 

including habitat assessment, macroinvertebrate sampling, water chemistry sampling, and land 
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use/cover analysis.  Additionally, the current study explored the relationship between the 

components of water quality and subwatershed imperviousness, in order to recommend 

management objectives to address the impacts of imperviousness to water quality. 

The methods for each of these components are detailed in this section, along with descriptions 

of site selection and data analysis. 

 

Macroinvertebrate Sampling Site Selection 

 

 Macroinvertebrate sampling occurred at six tributary sites throughout the watershed, as 

well as at the outlet of Lake Waukewan (Figure 4).  Sites for macroinvertebrate sampling were 

located as far downstream in each subwatershed as possible to capture a representative sample 

of the upstream ecosystem.  Overall, sites were chosen with guidance from NH DES to best 

represent each subwatershed tributary.  Several subwatersheds were excluded due to either the 

absence of perennial streams (subwatersheds E, F, G, N, P, and R), lentic habitat that did not 

represent flowing water conditions (subwatersheds B, D, I), or insufficient flow needed to 

submerge the sampling units (rock baskets) (subwatersheds L, M, and Q). 

 Exact placement of rock baskets within the selected stream reach was determined by 

locating specific sites within the stream with sufficient depth (approximately 35 cm) to fully 

submerge the basket for an 8-week period, as well as a minimum of 75 meters of representative 

habitat upstream and downstream of the site. 

 

Physical Habitat Assessment Protocol 

 

 Based on the recommendation of the Water Division staff of the NH DES, each 

biomonitoring site was visited prior to sampling to assess site habitat quality following EPA 

Rapid Bioassessment Protocols (RBPs) (Barbour et al. 1999).  Stream reaches 75 meters above 

and below each sampling site were evaluated based on 10 metrics which encompassed substrate 

composition, channel morphology, riparian zone condition, and bank features (Table 1).  Each 

metric was rated on a scale of 0-20, and all scores were combined to obtain a composite score 

for each stream which indicated overall macroinvertebrate habitat quality as follows: 200-150 = 

optimal, 149-100 = suboptimal, 99-50 = fair, and 49-0 = poor. 

Additionally, discharge was measured at each sampling site during the habitat 

assessment using a SondeTec FlowTracker.  Percent of canopy coverage and stream width at 

the rock basket site were visually estimated for each biomonitoring site, and tree species 

observed near the sample site were recorded.  GPS coordinates were also determined at each 

biomonitoring site using a Garmin GPS Map 76CSx (accuracy +/- 4 meters) provided by the 

Plymouth State University Center for the Environment. 
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Table 1:  Parameters used to calculate habitat scores at macroinvertebrate sampling sites 

Habitat Parameter Description 

Epifaunal Substrate 

Quantity and diversity of natural habitat structures used by 

aquatic invertebrates (snags, rocks, fallen branches, undercut 

banks) 

Embeddedness 
Percentage of rock substrate (gravel, cobble, boulders) covered 

with fine sediments 

Velocity/Depth 

Combinations 

Presence of a variety of flow patterns: slow-deep, slow-shallow, 

fast-deep, and fast-shallow 

Sediment Deposition 
Amount of sediment accumulated in pools and changes to stream 

bottom 

Channel Flow Status 
Proportion of the channel filled with water; measures available 

habitat within the channel 

Channel Alteration 
Presence of straightened, channelized, or dredged sections of 

stream, culverts or road crossings 

Riffle Frequency 
Proportion of riffles in a stream segment; measures habitat 

diversity 

Bank stability Measures erosion, or potential for erosion, of stream banks 

Bank Vegetative 

Protection 

Proportion of vegetative protection anchoring stream bank or 

near-stream riparian zone; ideally, a variety of herb, shrub, and 

canopy cover 

Riparian Vegetative 

Zone Width 

Width of undisturbed natural vegetation from the stream bank 

outward 

 

 

Benthic Macroinvertebrate Sampling 

 

 Rock baskets were deployed on August 19, 2006 and collected on October 17 and 18, 

2006, following bioassessment procedures recommended by NH DES (2004a).  These artificial 

substrates consisted of one-inch coated wire measuring 23 centimeters in diameter and 33 

centimeters in length.  According to the bioassessment methodology, three baskets were 

deployed at each site; rocks measuring approximately 7-10 centimeters in diameter were 

obtained on site, cleaned with a plastic-bristle brush to remove debris and colonized organisms, 

and placed in the baskets.  Baskets were fastened shut with plastic zip-ties, tied together with 

wire, and secured to the substrate with metal rebar.  Sites were visited several times during the 

eight-week colonization period to check that the baskets were submerged and had not moved. 
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 Specimens at each site were collected by following NHDES protocols for artificial 

substrate sampling.  The baskets were disconnected the baskets from the wire and lifted, one at 

a time, from the water into its own clean, empty bucket.  Each basket was opened, and the 

rocks were removed and scrubbed with a soft toothbrush over a 1mm mesh sieve bucket.  The 

remaining wash water from the rock basket was poured over the sieve bucket.  Specimens were 

picked from the sieve bucket and placed into a labeled jar containing 70% ethanol.  Smaller 

specimens were located with a 10X hand lens.  The above process was repeated for the 

remaining two baskets.  Specimen jars were refrigerated at -10°C until identification was 

complete. 

 

Macroinvertebrate Identification and Classification 

 

 Preserved specimens were sorted from detritus within one week of collection, grouped 

by order, and placed in glass vials until identification could be completed.  Individuals were 

identified primarily using 5 major sources: Peckarsky et al. (1990), Smith (1995), Thorpe and 

Covich (2001), Soltesz (1996), and Merritt and Cummins (1996).  Individuals were classified to 

the genus level using a dissecting microscope, with the exception of a few individuals, which 

were identified to family level.  Chironomids and Oligochaetes were mounted on slides and 

classified using a compound microscope.  Identified specimens were placed in glass vials 

labeled by site, collection date, and classification information.  Bycatch, including Trichoptera 

cases, incomplete specimens, and terrestrial adults were stored and noted separately. 

 

Water Chemistry Field Methods 

 

 Water samples were taken at fourteen sites (Figure 4): the seven sites that were sampled 

for macroinvertebrates, and seven additional sites.  Sampling occurred approximately every 

other month over a range of flow conditions throughout the year, excepting frozen conditions 

(Table 2).  Three subwatersheds were not sampled due to a lack of known perennial streams 

(subwatersheds F, G, and P); access was restricted to subwatershed R, which consisted of 

Chapman Island; access issues and lack of consistent flow in subwatershed N prohibited 

regular sampling.  Water chemistry sites were located as far down in the tributary as possible 

while still providing representative stream conditions; however, the outlet stream at Mill Brook 

Canal and the Town Beach sites were considered to be lake control sites.  Water temperature 

(°C) and dissolved oxygen (mg/L) were measured in the field with a YSI 556 Multi Probe 

System. 

 Water samples were collected in clear 500mL HDPE bottles for lab analysis of air-

equilibrated pH, conductivity, turbidity, apparent color, major ion analytes (Cl, Na, NO3, NH4, 

K, SO4, Mg, and Ca), and acid neutralizing capacity (ANC).  A separate sample was collected 

in a 125mL amber bottle and preserved with 11M H2SO4, to be analyzed for total phosphorus.  

All bottles were labeled, rinsed three times in the field with sample water, and stored in coolers 

until they could be refrigerated prior to lab analysis. 
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Table 2: Water chemistry sampling dates and weather 

conditions. 

Sample 

Date 

Flow 

Conditions 

Days Since 

Rain
a
 

Amount of 

Last Rain (in)
a
 

8/16/2006 Normal flow 1 0.25 

10/30/2006 High flow 2 2.99 

12/11/2006 Normal Flow 3 0.07 

3/15/2007 Spring Melt 0 0.24 

4/23/2007 Normal flow 5 0.14 

5/16/2007 Rain 0 0.89 

6/11/2007 Normal flow 7 2.94 
a
 NOAA Preliminary Climatology Data, Gray, ME 

 

 

Water Chemistry Laboratory Analysis 

 

 All analyses took place at the Center for the Environment Environmental Research 

Laboratory at Plymouth State University (Plymouth, NH).  Refrigerated samples were warmed 

to room temperature before analysis.  Anions and cations were analyzed using a Dionex ICS-

2000 Ion Chromatograph with an AS40 Automated Sampler, turbidity with a Monitek TA1 

nephelometer, conductivity with an Accument AB30 (Fisher Scientific) conductivity meter, and 

apparent color with a Hach Color Model CO-2 Test Kit.  Air-equilibrated pH (EqpH) was 

obtained using standard methods after equilibration with 300 ppm CO2 air on a SAC80 sample 

changer; ANC was analyzed with an automated titration method using a TIM860 Titrator 

Manager (Radiometer Analytical) and an SAC80 sample changer; total phosphorus was 

analyzed via a manual persulfate digestion method using a Beckman DU530 

Spectrophotometer. 

 

GIS Land Use/Land Cover Analysis 

 

 Land use/land cover data were developed in a parallel study (Madorma and Greenawalt-

Yelle 2008) by digitizing the 1998 digital orthophoto quarter quadrangles (DOQQs) and 2003 

National Agricultural Imagery Program (NAIP) 15-minute quadrangle color aerial 

photography.  Data from the town of Meredith‘s Natural Resource Inventory (NRI) were also 

used to create land use/land cover categories (Van de Poll 2005).  The aerial photographs as 

well as accessory data used to create the land use/land cover data were provided by the NH 

GRANIT database.   

The land use/land cover categories used to calculate the total impervious area (TIA) are 

as follows: residential rooftop, commercial/industrial, agriculture/open land/lawns, railroad, 

state roads, local roads, private roads, driveways, utility lines, water/wetlands and forest cover.  

Each land use category was given an impervious factor, ranging from 0 (completely pervious) 

to 1 (completely impervious), for calculation of impervious cover.   These impervious factors 

encompassed a gradient of imperviousness, allowing for greater accuracy in measuring 

impervious coverage.  
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Data Analysis 

 

 Summary statistics (mean, standard deviation, range, and minimum/maximum values) 

were generated for all water chemistry variables.  Relationships between physical habitat, 

chemical variables, and macroinvertebrate metrics and imperviousness were examined using 

regression analysis; all analyses used summary values.  A Student‘s t-test was used to compare 

the differences in physical, chemical, and biological characteristics between subwatersheds 

containing less than 5% PTIA and subwatersheds containing greater than 5% PTIA.  All 

statistical analyses were performed using the statistical package SPSS, version 15.0.1 (SPSS, 

Inc. 2000).  A significance level of 0.05 was used; P values greater than 0.05 and less than 0.10 

were considered marginally significant.  Mill Brook and Town Beach were not used in 

statistical analyses since they were not tributary sites; however, data collected at the two sites 

were included in the baseline data reporting presented to the five watershed communities. 

 Several invertebrate metrics were used to measure differences in community 

composition among biomonitoring sites (Table 3).  Additionally, the Shannon-Weiner diversity 

index (log10) was calculated for each site.  The Shannon Index is a common measure of 

diversity which uses the relative abundance of each identified taxon; higher Shannon values 

indicate greater community diversity.  Biotic Integrity (BI) at both the family and genus level 

was calculated using established tolerance values for each taxon.  Tolerance values were 

obtained from the Rapid Bioassessment Protocols (Barbour et al. 1999), and were prioritized in 

the following manner: Middle Atlantic, Upper Midwest, Northwest, Midwest, and Southeast.  

IBI values are inversely related to environmental condition; higher IBI scores indicate that a 

community is dominated by organisms that are more tolerant of impaired conditions. 

 

2.4 Conclusion 
 

 Water quality represents the cumulative condition of physical, chemical, and biological 

attributes of the entire land area that drains a water body.  For this reason, the current study 

combined physical habitat assessment and biological monitoring with standard water chemistry 

sampling in order to provide a more complete picture of water quality in the Lake Waukewan 

watershed.  Furthermore, employing the ―watershed approach‖ and examining a region at the 

subwatershed level allows watershed managers and communities to visualize differences 

throughout a given watershed and to identify and prioritize areas of concern and potential 

management actions.  The inclusion of impervious cover and land use analysis provides an 

opportunity to assess the impact of specific human activities on the physical, chemical, and 

biological attributes of water. 
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Table 3: Metrics used to describe macroinvertebrate communities at sampling sites. 

Metric Attribute 

Total abundance Total number of individuals 

Richness Total number of macroinvertebrate taxa (genera) 

EPT richness Total number of Ephemeroptera, Plecoptera, and Trichoptera taxa (genera) 

Intolerant taxa Proportion of the total individuals that are EPT 

Oligochaeta Proportion of the total individuals that are Oligochaetes 

Chironomidae Proportion of the total individuals that are Chironomids 

Predators Proportion of the total individuals that are predators 

Gatherers Proportion of the total individuals that are gatherers 

Filterers Proportion of the total individuals that are filterers 

Scrapers Proportion of the total individuals that are scrapers 

Shredders Proportion of the total individuals that are shredders 

Dominant family Proportion of the total individuals that are accounted for by the most dominant family 

Dominant genus Proportion of the total individuals that are accounted for by the most dominant genus 

Shannon Index Measure of the diversity and distribution of all individuals (log10) 

BI (Family) Average of family tolerance values for the sum of individuals at a given site 

BI (Genus) Average of genus tolerance values for the sum of individuals at a given site 
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Chapter 3: Results 
 

3.1 Subwatershed Imperviousness 
 

 The percentage of imperviousness in sampled subwatersheds ranged from 0.6% in 

subwatershed J, drained by Winona Inflow, to 14.4% in subwatershed D, drained by Monkey 

Pond (Figure 6).  The entire watershed contained 3.12% imperviousness (Madorma and 

Greenawalt-Yelle 2008).  Of the sampling sites, Lower Reservoir, Upper Reservoir, Golf 

Course Drainage, Monkey Pond, and Pollard Shores were all located in subwatersheds 

containing greater than 5% imperviousness, while Saywood Brook, Winona Inflow, Hawkins 

Pond, Snake River, Unnamed Drainage, Mayo Shores, and Water Street were all located in 

subwatersheds containing less than 5% imperviousness. 

 

3.2 Physical Variables 
 

Physical Habitat 
 

 Habitat scores for the seven biomonitoring site ranged from 69.5 (marginal) at Mill 

Brook to 175.5 (optimal) at Golf Course Drainage (Figure 7).  Mill Brook was the only site 

classified as having fair habitat, while two sites (Saywood Brook and Winona Inflow) were 

classified as suboptimal sites, and the remaining four sites (Lower Reservoir, Upper Reservoir, 

Hawkins Pond Outflow, and Golf Course Drainage) were classified as optimal habitat sites 

(Table 4; Figure 7).  Parameters most impacted in Waukewan tributaries were related to 

instream habitat and channel morphology (Table 4). 

 

Physicochemical Attributes 

 

 Mean conductance values for individual subwatersheds ranged from 37.8 μS/cm 

(Unnamed Inflow) to 258 μS/cm (Pollard Shores Road) (Figure 8a).  The single highest 

conductance measurement (374 μS/cm) was taken at Pollard Shores in June 2007, while the 

lowest measurement (27.5 μS/cm) was taken at the Unnamed Drainage in April 2007.  Some 

seasonal variation in conductance values occurred in certain subwatersheds, with peaks 

occurring either during snowmelt (Golf Course Drainage) or during summer low flows (Lower 

Reservoir Brook, Upper Reservoir Brook, and Pollard Shores Road) (Figure 9a).  Conductance 

values in most subwatersheds, however, exhibited relatively little seasonal variation. 

 The highest mean turbidity (2.59 NTU) was measured at Saywood Brook, while the 

highest single turbidity values were measured at Pollard Shores Road (9.7 NTU), Upper 

Reservoir Brook (9.5 NTU), and Saywood Brook (8.1 NTU) (Figure 8g).  Turbidity followed a 

consistent seasonal pattern throughout the watershed; values peaked significantly at high flow, 

while a slightly smaller peak occurred during low flows (Figure 9b). 
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Figure 6:  Percent imperviousness in each Waukewan subwatershed.  Red 

subwatersheds contain greater than 5% imperviousness; green subwatersheds contain 

less than 5% imperviousness.  Gray subwatersheds were not sampled for water quality 

parameters.  Numbers in parentheses indicate total percent imperviousness (Madorma 

and Greenawalt-Yelle 2008). 
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Figure 7: Habitat quality of Waukewan biomonitoring sites.  Habitat quality varied among the 

seven biomonitoring sites; from top to bottom, partitions indicate optimal, suboptimal, 

marginal, and poor habitat conditions.  Subwatershed key: MILL = Mill Brook; LORE = Lower 

Reservoir Brook; UPRE = Upper Reservoir Brook; SAYW = Saywood Brook; WINI = Winona 

Inflow; HAWK = Hawkins Pond; GOLF = Golf Course Drainage. 
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 Mean temperature values ranged from 8.1°C (Winona Inflow) to 13.7°C (Town Beach) 

(Figure 7e).  Mean dissolved oxygen ranged from 8.9 mg/L (Snake River) to 11.9 mg/L (Lower 

Reservoir and Golf Course).  Only one dissolved oxygen measurement—3.7 mg/L at Pollard 

Shores Road—fell below 5 mg/L, the critical level for aquatic life (Figure 8f).  This 

measurement was taken during extremely low flow conditions.  Mean ANC values ranged from 

106 μeq/L (Winona Inflow) to 380 μeq/L (Water Street); the highest single ANC value (705 

μeq/L) was measured at Monkey Pond, while the lowest measurement (43 μeq/L) was taken at 

Winona Inflow (Figure 8h). 

 

3.3 Chemical Variables 
 

 Nitrogen and Total Phosphorus 

 

 Mean nitrate concentrations ranged from 0.10 mg/L at both Mill Brook and Unnamed 

Drainage to 0.56 mg/L at Water Street (Figure 8c).  The highest measurement (1.54 mg/L) was 

recorded at Water Street, while non-detectable levels were recorded at numerous sites 

throughout the sampling period.  

 Mean total phosphorus concentrations throughout the sampling period ranged from 4 

ppb (Water Street) to 23 ppb (Saywood Brook) (Figure 8d).  The highest single concentration 

(99 ppb) was measured at Upper Reservoir Brook during spring runoff, while the lowest 

measurement (1 ppb) was recorded at Water Street. 

 

Major Ions 

 

 Contribution of major ions to specific conductance indicates that, at most sampling 

sites, conductance is largely driven by chloride, sodium, and, to a lesser extent, calcium.  

Nearly half of the conductance could be attributed to chloride at these sites (Figure 10). 

Mean chloride concentrations ranged from 1 mg/L at Unnamed Drainage to 62 mg/L at Pollard 

Shores Road.  Background chloride concentrations for New Hampshire lakes and ponds, as 

defined by NH DES, are less than 3 mg/L (NH DES 2007b); all but two sample sites (Unnamed 

Inflow and Mayo Shores) consistently measured above the background levels (Figure 8b). 

 Conductance values were significantly correlated with chloride (r
2 

= 0.99, F1, 92 = 

6315.9, p < 0.001), sodium (r
2 

= 0.98, F1, 92 = 5254.7, p <0.001), magnesium (r
2 

= 0.81, F1, 92 = 

388.5, p <0.001), calcium (r
2 

= 0.80, F1,92 = 355.6, p < 0.001), potassium (r
2 

= 0.67, F1,92 = 

184.7, p < 0.001), and nitrate (r
2 

= 0.32, F1,92 = 43.3, p < 0.001).  Nonetheless, much of the 

chloride entering the Waukewan tributaries appears to be originating from road salt; the ratio 

between sodium and chloride is nearly 1:1, indicating a halite source of chloride ions (Figure 

11). 
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Figure 8: Mean values of (a) conductance and (b) chloride, along with corresponding 

watershed maps. Map colors correspond to those in graphs.  Circles and asterisks represent 

outliers and extreme outliers, respectively.  Dashed line in (a) indicates the NH DES definition 

of human-impacted conductance values (100 μS/cm).  Dashed line in (b) represents background 

chloride levels in NH lakes and ponds (NH DES 2007b).  Key to subwatersheds: A = MILL; B 

= BEACH; C = LORE/UPRE; D= MONK; E = POLL; H = SAYW; I = SNAKE; J= WINI; K = 

HAWK; L = UNNAM; M = MAYO; O = GOLF; Q = WATER. 
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Figure 8 (cont): Mean values of (c) nitrate, (d) total phosphorus, (e) temperature, (f) dissolved 

oxygen, (g) turbidity, and (h) ANC.  Circles and asterisks represent outliers and extreme 

outliers, respectively. Dashed line in (d) represents the lower limit of eutrophic conditions (20 

ppb), based on NHDES trophic definitions.  Dashed line in (f) indicates the critical limit of 

dissolved oxygen for aquatic life (5 mg/L). 
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Figure 9: Seasonal variation of physical and chemical variables among sampling sites for (a) specific 

conductance, (b) turbidity, and (c) total phosphorus.  Sampling sites with partial datasets due to frozen 

or dry conditions were omitted from this analysis. 
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Figure 10: Mean percent contribution to conductance at each sampling site.  Size of pie chart indicates mean conductance at each site.  

All sites were dominated by chloride, with the exception of Unnamed Inflow and Mayo Shores, which were dominated by calcium. 
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Figure 11: Ratio of sodium to chloride in Waukewan tributaries.   

 

3.4 Biological Variables 
 

Overall Invertebrate Metrics 

 

 A total of 538 individuals from 69 different taxa were collected at the seven 

biomonitoring sites (Appendix 1).  Abundance ranged from 31 individuals at Upper 

Reservoir Brook to 166 individuals at Golf Course Drainage; richness ranged from 10 

taxa at Winona Inflow and Upper Reservoir Brook to 25 taxa at Lower Reservoir 

Brook.  EPT richness ranged from 3 taxa at Winona Inflow and Upper Reservoir 

Brook to 9 taxa at Lower Reservoir Brook and Golf Course Drainage, while relative 

abundance of EPT ranged from 4.5% at Mill Brook to 45% at Upper Reservoir (Table 

5).  Macroinvertebrate richness was positively correlated with both abundance (r
2 

= 

0.64, F1,5 = 7.2, p = 0.06) and EPT richness (r
2 

= 0.97, F1,5 = 153.9, p = 0.05).   

 EPT richness was not a reliable predictor of relative abundance of these taxa 

(Table 5; F1,6 < 0.001; p = 0.18).  For instance, the three taxa collected at Upper 

Reservoir (the plecopteran Haploperla and the trichopterans Hydropsyche and 

Neureclipsis) represented nearly half of overall abundance.  In contrast, the nine EPT 

taxa collected at Lower Reservoir (the ephemeropterans Ameletus and 

Paraleptophlebia; the plecopterans Sweltsa and an unidentified capniid; and the 

trichopterans Glossosoma, Hydropsyche, Pseudostenophylax, Psilotreta, and Marilla) 

represented only 14% of overall abundance. 

 Oligochaetes were documented at four sites, and were the dominant taxon at 

Lower Reservoir (Table 5).  Most of the oligochaetes found were Lumbriculus 

variegatus.  Dipterans dominated the communities at all sites except Mill Brook and 

Lower Reservoir.  Relative abundance of the dominant family ranged from 23% at 

Upper Reservoir to 81% at Mill Brook; relative abundance of the dominant genus 

ranged from 22% in Upper Reservoir to 81% in Mill Brook.  Chironomids were the 

most abundant dipterans at all sites except Upper Reservoir (Table 5). 
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Table 5:  Summary of macroinvertebrate metrics by sampling site.  Numbers in parentheses indicate the relative abundance of 

dominant family and genus for each site. 

Metric Site 

  
Mill Brook 

Lower 

Reservoir 

Upper 

Reservoir 

Saywood 

Brook 

Winona 

Inflow 

Hawkins 

Pond 
Golf Course 

Total abundance 89 95 31 55 33 69 166 

Richness 16 25 10 12 10 18 22 

EPT richness 4 9 3 4 3 7 9 

% Intolerant taxa 4.5 13.7 45.2 16.4 15.2 18.8 32.5 

% Oligochaeta 1 39 19 0 0 0 18 

% Chironomidae 1.1 37.9 9.7 38.2 78.8 65.2 44.6 

% Predators 5 24 23 13 21 9 6 

% Gatherers 2 58 23 15 15 19 33 

% Filterers 1 4 23 26 52 57 38 

% Scrapers 2 2 0 40 0 13 8 

% Shredders 0 10 29 4 12 3 15 

% Dominant 

family 

Duguesiidae 

(80.9) 

Lumbriculidae 

(39) 

Tipulidae 

(22.6) 

Chironomidae 

(38.2) 

Chironomidae 

(78.8) 

Chironomidae 

(65.2) 

Chironomidae 

(44.6) 

% Dominant 

genus 

Girardia 

(80.9) 

Lumbriculus 

(39) 

Haploperla 

(22.6) 

Ferrissia 

(36.4) 

Microtendipes 

(48.5) 

Rheotanytarsus 

(49.3) 

Microtendipes 

(38.0) 

Shannon Index 0.43 1.01 0.87 0.86 0.76 0.86 0.93 

BI (Family) 4.2 6.1 4.6 6.2 5.8 5.4 4.7 

BI (Genus) 4.3 6.6 5 6.8 6.5 5.2 4.9 
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Functional Feeding Types 

 

  Functional feeding groups also varied between sites (Figure 12), although no 

significant relationship was found between relative abundance of any functional 

feeding group and percent imperviousness (Appendix 2).  The dominant functional 

feeding type comprised more than half of all individuals at four sites: Mill Brook 

(omnivores), Lower Reservoir Brook (gatherer-collectors), Hawkins Pond (filterer-

collectors), and Golf Course (filterer-collectors).  The ratio of generalist feeding types 

(filter-collectors, gatherer-collectors, and omnivores) versus more specialized feeding 

types (scrapers and shredders) ranged from 0.9:1 at Saywood Brook to 42:1 at Mill 

Brook (Figure 12).  Saywood Brook was the only site at which more specialist 

feeding types were observed. 
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Figure 12: Variation of functional feeding groups among sampling sites.  Sold bars 

indicate specialist feeding types, while striped bars indicate more generalist feeding 

types.  Numbers to the right of the bars represent the ratio of specialists to generalists.  

Predators (dotted bars) were not included in the ratio. 

 

Diversity and Biotic Integrity 

 
 Macroinvertebrate diversity, expressed in Shannon Index scores, ranged from 

a low of 0.43 at Mill Brook to 1.01 at Lower Reservoir (Table 5) and was strongly 

positively related to habitat score (r
2
 = 0.74, F1,5 = 11.3, p = 0.03).  The 

macroinvertebrate community at Mill Brook was strongly dominated by the flatworm 

Girardia (81% relative abundance); the other genera at Mill Brook were largely 

represented by one individual.  In contrast, the taxa found at the six remaining sites 

were more evenly distributed, particularly at Lower Reservoir Brook and Golf Course 

Drainage, the two sites with the highest diversity.  

42:1 

3:1 

5:1 

6:1 

0.9:1 

2:1 
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Family and Genus Biotic Integrity generally mirrored each other (Figure 13).  

Only Hawkins Pond had a higher Family BI than its corresponding Genus BI.  

Neither Family Biotic Integrity (r
2
 = 0.21, F1,5 = 1.06, p = 0.36) nor Genus Biotic 

Integrity (r
2
 = 0.34, F1,5 = 2.03, p = 0.23) was significantly related to habitat quality. 
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Figure 13:  Relationship between Family BI and Genus BI.  Shaded box indicates 

moderate tolerance values. 

 

3.5 Relationships Between Water Quality Variables and 

Subwatershed Imperviousness 
 

 Several water quality variables were significantly related to subwatershed 

imperviousness.  Habitat score was positively related to imperviousness (r
2
 = 0.75; 

F1,5 = 11.7; p = 0.03), and habitat quality significantly differed between 

subwatersheds with less than 5% imperviousness and those with greater than 5% 

imperviousness (Table 6). 

 Of the water chemistry parameters measured, conductance, chloride, and ANC 

showed significant positive relationships with imperviousness (r
2
 = 0.49 – 0.61; F1,11 

= 9.21 – 15.4; p ≤ 0.05).  Only total phosphorus and dissolved oxygen were inversely 

related to imperviousness, though not at a significant level (Appendix 2, Figure 14c, 

f).  Conductance, chloride, and nitrate differed significantly between subwatersheds 

with less than 5% imperviousness and those with greater than 5% imperviousness 

(Table 6). 

 Total abundance, macroinvertebrate diversity, and percent oligochaetes were 

significantly positively related to subwatershed imperviousness (r
2
 = 0.55 – 0.69; F1,5 

= 4.9 – 8.9; p = 0.04 – 0.09).  No other invertebrate variables were significantly 

related to subwatershed imperviousness (Appendix 2).  Of the invertebrate metrics, 

only percent oligochaetes differed significantly between subwatersheds containing 

lower and higher levels of imperviousness (Table 6). 
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Table 6: Comparison of water quality variables between subwatersheds containing greater 

than 5% imperviousness and those containing less than 5% imperviousness. 

  Variable >5% PTIA <5% PTIA t-value sig 

Water Chemistry Mean SE Mean SE  (df = 10)  

 Conductance 215.3 14.3 80.6 19.5 5.1 < 0.01 

 Chloride 46.6 7.0 14.1 4.7 4.0 < 0.01 

 NO3 0.4 0.1 0.2 0.1 1.9 0.08 

 TP 14.0 1.8 14.0 2.2 0.0 1.00 

 ANC 282.4 27.8 195.5 35.8 1.8 0.11 

 Temp 10.1 0.5 10.5 0.7 -0.5 0.65 

 DO 11.2 0.4 10.5 0.4 1.1 0.30 

  Turbidity 1.5 0.1 1.0 0.3 1.3 0.23 

Physical Habitat        (df = 4)   

  Habitat Score 167.5 5.3 136.8 10.3 2.7 0.06 

Macroinvertebrate Metrics        (df = 4)  

 Richness 19.0 4.6 13.3 2.4 1.1 0.34 

 Abundance 97.3 39.0 52.3 10.5 1.1 0.33 

 EPT Richness 7.0 2.0 4.7 1.2 1.0 0.37 

 % EPT 30.5 9.1 16.8 1.1 1.5 0.21 

 % Oligochaetes 25.3 6.8 0.0 0.0 3.7 0.02 

 Diptera Taxa 8.0 2.6 6.3 1.5 0.6 0.61 

 Chironomid Taxa 5.3 1.8 5.7 1.2 -0.2 0.88 

 % Chironomid 30.9 10.8 60.7 11.9 -1.9 0.14 

 Predators 17.6 5.8 14.2 3.7 0.5 0.65 

 Shredders 17.9 5.8 6.2 3.0 1.8 0.15 

 Scrapers 3.3 2.3 17.7 11.8 -1.2 0.30 

 Filterers 21.6 9.8 44.5 9.6 -1.7 0.17 

 Gatherers 37.7 10.5 16.2 1.3 2.0 0.11 

 Omnivores 2.0 0.8 1.2 1.2 0.5 0.62 

 Dominant Family 40.9 4.3 62.8 12.2 -1.7 0.17 

 Dominant Genus 33.2 5.3 44.7 4.2 -1.7 0.17 

 Shannon Index 0.9 0.4 0.8 0.4 2.0 0.12 

 Family BI 5.1 0.5 5.8 0.2 -1.2 0.29 

  Genus BI 5.5 0.5 6.2 0.5 -0.9 0.41 
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Figure 14: Relationship between physical and chemical variables and 

subwatershed PTIA: (a) specific conductance, (b) chloride, (c) total 

phosphorus, (d) nitrate, (e) temperature, (f) dissolved oxygen, (g) 

turbidity, and (h) acid neutralizing capacity. 
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Chapter 4: Discussion 
 

 The current tributary study originated from water quality concerns outlined in 

the Waukewan Watershed Management Plan.  Ongoing lake sampling through 2005 

classified Lake Waukewan as increasingly impacted, although it remained unknown 

which portions of the watershed were contributing to water quality declines.  The 

main objectives of the current study, therefore, were to assess water quality in 

subwatersheds throughout the watershed, to pinpoint subwatersheds of concern 

relative to water quality, and to identify subwatersheds with good water quality that 

should be maintained.  Additionally, the current study explored the relationship 

between the components of water quality and subwatershed imperviousness, in order 

to recommend management objectives to address the impacts of imperviousness to 

water quality. 

 Overall, as expected, water quality in the watershed is generally good, 

although variable by subwatershed.  The dominance of forested land cover throughout 

the watershed is reflected in largely intact riparian zones; habitat quality in all but one 

of the seven sample sites was rated optimal or suboptimal.  Relatively intact 

macroinvertebrate communities were observed in most of the sampled tributaries, 

evidenced by average diversity for first and second order streams in the region (SLA 

2004), varied functional feeding groups, and the presence of sensitive taxa.  Although 

still intact, community assemblages exhibit numerous signs of stress, indicating that 

changes to macroinvertebrate communities are beginning to take place. 

 Water chemistry data indicated that several subwatersheds merit attention.  

The spatial distribution of these subwatersheds of concern, however, differs 

depending on which water quality variable is in question.  For example, the seven 

subwatersheds with higher-than-lakewater conductance values are located in the 

southeastern portion of the watershed, in Meredith and the southern portions of New 

Hampton and Center Harbor.  In contrast, subwatersheds with higher-than-lakewater 

concentrations of total phosphorus are located throughout the watershed in each of the 

five watershed towns. 

 Some of the variation in water quality is linked to spatial variation in 

imperviousness.  Habitat quality, conductance, macroinvertebrate abundance and 

diversity, ANC, and chloride were all positively correlated with imperviousness.  

Generally speaking, water chemistry variables indicated declining water quality in 

watersheds with greater percent imperviousness, which corroborates past research 

exploring the relationship between chemistry variables and imperviousness (e.g. 

Deacon et al. 2005; Coles et al. 2004; Gray 2003; Roy et al. 2003; Ourso 2001; Lenat 

and Crawford 1994; Smart et al. 1985; Klein 1979).  In contrast, habitat quality was 

generally positively correlated with high subwatershed imperviousness, as were 

macroinvertebrate diversity and abundance.  The observed relationship between 

subwatershed imperviousness and habitat quality and macroinvertebrate community 

assemblages is inconsistent with findings of past research, much of which found that 

habitat and macroinvertebrate health were negatively impacted by urbanization 

(e.g.—Morse et al. 2003; Cuffney et al. 2005; Ourso 2001).  Several factors may help 



41 

 

explain this difference, including the small sample size of this study, the small size of 

tributaries sampled, and the overall low level of development and imperviousness in 

the watershed.  These limitations will be addressed in detail in this section. 

 As imperviousness is primarily linked to NPS, the major sources of NPS, 

identified by the Waukewan Watershed Advisory Committee (WWAC 2005), are 

examined in light of the findings of the present study.  These seven major sources 

include: 

 

1. Site Development/Lot Conversion 

2. Agricultural Land Use 

3. Recreational Activities 

4. Residential Land Use 

5. Transportation Corridors 

6. Stormwater Management 

7. Utilities 

 

 The WWAC also identified specific features or activities in each of the above 

categories that could potentially contribute to water quality impairment in each 

subwatershed.  In the following sections, the various components of water quality are 

discussed in detail and placed in context of these seven sources of NPS pollution.  

Subwatersheds are prioritized according to overall water quality impacts, followed by 

management recommendations for the Lake Waukewan watershed based on insights 

gained in the present study. 

 

4.2 Physicochemical and Chemical Variables 
 

Temperature, Dissolved Oxygen, and Turbidity 

 

 Neither temperature nor dissolved oxygen was related to subwatershed 

imperviousness.  This most likely reflects the abundance of forested land cover 

throughout the watershed; the least forested subwatershed which contained a 

sampling site, found in one of the more urbanized subwatersheds in Meredith, 

contained above 70% forest cover (Madorma and Greenawalt-Yelle 2008).  However, 

even these watersheds contained a reasonably high proportion of intact riparian 

buffers and canopy cover which moderated solar heating of streams. 

 Although turbidity was not significantly related to subwatershed 

imperviousness, a substantial increase was observed at all sites during spring melt.  

Although turbidity levels generally indicated unimpacted conditions, turbidity values 

exceeded the drinking water quality standard (5 NTU) at four sites (Lower Reservoir, 

Upper Reservoir, Saywood Brook, and Pollard Shores Road) during spring melt 

(Figure 7g; Table 7).  All of these sites except Saywood Brook are located 

downstream of heavily traveled state-maintained roads, which underscores the 

connection between roads and inputs of fine sediments to waterways (Deacon et al. 

2005; Gray 2003; Roy et al. 2003).  The Saywood Brook site is experiencing 
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residential development, in the form of conversions of both seasonal camps and 

undeveloped lots.  Prior research has linked lot conversion to increased sediments 

reaching streams (Paul and Meyer 2001; May et al. 1997; Richards and Host 1994; 

Pratt et al. 1981; Klein 1979). 

 Turbidity of the epilimnion of Lake Waukewan has averaged 0.3 NTU, and 

the median value for turbidity in New Hampshire lakes and ponds is 1.0 NTU 

(WWAC 2005).  All sites except Water Street exceeded the average for Lake 

Waukewan, and all but four sites (Hawkins Pond, Snake River, Unnamed Inflow, and 

Water Street) exceeded the median statewide value (Figure 8g).  Although turbidity in 

streams generally exceeds that of lakes and ponds due to increased turbulence, 

(Hynes 1970), higher turbidity readings, in the context of other water quality 

parameters, may help indicate potential areas of concern within the watershed. 

 Of all sites, turbidity values were most variable at Saywood Brook, Winona 

Inflow, and Upper Reservoir.  Riparian buffers often work to intercept sediments 

from reaching streams, and wide buffers are strongly negatively correlated with 

stream sedimentation (May et al. 1997).  Upper Reservoir and Saywood Brook both 

received marginal ratings for riparian buffer width, while Winona Inflow scored a 

marginal rating for sedimentation (Table 4).  Moreover, algal growth observed in 

Saywood Brook could have contributed to increased turbidity at that site. 

 

Specific Conductance 

 

 Mean conductance values varied widely among subwatersheds, from 37.8 

μS/cm to 258 μS/cm.  Although conductance naturally varies among sites in New 

Hampshire due to variation in geology, the generally-accepted threshold for 

anthropogenic influence is 100 μS/cm (NH DES 2007b).  Moreover, conductance has 

been used in several studies as a surrogate for overall human presence in the 

landscape (Wang and Yin 1997; May et al. 1997).  Conductance values in seven of 

the 14 Waukewan tributaries  were indicative of anthropogenic impacts (Table 7). 

 Furthermore, annual lake conductance values gathered in from 1991 to 2005 

by the VLAP program indicate that lakewater conductance values have consistently 

increased, and that Lake Waukewan itself is borderline human-impacted (NH DES 

2006a; Figure 5).  Summer conductance at the deep spot of the lake was 113 μS/cm 

(NH DES 2006a), while conductance measured in August 2007 as part of the current 

study was lower (91 μS/cm).  Mean conductance at nine of the 14 sampling sites 

exceeded the more recent 2007 values (Table 7).  Seven of these sampling sites were 

located in Meredith, while one each was located in Center Harbor and New Hampton. 

 Conductance exhibited a significant positive relationship with subwatershed 

imperviousness, and mean conductance was significantly higher in subwatersheds 

with more than 5% imperviousness.  Moreover, subwatersheds with the highest mean 

conductance also exhibited the greatest variability in conductance (Figure 8a).  In 

undisturbed sites, conductance values should experience little fluctuation (Allan 

1995), so wide variations can indicate human disturbance of some type, including 

road salt application, septic leachate, manure, and urban runoff (Deacon et al. 2005; 
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Coles et al. 2004; Roy et al. 2003; Paul and Meyer 2001; Ourso 2001; Wang and Yin 

1997).  All seven subwatersheds with mean conductance values above 100 μS/cm 

contained the highest levels of residential rooftops, roads and other paved areas, and 

commercial/industrial land uses among all sampling sites (Madorma and Greenawalt-

Yelle 2008).  These data suggest that increasing development may lead to increased 

conductance throughout the watershed in the future, which may have implications for 

groundwater quality, cumulative impacts to macroinvertebrates, fisheries, and plants, 

and increased water treatment costs if levels continue to increase. 

 

Total Phosphorus and Nitrogen 

 

 Mean total phosphorus values ranged from 4 ppb to 23 ppb.  In lakes, total 

phosphorus concentrations are linked to trophic levels; in the context of the current 

study, trophic levels are used to gauge the relative contribution of a given tributary to 

lakewater phosphorus.  Concentrations at three tributary sampling sites were 

indicative of oligotrophic levels, while only Saywood Brook had concentrations 

indicative of eutrophic conditions.  The remaining tributary sites indicated moderate 

levels of phosphorus (Table 7). 

 Historically, total phosphorus concentrations in surface water from Lake 

Waukewan, as measured by the VLAP program, averaged 6 ppb (NH DES 2007c).  

All fourteen sampling sites, with the exception of Water Street, had mean total 

phosphorus concentrations which exceeded this historical average.  Furthermore, the 

state median for phosphorus in NH lakes is 12 ppb (WWAC 2005); nine of the 

sampling sites exceeded this median value (Table 7). 

 Road salt and sediment is a significant contributor to phosphorus in tributaries 

(Oberts 1986).  Waschbusch et al. (1999) found that roads and lawns combined 

contributed 80 percent of phosphorus to waterbodies.  In this study, the highest total 

phosphorus levels were measured during snowmelt, when salt and sand in 

accumulated snow were released into water bodies.  However, total phosphorus was 

weakly and negatively correlated with subwatershed imperviousness, suggesting that 

phosphorus could be originating from other anthropogenic sources.  These sources 

may include lawn fertilizers or improperly sited or failing septic systems. 

 The highest total phosphorus measurements were observed in Saywood 

Brook.  Several cumulative factors may contribute to high phosphorus at this site.  

First, the brook is located downstream of two state-maintained roads.  Secondly, a 

large wetland complex, as well as a significant area of open fields is located upstream 

of the sampling site, both of which could contribute organic matter to the stream, 

depending on the use and management of the fields.  Finally, a large storm washed 

out the culvert crossing Waukewan Road, as well as the railroad culvert, several years 

ago, resulting in a large amount of sediment being released into the stream channel 

and into Lake Waukewan.  The cumulative result of these impacts may well be 

elevated phosphorus levels and eutrophication, with implications for drinking water 

quality, loss of diversity (including species important to recreation), and health and 

aesthetic concerns. 
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Table 7: Comparison of mean chemical parameters at Waukewan sampling sites to state and lake standards.  Shaded 

rows indicate non-tributary sampling sites, which were not included in statistical analyses. 

Site Name 
"Human-

Impacted"?
1
 

Turbidity Ever 

Above DW 

Standard
2
? 

Trophic State
3
 

Above 

Lake TP
4
? 

Above Lake 

Chloride
5
? 

Chloride 

Impact
6
 

Mill Brook No* No Oligotrophic Yes Yes Moderate 

Lower Reservoir Yes* Yes Mesotrophic Yes* Yes Major 

Upper Reservoir Yes* Yes Mesotrophic Yes* Yes Major 

Saywood Brook Yes* Yes Eutrophic Yes* Yes Moderate 

Winona Inflow No No Mesotrophic Yes* No Minor 

Hawkins Pond No No Mesotrophic Yes* No Moderate 

Golf Course Yes* No Mesotrophic Yes* Yes Moderate 

Town Beach No* No Mesotrophic Yes Yes Major 

Monkey Pond Yes* No Oligotrophic Yes Yes Major 

Pollard Shores Yes* Yes Mesotrophic Yes* Yes Major 

Snake River No No Mesotrophic Yes No Moderate 

Mayo Shores No No Mesotrophic Yes* No Minor 

Unnamed Inflow No No Mesotrophic Yes* No Minor 

Water Street Yes* No Oligotrophic No Yes Major 

       
1
 100 μS/cm (NH DES 2007b).  Asterisks indicate values above lakewater conductance (91 μS/cm [2007]).  

2 
5.0 NTU (US EPA 2004)      

3
 Oligotrophic = <10 ppb; Mesotrophic = 10-20 ppb; Eutrophic = >20 ppb phosphorus.   

4
 6 ppb (WWAC 2005).  Asterisks indicate values above state median (12 ppb [2005]).   

5
 19 mg/L (2007)       

6
  Minor = 3-10 mg/L; Moderate = 10-30 mg/L; Major = 30-230 mg/L (NH DES 2007b)   
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 Mean nitrate concentrations ranged from 0.05 mg/L to 0.56 mg/L.  Mean 

nitrate concentrations in subwatersheds with greater than five percent imperviousness 

were double those in subwatersheds with less than five percent imperviousness.  This 

finding corroborates past observations that nitrate levels are related to imperviousness 

(Pip 2005; Roy et al. 2003; Silva and Williams 2001; Lenat and Crawford 1994).  

While the increase in more developed watersheds is not the order of magnitude that 

was observed in watersheds in southeastern New Hampshire (Deacon et al. 2005), it 

would appear that land use is influencing nitrate levels in Waukewan tributaries. 

 Data collected from the NH Lakes and Ponds inventory in 1994 and 1995 

indicated that nitrate concentrations in Lake Waukewan were roughly average for 

New Hampshire lakes and ponds (WWAC 2005); lakewater measurements taken in 

August 2007 for the current study indicated non-detectable nitrate concentrations.  

Such low nitrate concentrations in all tributaries suggest that either nitrate is not 

reaching the tributaries due to the extent of forest cover and riparian zones in the 

watershed, or not all sources of nitrate have been measured by the current study.  The 

predominance of forested land cover and the retention of intact wetland areas in the 

Waukewan watershed may be factors in low nitrate levels reaching streams.  Previous 

studies found that nitrate concentrations were negatively correlated with forest cover 

(Roy et al. 2003; Herlihy et al. 1998).  Similarly, Wheeler et al. (2005) observed that 

nutrient increases are likely when non-forested watershed land exceeds 10%; in the 

current study, four of the five sites with the highest and most variable nitrate 

concentrations (Lower Reservoir, Upper Reservoir, Monkey Pond, and Pollard 

Shores) were located in subwatersheds with less than 90% forest cover.  Moreover, 

wetlands have been studied as zones of denitrification, in which NO3 is converted to 

atmospheric N2 (Carpenter et al. 1998), while intact riparian buffers act to intercept 

nutrients before they reach streams (Hill 1996; Osbourne and Kovacic 1993; 

Lowrance et al. 1985).  These features have been largely preserved throughout the 

watershed and may contribute to lower nitrate concentrations in tributaries. 

 One exception to this trend in forest cover versus nitrate was observed at the 

Water Street site.  Although this site was located in a subwatershed with 95% forest 

cover, the mean nitrate concentration at that site was the highest of the current study 

(Figure 8c).  This subwatershed contains primarily low-density residential 

development serviced by septic systems.  Such development, when serviced by septic 

systems, has been linked to nitrate plumes in groundwater and increased nitrate 

concentrations in groundwater and surface water in other low-density developments 

(Williams et al. 2007; US EPA 2002a). 

 A second possibility is that not all sources of nitrate were measured by the 

current study.  This ―missing nitrate,‖ if any, may be originating from activities along 

the shoreline or in the lake itself.  Future research might therefore include a more 

thorough assessment of nitrate sources in the Waukewan watershed, including an 

assessment of shoreline properties serviced by septic systems, as well as fertilizer 

usage by shoreline property owners. 

 

 



46 

 

Major Ions 

 

 Mean chloride concentrations in the Waukewan subwatersheds ranged from 1 

mg/L to 62 mg/L.  Additionally, three summer lake samples collected since 1982 

(twice for the New Hampshire Lake Trophic Survey and once for the present study) 

indicate a steady increase in chloride concentrations in the epilimnion, from 8 mg/L 

in 1982, to 13 mg/L in 1994 (NH DES 2004b), to 19 mg/L in 2007.  Nine of the 

sampling sites had chloride concentrations which exceeded the most recent lakewater 

concentrations, and eleven of the sites showed at least moderate impacts from 

chloride, as defined by the VLAP program (Table 7). 

 Chloride exhibited the strongest relationship with conductance of all major 

ions, a finding reflected in recent studies in southern NH.  This strong relationship 

between conductance and chloride indicates that chloride can be reasonably predicted 

using conductance, according to the following regression model developed by NH 

DES (NH DES 2006b; Figure 15): 

 

Chloride (in mg/L) = 0.307*Specific Conductance (in µS/cm) – 22.00 

 

y = 0.307x - 22
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Figure 15: Comparison of chloride concentrations in Waukewan tributaries with 

regression model.  Chloride concentrations in Waukewan tributaries could be 

acceptably predicted from conductance, using the regression model developed by NH 

DES (2006b).  Dashed lines represent the upper and lower limits of acceptability (40 

mg/L above or below predicted values), as defined by NH DES. 

 

 

 That chloride represents the primary contribution to conductance at many sites 

reflects that chloride has been identified by the Watershed Committee as a primary 

water quality concern within the watershed.  The relationship between sodium and 
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chloride, although not significant, approximated a one-to-one molar ratio.  Such a 

ratio is indicative of a halite source of chloride and suggests that chloride in 

Waukewan tributaries is originating from road salt (Foos 2004).  

 Chloride exhibited a logarithmic relationship with subwatershed 

imperviousness.  This pattern mirrors that of prior research (Kaushal et al. 2005) and 

suggests that small changes in land use can have large impacts on water chemistry, 

particularly at low levels of development.  Similarly, in a study of Eastern 

Massachusetts watersheds, changes in conductance over time were greater in 

suburban areas than in densely-populated metropolitan areas, suggesting that initial 

phases of development may have greater impacts on water chemistry than that which 

occurs in already-developed areas (Tu and Xia 1998).  The Waukewan watershed is 

primarily rural and forested, so continued land use change can be expected to have 

significant impacts to water quality.  This idea stresses the importance of maintaining 

forest cover while minimizing disturbance associated with construction. 

 Although it was expected that chloride would vary among tributaries, the 

seasonal pattern that was observed in many tributaries was unexpected.  It was 

anticipated that peaks in chloride would occur during spring high flows, when 

accumulated road salt enters streams as snow melts.  While this pattern was distinctly 

observed in tributaries with lower mean chloride concentrations, a more prominent 

pattern of elevated chloride concentrations during low flow conditions was observed 

in most other tributaries.  Elevated baseflow chloride concentration was observed in 

other studies of suburban and urban watersheds (Kaushal et al. 2005; Koryak et al. 

2001; Nimiroski and Waldron 2000; Demers and Sage 1989) and may indicate that 

chloride is accumulating in groundwater and not leaving the aquatic system.  Further 

monitoring would help answer this question more fully. 

 Rising chloride levels in the Waukewan watershed may contribute to 

numerous changes in the lake and its tributaries; past research has indicated that, 

above concentrations of 10 mg/L chloride, phytoplankton were replaced by blue-

green algae, many of which are responsible for toxic blooms in lakes (Songioni et al., 

1983 [in Environmental Protection Agency, 1988]).  Lake Waukewan has 

experienced several blooms of the cyanobacteria Anabaena since 2004; these have 

occurred nearest the most urbanized subwatersheds with the highest chloride levels 

(NH DES 2007a).  As Anabaena presents a human health hazard and results in 

increased water treatment costs, further management efforts may be directed at 

decreasing chloride inputs to Lake Waukewan. 

 

Sampling Issues 

 

 It should be noted that several sampling sites, although representing 

subwatersheds, were not tributaries; data gathered at these sites (Mill Brook Canal 

and Town Beach) could not accurately be compared with tributary data.  These two 

sites were primarily regarded as control sites and provided a comparison with existing 

VLAP data.  Therefore, data from these sites were not included in statistical analyses 

but are included in reports to the five watershed communities for future use.   
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 Although the water chemistry of the two sites differed little, as a result of 

dilution by lakewater, several details should be noted.  For instance, total phosphorus 

more than doubled during the summer months at the Town Beach site, despite the 

dilution effect of the lake.  The Town Beach site is the closest sampling site to 

historical cyanobacteria blooms in Lake Waukewan and is influenced by an adjacent 

roadway and parking lots, and seasonal lake contact activity at the beach itself.  

Furthermore, although the mean conductance did not indicate human-impacted 

conditions at the Town Beach site, chloride concentrations were elevated and 

indicated major road salt effects, likely due to the site‘s proximity to a major 

roadway. 

 It should also be noted that the Town Beach site is geographically connected 

to the subwatershed containing the highest amount of impervious area in the entire 

watershed (35%); however, runoff is diverted away from Lake Waukewan via the 

municipal storm sewer network (Madorma and Greenawalt-Yelle 2008), so the lake 

likely does not experience much of the impact of this densely-developed portion of 

the watershed.  In contrast, the Mill Brook site received runoff from substantial 

adjacent parking lots, rooftops, and local roads in downtown Meredith; however, 

much of the downtown area is located downstream of the watershed. 

 Conductance at both sites was below the threshold for human impact (100 

μS/cm), but was above lakewater conductance.  Furthermore, chloride concentrations 

at both sites were above lakewater concentrations, despite dilution effects.  Based on 

VLAP designations for chloride, Mill Brook was moderately impacted by road salt, 

while Town Beach exhibited major impacts from road salt, which reflects the close 

proximity of both sites to roads receiving winter maintenance. 

 It is therefore recommended that data from Mill Brook Canal and Town Beach 

continue to be collected, along with additional sites, to help communities gauge the 

impact of the downtown area of Meredith on water quality.  This continued research 

would be particularly relevant in conjunction with monitoring efforts currently 

underway in Meredith Bay. 

 

4.3 Biological Variables 
 

Overall Trends 

 

 Waukewan tributaries currently support relatively intact macroinvertebrate 

communities which retain many of the characteristics of reference streams in New 

England.  All tributaries exhibited average diversity for similar-sized streams within 

New England; sensitive taxa were documented at all sites; and IBI values fell within 

the moderate range for macroinvertebrate tolerance. 

 However, several signs of stress were observed at all sample sites, when 

viewed in context of the measured invertebrate metrics.  For instance, although 

sensitive taxa were found at all sites, the relative abundance of EPT taxa was less at 

all sites than what would be expected in predominantly forested streams; the greatest 

proportion of EPT taxa at any site was 45% (Upper Reservoir Brook).  Numerous 
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studies found that sensitive EPT taxa were dominant or co-dominant in forested 

reference streams, comprising at least half of the invertebrate community (Morse et 

al. 2003; Deacon et al. 2005; Miller et al. 2004; Gray 2003; Lenat and Crawford 

1994; Jones and Clark 1987).  Moreover, EPT richness at all Waukewan sites 

indicated a moderate change from regional reference conditions, when viewed in light 

of biocriteria standards for New England states (Shelton and Blocksom 2004). 

Furthermore, the dominance of chironomids and oligochaetes in several 

Waukewan streams may also indicate stressed conditions.  Although chironomids 

exhibit a wide range of pollution tolerance, community dominance by chironomids 

generally indicates water quality impairment of some kind (Voshell 2002; Barbour et 

al. 1999).  Chironomids represented the dominant taxon at Saywood Brook, Winona 

Inflow, Hawkins Pond, and Golf Course Drainage, and the co-dominant taxon at 

Lower Reservoir Brook.  Winona Inflow and Saywood Brook had considerable 

amounts of fine or organic substrates, physical conditions which favor chironomids.  

Although Golf Course Drainage and Lower Reservoir Brook had the highest diversity 

and habitat quality in general, the abundance of chironomids rather than EPT taxa 

would indicate a stressor other than physical habitat. 

The family tolerance value for Chironomidae is 6.52 (Barbour et al. 1999), 

indicating moderate pollution tolerance as a whole.  However, as land use shifts from 

rural to urban, chironomid taxonomic structure has been observed to shift to more 

tolerant assemblages (Gresens et al. 2007).  In Waukewan tributaries, chironomid 

community IBI exceeded the family IBI at all tributary sites, with the exception of 

Upper Reservoir Brook and Hawkins Pond (Figure 16); the most pollution-tolerant 

assemblages were observed at Saywood Brook and Lower Reservoir Brook, the two 

tributary sites with relatively high proportion of chironomids, as well as the highest 

IBI values in general.  That moderately-tolerant to tolerant chironomid species were 

observed at tributary sites is another indication that stream macroinvertebrate 

communities are somewhat stressed. 

 
Figure 16: Chironomid tolerance values at Waukewan tributary sites.  Tolerance 

values generally exceeded the family IBI for Chironomidae (6.52), indicated by the 

dashed red line.  Values above the bars indicate the relative abundance of 

chironomids at each site. 
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 Similarly, oligochaetes dominated Lower Reservoir Brook, a site which 

received runoff from major roads and parking lots.  The presence of oligochaetes does 

not necessarily indicate pollution, as they are typically found in both healthy and 

impaired water bodies.  However, oligochaetes have been documented as strong 

predictors of organic pollution when they comprise a large proportion of the biotic 

community at a given site (Voshell 2002; Ourso 2001; Barbour et al. 1999; Lenat and 

Crawford 1994). 

 A third sign of stress in Waukewan streams relates to lower-than-expected 

balance in the macroinvertebrate community, evidenced by a high proportion of the 

community represented by the dominant taxon, as well as by a high ratio of generalist 

feeders to specialized feeders.  Healthy streams are characterized by a wide range of 

taxa; as stream quality declines, the percentage of the dominant taxon may increase, 

often to a more tolerant group.  In this context, many Waukewan tributaries would 

appear to be stressed.  For instance, nearly half of the individuals collected at Winona 

Inflow and Hawkins Pond were the moderately-tolerant chironomids Microtendipes 

and Rheotanytarsus, respectively, while a single fairly tolerant taxon comprised over 

a third of the individuals collected at Lower Reservoir (the oligochaete Lumbriculus), 

Saywood Brook (the mollusk Ferrissia), and Golf Course Drainage (the chironomid 

Microtendipes). 

 Additionally, generalist feeding types such as omnivores, filter-collectors, and 

gatherer-collectors greatly outnumbered more specialized feeders such as shredders 

and scrapers by at least a three-to-one ratio at all sites with the exception of Upper 

Reservoir and Saywood Brook.  Predator abundance was variable, as expected, 

reflecting average diversity and a wide range of prey species.  These observations 

support past findings that specialized feeders typically decline, and are replaced with 

greater abundances of generalists.  Similarly, predator abundance is often greater in 

non-impacted streams, as healthy invertebrate communities provide predators with a 

diverse food base (Cummins and Klug 1979 [in Barbour et al. 1999]). 

 These observations regarding Waukewan tributaries may indicate changing 

community structure due to environmental stress, including altered biological 

dynamics, chemical stressors, or impaired habitat.  Stream macroinvertebrates interact 

with and adapt to these cumulative stressors in complex ways over time, so a 

comprehensive assessment or definitive ranking of impacts to invertebrate 

communities in the Waukewan watershed is difficult.  However, several general 

relationships can be addressed. 

 

The Impact of Water Chemistry on Waukewan Macroinvertebrates 

 

 Prior studies found few direct relationships between macroinvertebrate 

community structure and low to moderate water chemistry impairment (Sawyer et al. 

2004; Miller et al. 2004; Ourso and Frenzel 2003; Lenat and Crawford 1994).  

Chloride, in particular, has been studied in the context of aquatic life at levels at least 

double those found in Waukewan tributaries, with few lethal effects, although stress 

reactions were observed (Benbow and Merritt 2004; Blasius and Merritt 2002; 
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Williams et al. 1997).  Moreover, the standard limit for chronic chloride exposure by 

aquatic life has been set at 230 mg/L (US EPA 1988); the highest average chloride 

concentration at any Waukewan sampling site was 62 mg/L, well below this chronic 

limit.  It therefore seems unlikely that chloride levels observed in Waukewan 

tributaries are directly accountable for macroinvertebrate mortality. 

 However, Pratt et al. (1981) suggested that cumulative chemical stressors 

adversely impact macroinvertebrates, and numerous indications of decreased fitness 

have been attributed to low-level chloride exposure, including damage to respiratory 

structures, decreased feeding, energy expenditures associated with avoidance 

behaviors, and decreased reproductive ability (Benbow and Merritt 2004; Blasius and 

Merritt 2002; Williams et al. 1997; Williams and Feltmate 1992; US EPA 1988). 

Individuals in Waukewan tributaries certainly experience chronic low-level exposure 

to chloride, which will most likely impact the survival of certain taxa over a number 

of years.  Continued monitoring of benthic communities will provide a more 

complete answer to whether this is occurring at current chloride concentrations. 

  Nutrient enrichment is one water chemistry parameter that has been shown to 

influence macroinvertebrate community structure, particularly by favoring organisms 

adapted to decreased dissolved oxygen concentrations, as well as filterers of fine 

organic matter from increased primary production (Gresens et al. 2007; Giller and 

Malmqvist 1998).  Some evidence of nutrient pollution can be inferred from the 

abundance of specific taxa at certain Waukewan sites, although water chemistry data 

do not always support these observations.  For instance, the flatworm Duguesia 

dominated the community at the Mill Brook Outflow; this organism, when found in 

large numbers, is indicative of organic pollution (Voshell 2002).  While average 

nitrate and phosphorus levels were observed at the Mill Brook site, a nearby 

stormdrain contributed significant phosphorus during snowmelt, potentially altering 

the nutrient dynamics of the site.  Elevated nutrients also may not have been detected 

due to the intermittent nature of water chemistry sampling, a notion commonly 

discussed in relation to bioassessment (Karr 1998; Barbour et al. 1999; Cox 1991). 

 Other sites showed signs of nutrient enrichment.  For instance, at Saywood 

Brook, Ferrissia parallelus represented 36% of the total individuals collected; this 

limpet is moderately tolerant of nutrient pollution (Voshell 2002).  Saywood Brook 

exhibited the highest mean total phosphorus concentration of all sample sites.  

Similarly, the oligochaete Lumbriculus dominated the macroinvertebrate community 

at Lower Reservoir Brook, which received runoff from a major roadway, parking lots, 

and industrial development and exhibited one of the higher concentrations of nitrate 

found in the watershed.  As discussed above, when oligochaetes dominate the 

macroinvertebrate community, they are strong predictors of organic pollution. 

 

The Impact of Subwatershed Imperviousness on Waukewan Macroinvertebrates 

 

 In Waukewan tributaries, macroinvertebrate diversity and abundance were 

significantly positively related to subwatershed imperviousness.  Moreover, the 

highest IBI values, indicating assemblages with the greatest pollution tolerance, were 
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found at Saywood Brook, Lower Reservoir Brook, and Winona Inflow, two of which 

contained less than 3% imperviousness.  These relationships largely contrasted with 

many prior observations of a negative biotic response to increased imperviousness 

(e.g. Deacon et al. 2005; Gray 2003; Morse et al. 2003; Ourso and Frenzel 2003; Roy 

et al. 2003; Richards and Host 1994; Garie and McIntosh 1986; Pratt et al. 1981; 

Klein 1979). 

The relationship between oligochaete abundance and watershed 

imperviousness, however, mirrored that of prior research.  While no oligochaetes 

were found in tributaries draining subwatersheds with less than five percent 

imperviousness, oligochaetes were the dominant or co-dominant taxon in two of the 

three subwatersheds with greater than five percent imperviousness.  This sharp 

contrast between subwatersheds with lower and higher levels of imperviousness may 

suggest biological impairment as imperviousness increases. 

 The somewhat counterintuitive relationship between macroinvertebrate 

communities and subwatershed imperviousness can potentially be explained by 

several aspects of the design of a small-scale study such as this one.  First, we 

collected habitat quality and macroinvertebrate data at only seven sites; past studies 

(e.g. Deacon et al 2005; Morse et al 2003) included 15 to 20 sampling sites.  

Furthermore, the range of impervious cover throughout the watershed was relatively 

small.  It is possible that this limited sample size and small range of subwatershed 

imperviousness masked the actual effect of imperviousness on habitat quality and 

diversity.  As imperviousness increases over time, the data in this study can provide a 

basis for comparing changes to habitat and biota. 

Additionally, the relationship between imperviousness and habitat and 

diversity supports prior research indicating that ―local‖ (i.e.—riparian buffer zone) 

land use contributes more to instream conditions than whole watershed land use does 

(e.g. Deacon et al. 2005; Morley and Karr 2002; Sponseller et al. 2001).  Despite 

being located in subwatersheds with higher imperviousness, Lower Reservoir, Upper 

Reservoir, and Golf Course Drainage had relatively intact riparian vegetation and 

buffers (75 meters upstream and downstream), which appear to have helped mitigate 

the potential negative impacts of imperviousness on stream macroinvertebrates.  

Several studies have stressed that intact riparian buffers mitigate the impacts of 

altered hydrology (Sawyer et al. 2004; Roy et al. 2003; May et al. 1997) or impaired 

water chemistry (Nedeau et al. 2003) on  macroinvertebrate communities, particularly 

in watersheds with low levels of overall imperviousness (Morley and Karr 2002), 

such as the Waukewan watershed.  Conversely, Sponseller et al. (2001) indicated that 

near-stream development can alter macroinvertebrate communities, regardless of 

upstream land use. 

 Differences in specific macroinvertebrate taxa between Waukewan sites also 

highlight the importance of local conditions in explaining stream patterns.  For 

instance, stoneflies were only found at Lower Reservoir, Upper Reservoir, and Golf 

Course Drainage, an observation which seems to support Morley and Karr‘s (2002) 

finding that local land use had the greatest impact on stoneflies.  Of all sites, these 

three sites were generally characterized by a low percentage of fine sediments, 
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abundant riffles, and a variety of velocities and depths.  Stoneflies are typically 

associated with well-oxygenated, fast-moving, forested streams with larger substrates 

(Giller and Malmqvist 1998; Peckarsky et al. 1990). 

 

4.4 Prioritizing Management Activities by Subwatershed 
 

 One of the primary objectives of the current study was to determine which 

portions of the watershed were potentially contributing to declining water quality in 

Lake Waukewan.  Tributary contribution to lake water quality is difficult to visualize 

since some watersheds do not exceed any lake water or state median values, while 

others exceed several.  As an example of quantifying the relative impairment of water 

quality by subwatershed, each subwatershed was ranked numerically according to the 

cumulative water quality parameters in Table 7.  Such a classification assumes that all 

water quality parameters are equally important and assigns one point for each 

lakewater value and state median exceeded.  Tiered variables (Trophic Level and 

VLAP Chloride Impact) were given zero points for oligotrophic or minor, one point 

for mesotrophic or moderate, and two points for eutrophic or major.  The sum of 

points represents the cumulative impacts of water chemistry variables, in much the 

same fashion as a natural resources co-occurrence analysis (Figure 17). 

 Using this system, Waukewan subwatersheds may be generally prioritized for 

management activities.  Lower Reservoir, Upper Reservoir, Saywood Brook, and 

Pollard Shores all exhibited the strongest cumulative water chemistry impacts, 

followed by Golf Course and Monkey Pond.  Town Beach, Water Street, and Mill 

Brook exhibited moderate impacts, while Winona Inflow, Hawkins Pond, Mayo 

Shores, Snake River, and Unnamed Inflow all exhibited relatively low water 

chemistry impacts.  The actual prioritization by watershed communities may differ, 

depending on which specific impacts are determined to be the most important. 
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Figure 17: The cumulative impact of water chemistry variables by subwatershed.  

Reds indicate greater cumulative water chemistry impacts; oranges and yellows 

indicate moderate impact; greens indicate low cumulative water chemistry impact.  

Gray shaded areas indicate non-sampled subwatersheds.  Circles indicate sampling 

sites. 
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 Table 8 summarizes possible sources of NPS pollution for each sampled 

subwatershed, based on the WWAC inventory (2005) and the findings of the current 

study.  Transportation corridors, including roads, highways, and railroads, are likely 

the most widespread impact throughout the watershed, contributing to elevated 

chloride, total phosphorus, and sediments at all sites.  Although imperviousness was 

low at Winona Inflow and Hawkins Pond, these contained among the highest number 

of road crossings, which may have increased the overall load of chloride and 

sediment at these sites.  Stormwater management impacted the more urbanized 

portions of the watershed, although Saywood Brook is included, due to the historical 

failure of the railroad culvert.  Residential land use (primarily represented in this 

study by septic systems and the contribution to impervious surfaces) and site 

development likely contribute nutrients, sediments, and habitat impairment 

throughout the watershed. 

 

 
 

 That the most-impacted subwatersheds, with respect to water chemistry, are 

located in several towns throughout the watershed has important implications for 

watershed managers.  As previously discussed, Lake Waukewan serves as the 

primary water supply for much of the Town of Meredith.  A significant challenge will 

be to balance the potentially-conflicting needs of ―upstream‖ and ―downstream‖ 

residents and increase overall investment as a watershed in order to protect the 
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diverse uses of this valuable resource—water supply, aquifer recharge, recreation, 

wildlife habitat, and aesthetics—for all towns. 

 To date, one of the strengths of the Waukewan Watershed Advisory 

Committee has been educating community members throughout the watershed 

regarding impacts to water quality and the need to minimize these impacts.  

Educational efforts should focus on this need to balance water quality with 

development.  This and other recommendations based on the data from the current 

study are outlined in the following chapter.  
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Chapter 5: Conclusions and Recommendations 
 

 The purpose of the present study was to pinpoint specific areas of the Lake 

Waukewan watershed that posed the greatest impact to lake water quality, using 

physical, chemical, and biological indicators.  Using all three indicators provides a 

more complete view of how water quality—as well implications for watershed 

management—differs throughout the watershed.  In general, subwatershed-scale land 

use appeared to have a stronger influence on water chemistry in this study, while 

macroinvertebrate diversity and community composition was more tied to local (or 

riparian buffer zone) land use. 

 Overall, physical habitat was fairly good throughout the watershed, even in 

more urbanized areas.  Riparian vegetative buffers were reasonably well-preserved at 

most sites, with the exception of the most-urbanized site in downtown Meredith.  

Lower scores for instream habitat parameters such as velocity-depth patterns and 

sedimentation at several sites reflect impacts of erosion or runoff from nearby roads.  

Future management actions should continue to emphasize protection of riparian zones 

to minimize the potential for sediment to reach streams, particularly as watershed 

development increases. 

 Conductance, chloride, nitrate, and ANC were significantly related to 

subwatershed imperviousness in Waukewan tributaries, although no drinking water 

quality standards were exceeded at any site.  All subwatersheds containing greater 

than 3 percent imperviousness exceeded ―human impacted‖ threshold values (100 

μS/cm).   Conductance was strongly related to chloride, suggesting that road salting 

activities are measurably impacting stream water quality in the Waukewan watershed.  

Furthermore, subwatersheds chloride concentrations in high-chloride subwatersheds 

peaked during low flows, in contrast to the expected pattern, indicating that chloride 

may be accumulating in groundwater.  These findings hint at the importance of low- 

or no-salt areas in the watershed. 

 Low nitrate concentrations throughout the watershed either reflect the high 

proportion of forest cover in the watershed or indicate that lakefront activities that 

were not measured in the current study may be contributing nitrate to Lake 

Waukewan.  However, nitrogen originates from numerous anthropogenic activities 

that are associated with development, and even low levels of nitrogen are increasingly 

implicated in algal blooms and other indicators of declining lake health.  For this 

reason, watershed managers should pay close attention to nitrogen concentrations, 

despite their current low levels.  Total phosphorus increased sharply during 

snowmelt, indicating that stormwater runoff may be contributing to phosphorus 

loading in Lake Waukewan. 

 Macroinvertebrate communities in Waukewan tributaries are still relatively 

intact, but stressed, as evidenced by lower-than-expected levels of EPT taxa, 

dominance or co-dominance by chironomids and oligochaetes, and imbalanced 

composition of functional feeding groups.  The presence of specific taxa, including 

Duguesia, Ferrissia, Lumbriculus, and a suite of filter-collectors, highlighted 

potential nutrient enrichment, a finding not supported by intermittent water sampling.    
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The positive relationship between macroinvertebrate diversity and subwatershed 

imperviousness countered prior observations of sharply decreased diversity and 

sensitivity as urbanization increased; local habitat was a greater determinant of 

macroinvertebrate community composition in Waukewan tributaries than the amount 

of subwatershed imperviousness was.  

 Despite these signs of stress, all Waukewan tributaries, in the context of New 

Hampshire‘s definition of biological integrity, appear to be capable of ―supporting 

and maintaining a balanced, integrated, and adaptive community with similar 

composition, diversity, and functional organization to comparable regional habitats‖ 

(NH DES 1999).  Although the current study cannot address the extent to which 

macroinvertebrate communities have changed, it would appear that continued 

changes in water chemistry and habitat conditions will most likely impact 

macroinvertebrate assemblages in the future.  Prior research has indicated that the 

shift from sensitive to tolerant taxa dominance may take ten or more years (Gray 

2003).  Therefore, the importance of maintaining intact riparian buffers and 

controlling nutrient inputs to streams in order to protect existing biodiversity cannot 

be overemphasized. 

 The following section attempts to integrate the above findings with the 

recommendations developed in 2005 by the WWAC. 

 

Recommendations 
 

 The WWAC developed a list of watershed management activities, categorized 

according to five major goals aimed at protecting water quality.  Recommendations 

for management activities by subwatershed may best be summarized and prioritized 

in consideration of these overall goals: 

 

1. Reduce pollution from nonpoint sources: 

 

a. Consider low-salt areas or alternatives to salting, particularly on roads 

in close proximity to streams and lakeshores.  These low-salt areas 

may include Route 104, Waukewan Road, and Winona Road. 

 

b. Monitor snow dumping areas, and ensure that snow piles containing 

sand and salt are not located in close proximity to streams, ponds, or 

lakes. 

 

c. Conduct a formal shoreline/septic system study to assess the impact of 

shoreline development, as these areas do not all drain into tributaries 

and may be a source of nutrients and chloride. 

 

d. Minimize creation of impervious areas, as well as overall land 

disturbance associated with development via cluster zoning, improved 
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site plan regulations, and implementation of Best Management 

Practices in all watershed towns (Richards 2006). 

 

e. Minimize the impact of stormwater runoff by evaluating the 

effectiveness of existing culverts and stormwater retention areas, as 

well as by reducing the hydraulic connectivity of impervious areas 

throughout the watershed.  Specifically, Mill Brook, Lower and Upper 

Reservoir Brook, Pollard Shores, and Monkey Pond may be candidates 

for improved stormwater management. 

 

2. Reduce pollution from lake contact activities: 

 

a. Continue efforts to reduce impacts from swimming, including 

educational/awareness campaigns about the status of Lake Waukewan 

as a public drinking water supply. 

 

3. Reduce pollution from point sources 

 

a. As point sources are beyond the scope of the current study, actions to 

address point sources are outlined in the WWAC Management Plan. 

 

4. Increase understanding of the watershed through research and 

monitoring 

 

a. Continue regular tributary sampling in conjunction with current VLAP 

sampling to assess the impact of further changes to the watershed.  

Water chemistry sampling should likely occur with greater frequency 

(e.g. quarterly or more frequently), while biological monitoring could 

occur less frequently (e.g. once every five years), as biota represent a 

long-term, cumulative measurement of water quality. 

 

b. Conductance measurements are likely sufficient, as they reflect 

increasing chloride sampling and are more cost-efficient for towns and 

easily accomplished in the field.  Chloride values can be reasonably 

predicted by conductance values, using the regression model 

developed by NH DES (2006b).  Periodic chloride sampling would 

gauge whether management efforts are successful.  Periodic 

monitoring of groundwater for chloride may also be warranted, as 

chloride tends to accumulate in groundwater over time. 

  

5. Continue watershed protection activities and continue to raise awareness 

about the watershed. 
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a. Consider conservation of hydrologically-important areas throughout 

the watershed such as wetlands, riparian zones, and floodplains, as 

well as existing contiguous undeveloped parcels which retain and filter 

water (Richards 2006). 

 

b. Continue educational outreach activities throughout the watershed, 

particularly in helping balance needs of ―upstream‖ and ―downstream‖ 

residents. 

 

c. Continue educating homeowners throughout the watershed about 

septic system care and maintenance, and work toward replacing old or 

malfunctioning systems. 

 

d. Explore feasibility of extending the Meredith Town Sewer, 

particularly in the Water Street subwatershed, due to slight elevation 

of nitrate. 

 

e. Educate shoreland owners and all other riparian property owners about 

the Comprehenisve Shoreland Protection Act (CSPA) and provide 

incentives for following the CSPA guidelines on all streams to better 

retain riparian buffers to intercept nutrients and provide high quality 

habitat. 

 

 The efforts to date of the Waukewan Watershed Advisory Committee have 

been extensive, have included multiple stakeholders, and have been carried out with a 

long-term vision for the future of Lake Waukewan and its residents.  It is hoped that 

the results of the current study will help watershed managers, along with other 

community members, further protect the valuable resource that is Lake Waukewan 

for current and future generations. 
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Appendix A: Macroinvertebrates collected at 7 tributary sites within the Lake Waukewan Watershed, August-October, 2006. 

    MB LR UR SB WI HP GC      MB LR UR SB WI HP GC 

Alloecoela 72 1       Odonata      2 2 

  Dugesiidae 72 1             Aeschnidae      2 1 

Lumbriculida  37 5    30    Cordulegastridae             1 

  Lumbriculidae   37 5       30  Plecoptera  6 7    13 

Tubificida 1  1       Leuctridae       9 

 Naididae 1         Chloroperlidae  5 7    4 

  Enchytraeidae     1            Capniidae   1           

Hoplonemertea 1        Coleoptera 2      4 

  Tetrastemmatidae 1               Elmidae 2       

Anthoathecatae 2    1      Psephenidae             4 

  Hydridae 2       1      Trichoptera 1 5 7 5 2 9 25 

Pulmonata 3   22  8    Glossosomatidae  1     1 

 Ancylidae 2   20  8    Hydropsychidae  1 1 1  2  

  Planorbidae 1     2         Lepidostomatidae     1 1 14 

Amphipoda 2   1      Limnephilidae  1     1 

 Crangonyctidae 1         Odontoceridae  2     8 

 Gammaridae 1         Philopotamidae    2  1  

  Hyalellidae       1         Phryganeidae    2    

Decopoda 1 1 1 2   1   Polycentropodidae 1  6  1 1 1 

  Cambaridae 1 1 1 2     1    Rhyacophilidae           4   

Ephemeroptera 3 2  4 3 4 16  Diptera 1 43 10 21 27 46 75 

 Ameletidae  1    3 14   Ceratopogonidae  3   1   

 Ephemerellidae 1     1    Chironomidae 1 36 3 21 26 45 74 

 Heptageniidae 2          Tipulidae   4 7     1 1 

  Leptophlebiidae   1   4 3   2  Total Site Abundance 89 95 31 55 33 69 166 

          Total Site Richness 16 25 10 12 10 18 22 
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Appendix 2: Relationships between physical, chemical, and 

biological attributes of Waukewan tributaries and subwatershed 

imperviousness. 

Variable r
2
 f df p Slope 

Habitat Score 0.75 11.7 5 0.03  +  

Temperature 0.03 0.31 11 0.59  +  

DO 0.003 0.03 11 0.86  -  

Turbidity 0.04 0.46 11 0.51  +  

ANC 0.49 9.62 11 0.01  +  

Conductance 0.61 15.4 11 0.003  +  

Chloride 0.48 9.21 11 0.01  +  

Sodium 0.24 3.12 11 0.11  +  

Magnesium 0.23 3.03 11 0.11  -  

Calcium 0.22 2.48 11 0.15  -  

Potassium 0.32 4.73 11 0.06  -  

Nitrate 0.23 3.05 11 0.11  +  

Total Phosphorus 0.12 1.31 11 0.28  -  

Abundance 0.55 4.86 5 0.09  +  

Richness 0.35 2.15 5 0.22  +  

EPT Richness 0.36 2.24 5 0.21  +  

% EPT 0.29 1.6 5 0.28  +  

% Oligochaetes 0.69 8.9 5 0.04 + 

Diptera Taxa 0.05 0.19 5 0.69 + 

Chironomid Taxa < 0.001 < 0.001 5 0.99 + 

% Chironomids 0.36 2.26 5 0.21  -  

Predators 0.01 0.04 5 0.85  -  

Shredders 0.22 1.14 5 0.35  +  

Scrapers 0.07 0.3 5 0.61  -  

Filterers 0.3 1.71 5 0.26  -  

Gatherers 0.42 2.86 5 0.17  +  

Omnivores 0.05 0.19 5 0.69  +  

Dominant Family 0.45 3.39 5 0.14  -  

Dominant Genus 0.31 1.78 5 0.25  -  

Shannon 0.55 4.88 5 0.09  +  

Family BI 0.27 1.46 5 0.29  -  

Genus BI 0.2 1.01 5 0.37  -  
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