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Chapter 1: Introduction 

Freshwater lakes provide many ecosystem services, one of which is recreational 

fishing. In order to sustain and manage fisheries we must know what species are present 

and how they interact with each other. This information is missing or out of date for 

many small waterbodies. With fish community composition often shifting through 

introductions, stocking, and invasions it has become even more important to monitor 

fisheries on a regular basis. Without proper analysis of a fishery it is difficult to make 

management decisions that promote healthy, self-sustaining populations of fish. 

The purpose of this research project was to describe the fish community at Mirror 

Lake in Woodstock, New Hampshire, including population sizes, age and size structure, 

diets and trophic structure. Emerging from my results, I provide management suggestions 

aimed at increasing angler interest in naturally reproducing resident species. In this 

chapter, I introduce the study site for this project and review the history of fish surveys 

and stocking in Mirror Lake. I also review approaches to estimate fish population size, 

demographics, and trophic structure to put the methods of this study in context. In 

Chapter 2 I describe the field, laboratory, and statistical methods I used to investigate 

Mirror Lake. In Chapter 3 I present the results of the surveys and analyses, which are 

discussed further in Chapters 4 and 5, along with fisheries management issues relevant to 

Mirror Lake. 

 

 



2 
 

Study Site 

Mirror Lake is in the southern White Mountain region in the town of Woodstock, 

New Hampshire. Located a short distance from Hubbard Brook Experimental Forest, the 

lake has been the subject of many ecosystem studies (Likens 1985). Fed by three small 

southern-facing streams, the kettle lake covers 15ha of its 85ha drainage area. The lake’s 

water drains at the southeastern outlet, flows 0.4 miles to Hubbard Brook (Winter 1985) 

and eventually to the Pemigewasset River. With a total volume of approximately 

860,000m3, Mirror Lake has an average depth of 5.75m and a maximum depth of 11m 

(Winter 1985). The lake’s substrate and rugosity vary considerably around its perimeter. 

The southeastern shore consists of primarily sandy substrate with a gradual slope, while 

the northeastern shoreline has rockier habitat interspersed with large boulders and a 

steeper slope. Aquatic vegetation, consisting primarily of submersed hydrophytes, grows 

sparsely across approximately 58% of the lake’s area. Hydrophyte growth extends from 

the shoreline to depths of 7.2m, where stonewort (Nitella flexilis) is abundant, but is most 

dense in the 0-2m depth range where it is dominated by Isoetids (Moeller 1985). Post-

colonization, the shores and watershed of Mirror Lake have been home to both 

agriculture and industry (i.e., logging, farming, tannery) (Likens 1972). Currently the 

shoreline of the lake is primarily forested with several small vacation and rental 

properties along the southern edge. 

Prior Fisheries Surveys and Stocking History of Mirror Lake 

For nearly a century there is evidence that Mirror Lake has hosted several native 

warmwater fish species (Fig. 1). The first published survey of the lake, conducted in 

1935, noted the presence of three species of game fish: yellow perch (Perca flavescens), 
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eastern chain pickerel (Esox niger), and brown bullhead (Ameiurus nebulosus) (Smyth & 

Davis 1935). It is possible that these three species were initially introduced to replace 

depleted or non-existent brook trout stocks (Noon 2003). White suckers (Catostomus 

commersonii) were documented as being present in a survey three years later (Warfel & 

Fuller 1938). White suckers may have been introduced to the lake by local anglers while 

being used as bait or to enhance the abundance of forage fish within the system, which is 

the case throughout much of their current range (Whittier et al. 2001). 

An attempt at establishing a brook trout (Salvelinus fontinalis) population was 

made by New Hampshire Fish and Game in 1936-1937 with the stocking of 5000 

fingerlings. A small number of brook trout were observed during a survey later in 1938 

but few were reportedly caught by anglers, and none were found in subsequent surveys 

(Warfel & Fuller 1938). The inability of brook trout to establish a breeding population 

may have been due to low oxygen content in the lake’s hypolimnion (Helfman 1985); 

however, competition and predation by resident fish species may also have played a large 

role. The biologists conducting the survey suggested stocking rainbow trout 

(Oncorhynchus mykiss), due to their higher tolerance for lower water quality (Warfel & 

Fuller 1938). With brook trout unable to establish a self-sustaining population, New 

Hampshire Fish and Game (hereafter NH Fish & Game) did decide to introduce a new 

game fish to the lake, but it was not the suggested rainbow trout. 

  In 1941-42 NH Fish & Game stocked over 900 adult smallmouth bass 

(Micropterus dolomieu) into Mirror Lake followed by a supplementary stocking of 1325 

fingerling bullhead. A survey conducted by NH Fish & Game in 1950 found the 

smallmouth bass population to still be present and an additional 247 fingerlings and 156 
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adults were stocked in 1951 and 1953, respectively (Masza 1973). Nearly two decades 

later, in the summer of 1970 Masza (1973) estimated a smallmouth bass population of 

656 individuals (95% CI: 565-780). These bass had slower growth rates than other 

smallmouth bass in the region. His study found yellow perch to be the most abundant fish 

within the lake with an estimated 2802 total fish (95% CI: 1598-11342), with similar 

growth rates to other perch populations within the region (Masza 1973). Masza also noted 

the presence of small populations of eastern chain pickerel, brown bullhead, and white 

sucker. The chain pickerel had lower growth rates than other populations within the 

region. Masza’s analysis of fish stomach contents exposed the lack of available forage 

fish in the lake as a potential growth-limiting factor for the smallmouth bass and pickerel. 

The only bait fish in the lake were young-of-year fish from resident species, meaning 

spawning seasons provided plentiful forage but rapid growth enabled these fish to reach a 

size refuge from predation later in the year. Masza’s work provides a comprehensive 

snapshot of the fish species resident to Mirror Lake prior to the influence of new 

management objectives and additional fish species introductions. 

  Beginning in 1991 NH Fish & Game began stocking brook, brown (Salmo trutta), 

and rainbow trout (Fig. 2). In the fall of 1991 over 4500 fingerling rainbow trout were 

introduced to the lake with an additional 1000 1+ year old fish. It is possible this was an 

attempt at establishing a sustaining rainbow trout population as per the 1938 suggestion, 

but after two years with no stocking, efforts shifted focus to age 1+ to 3+ brook, brown, 

and rainbow trout (with the exception of several thousand fingerling brown trout stocked 

in 2000-2004). From 2017-2018 over 3200 lbs of adult trout were stocked into Mirror 

Lake (NH Fish & Game). Annual stockings typically occur in late spring and then again 
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in late fall prior to ice fishing season. The input of so many adult fish is likely to have a 

large impact on resident species through both competition and predation. Spring 

stockings coincide with the spawning season of resident fish species in Mirror Lake, 

likely increasing annual predation on young-of-year fish.  

The most recent addition to Mirror Lake came in the form of pumpkinseed 

sunfish (Lepomis gibbosus). This species is believed to have been introduced in 2008, 

possibly as an attempt to increase baitfish abundance within the lake. Since their 

introduction, the pumpkinseed sunfish population has increased rapidly (Buso & Dumont 

2015). It is unknown what effect the newly introduced pumpkinseed sunfish have on 

community dynamics in Mirror Lake; however, studies elsewhere have shown introduced 

pumpkinseed sunfish can disrupt resident fish species through both competition and 

aggression (Almeida et al. 2014, Copp et al. 2016). Hanson and Leggett (1986) recorded 

suppressed growth rates in yellow perch held in mesocosms with pumpkinseed sunfish. 

Because pumpkinseed sunfish populations are most heavily influenced by predator 

density (van Kleef & Jongejans 2014), predator-deficient waterbodies are more 

vulnerable to potential negative ecological impacts of pumpkinseed introductions. Left 

unregulated, pumpkinseed populations can grow rapidly and even outcompete existing 

species that may hold more commercial or recreational value. The introduction of a 

generalist species like the pumpkinseed has likely shifted the trophic interactions within 

the lake. While the sunfish can compete with some species, like bass and perch, they also 

provide an additional food source for more piscivorous fish. 

In summary, Mirror Lake has experienced many changes in fish diversity over the 

past century through both state-funded stocking and unsanctioned introductions. Helfman 
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(1985) noted that Mirror Lake had relatively low fish diversity (five species), believed to 

be driven by the lake’s small size, minimal vegetated habitat, and low productivity. 

Currently, Mirror Lake supports an additional year-round resident species and consistent 

inputs of adult stocked trout. Each new species added to the lake may have impacted the 

demographics and food-web interactions of the other species present. The fish 

populations in Mirror Lake have not been surveyed since 1970, motivating efforts to 

resample this ecosystem for a current snapshot of the fish community. In order to 

properly understand and manage the fishery in Mirror Lake, we need data on the 

abundance, condition, and resource use of each species within the lake.  In the next 

section I explain commonly used methods for obtaining this information on fish 

populations. 

Monitoring Fish Populations 

Monitoring allows for a better understanding of a fishery and how it is being used 

by the public. One of the most common and inexpensive approaches to monitoring a 

fishery is through creel surveys, which generally use commercial and recreation catch 

data that are provided on a voluntary basis. While creel surveys can allow insight into 

angler capture rates and potential harvest of species, minimal data on the condition of the 

fish are obtained. It is also possible that the results of a creel survey do not represent the 

entirety of the fish community: some fish species may be underrepresented due to low 

capture success or a lack of interest by anglers. Additionally, bias can be easily 

introduced due to inconsistencies in individuals’ angling effort (Alexiades et al. 2015).  

Although more labor-intensive and expensive, employing methods that involve capturing 

and measuring fish yields a more robust understanding of the condition of fish in a lake 
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and how they may interact. By sampling fish in a systematic method, a researcher can 

estimate population sizes and compile demographic data on multiple species. Coupled 

with analyses of diet and resource use, these data can reveal overpopulation, competition, 

new introductions, and in some cases extirpation of fish species.  

Methods of Capture 

 Sampling fish in lentic systems like Mirror Lake can be done using nets, traps, 

angling, or electrofishing (Miranda & Boxrucker 2009, Pope et al. 2009), depending on 

the intent of the research. Many studies that aim to estimate population size, including 

this thesis project, use mark-recapture surveys. When conducting mark-recapture surveys 

it is necessary to release the fish alive, so methods like gill netting with higher mortality 

rates are of little use. Boat electrofishing is often used to sample near shore fish 

populations, using an electric current to briefly stun fish so they can be easily collected.  

Often, population size estimates are not the only goal of a study and a protocol involving 

many sampling events spread out in time is desired to increase sample sizes. In this case 

boat electrofishing can become very costly as few boats are available and they require the 

time and assistance of a trained biologist. Often the simplest and most inexpensive form 

of sampling fish is through angling. However, angling can be biased towards more 

aggressive fish and success relies heavily on the angler and what they are using for bait or 

lures. Another common method to sample fish populations is fyke netting, which uses a 

series of nets to intercept fish swimming the shoreline and lead them into a series of hoop 

nets that become increasingly difficult to escape. 

Due to the passive nature of fyke netting, it is possible to capture large samples of 

fish and release them with little harm, which makes this method an excellent tool for 
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mark-recapture surveys with multiple sampling dates. Sampling with fyke nets is limited 

by water depth. In order to be effective, the net must be able to reach from the surface of 

the water to the lake bottom so fish cannot swim over or under the net to evade capture. 

This means that sampling is focused on shallow areas and should be done at a time of 

year when fish are accessing the littoral zone for both spawning and feeding (Hubert 

1996). Often in spring during the weeks after ice-out, the shallow areas of lakes are 

frequented by many fish species due to warming water temperatures and the availability 

of forage and spawning habitat (Pope & Willis 1996). Many state and federal agencies 

sample during spring and fall when conducting surveys of warmwater fish species 

(Ontario Fish and Wildlife Branch 2004). Fyke netting should be conducted on a 

schedule that encompasses both crepuscular periods, often with nets set in the evening 

and collected after the following morning, to take advantage of times when most fish are 

most active (Pope et al. 2009). Like any method of capture fyke netting has its 

limitations. Depending on the mesh size used, typically 3-20mm wide, this collection 

method can be biased towards larger fish (McInerny & Cross 2006, Smith & Simpkins 

2017), leaving juvenile and small fish species underrepresented. Collections may also be 

biased by fish behavior as some species may be more susceptible and less “trap shy” than 

others (Schneider 1998), and some are able to escape more readily, especially when 

predators are present in the net (Breen & Ruetz 2006). Despite these assumed biases, fyke 

netting is a trusted method in fisheries research for sampling a diversity of fish 

populations, with noted use for yellow perch, crappie, sunfish, and bullhead (Pope et al. 

2009). With an appropriate sampling regime, a researcher can collect a rich data set on 

fish population sizes, demographics, and growth. 
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Population Size Estimates 

Often the main goal in surveying fish populations is to estimate abundance (Hilborn 

& Walters 1992). In many cases this is done by analyzing catch per unit effort (CPUE) to 

gain a sense of relative abundance (Maunder & Punt 2004), due to the difficult and time-

consuming nature of quantifying actual population sizes of fish species. However, when 

monitoring a closed ecosystem, with proper sampling equipment and protocol, it is 

possible to estimate fish population sizes. As mentioned earlier, mark-recapture surveys 

are commonly used to estimate fish population sizes (Quinn & Deriso 1999). Predicted 

values of population size are commonly interpreted from the survey data using the 

Lincoln-Peterson model and in many cases the Schnabel model (Schnabel 1938, 

Schneider 1998). A distinct advantage of using the Schnabel model is that the design 

allows for many sampling events, while the Lincoln-Peterson model is designed for just 

two sampling events (one for marking and one for recapture). Conducting more than two 

sampling events not only provides a more accurate population estimate (by accounting 

for day-to-day changes in fish behavior), but also allows for more extensive collection of 

demographic data of fish in the lake. Both models share key assumptions, which should 

be considered carefully: 

1. The population is closed (geographically and demographically).   

There is no immigration into or emigration out of the population. The study site 

should have geographic boundaries that restrict movement into and out of the 

area. Natural mortality does not violate this assumption if marked and unmarked 

individuals have an equal chance of dying during the study. 

2. All animals are equally likely to be captured in each sample. 
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Catchability must remain constant for the entire population throughout the study.   

3. Capture and marking do not affect catchability.  

Care must be taken when handling fish to reduce mortality and methods for 

marking should not impact a fish’s ability to maneuver or evade predation. 

Collections should not be done in a manner that allows fish to habituate to capture 

locations or methods and avoid capture.  

4. Each sample is random.  

Non-random sampling will create bias and result in population estimates not 

representative of the entire population. 

5. Marks are not lost between sampling occasions.  

Marks must be identifiable throughout the sampling period to collect accurate 

recapture data.  

6. All marks are recorded correctly and reported on recovery in the second sample. 

Improper or inaccurate recording and identification of marked individuals will 

lead to unreliable results. Marks should be easily identifiable, and each fish 

observed with care. 

Violations of these assumptions for the Schnabel model can be easily tested by 

plotting the proportion of marked animals (divided by the number of recaptures) against 

the number of previously marked individuals. When assumptions are met the relationship 

will be linear (Krebs 1989). Used in an appropriate system, the Schnabel model generates 

an estimate of population size for the fish species sampled. While understanding 

abundance is critical to research and management, an assessment of fish condition and 

growth is necessary for understanding the health and economic value of fish populations. 
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Body Size and Age 

 Collecting length and weight data from fish populations is useful for comparing 

the size distributions, growth, and condition of fish. Size distributions of captured fish are 

commonly used to make inferences about population structure. For example, these 

distributions can highlight stunting in populations or over-harvesting of certain size 

classes. Often, fisheries biologists and managers analyze population structure as the 

percentage of stock (fish that have not yet reached lengths that promote angler interest) 

versus quality fish (fish that have attained a length representing both sexual maturity and 

angler interest). In order to estimate the proportional stock density (PSD) of fish within a 

lake or river system, the number of quality fish is divided by the total number of fish 

sampled, and the result is multiplied by 100 (Gabelhouse 1984). Low PSD values (<30) 

suggest “stunting” within the population, which generally occurs when size-specific 

exploitation systematically removes larger fish, or if habitat quality is poor. High PSD 

values (>70) suggest low exploitation or rapid growth (Pope et al. 2010). Anderson and 

Gutreuter (1984) proposed minimum lengths for stock and quality size categories for 

many species of North American fish using regionally calculated standards. PSD values 

are just one way to make inferences about the value of a fish population. Further analysis 

of length and weight data, including the calculation of condition indices, can be used to 

refine these findings. 

 Condition indices are used as indicators of the value and growth of a population; 

common measures used in fisheries research are relative weight, and length-weight 

relationships (Bolger & Connolly 1989). Length-weight relationships provide estimates 

of how heavy fish are in relation to their length, obtained through regression analysis of 
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mass over total length. These relationships are typically examined using log-transformed 

values of length and mass due to the non-linear nature of fish growth. In general, a 

length-weight relationship with a greater slope suggests that fish are in better condition. 

These values often differ among species due to inherited body shape, as some fish gain 

more mass through body depth than length (e.g. bass) in comparison to others (e.g. 

pickerel). For this reason, length-weight relationships should not be used to make 

interspecific comparisons. Differences within species are driven by the condition or 

“robustness” of individual fish (Schneider et al. 2000). Establishing species length-weight 

relationships allows for comparisons with the regionally calculated values or values from 

other populations where length-weight data were collected. This can provide a sense of 

the relative growth in the fish population in question. For many species, a system of 

relative weight equations has been developed through regionally calculated length-weight 

relationships of fish populations throughout their North American ranges (Murphy et al. 

1991). Additionally, biologists can assess the relative weight (Wr) of an individual fish in 

relation to regional standard weights (Ws) for its species. Mean values can be observed by 

species as well as size class to provide a value of condition for further comparisons. 

Investigating the age structure of fish populations is essential to understanding 

survival patterns within a population and can offer insights into growth when analyzed in 

conjunction with measurements of length. Often age is predicted by counting annular 

growth rings on the scales, or otoliths, of fish (Maceina et al. 2007); however, this 

process can be difficult and time-consuming. To mitigate that effort, observations can be 

made on a subset of fish and age-length relationships applied to the broader population 

using least squares regression. When conducted on a representative sample of fish, 
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researchers can not only estimate maximum and mean age but abundance of each age 

class. Additionally, mean length at age can be used as a proxy for yearly growth between 

age classes and can highlight year classes where growth is relatively high or low 

(Goodyear 1995). Growth and condition of fish are often dictated by the availability of 

prey and the competition to secure it. Analysis of diet and food-web interactions is 

crucial to understanding the drivers behind body condition and growth. 

Stomach Content Analysis 

Stomach content analysis has regularly been used to better understand the 

resource needs and trophic interactions of fish populations. By observing the frequency 

of occurrence (FROC) of prey items within fishes’ guts it is possible to formulate an idea 

of diet breadth of a fish population and the relative use of different prey items (Hyslop 

1980), and to make comparisons between coexisting species. Stomach contents can also 

indicate habitat use as prey items inhabit different areas of the lake. For instance, 

presence of plankton in the diet would show that a fish is spending time in open water, 

while the presence of dragonfly larvae suggests use of the littoral zone. Stomach content 

analysis requires only angling equipment, a dissecting microscope, and a reference 

dataset of the aquatic fauna inhabiting the body of water. However, collections for 

stomach content analysis can be labor-intensive and should be done across a span of time 

with many sampling events to ensure the most comprehensive assessment of a species’ 

diet. When collecting fish for stomach content analysis it is important to minimize 

regurgitation, which fish will do when stressed. Often this is accomplished by using 

angling and seining, where fish are only handled for a very short amount of time, greatly 

reducing the potential for regurgitation before stomach contents can be collected. Some 
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bias can be involved in stomach content analysis, particularly with non-lethal methods, as 

larger prey items may be less susceptible to evacuation via stomach pump (Rindorf & 

Lewy 2004). Additionally, identifying prey items in various states of digestion can be 

difficult, leaving portions of the stomach contents unclassified. The prey items that are 

broken down more slowly, like snails’ shells or fish scales, have the potential to appear 

more frequent than other more digestible prey that will be identifiable in stomach 

contents for a shorter time. When possible, stomach content analysis should be done in 

conjunction with other methods of analyzing resource use. 

Stable Isotope Analysis 

Identifying an organism’s niche within a food web is a common goal among 

ecologists. Historically achieved through the analysis of stomach contents, stable isotope 

analysis has become the new standard as this method has become easier and less 

expensive (Handley et al. 1991). Analysis of 13C and 15N isotopes of fish tissue and food 

sources is often used to visualize the position of fish species within aquatic food webs 

and their resource use (Peterson & Fry 1987). Due to a higher enrichment of 13C in 

littoral food webs relative to those in pelagic zones, isotopic analysis can highlight a fish 

population’s use of littoral prey (e.g. macroinvertebrates) versus pelagic prey items like 

zooplankton (France 1995). The trophic position of a fish can be inferred from the 

analysis of 15N isotopes, which are enriched 3-4% between prey and predators (DeNiro & 

Epstein 1981). Isotopic food web analysis has been used in several ways, including 

highlighting trophic shifts of native fish populations in the presence of introduced fish 

species (Vander Zanden et al. 1999) and resource partitioning between potential 

competitors (Varela et al. 2019).  
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Additional research is still required to fully understand the intricacies of how diet 

can be confidently expressed through isotopic abundance of 13C and 15N. Carbon isotope 

ratios (13C:12C) can be influenced by the amino acid composition and lipid content of the 

tissue analyzed (Gannes et al. 1997). Mathematical methods have been developed to 

correct variation caused by lipid content using C:N as a proxy (Logan et al. 2008), 

however, corrections may not be necessary when C:N ratios are lower than 3.5 (Post et al. 

2007, Skinner et al. 2016). Nitrogen isotope ratios (15N:14N) can be impacted by the body 

condition of the animal the tissue was taken from. Nitrogen isotope ratios have been 

observed to be elevated in animals that are starving and subsisting off protein stored in 

their bodies, which mimics the enrichment of nitrogen isotopes seen between trophic 

levels (Hobson et al. 1993). Despite some of these challenges, when executed 

appropriately stable isotope analysis provides a standardized method for visualizing a 

food web at a given moment in time.   

Fisheries Management and Implications for Mirror Lake 

Having reviewed the history of the Mirror Lake fishery and standard methods to 

assess fish populations, in this section I discuss management techniques and how they are 

currently being used in this lake. Fisheries managers are presented with the complex 

challenge of promoting angler satisfaction while protecting and enhancing wild fish 

stocks. In many cases these two agendas clash, leaving resident fish populations 

unmanaged and at times unproductive. Angler satisfaction is typically driven by the size 

of the largest fish caught during an outing and catch per unit effort (CPUE) of their 

targeted species (Beardmore et al. 2014). For that reason, fisheries managers are 

motivated to support abundance and growth of targeted fish species. Fisheries 
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management is commonly executed in three forms: harvest regulation seasons and bag 

limits, hatchery fish stocking, and habitat enhancement (Hughes 2015). Bag limits and 

regulations allow managers to limit angler impact and protect vulnerable species. Often, 

size limits restrict the take of smaller size classes in addition to the larger individuals 

believed to be most important to breeding. For many warmwater species liberal bag limits 

of all size classes are allowed; however, bag limits do not ensure that fish will be 

harvested. Angler harvest can positively impact fish populations and is an excellent form 

of management to reduce abundance when fish are overpopulated or stunted in growth.  

The technique of stocking is used to actively manage and supplement fisheries to 

increase overall productivity.  Occasionally stocking is conducted in a put-and-take 

manner, meaning that most of the fish stocked are expected to be harvested by anglers. 

While this may increase short-term recreational value, it does not foster a sustainable 

fishery. Habitat enhancement is often used to support fish populations in streams and 

rivers (e.g. dam and culvert removal, in-stream woody debris additions) but has not been 

as widely implemented in lake systems. Often lake habitats are degraded through aging 

and siltation (Jenkins & Morais 1971), plant community changes, or changes in trophic 

status. Often fisheries managers will attempt to reverse these processes through substrate 

enhancement or the addition or removal of aquatic plants. While mitigating lake habitat 

degradation should positively impact fish populations, detecting that impact has been 

consistently problematic for fisheries managers (Geiling et al. 1996, Allen et al. 2003).  

Mirror Lake is one of the 74 lakes in New Hampshire stocked and managed for 

year-round trout fishing (NH Fish & Game). Like many of the other “year-round trout 

fisheries”, Mirror Lake hosts a variety of warmwater species but is managed with 
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consistent inputs of cold-water species. Anglers can harvest up to 5 lbs. or five trout per 

day from open water (April-November) and two trout through the ice (NH Fish & Game 

2019). While this decision is likely driven by perceived angler interest it does not address 

the management of the fish species with self-sustaining resident populations, even though 

they hold a potentially equal value to the overall fishery. The smallmouth bass is one of  

the most targeted fish in the country (US Fish and Wildlife 2016), and both eastern chain 

pickerel and brown bullhead are commonly sought-after gamefish. Pumpkinseed sunfish 

and yellow perch (i.e. panfish) are often actively harvested by anglers for both sport and 

consumption. Warmwater species in Mirror Lake are primarily managed through 

regulations and bag limits. All the warmwater species excluding the smallmouth bass, 

which are mandated as catch and release only during spawning (3/15-6/15), have no 

closed season and daily catch limits remain quite liberal (i.e., 10 chain pickerel; 25 perch, 

sunfish and bullhead). Smallmouth bass limits range from 2-5 bass a day throughout the 

rest of the year (NH Fish & Game 2019).  

For the Mirror Lake fishery to be most valuable for recreation, it must produce 

fish of the larger size classes that attract anglers. Therefore, stunted growth in fish 

populations is detrimental. Additionally, fish populations achieve their highest economic 

value when naturally regulated and self-sustaining, due to the expense and labor involved 

in active management. The objective of my research project was to use systematic 

sampling methods to assess the current status of fish species in Mirror Lake. The goal of 

this effort is to provide information that managers can use to foster a more sustainable 

recreational fishery by informing decisions regarding stocking, habitat management, and 

regulations. 
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Figure 1.  Summary of the presence/absence and known stocking of each fish species 
observed in Mirror Lake prior to this survey. Data were gathered through a review of 
historical surveys (Warfel & Fuller 1938, Masza 1973) and New Hampshire Fish and 
Game stocking records. 
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Figure 2.  Bar plot of pounds of trout stocked annually in Mirror Lake grouped by 
species (a) and season (b). In (a), BT = brown trout, EBT = brook trout, and RT = 
rainbow trout.  An attempt at stocking brook trout was made in the 1930s but annual 
stocking did not begin until 1991. Data were provided by the New Hampshire Fish and 

  

a 
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Chapter 2: Methods 

Population Size and Demographics 

Spring and Fall Fyke Netting 

Spring and fall fyke netting were conducted to collect fish for estimates of 

population size and demographic structure. Spring netting began shortly after ice out 

(4/28/2018) and continued until the surface temperature of the lake water reached 18-

20°c (5/30/2018). Six net pulls were done during the Spring. Fall netting began when the 

surface temperatures decreased back to 18-20°c (9/29/2018) and continued until capture 

rates declined to a total of two fish combined from all four of the nets (10/25/2018). Five 

net pulls were done in the Fall. This netting schedule was designed to avoid capturing 

fish when warm water temperatures could lead to thermal stress or mortality, especially 

for stocked trout (Gale et al. 2013). In both seasons, four nets with 25mm mesh were set 

along the shoreline at locations chosen using a random point generator in ArcMap (Fig. 

3). The nets were set so the first hoop sat at a depth of approximately 1.5m so fish could 

not evade capture by swimming under or over. The distance of the net from shore (3-

10m) varied with the bathymetry of the lake resulting in a smaller effective fishing area 

in locations where the lake bottom had a steeper slope.  

Nets were set using a non-motorized boat and allowed to sit overnight. The 

following day, after the nets sat for 20-24 hours, the nets were pulled and any fish 

captured in the net were promptly transported in a live-well to a processing station on 

shore.  Once at the processing station the fish were measured for total length (mm) and 

then for mass (g) using a digital bench scale. The upper third of the caudal fin was 

removed from each fish for recapture identification, and a subset of these fin clips was 
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saved and frozen for isotopic analysis. Additionally, from a subset of fish from each 

species, excluding the scale-less bullhead, scales were removed for estimates of age. 

Scales were gently scraped off the fish using a knife, a method commonly used in 

fisheries research (Schneider et al. 2000), and then placed into an envelope labeled with 

the species name, length, and weight. Once processed, fish were released at the adjacent 

shoreline and allowed to disperse back into the lake. Most nets captured between 3 and 

101 fish. In one case a net collected 266 perch at one time; to speed up processing, these 

fish were not measured for length and weight. Unfortunately, due to the time spent 

transporting and handling the fish numerous mortalities were observed; these were 

factored into the mark-recapture data set.  

Population Size 

The size of each fish population was estimated through a mark-recapture method 

during the spring fyke netting season. As no prior mark-recapture surveys had been 

conducted on the lake since 1970 (Masza 1973), all fish captured during netting with a 

clipped caudal fin were assumed to be recaptures from the current study. The total 

numbers of captured (C), recaptured (R), and marked (M) fish were calculated for each of 

the six spring sampling events and subjected to the Schnabel model using the 

‘fishmethods’ package in R. Assumptions of the Schnabel model were assumed to be 

met, as follows: 

1. The population is closed (geographically and demographically). 

Mirror Lake is dammed at the outlet and all inlets provide very little (if any) 

upstream habitat for resident fish species. Sampling was conducted during a 6-

week time frame so loss due to natural mortality and angler harvest were likely 
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minimal. Mortality can be increased with fishing pressure (Jorgenson & Holt 

2013) but fyke netting was conducted at a time of year where very few anglers are 

seen on the lake. 

2. All animals are equally likely to be captured in each sample. 

Nets locations were spread evenly across the shoreline. Nets were rested for 

several days between use, so fish were less likely to become accustomed to net 

locations. 

3. Capture and marking do not affect catchability. 

Fin clipping does not appear to affect fish mortality in the short-term (Coble 

1967). While fin clipping has potential to impact a fish’s ability to maneuver or 

escape prey, removing up to a half of the caudal fin was found to have no impact 

on swimming or survival in fish species studied (Champagne et al. 2008). 

4. Each sample is random. 

Net locations were set using a random point generator. 

5. Marks are not lost between sampling occasions. 

Clipped fins take longer than a year to grow back and often appear different even 

after re-growth (Diana & Wahl 2009). 

6. All marks are recorded correctly and reported on recovery in the second sample. 

Removing a third of the caudal fin provided a substantial mark and population 

estimates were conducted over a short period of time allowing very little 

regeneration of the clipped fin. It is unlikely fish with previously damaged fins 

were mistaken for recaptures due to the easily identifiable clean cut of the 

scissors. 
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 A plot of CtRt (total fish marked / number of recaptures) against the number of 

fish previously marked was examined for linearity to evaluate whether capture-recapture 

assumptions were met for yellow perch and pumpkinseed sunfish. A linear and a curved 

model were fit to the data and compared. 

Proportion Stock Density (PSD) and Condition Indices 

Length data were used to calculate the PSD of quality sized fish for all species but 

smallmouth bass, brown bullhead and white sucker. Quality size class values (Murphy et 

al. 1991) are provided for all Mirror Lake fish species except for brown bullhead and 

white sucker, both of which were excluded from this analysis (Anderson & Gutreuter 

1984). The capture rate of smallmouth bass was far too low to estimate PSD. 

Total length (TL) measurements were used to calculate relative weight values and 

length-weight relationships. Length-weight relationships were calculated using the log of 

total length and weight.  

Relative weight (Wr) was calculated as:  Wr = W/Ws * 100 

with W being the measured weight of a fish and Ws the calculated weight standard. 

Weight standard values were taken from Murphy et al. (1991) but were not available for 

eastern chain pickerel. Comparisons of relative weight values were made between stock 

and quality size classes of yellow perch, pumpkinseed sunfish, and eastern chain pickerel 

using Wilcoxon rank sum tests. 

Ageing of Fish 

The goal of scale collections was to collect a set of samples from individual fish 

spanning the distribution of lengths encountered in the lake. In total, 189 sets of scales 

were collected during spring netting and an additional 69 sets of scales were collected 
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from fall fyke netting efforts. Scales were stored in a freezer until being transported to the 

lab for further analysis. Once in the lab, patterns of annular growth rings were observed 

under a microscope to estimate how many winters and growing seasons a fish had 

survived (Fig. 4). At least three scales from each fish were independently analyzed by 

two lab technicians before recording a final age estimate. Aged scales were used to 

estimate length-at-age relationships and predict ages of all fish captured.  

Diet and Trophic interactions 

Angling and stomach content collection 

Angling for fish to retrieve stomach content samples was conducted from 

6/4/2018 to 9/7/2018. Fish were collected via angling to reduce chances of regurgitation 

or any predation that could have occurred in nets or traps. Angling generally took place in 

the afternoon or evening to maximize the time that fish had to fill their stomachs with 

prey items and to take advantage of optimal angling conditions. Angling effort was 

distributed across the lake, but more productive areas were selected since the goal was to 

maximize sample size. A wide range of angling techniques were used to collect fish 

including the use of worms and a variety of artificial flies and lures. Once caught, each 

fish was immediately measured for total length and a suction-based pump was then used 

to extract prey items from its stomach. Once extracted the stomach contents were stored 

in 70% ethanol. Fish that provided no stomach contents were noted in the field but were 

not included in further analysis.  All work with fish in this project, including stomach 

content sampling, was conducted under IACUC permit #1414-2018. 

 

 



25 
 

Stomach Content Analysis  

Prior to stomach content analysis, macroinvertebrates and zooplankton were 

collected to generate a reference catalog of potential prey items. Macroinvertebrates were 

collected using dip-nets and by hand in the littoral zone throughout the lake. Six vertical 

plankton tows, taken at depths of 10, 6, and 3 m throughout the water column, were used 

to collect prey items found in the pelagic zone of the lake. Samples were identified under 

a dissecting scope to order/suborder and in some cases to species (Peckarsky et al. 1990). 

The same process was used when identifying prey items within the stomach contents of 

fish sampled. 

The proportional abundance (referred to as percent points) of each prey item 

within stomach samples and the frequency of occurrence (FROC) of prey items across 

stomach samples were calculated by species and size classes. Percent point values of 

major prey items were compared between prey groups using Kruskal-Wallis tests. 

Comparisons of percent point values for major prey groups were made between yellow 

perch and pumpkinseed sunfish using Wilcoxon ranked sum tests. 

Stable Isotope Analysis 

Analyses of 13C and 15N isotopes were conducted to examine each species’ trophic 

level and resource use. Fish tissue samples for isotopic analyses came from the caudal fin 

clips removed during mark-recapture efforts. Tissue samples of potential food sources 

(i.e. macroinvertebrates and zooplankton) were collected by hand, dip net, and plankton 

tow. After collection, the tissue samples were immediately put on ice until being stored in 

a freezer. Samples were then dried in an oven at 60°C for 48-72 hours. Once completely 

dry the samples were ground into a homogeneous powder using a mortar and pestle. 
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Samples were then brought to the UNH Durham Isotope Lab and weighed using a 

microbalance, with a target amount of 1.000 to 2.000 milligrams per sample. Weighed 

samples were deposited into 9x13mm tin capsules and organized into a 96-well plate. 

Stable carbon (δ13C) and nitrogen (δ15N) isotopes and elemental percent (%C, %N) 

were measured at the University of New Hampshire Stable Isotope Lab 

(www.isotope.unh.edu) on an Elementar Americas Pyrocube elemental analyzer coupled 

to a GeoVision isotope ratio mass spectrometer. The measured 13C abundance values are 

reported relative to Vienna Pee Dee Belemnite (VPDB) based on a 3-point normalization 

using contemporaneously analyzed in-house standards: Sorghum Flour (δ13CVPDB = -

13.81‰), Atlantic Cod (δ13CVPDB = -17.95‰), and Black Spruce Needles 

(δ13CVPDB = -27.98‰). The measured 15N abundance values are reported relative to 

atmospheric nitrogen, or the standard amount of nitrogen found in air, based on a 3-point 

normalization using contemporaneously analyzed in-house standards: Sorghum Flour 

(δ15NAir = +1.75‰), Atlantic Cod (δ15NAir = +13.60‰), and Black Spruce Needles 

(δ15NAir = -7.68‰). 

 Isotope bi-plots of trophic space were created by plotting 15N and 13C abundances 

and each respective standard error bar. Regression analysis was used to investigate 

relationships between length (TL) and both 15N and 13C abundance for yellow perch, 

pumpkinseed sunfish, and eastern chain pickerel. Due to the small sample sizes and lack 

of data across the spectrum of size classes the other resident fish species were excluded 

from analysis.  Kruskal-Wallis tests were used to identify whether 15N and 13C abundance 

differed significantly between all the fish species. Post-hoc Dunn’s tests were used to 

observe which pairs of species were significantly different.  
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Figure 3.  Bathymetric map of Mirror Lake located in North Woodstock, NH. 
Fall and spring netting locations are indicated.  Contour lines are in 5 m 
increments. Bathymetric map layer provided by NH GRANIT. 
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Figure 4.  Example of a scale sample from a pumpkinseed sunfish (Lepomis 
gibbosus). Larger gaps between annuli rings indicate summer growth, while 
more tightly packed rings are characteristic of winter growth. This pumpkinseed 
was estimated to be 2 years old. 
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Chapter 3: Results 

Seven species of fish were captured in Mirror Lake: yellow perch, eastern chain 

pickerel, pumpkinseed sunfish, redbreast sunfish (Lepomis auritus), smallmouth bass, 

white sucker, and brown bullhead. A total of 1039 fish were captured during the six 

spring fyke netting days from late April to late May 2018, during which time surface 

water temperatures ranged from 10.6-19.9°c. Yellow perch and pumpkinseed sunfish 

accounted for nearly 95% of the fish captured in Mirror Lake during spring fyke netting 

(58% and 37%, respectively).  The lower capture rate of other resident species in the lake 

likely reflects their small population sizes. 

An additional 132 fish were captured during fall fyke netting from late September 

to late October 2018. Over half of the fish captured in the fall were pumpkinseed sunfish 

(54%). Capture rate was reduced during fall netting compared to spring netting for all 

species except for smallmouth bass and brown bullhead. Five times as many smallmouth 

bass (n=10) were captured during fall fyke netting, however overall capture rate was still 

relatively low. Fall captures of brown bullhead (n=18) were comparable to spring 

captures (n=21). Additionally, several redbreast sunfish were captured at the northern net 

location.  

From June 4 to September 7, 2018, 153 fish were angled and seined from Mirror 

Lake for stomach content extraction and supplemental sampling (for age and isotope 

data). Angling effort was spread across the summer growing season with a total of 42 

fishing days.  Pumpkinseed sunfish were the most frequently caught species comprising 

44% of captures. Yellow perch accounted for 31% of the fish caught angling. Brown 
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bullhead accounted for 18% of angling catch, however several were recaptures. Eastern 

chain pickerel, smallmouth bass, and stocked trout were caught relatively infrequently 

(<4% per species). No white sucker were captured during angling efforts. Seining was 

highly selective toward young-of-year sunfish and did not provide useful data on any 

other species. Several of the larger sunfish captured via seine were used for stomach 

content analysis.  

Presented next, organized by species, are the results for population size, body size 

and age, and diet and trophic niche.    

Yellow Perch 

Population Size: 

A total of 601 yellow perch were captured and marked during the six spring fyke 

netting days. Only 17 yellow perch were recaptured from collections two through six.  

The modified Schnabel model estimated a total population size of 5001 individuals (95% 

CI [3544, 9379]). Capture rate of yellow perch was highest on the first two days and 

decreased as netting progressed (Table 1). A linear regression of CtRt (total marked /total 

recaptured) vs. the number of yellow perch previously marked had a correlation 

coefficient of 0.814 (p= 0.014), while the curved fit had a slightly higher correlation 

coefficient of 0.888 (p= 0.037), but a lower p-value (Fig. 5).    

Only eight yellow perch were captured during Fall fyke netting, two of which 

were recaptures that had been marked in the spring. 

Body size, condition, and age: 
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Yellow perch captured during spring netting ranged in total length from 90-

290mm (mean 151.8mm, median 150mm) (Fig. 6). Thirty-five quality (TL>200mm) and 

566 stock (TL<200mm) fish were captured during spring fyke netting efforts, yielding a 

proportion stock density (PSD) value of 6.1.   

 The length-weight relationship equation for yellow perch (n=544, r = 0.861, Fig. 

9) captured during spring netting was:  Log W = -4.987 + 2.972 Log TL 

The median relative weight (Wr) of yellow perch was 90. The median relative 

weight of quality size fish was 93 while the value for stock fish was 90 (Fig. 10). Stock 

sized yellow perch had significantly lower relative weights than quality sized yellow 

perch (w = 9207, p = 0.0016).  

Mean and median total length at age of the 61 yellow perch used in scale aging 

showed that 70% of the fish were determined as age 2 or 3 (Fig. 11).  Due to low sample 

sizes, mean and median TL could not be calculated for ages 1 (n=1) and 7 (n=1). The 

oldest fish collected was 7 years of age and 290mm in total length. The greatest 

differences in total length appeared between ages 2 and 4.  

Stomach contents 

Forty-one yellow perch were used in stomach content analysis. Zooplankton were 

observed in over half the samples analyzed. Macroinvertebrates were found most 

frequently and on average accounted for 43 percent points (%p) (average relative 

abundance in each stomach) of stomach content items. Diptera, Ephemeroptera, and 

juvenile fish all were observed in around 25% of stomach contents. Yellow perch also 

consumed several other macroinvertebrates at lower frequencies (Fig. 14).  
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Some differences in frequency of occurrence (Figs. 12, 14) and percent points 

(Figs. 15, 16) were observed in prey items between size classes of yellow perch. 

Frequency of macroinvertebrates increased with size class; every sample from large 

perch contained macroinvertebrates. Anisopterans were observed in half of all the 

samples from large fish, while infrequently in medium fish and not at all in small fish.  

Zooplankton appeared more often in the stomach contents of small and medium yellow 

perch than in large individuals. The frequency of occurrence of major prey types also 

changed over the course of the summer (Fig. 13). Zooplankton was observed most 

frequently early in the season (June-early July) and fish were not observed in the stomach 

contents of yellow perch late in the season (late August-September). 

Isotope Analysis 

 Tissue samples from 46 perch (fish ranging in TL from 110 – 320mm) were used 

in stable isotope analysis. Mean 15N and 13C values for all yellow perch used in isotopic 

analysis were 8.338 (SE = 0.12) and -28.88 (SE = 0.27), respectively (Fig. 17). The mean 

value for C:N ratio of yellow perch was 3.42 (SE = 0.02). 15N abundance increased 

significantly with length (TL) (F1,44= 14.5, p = 0.004, R2= 0.248) (Fig. 18). There was 

also a significant relationship between length and 13C abundance (F1,44= 34.29, p= 5.5e-7, 

R2=0.438) (Fig. 19).  

Pumpkinseed Sunfish 

Population Size: 

A total of 354 pumpkinseed sunfish were captured and marked over the six spring 

fyke netting days. Twenty-five pumpkinseed sunfish were recaptured during collections 

two through six. The modified Schnabel model provided a population estimate of 1799 
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individuals (95% CI [1285, 2811]). Capture rate of pumpkinseed sunfish was consistent 

across the netting period with the most fish captured on the final day of netting (Table 1).  

A regression of CtRt (total marked /total recaptured) vs. the number of pumpkinseed 

sunfish previously marked had a correlation coefficient of 0.875 (p= 0.006), while the 

curved fit had a correlation coefficient of 0.958 (p= 0.008) (Fig. 5).   

Seventy-one pumpkinseed sunfish were captured during Fall fyke netting, three of 

which were recaptures marked during the fall netting period. 

Body size, condition, and age: 

Pumpkinseed sunfish captured during spring netting ranged in TL from 65-

210mm (mean 121.7mm, median 120mm). Thirty quality (TL>150mm) and 222 stock 

(TL<150mm) fish were caught during fyke netting, yielding a PSD value of 13.5.  

 The length-weight relationship equation for pumpkinseed sunfish (n=262, r = 

0.896, Fig. 9) in Mirror Lake was: Log W = -4.819 + 3.008 Log TL 

The median relative weight (Wr) of Pumpkinseed sunfish was 93. The median 

relative weight of quality size fish was 92 while the value for stock fish was 93 (Fig. 10). 

There was no significant difference in relative weight values between stock and quality 

size classes (w= 3645, p= 0.0717).  

Median total length at age of the 100 pumpkinseed sunfish used in scale aging are 

shown in Figure 11. A majority (65%) of the fish were one or two years old. The oldest 

fish was six years of age and 200mm in total length, however, due to the low sample size 

(n=2) mean and median TL values were not calculated for age six fish. Differences in 

total length decreased with age suggesting more rapid growth in younger age classes.  
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Stomach content analysis: 

 Sixty pumpkinseed sunfish, ranging in total length from 65-165mm, were used in 

stomach content analysis. Aquatic macroinvertebrates appeared most frequently in 

stomach contents (97%) and on average comprised 78 percent points (%p) of stomach 

contents (Fig. 15). Dipterans appeared in 77% of stomach contents collected from 

pumpkinseed sunfish. Amphipods were observed in just under half of the stomach 

contents analyzed. Ephemeropterans appeared in 30% of pumpkinseed sunfish. 

Terrestrial prey was dominated by Formicidae (winged ants), which were found in more 

than 27% of the samples and on average accounted for 12 percent points (%p) of stomach 

contents (Fig. 16). Zooplankton were observed in 18% of the stomach samples but 

represented only 7 percent points (%p) of prey items. Fish were the least represented prey 

item found in the stomach contents (Fig. 12).  

The diet of pumpkinseed sunfish varied between size classes (Figs. 12 & 14). 

Zooplankton were found most frequently in small pumpkinseed and absent in the 

stomach contents of large fish. Aquatic invertebrates, especially dipterans, appeared 

frequently across all size classes. Amphipods appeared more frequently in small 

pumpkinseed than in medium or large fish. Terrestrial prey (mostly winged ants) were 

observed more frequently in medium and large pumpkinseed. The remains of fish were 

only found in the stomach contents of one large pumpkinseed sunfish. Zooplankton were 

observed most frequently in pumpkinseed stomachs during June compared to July and 

August (Fig. 13). In July and August, macroinvertebrates were observed in 100% of the 

stomach contents analyzed. 
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Isotope analysis 

Tissue samples from 38 pumpkinseed sunfish ranging in size from 90-200mm 

were used in stable isotope analysis. Mean 15N and 13C values were 8.07 (SE = 0.09) and 

-28.09 (SE = 0.27), respectively (Fig. 17). The mean C:N ratio value for pumpkinseed 

sunfish was 3.61 (SE = 0.03). There was no significant relationship between total length 

and 15N (F1,36= 1.131 , p= 0.295 , R2= .030) (Fig. 18).  There was a significant increase in 

13C with total length (F1,36= 9.635, p = 0.004, R2= 0.211) (Fig. 19).  There was a 

marginally nonsignificant difference in 15N abundance between size classes of 

pumpkinseed sunfish (χ2= 5.678, p = 0.059, df= 2); large fish had the greatest median 15N 

abundance.  

Eastern Chain Pickerel 

Population Size: 

 Only one of the 21 eastern chain pickerel captured during spring fyke netting was 

a recapture. The modified Schnabel model estimated a small population of 143 

individuals (95% CI [54, 5588]). Capture rate was low but consistent throughout the 

spring netting period (Table 1). Seven pickerel were captured during Fall fyke netting, 

none of which were recaptures. 

Body size, condition, and age: 

 Sizes of the 21 eastern chain pickerel captured during spring fyke netting ranged 

from 160-560mm (mean 329mm, median 320mm). The size distribution of pickerel 

captured in Mirror Lake appeared normal, with 14 stock and 7 quality (>380mm) size 

fish captured. The proportion stock density value was 50. 
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The length-weight relationship equation for eastern chain pickerel (n=21, r = 

0.993, Fig. 9) in Mirror Lake was: Log W = -5.872 + 3.244 Log TL 

 Median relative weight for pickerel in Mirror Lake was 92. Quality sized eastern 

chain pickerel had a significantly higher median relative weight than stock fish (103 

versus 86) (w= 98, p= 0.0003) (Fig. 10). 

 Median total length at age of thirteen eastern chain pickerel (ranging in total 

length from 160-500mm) can be seen in Figure 11.  The oldest fish was seven years old 

and was 470mm in total length. Only one fish was estimated to be two years old.  

Diet and Isotope analysis 

 Stomach contents were only extracted from two pickerel (measuring 355mm and 

230mm in TL). One stomach contained a large tadpole while the other contained a mix of 

aquatic (Anisoptera: dragonfly larvae) and terrestrial invertebrates (Formicidae: winged 

ants) accompanied by the remains of juvenile fish.  

Tissue samples from 10 eastern chain pickerel ranging from 220-470mm in length 

were used for isotopic analysis. Mean 15N and 13C values were 8.84 (SE = 0.11) and -

27.04 (SE = 0.23), respectively (Fig. 17). The mean C:N ratio for pickerel was 3.21 (SE = 

0.03). There was no significant relationship between total length (TL) and either 15N 

(F(1,8)= .469, p= 0.513, R2 = 0.055) or abundance 13C (F(1,8)= .469 , p= 0.666, R2 = 

0.024).  

Brown Bullhead 

Twenty-one brown bullhead, with sizes ranging from 125-295mm were captured 

and marked during spring fyke netting efforts (mean 209mm, median 230mm) (Fig. 7). 
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No marked fish were recaptured throughout spring netting. Four of the eighteen brown 

bullhead captured during fall fyke netting were recaptures. Three of the recaptures were 

marked in the spring and one was marked during the fall.  

 Twenty-seven brown bullhead were captured during angling efforts; only two 

provided stomach contents, which consisted of detritus and macroinvertebrates. It is 

possible this technique is not suited for the anatomy of this fish or that prey items were 

too large to be extracted by the hand pump. Samples from 16 brown bullhead ranging 

from 125-370mm in total length were used for stable isotope analysis. Mean 15N and 13C 

abundance was 8.85 (SE = 0.22) and -28.21 (SE = 0.56), respectively (Fig. 17). The mean 

C:N ratio value for brown bullhead was 3.61 (SE = 0.11). 

White Sucker 

Thirty-eight white sucker, ranging in size from 160-525mm (Fig. 7) (mean= 

393mm, median= 395mm), were captured over the course of spring fyke netting efforts 

with only one being a recapture. The Schnabel model estimated 409 individuals with a 

large associated confidence interval (95%CI [125,8019]). An additional four white sucker 

(ranging in total length from 390- 440mm) were captured during fall fyke netting, none 

of which were recaptures. 

The scales of thirteen white sucker were collected during spring fyke netting 

ranging from 180mm (age 2) to 460mm (age 5) in total length. The average age of white 

sucker scales observed was four, and ages observed ranged from two to five. 

No white sucker were captured via angling and subsequently no stomach content 

samples were collected. Samples from eleven white sucker ranging from 360-500mm in 
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total length were included in isotopic analysis. Mean 15N and 13C abundance was 7.80 

(SE = 0.22) and -29.49 (SE = 0.56), respectively (Fig. 17). The mean C:N value for white 

sucker was 3.52 (SE= 0.07).  

Smallmouth Bass 

Only two smallmouth bass were captured during spring fyke netting efforts 

(90mm and 250mm TL). Five additional bass were caught during angling efforts, three of 

which were quality sized fish (>280mm). An additional ten smallmouth bass were caught 

during fall netting ranging in size from 80-250mm (mean= 127mm, median= 97.5mm).  

The scales of 7 smallmouth bass collected during spring and fall netting were 

collected. All the bass, which ranged from 80-250mm in total length were found to be 

either one or two years old. 

Three of the five smallmouth bass captured during angling provided stomach 

contents for analysis. Prey items observed were aquatic macroinvertebrates (Hexagenia 

mayfly larvae), terrestrial invertebrates (Formicidae, winged ants), and juvenile fish. 

Samples from four smallmouth bass ranging from 90-330mm in total length were used in 

stable isotope analysis. Mean 15N and 13C values were 9.87 (SE = 0.14) and -27.05 (SE = 

0.49), respectively (Fig. 17). The mean value for C:N ratio was 3.39 (SE = 0.06). 

Redbreast Sunfish 

 Twelve redbreast sunfish were captured during fyke netting, all from the net 

located on the northeast corner of the lake.  The redbreast caught ranged in total length 

(TL) from 100-145mm (mean 118mm, median 125mm). No additional data were 

collected on these 12 fish due to the small sample size. 
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Stocked Trout 

 Two brown trout were captured during spring fyke netting (measuring 300mm 

and 380mm TL). One brown trout and one brook trout were captured during angling 

efforts. Their stomach contents were analyzed and contained young-of-year fish and 

crayfish. One brown trout was captured during fall fyke netting (320mm TL). 

Interspecific Comparisons 

To facilitate interspecific comparisons, key values for population size, body size 

and condition, and age are also summarized in Table 2, while key values for stomach 

content and isotope analysis are summarized in Table 3.  

Stomach content data were limited for most species present in Mirror Lake, 

however, comparisons between yellow perch and pumpkinseed sunfish regarding percent 

point values of prey groups were conducted. Percent points of zooplankton and juvenile 

fish were significantly higher in yellow perch than pumpkinseed sunfish (W= 784, p= 

1.887e-4 , and W= 919, p= 1.328e-4, respectively).  Percent points of aquatic 

macroinvertebrates were significantly higher in pumpkinseed sunfish (W= 1757, p= 

2.46e-4). Pumpkinseed sunfish had significantly higher percent point value for terrestrial 

invertebrates than yellow perch (W= 1436.5, p= 0.0041).  

There was a significant difference in 15N (χ2= 33.655, df= 5 p= 2.789e-6) and 13C 

(χ2= 15.467, df= 5 p= 0.008) abundance among the fish species in Mirror Lake. 

Smallmouth bass had the highest 15N values, while white sucker had the lowest. 

Smallmouth bass and eastern chain pickerel had the highest 13C abundance, while white 

suckers had the lowest. Dunn’s post-hoc analysis revealed significant differences in 15N 
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between many species. Significant differences in 13C abundance only occurred between 

chain pickerel and both white sucker and yellow perch (Table 4). 
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Table 1. Capture (C) and recapture (R) numbers from spring fyke netting by species. 
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Table 2. Summary of demographic data collected from resident fish species of Mirror 
Lake during fyke netting efforts. PSD refers to Proportion Stock Density and TL refers to 
total length (mean, median, and maximum).  Species marked with an * represent data 
collected during Fall netting, when their sample size was greater. Dashes in the table 
represent missing data due to insufficient sample sizes.   
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Table 3. Summary of diet and isotopic analysis of resident fish species in Mirror Lake.  
FROC refers to Frequency of Occurrence and %P refers to percent points.  Stomach 
content data were limited for many fish species, but the presence of major prey groups is 
noted (p) when applicable.   
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Table 4. Results of Dunn’s post-hoc tests outlining pairwise comparisons of 15N and 13C 
abundance between fish species in Mirror Lake. P-values were adjusted using the 
Benjamini-Hochberg method. P-values indicating significant differences are bolded. 
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Figure 5. Plot of CtRt, (the proportion of total marked fish divided by the number of 
recaptures at that time) against the number of previously marked (a) yellow perch and (b) 
pumpkinseed sunfish. Regression lines and curved fits were added for reference.  
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Figure 6. Size distribution of (a) yellow perch (n = 601), (b) pumpkinseed sunfish (n = 
354), and (c) eastern chain pickerel (n = 21) captured during spring fyke netting from 
4/29/2018-5/31/2018.  The vertical solid line represents the median total length (TL) 
and all fish to the right of the vertical dashed line are of quality size.  
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Figure 7. Size distribution of (a) brown bullhead (n = 21) and (b) white sucker (n = 
38) captured during spring fyke netting.   The vertical solid line represents the 
median total length (TL). 

a 

b 
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Figure 8. Size distribution of (a) yellow perch (n = 47) and (b) pumpkinseed sunfish   
(n = 67) captured via angling. The vertical solid line represents the median total length 
(TL) of fish angled and all fish to the right of the vertical dashed line are of quality 
size.  
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b 
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Figure 9. Length-weight relationships of (a) yellow perch, (b) pumpkinseed sunfish, and 
(c) eastern chain pickerel captured during spring fyke netting. Solid lines represent the 
regression equations for Mirror Lake fish while the dashed lines represent the regionally 
calculated standard weight equations.  Both length and weight values were log-
transformed.  
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b 

c 
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Figure 10. Boxplots comparing relative weight (Wr) of stock and quality (a) yellow 
perch, (b) pumpkinseed sunfish, and (c) eastern chain pickerel captured during spring 
fyke netting. 
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Figure 11. Median TL by age of the (a) yellow perch (n = 61), (b) pumpkinseed sunfish 
(n = 100), and (c) eastern chain pickerel (n = 13) selected for aging during spring fyke 
netting. 
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Figure 12. The proportion of stomach samples containing each of four major prey 
groups for (a) yellow perch (n=41), and (b) pumpkinseed sunfish (n=60) captured 
during angling efforts. Results are grouped by size class into small (YP = <145mm) 
(PS = <110mm), medium (YP =150-190mm) (PS=110-145mm) and large (YP = 
195mm+) (PS = 150mm+) fish. 
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Figure 13. The proportion of stomach samples containing each of four major prey 
groups for (a) yellow perch (n=41) and (b) pumpkinseed sunfish (n=60) captured 
during angling efforts. Results are grouped by season into Early (June – early July), 
Mid (July- early August), and Late (August – early September) summer. 

a 

b 
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Figure 14. The proportion of stomach samples containing different macroinvertebrate 
prey items for (a) yellow perch (n= 41) and (b) pumpkinseed sunfish (n = 60).  Results 
are grouped by size class into small (YP = <145mm) (PS = <110mm), medium (YP 
=150-190mm) (PS=110-145mm) and large (YP = 195mm+) (PS = 150mm+) fish. Fish 
were captured via angling and prey items are identified to order and, in some cases, sub-
order or family.  
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Figure 15. Percent points (%p) of four major prey groups for (a) yellow perch 
(n=41) and (b) pumpkinseed sunfish (n=60) captured during angling efforts. Results 
are grouped by size class into small (YP = <145mm) (PS = <110mm), medium (YP 
=150-190mm) (PS=110-145mm) and large (YP = 195mm+) (PS = 150mm+) fish. 

a 
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Figure 16. Percent points (%p) of macroinvertebrate prey items for (a) yellow perch 
(n= 41) and (b) pumpkinseed sunfish (n = 60).  Results are grouped by size class into 
small (YP = <145mm) (PS = <110mm), medium (YP =150-190mm) (PS=110-145mm) 
and large (YP = 195mm+) (PS = 150mm+) fish. Fish were captured via angling and 
prey items are identified to order and, in some cases, sub-order or family.  
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Figure 17.  Isoplot of mean 15N (‰) versus mean 13C (‰) of six fish species 
captured during spring fyke netting (smallmouth bass, brown bullhead, eastern chain 
pickerel, yellow perch, pumpkinseed sunfish, and white sucker) as well as young-of-
year fish and macroinvertebrates. Bars represent standard error. 
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Figure 18.  15N (‰) abundance by total length (TL) of (a) yellow perch (n = 46), (b) 
pumpkinseed sunfish (n = 38), and (c) eastern chain pickerel (n = 10). Lines represent 
the regression equation associated with each species. 
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c 



59 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Fig 19.  13C abundance (‰) by total length (TL) of (a) yellow perch (n = 46), (b) 
pumpkinseed sunfish (n = 38), and (c) eastern chain pickerel (n = 10). Lines represent 
the regression equation associated with each species. 
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c 
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Chapter 4: Discussion 

  In this chapter I discuss what the results of my survey data from Mirror Lake 

suggest about the abundance, condition, and trophic niche of the fish species present. I 

then use this information to suggest new management techniques that could be applied to 

Mirror Lake and discuss the implications of each.  

Population Estimates and PSD 

Yellow perch were estimated to be the most abundant fish species within Mirror 

Lake. Masza (1973) estimated nearly half as many perch in 1970, however the 

confidence intervals were larger (1,598-11,342) than observed in this study. The high 

capture rate of yellow perch is likely due to their heavy use of the habitat structure and 

substrate found in the littoral zone for spawning, which was occurring during the netting 

period. The associated confidence interval of the Schnabel estimate for yellow perch was 

large, but even at the low end the estimate was much greater than that for any other 

species present. The plot of CtRt vs. marked individuals (Mi) for yellow perch was better 

fit by a non-linear equation, especially due to the high capture rate on the second day of 

netting. This suggests that the assumptions of the Schnabel model were not fully met 

(Krebs 1989), which was probably driven by catchability as opposed to immigration or 

emigration of fish. The capture rate of yellow perch declined as netting progressed. The 

catchability of yellow perch decreased as their use of netting areas decreased, making it 

increasingly hard to recapture a previously marked fish. It is possible the yellow perch 

move to deeper waters seeking preferable water temperatures, which Radabaugh et al. 

(2010) observed in South Dakota lakes with simple shorelines like Mirror Lake. 
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Pumpkinseed sunfish have established an abundant population in Mirror Lake 

over the past decade. The better fit of a curvilinear equation to the CtRt vs. Mi plot 

indicates that the assumptions of the Schnabel model were not fully met. The most 

pumpkinseed were captured on the final day of netting. Pumpkinseed abundance has been 

observed to increase from spring to summer as macrophyte growth increases habitat 

complexity (Hatzenbeler et al. 2000). Extending the netting period into summer likely 

would have increased the sample size and presumably yielded a more accurate population 

estimate.  

Both eastern chain pickerel and white sucker were estimated to have population 

sizes of several hundred individuals. Very few white sucker with a total length less than 

300mm were captured during spring fyke netting. Netting coincided with the white 

sucker spawn, and it is likely the collections were biased towards mature breeding fish. 

No brown bullhead were recaptured during spring fyke netting efforts and only one fish 

marked during fall netting was recaptured. Although population size cannot be accurately 

estimated, it is unlikely that populations are on the higher end of confidence intervals due 

to the low overall capture rate. Populations of pickerel and white sucker are limited by 

the habitat and resources found within the lake. Both species prefer shallow areas with 

weedy structure (particularly pickerel) or rocky structure, both of which are limited in 

Mirror Lake. The large populations of other competitor species like yellow perch and 

pumpkinseed sunfish leave few resources to support larger populations of eastern chain 

pickerel and white sucker. 

Capture rates of smallmouth bass were far too low to estimate the population size 

of this species.  It is possible trapping conditions were not optimal for the capture of bass 
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or that bass were escaping the nets. Smith et al. (2016) observed over 30% of bass 

escaped from fyke nets like those used in this study. Bacula et al. (2011) observed low 

CPUE for smallmouth bass netting in comparison to nighttime boat electrofishing.  The 

use of an additional sampling method like near-shore boat electrofishing, which is 

commonly used in largemouth bass studies (Coble 1992), might have increased capture 

success of smallmouth bass.  Smallmouth bass captured during fyke netting did not 

exceed 250mm, possibly indicating that nets were not effective in capturing larger fish. 

Of course, this could also be evidence that there are not many large smallmouth in Mirror 

Lake. Angling efforts supported the idea that the smallmouth bass population in Mirror 

Lake has dwindled. Masza (1973) personally captured 343 smallmouth bass over the 

course of a summer in Mirror Lake, many via angling; we captured only five during 

angling. Conversations with local anglers also indicate that smallmouth bass are captured 

infrequently. 

It is likely redbreast sunfish were introduced with the pumpkinseed sunfish as 

these species are hard to distinguish between as juveniles, which is when many species 

are illegally introduced. Pumpkinseeds are the more abundant sunfish in the lake and may 

out compete the redbreast sunfish. However, it is interesting how redbreast were only 

found in one net. The habitat around this net may have been preferred by the redbreast 

sunfish.  The lake bottom around the net contained a mix of detritus, sand, and large 

rocks and boulders. 

 Proportion stock density (PSD) values allowed for an estimate of size structure 

and recreational value of yellow perch, pumpkinseed sunfish, and eastern chain pickerel 

in Mirror Lake. The low PSD values (<30) for pumpkinseed sunfish and yellow perch 
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suggest stunting in those populations, with very few individuals reaching quality size 

classes. Eastern chain pickerel captured during fyke netting exhibited a healthy 

combination of stock and quality sized fish. PSD values could have been biased by the 

sampling method, as the mesh size allowed certain fish to escape the nets more easily. 

Smaller sized eastern chain pickerel were the only fish to be found trapped in the netting 

and it is unknown how many successfully escaped. PSD values for yellow perch and 

pumpkinseed sunfish captured via angling were higher than those captured in the nets (31 

and 30, respectively) but still hinted at stunting within the population. Due to low sample 

sizes, PSD was not calculated for smallmouth bass, but most of the fish captured 

throughout the study were stock size fish (<280mm). A study in Indiana found that lakes 

with a low density of stock size largemouth bass often were lacking quality size bluegill 

(Gabelhouse 1984). The lack of predation by largemouth bass may allow for larger 

populations of sunfish, which in turn may experience high rates of competition and 

consequent stunted growth. It is possible that the low density of smallmouth bass and 

other predatory species could be influencing stock densities of smaller fish like 

pumpkinseed and yellow perch in Mirror Lake.  

Population estimates of fish species in Mirror Lake are likely representative of 

their relative abundances, but not exact measures of how many individuals inhabit the 

lake. Time of year and method of capture have a large influence on the success of mark-

recapture surveys (McInerny & Cross 2000), and often fish populations are 

underestimated due to a lack of effort or inappropriate sampling gear (Jackson & Harvey 

1997). Due to differences in behavior and seasonal movements it can be difficult to target 

a wide variety of species with a single method of capture. Spring fyke netting seemed to 
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be effective for collecting data on the full suite of fish species in Mirror Lake.  Many of 

the fish species were using the areas targeted by the fyke nets for both spawning and 

foraging, resulting in the successful capture of every species in the lake. However, due to 

the mesh size of the fyke nets young-of-year fish were not adequately sampled and thus 

the population size estimates are more representative of age 1+ fish. To achieve more 

accurate estimates of population sizes, the use of several different sampling methods is 

preferred (Fago 1998, Ruetz et al. 2007). 

Condition Indices and Growth: 

 Comparisons of length-weight relationships of yellow perch and pumpkinseed 

sunfish to regional weight standard (Ws) equations show that Mirror Lake fish weighed 

less at any given length than regionally calculated averages. Both species showed some 

variation in length-weight values that could have impacted the results. The length-weight 

relationship of eastern chain pickerel in Mirror Lake is similar to the weight standard 

equation, suggesting that pickerel in Mirror Lake are achieving comparable weights to 

the regional standards. Yellow perch appear to be achieving less weight with total length 

than in 1970 but eastern chain pickerel appear to be exhibiting better body condition in 

this study (Masza 1973).  

 Relative weight values (<100) of pumpkinseed sunfish and yellow perch also 

show that individuals of both species weigh less than the regional averages. Often size 

classes of the same species exhibit differences in growth, which can affect the validity of 

population-wide relative weight values (Murphy et al. 1991). Examining differences 

between size classes (stock and quality) of the two fish had mixed results, but relative 

weights for both size classes were still below average. Pumpkinseed sunfish showed no 
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differences between stock and quality size classes, but yellow perch had significantly 

lower relative weight (Wr) values for stock (<200mm) fish compared to quality 

(>200mm) fish. This suggests the body condition of pumpkinseed in Mirror Lake remains 

constant as they increase in length, but as yellow perch reach lengths greater than 200mm 

they are likely to have superior body condition compared to smaller conspecifics. A 

population-wide relative weight (Wr) value may not be appropriate for describing eastern 

chain pickerel in Mirror Lake as quality fish appear to be achieving much higher relative 

weights than stock fish. It is likely that as pickerel and perch grow to quality size classes, 

they can effectively exploit more dietary resources (i.e., larger bodied prey fish) leading 

to better condition than stock size fish with more restricted diets.  

Differences in median total length of pumpkinseed and yellow perch decreased 

from younger to older age classes suggesting reduced growth rates as fish aged. This 

pattern was observed between ages four and five in yellow perch and ages three and four 

in pumpkinseed. The reduction in growth may be due to life history changes or 

fluctuating environmental conditions, like lack of preferred prey of older age classes (i.e., 

fish or snails) or overpopulation leading to stunted growth in adult fish. In both situations 

the sample size of age 1 and 6+ fish was minimal, providing only a limited understanding 

of the entire population. The sample size for eastern chain pickerel was small and median 

TL values should be interpreted with care. Additionally, annular growth rings of eastern 

chain pickerel are difficult to interpret and there is much potential for inaccurate aging. 

Many environmental, ecological, and life history factors can influence the body 

condition and growth of fish.  Often diet and competition for resources have the most 

direct impacts (Boisclair & Leggett 1989). Several fish species in Mirror Lake show signs 
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of stunting and suboptimal body condition (i.e, pumpkinseed sunfish and yellow perch), 

while other populations (e.g. smallmouth bass) are decreasing in size. Investigations of 

diet and food web interactions provide more context to understand the growth and 

condition of the fish species. 

Diet and Food web interactions  

 Stomach content analysis focused mainly on pumpkinseed sunfish and yellow 

perch. These two species were the most abundant fish in the lake and were captured most 

frequently during angling efforts, yielding robust sample sizes. Pumpkinseed sunfish can 

compete with yellow perch (Hanson & Leggett 1986), and this study provides an 

opportunity to observe how the two species’ trophic areas may overlap. Aquatic 

macroinvertebrates comprised a large portion of the diet of both pumpkinseed and yellow 

perch. Aquatic macroinvertebrates were found frequently across all size classes of 

pumpkinseed sunfish but increased in frequency from small to large yellow perch. 

Zooplankton were most important to small and medium size perch while large perch had 

a diet composed more of aquatic and terrestrial macroinvertebrates. A high relative 

importance of zooplankton in yellow perch diets has been associated with low quality 

populations (relatively few fish exceeding 200mm) (Lott et al. 1996). Perch have been 

observed to have several ontogenetic shifts in diet and are well adapted to feed on a wide 

range of prey items (Pearse & Achtenberg 1920). After hatching yellow perch will 

occupy the pelagic zone foraging primarily on plankton, then move into littoral zones 

when their gape is large enough to forage on macroinvertebrates. This would explain the 

increase in 13C abundance with total length of yellow perch in Mirror Lake, as the shift 

from a planktonic diet to one dominated by macroinvertebrates would be accompanied by 



67 
 

an increase in 13C abundance. When perch are large enough to engage in piscivory they 

move more freely among the pelagic and littoral zones. The shift towards piscivory can 

occur anywhere from age one to age four, at which point fish become the primary prey 

source (Graeb et al. 2005, Parke et al. 2009). The sample size of large perch from Mirror 

Lake was relatively small (n = 8) and provides a limited picture of diet. In Mirror Lake, 

piscivory and 15N abundance increased with the size of yellow perch, but fish never 

became a dominant prey source. This could explain the stunting of yellow perch in the 

lake, as the switch to a primarily piscivorous diet is often accompanied by more rapid 

growth (Keast 1985a).  

The diet of pumpkinseed sunfish in Mirror Lake appears to be like that of large 

yellow perch, consisting primarily of aquatic macroinvertebrates, which could result in 

competition between the two species. Pumpkinseed sunfish also often undergo 

ontogenetic shifts in diet. Young pumpkinseed begin by focusing on zooplankton, 

moving on to macroinvertebrates as they grow larger.  This was observed in Mirror Lake 

through both stomach contents and the increase in 13C abundance with total length (TL). 

When snails are abundant in a system, they will dominate the diet of large pumpkinseed 

(Osenberg & Mittelbach 1989), which has been shown to reduce their inter- and intra-

specific competition. Snails were only observed in the stomach of one pumpkinseed 

sunfish from Mirror Lake. The seeming lack of snails may create more competition 

between pumpkinseed sunfish and the other resident species in the lake since they are 

more dependent on aquatic insects.  

Angling captures for the other species in Mirror Lake were too low to conduct 

meaningful stomach content analysis but provide a glimpse into the diets of pickerel, 
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bass, bullhead, and stocked trout. No stomach contents of white sucker were collected but 

they are known to feed on both zooplankton and benthic macroinvertebrates (Saint-

Jacques et al. 2000), and when prey densities are low rely on detritus as juveniles 

(Ahlgren 1990). Hayes et al. (1992) found that removals of white sucker resulted in 

increased chironomid and mayfly abundance, in addition to increased population size and 

growth of yellow perch.  Brown bullhead are like most other species in Mirror Lake, 

known to feed on plankton as young, shifting to macroinvertebrates and eventually 

piscivory as they grow (Keast 1985b). Bullhead will also feed on plant matter and 

filamentous algae (Gunn et al. 1977). Both bass and pickerel in Mirror Lake have diets 

that begin with plankton and macroinvertebrates in early years and with age progress to 

larger prey items, including fish and crayfish (Weidel et al. 2000, Dauwalter & Fisher 

2008). Hunter and Rankin (1939) found that the diet of pickerel over 150mm (TL) was 

dominated by fish, especially cyprinids, while chain pickerel under 15 cm fed 

predominantly on insects. Diet also changes with the body of water and prey availability. 

Masza (1973) noted that the young pickerel in Mirror Lake fed on aquatic invertebrates 

while the diet of older fish contained more crayfish and young fish. Interestingly, Masza 

also found that the smallmouth bass in Mirror Lake still relied heavily on insects, even in 

larger size classes (up to 400mm). He hypothesized that the lack of forage fish in the lake 

was a limiting factor in the diet and growth of both the bass and pickerel. 

 The only small fish available in the lake are the young from resident species 

which can grow rapidly, making them more difficult to prey upon within a few months of 

hatching. This could explain why fish were not observed in the stomach contents of 

yellow perch in late August-September, as most young-of-year fish have undergone 3 
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months of rapid growth. Other smaller-bodied species like some suckers or minnows are 

easily preyed upon throughout the year (Hambright 1991, Nilsson & Bronmark 2000). 

White sucker have a relatively low body depth to length ratio, which fish find easier to 

ingest. The low capture rate of small white sucker could be due to higher predation on 

younger age classes leading to a greater abundance of large fish.   

The large number of trout stocked into the lake are assumed to feed on a variety 

of prey types. The few stomach contents analyzed had juvenile fish, crayfish, and aquatic 

insects. Due to the large size and abundance of the trout stocked into the lake, it is likely 

that they impact the food web in a significant way through both predation and 

competition for resources. A study in Finland found that stocked trout assumed a diet 

similar to native trout within a few months of stocking, consisting of primarily 

macroinvertebrates and forage fish (Kahilainen & Lehtonen 2001). Teixeira and Cortes 

(2006) found that brown trout stocked in streams in Portugal preferred prey items found 

near the surface and competed most heavily with dominant wild trout. Less is known 

about how trout stocking impacts wild warmwater fish but given the reliance of each 

species in Mirror Lake on macroinvertebrates and juvenile fish, both important prey 

sources for stocked trout, it is reasonable to assume there is some competitive impact. 

Stable isotope samples from all fish species except redbreast sunfish were 

included in analysis. 13C and 15N abundance varied by species, however, there was 

considerable overlap. Mean C:N ratios for the tissue of all fish except pumpkinseed 

sunfish and brown bullhead were below 3.5, so for those species correcting 13C 

abundance for lipid content was not necessary. Fin tissue does not contain much fat; it is 

possible the sunfish and bullhead have higher lipid content in fin tissue. Some research 
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has shown that C:N ratios may not be representative of lipid content and lipid content 

relationships should be developed on a case by case basis (Fagan et al. 2011). 

Smallmouth bass were found to have the highest 15N abundances, indicating a higher 

trophic status and a more piscivorous diet, however, the difference was not significant 

between both eastern chain pickerel and brown bullhead. Unfortunately, the sample size 

was extremely limited and may not have been fully representative of the whole 

population; analysis of different size classes could not be done. It is surprising that 

eastern chain pickerel did not have the highest 15N abundance but had a similar mean 15N 

abundance to brown bullhead. Due to the piscivorous nature of pickerel they were 

expected to achieve a relatively high trophic status. This could indicate that pickerel in 

Mirror Lake are not consuming fish in large quantities and may be relying on 

macroinvertebrate prey. White sucker had the lowest 15N and 13C abundance of the fish 

species sampled. These results suggest that white sucker in Mirror Lake fed primarily in 

pelagic zones on prey low in the food chain (zooplankton).  The sunfish and perch in 

Mirror Lake had relatively similar isotopic values indicating a potential for overlap in 

prey use and no significant difference was found between these species in their 15N and 

13C abundance. Yellow perch had a slightly higher 15N value and lower 13C value, 

suggesting a more piscivorous and pelagic diet, corroborating what was seen in stomach 

content analysis. 

Isotope values of fish in Mirror Lake are within the range of those found in other 

studies. Locke et al. (2013) observed lower 13C (-24.9) and higher 15N (9.3) abundance in 

pumpkinseed sunfish sampled from two small lakes in Ontario. These lakes contained an 

abundance of either mollusks or gastropods which could explain the difference from 
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pumpkinseed in Mirror Lake. Happel et al. (2015) found yellow perch in Lake Michigan 

to have similar 15N abundance to yellow perch in Mirror Lake but a much lower 13C 

abundance (21.0 – 23.0). Coastal Lake Superior perch were found to have similar 13C 

abundance (28.4) to perch in Mirror Lake but had a much higher 15N abundance (11.3) 

(Keough et. al 1996).  

The fish and their prey are major components of the Mirror Lake food web. Many 

of the fish species present in Mirror Lake rely on similar food items, especially 

macroinvertebrates and zooplankton, at different times in their life cycle which can lead 

to interspecific competition. Pumpkinseed sunfish are relatively new to the Mirror Lake 

ecosystem but have established themselves as one of the most abundant species and are 

likely one of the largest consumers of macroinvertebrate biomass. Their introduction 

likely increased competition among the fish species present due to each species’ reliance 

on macroinvertebrates. Van Kleef et al. (2008) found that pumpkinseed have the capacity 

to dramatically reduce macroinvertebrate abundance when present in a body of water.  

The large numbers of yellow perch must compete with other species as well as each other 

for available prey, which for much of their life cycle is zooplankton. The one species that 

seems to be doing comparatively well is the chain pickerel: for much of the year they 

have ample forage in young-of-year fish, while the larger pickerel have abundant sunfish 

and perch to prey upon. However, piscivory did not seem to be prevalent in any of the 

species observed and may be the reason behind the stunted growth of many fish in the 

lake. A natural progression of most fish species into piscivory not only allows for 

increased growth but a greater distribution of pressure on prey items. Mirror Lake has 

many species which rely on similar prey and whose populations are not heavily regulated 
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by predation.  An imbalanced food web that creates competition among fish rather than 

allowing for niche partitioning can negatively impact recreational fishing opportunity.  

Current recreational value 

Freshwater fisheries are an important natural resource, not only as easily 

accessible sources of wild protein, but also as catalysts for recreational experiences that 

connect people with the natural world. The recreational value of a lake’s fishery is often 

driven by angler satisfaction, which in turn is driven by the abundance and size 

distribution of the species present (Beardmore et al. 2014). Due to the size and number of 

trout released into Mirror Lake, stocking has a positive influence on angler satisfaction. 

However, due to the time and money invested in hatchery and stocking programs, this 

comes at a substantial cost to state agencies. Depending on location and means of 

production, stocking a catchable-sized trout can cost a state agency several dollars per 

fish, resulting in thousands of dollars being invested into the Mirror Lake fishery on an 

annual basis.    

Managing for healthy self-sustaining populations of gamefish would eliminate the 

cost associated with stocking. Commonly sought-after gamefish that occur in Mirror 

Lake are bass, pickerel, and bullhead. Some of these populations in Mirror Lake could 

use assistance from managers to establish larger populations with better body condition. 

While eastern chain pickerel exhibit stable recruitment of fish into quality size classes, 

the amount of suitable pickerel habitat in the lake is minimal. Similarly, bullhead provide 

angling opportunity in the lake for the willing angler. Smallmouth bass populations 

appear to have declined notably since previous surveys. Historically the bass population 

has been able to naturally sustain itself within the system. As one of the most targeted 
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fish in the country (USFWS), the presence of healthy bass populations in a lake 

positively impacts angler satisfaction but the current potential for catching one in Mirror 

Lake appears low. 

Yellow perch and pumpkinseed sunfish are the most abundant species in the lake 

and should not be overlooked when determining this fishery’s overall recreational value.  

As commonly sought after panfish, they provide a great source of wild protein and can be 

caught with relative ease. To positively impact angler interest, conditions must promote 

growth of quality-sized fish in numbers that can be harvested reliably and sustainably. 

Both pumpkinseed sunfish and yellow perch had PSD values that indicate severe 

stunting. With so few fish reaching quality size classes, the sunfish and perch in Mirror 

Lake do little for angler interest and the recreational value of the fishery. To increase the 

overall recreational value of the Mirror Lake fishery an effort must be made to promote 

increased growth of panfish and the sustainability of game fish populations. This task is 

often easier said than done but through the implementation of new management 

techniques an attempt can be made, and the effects monitored, to provide new insight into 

fisheries ecology and management. 

Future management and experimental opportunity 

 Mirror Lake is one of many New Hampshire lakes that are stocked with hatchery-

raised coldwater species but also support self-sustaining populations of warmwater fish. 

While the current management practices increase angler interest, they do not support 

long-term sustainable management of the lake and its resident fish species. Due to its 

relatively small size and how much is already known about the ecosystem and fishery, 

Mirror Lake provides an ideal site to study the effects of management decisions on 
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several fish species widespread in New Hampshire. Shifting the management focus to 

species capable of being self-sustaining and employing some combination of strategic 

regulations, stocking, removals, and habitat management, could achieve the goal of 

fostering a fishery that will require less long-term maintenance and still promote the same 

amount of angler interest. 

Passive management 

Passive management of fish populations is achieved through bag limits and 

regulations set for each species. These regulations vary from state to state and at times are 

site-specific, depending on the abundance and vulnerability of fish species. If 

management is directed at increasing numbers of smallmouth bass, changes in the rules 

and regulations would be helpful to reduce harvest by anglers.  Implementing catch-and-

release rules for bass that extend outside of the spawning season would ensure that fewer 

fish would be removed by anglers but does not address the underlying reason for their 

population decline in Mirror Lake. Regulating the take of other resident fish like yellow 

perch, pickerel and bullhead through a harvestable size range (slot limits) could lead to 

increased angler satisfaction (Gwinn et al. 2015). Imposing a Harvestable-slot-length 

limit (HSl) would protect larger “trophy” fish which are the most prolific breeders. Slot 

ranges could be set based upon the demographic data provided by this study and the 

intended management objectives.  

Stocking and removals 

 Despite extensive stocking over nearly three decades, no evidence of natural trout 

reproduction has been witnessed in Mirror Lake and previous attempts to establish brook 

trout populations also failed (Masza 1973). Of the three species of trout stocked, brown 
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trout appear to overwinter the most successfully and grow to impressive sizes, providing 

a greater return on stocking investment. However, due to the constantly changing relative 

abundances of the three species of trout being stocked, these observations may just be the 

result of more large brown trout being stocked the season prior. If increased survival of 

young-of-year resident fish is desired, then a reduction or elimination of trout stocking 

prior to summer may be favorable. During the winter months (December to March), 

Mirror Lake supports a large cohort of ice fishermen whose satisfaction is largely 

dependent on the trout stocking. It is possible that trout stocking could be conducted in a 

manner that still pleases the lake’s anglers but will also be more beneficial in regulating 

the resident fish populations. While open-water season (April to October) has excellent 

trout fishing, during spring and fall there are several weeks to months where high 

summer water temperatures decrease trout feeding, reducing the chance an angler will 

catch a trout during daylight hours. NH Fish and Game typically stocks the lake in the 

fall prior to ice-in and at times has stocked more trout through the ice in December to 

ensure ice-anglers have plenty of trout to catch throughout the winter.  Spring and early-

summer stockings coincide with the time of year that resident fish are not only spawning 

but foraging most actively. Reducing trout stocking during the summer months would 

result in less competition for the available resources in the lake during the growing 

season. Rather than abundant inputs of smaller (age 1) trout, stocking several large (age 

3+) predatory trout could help increase predation on pumpkinseed and yellow perch 

juveniles, potentially reducing inter- and intra-specific competition. 

With water temperatures increasing as a result of a changing climate and 

ecosystems being altered through species introductions, it is hard to believe trout will 
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ever be able to establish self-sustaining populations within Mirror Lake. Often the biggest 

barriers to establishing self-sustaining trout are habitat degradation and the introduction 

of new fish species (Krueger et al. 1995), both of which are characteristic of Mirror Lake. 

While efforts could be made to overcome such obstacles, it would come at a great cost to 

the managing agency.  In contrast, bass are better adapted to combat the pressures of 

rising water temperatures and can outcompete trout. Smallmouth bass have sustained 

their population in Mirror Lake since their original stocking in the 1940s and 1950s. A 

supplemental stocking of smallmouth bass to enhance the population’s size and genetic 

diversity, along with a more targeted approach to trout stocking, may promote more 

sustainable populations of the resident fish species. Smallmouth bass are voracious 

predators and are known to alter littoral zone fish assemblages; however, their impact is 

most significant on cyprinid species, like shiners or suckers, when compared to deeper-

bodied centrarchids like pumpkinseed sunfish (Hambright 1991). Smallmouth bass are 

likely not having a significant influence on perch and pumpkinseed populations through 

predation but instead may be competing with them for resources. It is unknown why the 

abundance of bass in Mirror Lake has declined and it is possible a supplemental stocking 

would not result in a long-term increase in population size without the use of additional 

management techniques. The decrease in bass populations and their predatory impact 

opens opportunities for other management techniques to be implemented. 

 The slow growth of many fish in Mirror Lake could be enhanced with the 

potential to have a more piscivorous diet. Mirror Lake lacks species of small-bodied 

forage fish that are commonly found in warmwater lakes throughout the state (e.g. golden 

shiner, lake chub, spot tail shiner). Adding to the already dynamic fish composition of 
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Mirror Lake poses risks but could facilitate faster growth of resident fish species by 

creating a new prey source for piscivorous fish in the lake. Many piscivorous fish (e.g. 

bass, pickerel, trout) prefer shallow-bodied cyprinids over the relatively deeper-bodied 

centrarchids (Hambright 1991, Mitchell et al. 2010). Introducing a species that could be 

easily ingested would enhance the growth and resource partitioning of fish in the lake. If 

successful, the introduction of a forage fish would positively impact growth of fish in the 

lake regardless of the management focus (stocked trout or self-sustaining fishery).  

Introducing species to the lake could be a controversial subject and should be 

done only if it will not negatively impact the surrounding watershed. The practice is most 

common in commercial and private pond management but has been entertained by state 

and federal fisheries managers as well. Gustaveson et al. (1990) suggested introducing 

rainbow smelt (Osmerus mordax) to Lake Powell, Utah, to increase piscivory and growth 

of largemouth and striped bass. The idea was thwarted by the potential negative impacts 

of introducing a non-native fish into the ecosystem. In Mirror Lake, risk associated with 

introducing new species could be minimized by stocking species already present in the 

Pemigewasset River watershed, like longnose dace or common shiner.  These species 

would not cause unintended introductions to downstream areas if they disperse from the 

lake. An effort would have to be made to prevent fish dispersing into Hubbard Brook, 

which is home to wild brook trout. 

 The addition of a forage fish species will be difficult if predation rates are too 

high for it to establish a reproducing population.  For example, the presence of 

smallmouth bass can decimate forage fish populations, but the low bass numbers in 

Mirror Lake could bode well for their introduction. The large abundance of yellow perch 
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and pumpkinseed in the lake could also pose a threat to establishing a forage fish 

population. Management of these species to reduce abundance would likely have a 

positive impact on forage fish introductions and the condition of existing species. 

The removal or reduction of fish can also be a useful tool when attempting to 

achieve management goals. In Mirror Lake the reduction of the abundant yellow perch 

and pumpkinseed sunfish could help reduce competition for resources in the lake and 

lead to increased growth and recruitment of fish to older age classes. Spring fyke netting 

appears to be an effective method for capturing both species and could be used to reduce 

their populations. One-time removals of pumpkinseed or yellow perch would not 

guarantee long-term reductions in their abundance, which could only be achieved through 

long-term annual or semi-annual netting efforts. This would become costly and time-

consuming but annual nettings would allow for long-term data collection on all the fish 

species in the lake.  

Habitat enhancement 

 The survival of smaller-bodied forage fish could also be increased by developing 

refuge areas through habitat enhancement. Habitat complexity in littoral zones is known 

to positively impact fish assemblages, as vegetation and coarse substrate (rocks and 

boulders) provide natural structure, which fish use for sanctuary, spawning, and foraging 

(Crowder & Cooper 1982, MacRae & Jackson 2001). Due to the fragility and seasonality 

of shoreline vegetation it is often an inconsistent source of cover that is slow to 

reestablish if eliminated. Coarse woody debris also contributes to habitat complexity but 

persists in the ecosystem year-round and is less susceptible to environmental changes 

(Guyette & Cole 1999). Woody debris provides necessary refuge space for small-bodied 



79 
 

species and juvenile fish from predators (Lewin et al. 2004) and is known to positively 

impact macroinvertebrate diversity and abundance (Czarnecka 2016). Smallmouth bass 

also benefit from the habitat provided by submerged logs and trees (Brown et al. 2009). 

 Abundance of coarse woody debris is primarily reduced through shoreline 

development (Christensen et al. 1996). Much of the land surrounding Mirror Lake is 

forested, with the most development on the southern half of the lake including several 

residences and a town beach. Woody debris appears least abundant in the more-

developed areas of the lake, where it is often removed to create open swimming areas. 

Several trees have fallen into Mirror Lake on the northern shore as a result of blowdown 

in recent years and were observed to support large numbers of young-of-year fish 

throughout this study. Coarse woody additions along the southern shoreline would 

increase overall habitat complexity and possibly increase survival and growth of resident 

juvenile fish and any small-bodied fish species introduced. Schindler et al. (2000) found 

that largemouth bass in undeveloped lakes with abundant littoral coarse woody debris 

experienced higher growth rates than those in lakes with more developed shorelines. 

When coarse woody debris was added to Camp Lake in Wisconsin, Sass et al. (2012) also 

found that prey diversity and availability increased, in addition to piscivory and growth in 

largemouth bass. Monitoring fish populations before and after coarse woody debris 

additions in Mirror Lake would add to the existing knowledge of the relationships 

between fish abundance and diversity and habitat complexity.  
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Chapter 5: Conclusion 

 Mirror Lake has been the subject of numerous scientific studies which have 

contributed to a better understanding of freshwater ecology. The history of the fishery has 

been relatively well-documented and is like many other lakes in New Hampshire. Much 

of the recreational value of Mirror Lake is drawn from consistent trout stocking, while no 

attempts have been made to improve the value and condition of the resident fish species. 

For some fish species this approach has resulted in stunting, poor body condition, and 

population decline. Yellow perch and pumpkinseed sunfish have large populations with 

very few fish reaching sizes that promote angler harvest or interest. The smallmouth bass 

population appears to have plummeted since the last survey of the lake and this species is 

captured very infrequently. Due to its small size and closed geographic boundary, Mirror 

Lake is an excellent site to implement experimental management and monitor the effects.  

 Historically, management of the lake has been focused on stocking desirable 

game species. Over the past century this has shifted from brook trout, to rainbow trout, to 

smallmouth bass, and now to all three species of trout. While stocking efforts have 

created new fishing opportunities in the lake and have likely led to increased angler 

satisfaction, they also appear to have resulted in adverse effects on the resident fish 

species. Changes in management for strategic habitat and available forage could increase 

angler interest in resident species and produce a more balanced food web with less 

competition for prey. Stocking smaller-bodied forage fish into the lake would increase 

opportunities for piscivory and allow for increased fish growth and resource partitioning.  

Habitat complexity could be increased through addition of natural structure like coarse 

woody debris or large rocks and boulders, resulting in refuge for introduced forage fish as 
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well as the juveniles of resident species. If the goal of management is to reduce reliance 

on stocking, then studying the impact of alternative management techniques will be 

paramount. Mirror Lake may not be a large driver of license sales in the state and could 

be seen as an economically insignificant body of water. Its true value is in the research 

that has been done in the lake and the potential for future studies that will help direct 

management efforts for the rest of the region. 
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