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Sedgeunkedunk Stream, a 3rd-order tributary to the Penobscot River, Maine 

historically supported several anadromous fishes including Atlantic salmon Salmo salar, 

alewife Alosa pseudoharengus, and sea lamprey Petromyzon marinus.  However, two 

small dams constructed in the 1800s reduced or eliminated spawning runs entirely.  In 

2009, efforts to restore marine–freshwater connectivity in the system culminated with 

removal of the lowermost Mill Dam thus providing access to an additional 4.7 km of lotic 

habitat and unimpeded passage into the lentic habitat of Fields Pond. 

In anticipation of these barrier removals, we monitored stream fish assemblages in 

strategically-placed impact and reference sites with backpack electrofishing surveys 

twice yearly since 2007.  Results as of August 2011 indicated that density, biomass and 

diversity of the resident fish assemblage increased at all impact sites upstream of the 

2009 dam removal, and no distinct changes in these metrics occurred at unaffected 

reference sites.  Additionally, we documented recolonization and successful reproduction 

of three anadromous species in previously inaccessible upstream reaches.  Three age 



 
 

classes of juvenile Atlantic salmon including emergent young-of-the-year fry were 

observed approximately 2-km upstream of the former Mill Dam in 2011.  Adult alewives 

were intercepted at upstream impact sites en route to previously inaccessible habitat in 

Fields Pond, and their progeny were observed exiting the system en route to the Atlantic 

Ocean during our late-summer sampling in 2011.  Finally, sea lamprey larvae were 

encountered in previously inaccessible upstream reaches during electrofish surveys in 

2011. 

Sea lampreys reliably utilized accessible downstream habitat prior to the 2009 

dam removal, and were therefore chosen as a focal species to quantify recolonization.  

During spawning runs of 2008 through 2011 (pre- and post-dam removal), individuals 

were marked with PIT tags and their activity was tracked with daily recapture surveys.  

Open-population mark-recapture models indicated a four-fold increase in the annual 

abundance of spawning-phase sea lampreys with estimates rising from 59 ± 4 ( 	 	SE) 

pre-dam removal (2008) to 223 ± 18 and 242 ± 16 post-dam removal (2010 and 2011 

respectively).  Accompanying the marked increase in annual abundance, we observed a 

nearly three-fold increase in nesting sites rising from 31 nests pre-dam removal (2008) to 

128 and 131 nests post-dam-removal (2010 and 2011 respectively).  The rigorous 

cataloguing of sea lamprey nests afforded us the opportunity to return to exact nesting 

locations to address the hypothesis that sea lampreys act as ecosystem engineers in 

freshwater spawning streams. 

Sea lamprey spawners use their suctorial disc mouths to rearrange gravel and 

cobble substrates during nest construction, and these physical modifications to the 

stream-bed may have immediate and persisting effects upon the stream-dwelling 



 
 

community.  Metrics including fine sediment coverage, proportion of embedded particles, 

stream-bed depth and current velocity, and benthic invertebrate density and diversity 

were measured in the mounds, pits and adjacent reference locations at randomly selected 

nesting sites.  Analysis of these metrics revealed that sea lamprey spawning activities 

conditioned stream-bed topography favorably for benthic invertebrates and possibly drift-

feeding fishes.  Fine sediment coverage and proportion of embedded particles were 

significantly reduced in mounds relative to pit and reference microhabitats, and sea 

lamprey nest constructions increased stream-bed complexity by producing shallower 

mounds with increased velocities adjacent to deeper pits with lower velocities.  During 

autumn sampling we found that almost all of the sea lamprey induced changes to the 

stream-bed persisted for a period of nearly four months following the cessation of 

spawning. 

In summary, these results clearly demonstrate that dam removal has enhanced the 

density and diversity of the resident fish assemblage by providing an undisrupted stream 

gradient linking diverse habitat sources including a small headwaters lake, a small 

headwaters tributary, a large coastal river and estuary, and the Atlantic Ocean.  Dam 

removal has also facilitated the recolonization of previously inaccessible habitat by three 

anadromous fishes including Federally Endangered Atlantic salmon.  Finally, the 

freshwater spawning activities of anadromous sea lampreys improved physical conditions 

at the microhabitat level for benthic invertebrates and possibly drift-feeding fishes.
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CHAPTER 1 

FISH COMMUNITY RESPONSE TO DAM REMOVAL  

IN A MAINE COASTAL RIVER TRIBUTARY 

Introduction 

Human societies have had intimate connections to the natural resources provided 

by river ecosystems since time immemorial (Vitousek et al. 1997), and the construction 

of dams and weirs has enabled the manipulation of rivers for the purposes of maximizing 

the acquisition of resources while minimizing the associated dangers (Erickson 2000).  

Dam construction in the United States proliferated following the European settlement of 

North America and projects have provided municipal and agricultural water supplies, 

flood control, navigation, and hydroelectric power generation (Benke 1990).  

Historically, many dams were built without forethought of ecological impacts, and 

recently, scientists began comparing impounded to free-flowing rivers to quantify those 

ecological impacts (Hart et al. 2002).  The scientific community accumulated evidence 

that dams cause changes to hydrological flow regimes (Richter and Thomas 2007), 

temperature regimes (Poole and Berman 2001), sediment loadings (Petts 1980), pollution 

levels (Köster et al. 2007), and connectivity within and among ecosystems (Northcote 

1998).  Additionally, dams constructed without fish passage systems have blocked 

anadromous fish migrations, and these migratory barriers are a leading cause of fish 

declines worldwide (Limburg and Waldman 2009).  Furthermore, dams have a finite life 

span, and many dams constructed in the 19th century have outlived their utility (Poff and 

Hart 2002).  With the emergent recognition that dams can impair river ecosystems and 

that environmental costs associated with dams often outweigh the economic benefits, 
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society has transitioned to view dam removal as a means to restore ecologically degraded 

rivers (Babbitt 2002). 

Restorative dam removal projects in the U.S. have gained momentum recently in 

response to the 1994 Federal Energy Regulatory Commission (FERC) relicensing policy 

that established government authority to mandate dam owners either to meet 

environmental concerns with stringent operating conditions or proceed with 

decommission and removal (Bednarek 2001).  Pursuant to the 1994 FERC policy, 

Dadswell (1996) found that the Edwards Dam on the Kennebec River (Maine, USA) 

blocked migration and thus access to suitable spawning habitat for a suite of anadromous 

species including Atlantic salmon Salmo salar, Atlantic sturgeon Acipencer oxyrinchus, 

shortnose sturgeon Acipencer brevirostrum, American shad Alosa sapidissima, alewife 

Alosa psuedoharengus, blueback herring Alosa aestivalis, striped bass Morone saxitilis, 

and sea lamprey Petromyzon marinus.  Upon the determination that a fish passage system 

would not be sufficient to mitigate the dam’s negative effects on anadromous fishes, 

FERC’s decommissioning policy was implemented for the first time in 1999 with the 

removal of Edwards Dam (Bednarek 2001).  The Edwards Dam removal set a national 

precedent for the removal of other coastal river dams that blocked andromous fish 

migrations.  As of 2010, 888 dams have been removed in the U.S. nationwide, and 450 of 

these removals have taken place since 1999 (American Rivers 2010).  Although national 

publicity regarding dam removals has centered on perceived benefits to anadromous 

fishes in larger river systems, most of the U.S. dam removal projects have occurred in 

smaller streams with low-head dams less than 5m in height (Heinz Center 2002; see 

Sawaske and Freyberg 2012), and as of 2002, less than five percent of all removals were 
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coupled with biomonitoring studies whose results were published in the scientific 

literature (Hart et al. 2002). 

In addition, very little is known regarding the interactions between recolonizing 

anadromous species and resident species (Kiffney et al. 2009) and whether these 

reconnected ecosystems are capable of recovering to ‘pre-impact’ states following dam 

removals (Dufour and Piégay 2009).  Dams impact the distribution and abundance of 

resident fish communities by fragmenting habitat (Winston et al. 1991, Pringle 1997).  

Habitat fragmentation can prevent some resident fish species from accessing habitats 

necessary for completion of their life histories (Schlosser 1995).  However, less is 

understood regarding the indirect effects exerted upon resident stream fish assemblages 

when dams deny access to anadromous species and therefore disrupt the transport of 

marine-derived nutrients and energy (MDNE) into otherwise oligotrophic headwaters.  

Literature from the Pacific Northwest is replete with evidence showing that MDNE 

contributions from anadromous Pacific salmon (Oncorhynchus spp.) increase production 

and/or biomass of several trophic levels (Gende et al. 2002, Stockner and Ashley 2003, 

Wipfli et al. 2003, 2010), and it is likely that anadromous fishes provided similar effects 

in streams of the Atlantic coast (Garman and Macko 1998, West et al. 2010).  

The Penobscot River is Maine’s largest river (560 km) and the watershed (22,300 

km2) once supported as many as ten co-evolved anadromous species (Saunders et al. 

2006).  However, 113 dams throughout the watershed have severed marine-freshwater 

connectivity and led to declines in populations of all anadromous fishes (Penobscot River 

Restoration Trust 2012).  Efforts to restore marine-freshwater connectivity within the 

Penobscot watershed are underway as main-stem dam removal projects began in June 
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2012 and are anticipated to proceed through November 2013 (Penobscot River 

Restoration Trust 2012).  However, because much spawning and nursery habitat for sea-

run fishes is located in tributaries rather than in the main-stem, we might expect to 

observe the most striking effects of main-stem dam removal in these tributaries, many of 

which themselves contain dams.  Sedgeunkedunk Stream, a small tributary to the 

Penobscot River below head-of-tide (Figure 1.1), typifies small streams in Maine 

impacted by dams and subsequent dam removals.  Recent restoration efforts in 

Sedgeunkedunk Stream have provided opportunities to assess fish community responses 

to dam removal, and the system provides ideal conditions for predicting main-stem 

Penobscot River dam removal impacts (Gardner et al. 2011, 2012).  Sedgeunkedunk 

Stream is one of only three major tributaries flowing into the Penobscot River 

downstream of the lowermost main-stem dam (i.e., Veazie Dam), which is scheduled for 

removal during 2013-2014 (Penobscot River Restoration Trust 2012).  Therefore, the 

responses of anadromous and stream-resident species in Sedgeunkedunk Stream may 

provide a glimpse of predicted restoration outcomes on the main-stem Penobscot River 

and its tributaries. 

Efforts to restore marine-freshwater connectivity in Sedgeunkedunk Stream 

culminated August 2009 with removal of the lowermost Mill Dam (Figure 1.1), allowing 

sea lamprey and endangered Atlantic salmon access to an additional 4.7 km of high 

quality spawning and rearing habitat.  Additionally, removal of the Mill Dam coupled 

with the construction of a rock-ramp fishway bypassing remnants of the former Meadow 

Dam provided a corridor for migrating alewife to access spawning and nursery habitat in 
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Fields Pond (Figure 1.1).  Gardner et al. (2011) provide a comprehensive description of 

barriers and restorative barrier removals in the system. 

Longitudinal and temporal patterns of the Sedgeunkedunk Stream fish assemblage 

were relatively consistent during the two years of this study prior to dam removal 

(Gardner et al. 2011), allowing these authors to detect the immediate disturbance effects 

associated with the 2009 removal of the Mill Dam.  This pre-dam removal consistency 

also enables us to evaluate the efficacy of recent restoration efforts in relation to the 

primary project goal of characterizing resilience and recovery of resident and 

anadromous fishes in small coastal systems impacted by dams.  Immediately following 

the 2009 dam removal, the fishes in Sedgeunkedunk Stream responded in a manner that 

suggested that the presence of the Mill Dam disrupted the natural longitudinal gradients 

in fish density, biomass, species richness, and diversity (Gardner et al. 2011).  Prior to 

dam removal, these fish community metrics were maximized in the reach downstream of 

the dam, minimized in the reach upstream of the dam and intermediate in the two most 

upstream reaches.  Immediately following the dam removal, Gardner et al. (2011) 

documented a longitudinal redistribution of resident fishes and noted the recolonization 

of Atlantic salmon juveniles into historic habitat rendered inaccessible by the Mill Dam.  

We continued the monitoring protocols established by Gardner et al. (2011) with the 

specific objectives of quantifying the distribution and abundance of fish species in 

Sedgeunkedunk Stream during a two-year, post-dam removal period, and to assess spatial 

and temporal changes in fish community metrics associated with barrier removals in this 

coastal system. 

 
 



6 
 

Study Area 

Sedgeunkedunk Stream is a third-order tributary to the Penobscot River, 

Penobscot County, Maine that flows through the town of Orrington and city of Brewer.  

The watershed drains approximately 5400-hectares including Brewer Lake and Fields 

Pond in the headwaters (Figure1.1).  Sedgeunkedunk Stream flows from Fields Pond at 

the Meadow Dam Fishway (UTM 19 T 0518563E 4953509N), an historic dam site that 

was rehabilitated with the installation of a rock-ramp fishway in August 2008.  From the 

Meadow Dam Fishway, the stream flows 5.3-km to the confluence of the Penobscot 

River at river km 36.5 near head-of-tide (UTM 19 T 0517013E 4957300N).  The 

Sedgeunkedunk Stream watershed is mostly forested, but some urban and industrial 

development exists primarily in downstream reaches.  This relatively low gradient stream 

has a median bank full width of approximately 5-m, with peak discharge of 5 m3s-1 

immediately following early spring ice-out, and base-flow discharge of 0.1 m3s-1during 

late summer.  The lowermost dam (Mill Dam: UTM 19 T 0517432E, 4956900N) was 

located 700-m upstream of the Penobscot River confluence, and was demolished in 

August 2009 thereby restoring marine-freshwater connectivity between the Atlantic 

Ocean and Fields Pond.   A third dam located at the outlet of Brewer Lake remains with 

no plans to modify or remove it (Figure 1.1). 

Johnson Brook is a neighboring third-order tributary that flows 7.4-km from the 

Swetts Pond lake-outlet dam (UTM 19 T 0516944E, 4950203N) downstream into the 

Penobscot River near river km 24 (UTM 19 T 0513424E, 4949886N; Figure 1.1).  The 

Johnson Brook system includes a natural barrier (Clark Falls, near stream km 3.7) that we 

consider functionally analogous to the former Mill Dam in Sedgeunkedunk Stream.  
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Methods 

Study Design 

Our methods were similar to those of Gardner et al. (2011).  We simply expanded 

the “after” portion of the BACI study design.  The BACI study design accounts for 

naturally occurring temporal and spatial variation not related to dam removal.  Instead of 

limiting our before and after monitoring efforts to sites specifically impacted by the dam 

and its subsequent removal, we included multiple reference sites not impacted by the dam 

removal.  If changes occur at impacted sites but not at the reference sites, then we can 

attribute those changes to the dam removal.  Gardner et al. (2011) established eight fixed 

monitoring sites throughout the Sedgeunkedunk Stream and Johnson Brook watersheds 

as part of the BACI study design (Figure 1.1).  Four dam removal-impacted sites (S1 – 

S4) were selected longitudinally from downstream of the former Mill Dam upstream to 

the Meadow Dam Fishway in Sedgeunkedunk Stream, and are hereafter referred to as 

impact sites.  Four reference sites (J1 – J3 and S5) were selected from neighboring 

Johnson Brook and a disjointed headwaters site upstream of Brewer Lake (Figure 1.1). 

Site S1 is located immediately downstream of the former Mill Dam, and is 

demarked by a downstream boundary at stream km 0.45.  Site S1 was the only impact site 

accessible to anadromous fishes prior to restoration efforts.  Site S2 is located 

immediately upstream of the former Mill Dam and is demarked by a downstream 

boundary at stream km 0.62.  Site S3 is located approximately midway between the 

former Mill Dam and the Meadow Dam Fishway and is demarked by a downstream 

boundary at stream km 2.5.  Site S4 is located immediately downstream of the Meadow 

Dam Fishway and is demarked by a downstream boundary at stream km 5.2.  Site S5 
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serves as a reference site because it is isolated from the impact sites by the Brewer Lake 

outlet dam and is located approximately 8.2 stream km upstream of the Meadow Dam 

Fishway.   

The remaining three references sites are located in Johnson Brook and were 

chosen because they are functionally analogous to Sedgeunkedunk Stream impact sites.  

Site J1 is located immediately downstream of Clark Falls, a likely natural barrier to 

upstream movement of most fishes with exception of American eels Anguilla rostrata, 

and is demarked by a downstream boundary at stream km 3.62.  Site J2 is located 

immediately upstream of Clark Falls and is demarked by a downstream boundary at 

stream km 3.71.  Site J3 is located immediately downstream of the Swetts Pond lake-

outlet dam and is demarked by a downstream boundary at stream km 7.35.  All sample 

sites ranged between 50-m and 100-m in stream length and were characterized by riffle 

and glide mesohabitats with coarse substrates. 

Electrofish Surveys 

Gardner et al. (2011) sampled the five sites within the Sedgeunkedunk watershed 

in July 2007, and started a biannual sampling regime at all eight locations beginning in 

May 2008.  Locations were sampled immediately following high spring run-offs when 

flows would allow.  Sampling episodes usually occurred in mid to late May and once 

again during summer low-flow conditions usually in late July to mid August.  Gardner et 

al. (2011) completed their sampling in August of 2009, seven days after the removal of 

Mill Dam.  We adopted the protocol of Gardner et al. (2011) and continued the biannual 

sampling of all sites beginning in May of 2010 and finishing in August 2011.  We 
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allowed no more than ten days to elapse between sampling of the first and last sites 

within a season. 

We used standard backpack electrofishing techniques to collect fish and we 

maintained consistent unit settings throughout the duration of episodic sampling events.  

Settings were optimized for maximum power transfer dependent on the temperature and 

ambient conductivity, and ranged between 30-60 Hz, 20% duty cycle, and ~300-600 V 

(Reynolds 1996).  3-mm-mesh blocking nets were deployed at the upstream and 

downstream boundaries of each site to isolate fish from immigration and emigration 

during surveys.  All captured fish were identified to species, and total length in mm (TL) 

and mass to the nearest 0.1 g for the first 300 individuals of a species at a given site were 

measured.  All captured fish were retained in aerated live wells throughout the duration 

of sampling episodes and returned alive to approximate capture locations.  Incidental 

mortality was low (< 2% for all sampling episodes) and biannual electrofishing was 

assumed relatively inconsequential to the fish community (Latimore and Hayes 2008).   

Abundance Estimates 

We employed multiple-pass depletion electrofising techniques (Zippin 1958) for 

estimating abundance and associated variance during most sampling episodes with the 

exception of the following conditions.  Two-pass depletions were conducted at all 

Sedgeunkedunk watershed sites during August 2007 sampling (Gardner et al. 2011).  

Two-pass depletions were also conducted if the second pass yielded a 75% or greater 

reduction in total captures compared with the first pass, and two-pass abundance and 

variance estimates were generated using Seber and LeCren’s (1967) formulae.  Four-pass 

depletions were conducted on rare occasions (three individual occasions, all at site S4) 
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when the third pass yielded a 50% or less reduction in total captures compared with the 

second pass.  On occasions when four passes were conducted, we modified the data 

structure to be mathematically equivalent to a two-pass depletion estimate, in which the 

first two passes were condensed into a single pass (pass 1 + pass 2 = pass A) and the third 

and fourth passes were condensed into a single pass (pass 3 + pass 4 = pass B).  Seber 

and LeCren’s (1967) two-pass depletion formula was then applied to passes A and B to 

generate abundance estimates. 

Stream width was measured at 10-m longitudinal intervals from the downstream 

net to the upstream net at each sampling reach and the sample area was estimated as the 

product of mean width and reach length.  Sampled areas were used in estimates and 

associated variances of total fish density (number of fish/m2), and subsequently combined 

with mean mass to generate estimates of biomass density (grams of fish/m2; Hayes et al. 

2007).   We plotted density and biomass in sampled reaches over time and inspected for 

overlap in the 95% confidence intervals to determine if statistically- and biologically-

meaningful differences existed.  There has been considerable debate regarding the 

effectiveness of traditional hypothesis testing in environmental and ecological monitoring 

(Stewart-Oaten et al. 1986, Harlow et al. 1997), and inspection of overlapping 95% 

confidence intervals provides an alternative in making conservative estimates regarding 

the significance and magnitude of differences in ecological monitoring (Payton et al. 

2003, Bradford et al. 2005).  Young-of-the-year minnows (Cyprinidae) less than 35mm 

TL captured during late summer sampling episodes were excluded from analyses because 

of their incomplete recruitment to our electofishing gear and their inherent low winter 

survival (typically ≈ 5% annually; see Freeman et al. 1988) presented problems in 
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making seasonal comparisons.  Similarly, alewife, rainbow smelt, and sea lamprey were 

excluded from density measures because their presence was sporadic during seasonal 

migrations and they were not included in pre-dam removal analyses (Gardner et al. 

2011).  Additionally, we excluded “glass eels” (juvenile Anguilla rostrata migrants < 

65mm TL; see Hardy 1978) from quantitative analyses because they were observed  

passing through the 3-mm-mesh of our block nets, which implied that they were not fully 

recruited to our gear.  Furthermore, mass measurements were not recorded consistently 

for American eels prior to dam removal (Gardner et al. 2011), so American eels were 

excluded from biomass estimates.  

Assemblage Assessment 

We used three species diversity indices to characterize temporal and longitudinal 

changes in the fish assemblages.  These indices included species richness, Shannon 

Diversity Index, and Sorensen’s Similarity Index.  Species richness (R) was determined 

by noting the presence/absence of each species at a given site over time, followed by 

calculation of Shannon Diversity Index (H') scores and calculation of Sorensen’s 

Similarity Index (QS) scores (Krebs 1999):  

QS  = 2c / (a + b)                                                              (1) 

where c is the number of species in common between two sites and a and b are the total 

number of species in each of the two sites.  QS scores vary from 0 (complete 

dissimilarity) to 1 (identity).  Comparisons of R and H' scores within each site over time 

were made using a Friedman test with Tukey multiple comparisons (Zar 2010).  Finally, 

changes to the fish assemblage structure (i.e., the species present and their relative 

abundances) in response to dam removal were examined with Non-parametric 
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Multidimensional Scaling (NMDS: PC-ORD 4.0 MjM Software, Gleneden Beach, 

Oregon, USA; McCune and Grace 2002) based on a Sorensen distance matrix derived 

from estimated density of each species across all sample sites.  NMDS scores were 

plotted for greater ease in the interpretation of similarities and differences among sites 

and to better visualize trajectories within each site over time (Taylor 2010). 

Results 

Fish Density and Biomass 

Prior to dam removal, total fish densities in Sedgeunkedunk Stream were always 

highest at site S1 and lowest at sites S2 and S5 (Figure 1.2).  Following the dam removal, 

total fish densities remained lowest at the reference site S5, but increased at all other 

upstream sites (Figure 1.2).  Immediately following the dam removal in August 2009, 

sites S1 and S2 changed the most dramatically.  Whereas total fish density at site S1 

ranged consistently between 1.71±0.04 and 3.31±0.06 fish/m2 (estimate ± 95% CI) prior 

to dam removal, density decreased to 0.77±0.02 fish/m2 immediately after dam removal 

but increased to 1.36±0.02 fish/m2 by August 2011 (Figure 1.2).  Conversely, total fish 

density at site S2 ranged consistently between 0.63±0.04 and 1.39±0.06 fish/m2 prior to 

dam removal, but increased to 3.51±0.04 fish/m2 immediately after dam removal before 

declining to 2.25±0.03 fish/m2 two years later in August 2011 (Figure 1.2).  Total fish 

densities at sites S3 and S4 were consistently intermediate to sites S1 and S2 ranging 

between 0.80±0.03 and 1.82±0.02 fish/m2 prior to dam removal (Figure 1.2).  

Immediately following the 2009 dam removal, total fish densities at sites S3 and S4 were 

statistically indistinguishable reaching their highest levels to date at approximately 2.2 

fish/m2 (Figure 1.2).   Total fish densities at sites S3 and S4 continued to increase during 



14 
 

2010 reaching highs of 3.15±0.05 and 4.66±0.04 fish/m2 respectively before converging 

towards values comparable to those of the downstream sites in 2011 (Figure 1.2).  

Although all four impact sites in Sedgeunkedunk Stream displayed extreme variability in 

total fish densities during post-dam removal sampling episodes, their values converged 

relative to one another and ranged between 1.36±0.02 and 2.25±0.03 fish/m2 during the 

final sampling episodes in August 2011 (Figure 1.2). 

Total fish densities in Johnson Brook displayed a relatively consistent pattern 

throughout the duration of the study irrespective of the Sedgeunkedunk Stream dam 

removal.  Total fish densities in Johnson Brook were always highest at site J1 and lower 

at sites J2 and J3 upstream of the Clark Falls barrier (Figure 1.2).  Throughout the study 

period, total fish densities at site J1 ranged between 1.96±0.02 and 4.03±0.04 fish/m2 and 

were remarkably similar to those at site S1 prior to the 2009 Sedgeunkedunk Stream dam 

removal (Figure 1.2).  Likewise, most total fish densities at sites J2 and J3 ranged 

between 0.48±0.03 and 1.94±0.08 fish/m2 and were remarkably similar to those at 

Sedgunkedunk Stream sites upstream of the dam prior to the 2009 removal (Figure 1.2). 
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Figure 1.2.  Fish Density.  Estimated fish density (#fish/m2) at sampling sites (S1-S5) in 
Sedgeunkedunk Stream (lower panel) and at sampling sites (J1-J3) in Johnson Brook 
(upper panel) during course of five-year study period, 2007-2011.  Filled symbols 
represent lower-most downstream sites presumably accessible to anadromous species 
regardless of restoration efforts.  Error bars represent the 95% CI of each estimate.  
Symbols connected by solid lines are representative of impact sites affected by 
restoration efforts and symbols connected by broken lines are representative of reference 
sites not affected by restoration efforts.  Dotted vertical line represents August 2009 
removal of Mill Dam in Sedgeunkedunk Stream.  
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Prior to dam removal, biomass estimates at all sites in Sedgeunkedunk Stream 

were consistently less than 8.5±1.1 g/m2 (Figure 1.3).  Whereas, pre-dam removal 

biomass estimates from site S1 were usually somewhat intermediate to all the other 

Sedgeunkedunk Stream sites, post-dam removal estimates were always lowest at site S1 

(Figure 1.3).  Following the 2009 dam removal, biomass estimates from the upstream 

impact sites increased remarkably and ranged from a high of 24.1±4.6 g/m2 at site S4 

immediately after removal to just 2.9±0.6 g/m2 at site S2 nine months later in 2010 

(Figure 1.3).  We encountered spawning white suckers Catostomus commersoni at the 

reference site S5 during the May 2010 and May 2011 sampling episodes and the mass of 

a few of these individuals was in excess of 1000g.  Therefore, the associated biomass 

estimates at site S5 during these sampling episodes far exceeded all others in both time 

and space (Figure 1.3).  Excluding these exceptionally high biomass estimates from 

reference site S5, patterns in biomass were remarkably similar to patterns observed in 

total fish density. Biomass estimates at impact sites converged during the final August 

2011 sampling episodes and biomass patterns at the Johnson Brook reference sites 

remained consistent throughout the duration of the study period regardless of the 

Sedgeunkedunk Stream dam removal.  Reference site J1, upstream of the Clark Falls 

barrier, always had the lowest biomass estimate, while reference site J3, located slightly 

downstream of the Swetts Pond lake-outlet dam, nearly always had the highest biomass 

estimate (Figure 1.3).   Biomass estimates at reference site J1 were nearly always 

intermediate between sites J2 and J3 (Figure 1.3). 

 



17 
 

5

10

15

Ju
ly

 0
7

M
ay

 0
8

Aug 0
8

M
ay

 0
9

Aug 0
9

M
ay

 1
0

Aug 1
0

M
ay

 1
1

Aug 1
1

E
st

im
a

te
d

 F
is

h
 B

io
m

a
ss

 (
g

/m
2
)

10

20

30

40

}Above Falls

Below Falls

}
Below Dam

Above Dam

Reference Site

S1 
S2 
S3 
S4 
S5 

J1
J2 
J3 

 
Figure 1.3.  Fish Biomass.  Estimated fish biomass (g/m2) at sampling sites (S1-S5) in 
Sedgeunkedunk Stream (lower panel) and at sampling sites (J1-J3) in Johnson Brook 
(upper panel, note: y-axes scale differences) during course of 5-year study period, 2007-
2011.  Filled symbols represent lower-most downstream sites presumably accessible to 
anadromous species regardless of restoration efforts.  Error bars represent the 95% CI of 
each estimate (note: error bar caps and some lower bars omitted for clarity).  Symbols 
connected by solid lines are representative of impact sites affected by restoration efforts 
and symbols connected by broken lines are representative of reference sites not affected 
by restoration efforts.  Dotted vertical line represents August 2009 removal of Mill Dam 
in Sedgeunkedunk Stream.  
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Assemblage Assessment 

We encountered twenty-six species distributed throughout both streams during the 

five-year study period (Table 1.1).  Individual species that were ubiquitous over time and 

space in both streams included eastern blacknose dace Rhinichthys atratulus, white 

sucker, American eel, and common shiner Luxilus cornutus (Table 1.1).  Fallfish 

Semotilus corporalis were ubiquitous in Sedgeunkedunk Stream but virtually absent in 

Johnson Brook, which contained the closely related creek chub Semotilus atromaculatus 

(Table 1.1).  Whereas anadromous species were encountered only at site S1 prior to dam 

removal, juvenile Atlantic salmon were observed consistently at upstream 

Sedgeunkedunk Stream impact sites thereafter.  We surmise that we encountered multiple 

age classes of juvenile Atlantic salmon ranging from age-0+ to age-2+ based on TL 

measurements at capture (Table 1.2).  We encountered nine newly emerged age-0+ fry at 

site S3 in May 2011 and eighteen age-0+ parr distributed throughout the stream in 

August 2011 (Table 1.2).  Additionally, we encountered immigrating adult alewife 

sporadically at upstream impact sites both years post-dam removal during May sampling, 

and observed emigrating juvenile alewife at sites S2 and S4 during August 2011 

sampling.  Furthermore, we encountered a single sea lamprey ammocoete at site S3 

during August 2011 sampling.  No anadromous species were encountered at any of the 

reference sites throughout the five-year duration of this study, although some or all brook 

charr Salvelinus fontinalis collected at site J1 may have been anadromous in origin. 

  



19 
 

Table 1.1.  Species Captured.  List of species captured in Sedgeunkedunk Stream and 
reference Johnson Brook, Maine, over a 5-year period between 2007 and 2011 with 
relative occurrence of each species broken down into pre- and post-dam removal 
categories.  Relative occurrence calculated as percentage of categorical samples that 
contained the species.  Categorical samples based on biannual spring and late summer 
electrofish sampling of five Sedgeunkedunk Stream sites beginning summer of 2007 and 
three Johnson Brook reference sites beginning spring of 2008.  Each site and season 
represents a single sample and the Mill Dam in Sedgeunkedunk Stream was removed 
prior to August 2009 sampling. 

Pre-removal Post-removal Pre-removal Post-removal

(n = 20) (n = 25) (n = 9) (n = 18)

Blacknose dace (Rhinichthys atratulus ) 100 100 100 100

White sucker (Catostomus commersoni ) 100 100 100 100

American eel (Anguilla rostrata ) 100 96 89 100

Common shiner (Luxilus cornutus ) 75 72 89 100

Fallfish (Semotilus corporalis ) 90 92 56 33

Creek chub (Semotilus atromaculatus ) 30 20 100 100

Redbreast sunfish (Lepomis auritus ) 70 76 56 44

Golden shiner (Notemigonus crysoleucas ) 50 56 67 61

Brown bullhead (Ameiurus nebulosus ) 60 48 44 39

Fathead minnow (Pimephales promelas ) 25 24 33 50

Pumpkinseed sunfish (Lepomis gibbosus ) 55 40 11 17

Northern redbelly dace (Phoxinus eos ) 20 4 44 33

Brook charr (Salvelinus fontinalis ) 15 0 22 39

Atlantic salmon (Salmo salar ) 10 48 0 0

White perch (Morone americana ) 0 4 33 17

Ninespine stickleback (Pungitius pungitius ) 10 4 11 28

Chain pickerel (Esox niger ) 10 12 11 17

Smallmouth bass (Micropterus dolomieu ) 0 8 22 11

Yellow perch (Perca flavescens ) 15 16 0 0

Black crappie (Pomoxis nigromaculatus ) 5 8 0 0

Alewife (Alosa pseudoharengus ) 0 12 0 0

Finescale dace (Phoxinus neogaeus ) 5 0 0 6

Bluntnose minnow (Pimephales notatus ) 5 4 0 0

Largemouth bass (Micropterus salmoides ) 5 0 0 0

Rainbow smelt (Osmerus mordax ) 5 0 0 0

Sea lamprey (Petromyzon marinus ) 0 4 0 0

Species

Relative occurrence (% ) Relative occurrence (% )

Sedgeunkedunk Stream Johnson Brook (reference)
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Table 1.2.  Atlantic Salmon Encountered.  Number of Atlantic salmon encountered at 
impact sites in Sedgeunkedunk Stream, Penobscot Co., Maine, 2008-2011.  Mean total 
length ± standard deviation in mm associated with each encounter history is presented in 
parentheses and samples collected after the 2009 dam removal are italicized.  
  S1 S2 S3 S4 

Age 0+ 

May 2008 

August 2008 

May 2009 1 (30) 

August 2009 5 (83 ± 2) 55 (65 ± 1) 

May 2010 

August 2010 

May 2011   9 (31 ± 1) 

August 2011 2 (64 ± 1) 2 (59 ± 3) 14 (49 ± 3) 

Age 1+ 

May 2008 

August 2008 1 (152) 

May 2009 

August 2009 

May 2010 3 (144 ± 8) 28 (134 ± 13) 5 (165 ± 15) 

August 2010 1 (166) 19 (139 ± 10) 

May 2011  3 (179 ± 12) 

August 2011 1 (171)    4 (188 ± 12) 2 (172 ± 13) 

 

A difference in species richness (R) values among Sedgeunkedunk Stream sites 

prior to dam removal was detected (p < 0.05).  Although R  values at site S1 (range 8-15 

spp.) were numerically greater than most other Sedgeunkedunk Stream sites (range 5-11 

spp.) prior to dam removal (Figure 1.4), post hoc comparisons revealed that sites S1 and 

S2 were the only two that differed statistically from one another (p = 0.014) during the 

pre-dam removal time period.  The R values at site S1 decreased precipitously to a low of 

five species in May of 2010, nine months after the dam removal, but recovered to levels 

comparable to other impact sites within Segeunkedunk Stream (range 8-11 spp.) by 

August of 2011 (Figure 1.4).  No statistical differences in R values among impact sites 
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within Sedgeunkedunk Stream subsequent to dam removal were detected (p = 0.573).  R 

values at Johnson Brook reference sites remained somewhat predictable throughout the 

course of the study irrespective of the dam removal in Sedgeunkedunk Stream (Figure 

1.4).  R values ranged from 8-13 spp. at site J1 (downstream of Clark Falls), 4-9 spp. at 

site J2 (upstream of Clark Falls), and 9-13 spp. at site J3 (downstream of Swetts Pond).  

Differences in R values among the Johnson Brook sites were detected prior to (p = 

0.049), and subsequent to the Sedgeunkedunk Stream dam removal (p = 0.036).  Post hoc 

comparisons revealed that R values at site J3 were greater than sites J2 (p < 0.001) and J1 

(p < 0.001), and R values at site J1 were greater than site J2 (p < 0.001) prior to the dam 

removal in Sedgeunkedunk Stream (Figure 1.4).  A similar pattern existed during the 

period following the Sedgeunkedunk Stream dam removal when R values at site J2 were 

consistently less than those at sites J1 (p = 0.041) and J3 (p = 0.014), but R values at sites 

J1 and J3 did not statistically differ (Figure 1.4). 
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Figure 1.4.  Species Richness.  Species richness at sampling sites (S1-S5) in 
Sedgeunkedunk Stream (lower panel) and at sampling sites (J1-J3) in Johnson Brook 
(upper panel) during course of 5-year study period, 2007-2011.  Filled symbols represent 
lower-most downstream sites presumably accessible to anadromous species regardless of 
restoration efforts.  Symbols connected by solid lines are representative of impact sites 
affected by restoration efforts and symbols connected by broken lines are representative 
of reference sites not affected by restoration efforts.  Dotted vertical line represents 
August 2009 removal of Mill Dam in Sedgeunkedunk Stream.  
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Shannon Diversity Index (H') scores in the Sedgeunkedunk Stream watershed 

ranged between 0.41 at site S3 during May 2009 and 1.67 at site S5 during 2008, while 

numerically greater H' scores in Johnson Brook ranged between 1.06 at site J1 during 

August 2008 and 2.22 at site J3 during August 2009 (Figure 1.5). Prior to dam removal, 

the H' scores in the Sedgeunkedunk Stream watershed were always greatest at sites S1 

and S5 (p < 0.01; Figure 1.5).  Post hoc comparisons revealed that H' scores at sites S1 

and S5 were statistically indistinguishable yet both were greater than those at S2 (p = 

0.007), S3 (p < 0.001) and S4 (p = 0.016) prior to dam removal (Figure 1.5).  Following 

the August 2009 dam removal we observed a trend of numerically increasing H' scores 

within sites S2, S3 and S4, but no statistical difference among impact sites was detected 

for that time period (p = 0.092).  Although the H' score at site S1 decreased precipitously 

following dam removal in May 2010, that metric recovered to values consistent with the 

other impact sites by August 2011 (Figure 1.5).  There were no discernible trends in 

Johnson Brook H' scores coincidental with the dam removal in Sedgeunkedunk Stream, 

but a statistical difference among the three reference sites was detected for the post-dam 

removal time period (p = 0.015).  Post hoc comparisons revealed that the H' scores for 

site J2 (upstream of the Clark Falls barrier) were statistically lower than those of site J1 

(p = 0.071) and site J3 (p = 0.006). 
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Figure 1.5.  Shannon Diversity Index (H') Values.  H' values at sampling sites (S1-S5) in 
Sedgeunkedunk Stream (lower panel) and at sampling sites (J1-J3) in Johnson Brook 
(upper panel) during course of 5-year study period, 2007-2011.  Filled symbols represent 
lower-most downstream sites presumably accessible to anadromous species regardless of 
restoration efforts.  Symbols connected by solid lines are representative of impact sites 
affected by restoration efforts and symbols connected by broken lines are representative 
of reference sites not affected by restoration efforts.  Dotted vertical line represents 
August 2009 removal of Mill Dam in Sedgeunkedunk Stream.  
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Prior to the Sedgeunkedunk Stream dam removal, sites S2 and S3 consistently 

had low pairwise Sorensen’s Similarity Index values relative to site S1 (i.e., QS < 0.70), 

yet they were highly similar to one another (Table 1.3).  Immediately following the 

August 2009 dam removal, all pairs of sites in Sedgeunkedunk Stream had relatively 

higher QS values (QS > 0.70), with exception to the S1-S2 pair (QS = 0.67; Table 1.3).  

Most of the pairwise QS values derived from post-dam removal sampling in 2010 were 

more reminiscent of pre-dam removal scores (QS < 0.70), but all upstream sites became 

more similar to site S1 (QS > 0.70) during both 2011 seasonal sampling events (Table 

1.3).  There were no discernible pairwise trends in QS values observed among Johnson 

Brook sites coincidental with the Sedgeunkedunks Stream dam removal.  
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Table 1.3.  Sorensen’s Similarity Index (QS) Values.  QS values comparing biannual 
spring and late summer fish community composition between sites in Sedgeunkedunk 
Stream and reference Johnson Brook, Maine, 2008 through 2011.  QS values range from 
0 (no similarity) and 1 (identity).  Values above the matrix diagonals represent spring 
sampling events and values below matrix diagonals represent late summer sampling 
events.  Filled matrix diagonal for 2009 represents removal of Mill Dam in 
Sedgeunkedunk Stream. 
Year & Site  Sedgeunkedunk Stream     Johnson Brook 

S1  S2  S3  S4  S5  J1  J2  J3 

2008  S1   0.53  0.48  0.88  0.70  J1   0.59  0.78 

S2  0.67   0.83  0.63  0.71  J2  0.71   0.67 

S3  0.60  0.92   0.56  0.75  J3  0.89  0.63  

S4  0.78  0.88  0.80   0.80 

S5  0.67  0.86  0.92  0.88  

S1  S2  S3  S4  S5  J1  J2  J3 

2009  S1  ●  0.48  0.58  0.58  0.61  J1   0.53  0.61 

S2  0.67  ●  0.80  0.53  0.57  J2  0.67   0.38 

S3  0.78  0.88  ●  0.78  0.82  J3  0.82  0.59  

S4  0.84  0.71  0.82   ●  0.94 

S5  0.82  0.80  0.93  0.88  ● 

S1  S2  S3  S4  S5  J1  J2  J3 

2010  S1   0.67  0.67  0.62  0.62  J1   0.82  0.92 

S2  0.80   0.82  0.80  0.53  J2  0.86   0.90 

S3  0.67  0.86   0.89  0.67  J3  0.63  0.63  

S4  0.59  0.75  0.88   0.75 

S5  0.67  0.59  0.71  0.84  

S1  S2  S3  S4  S5  J1  J2  J3 

2011  S1   0.74  0.74  0.90  0.71  J1   0.94  0.70 

S2  0.78   0.78  0.63  0.50  J2  0.71   0.74 

S3  0.88  0.67   0.74  0.63  J3  0.67  0.75  

S4  0.75  0.67  0.75   0.71 

S5  0.75  0.67  0.63  0.75  

      S1  S2  S3  S4  S5                   

Key  S1                      QS < 0.49 

S2      May                QS = 0.50 ‐ 0.59 

S3             QS = 0.60 ‐ 0.69 

S4  August                    QS > 0.70 

S5              
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The NMDS ordination generated a stable two-dimensional solution with an 

acceptable stress value of 0.15 that explained 87% of the variance in species density 

amongst all sites during the five-year study (axis 1, R2 = 0.51; axis 2, R2 = 0.36; Figure 

1.6).  Species that were most positively associated with axis 1 included creek chub (r = 

0.62), American eel (r = 0.38), and white perch Morone americana (r = 0.35); species 

that were most negatively correlated with axis 1 included blacknose dace (r = -0.75), 

Atlantic salmon (r = -0.35), and fallfish (r = -0.23; Figure 1.6).  Chain pickerel Esox 

niger (r = 0.07), pumpkinseed sunfish Lepomis gibbosus (r = 0.06), and redbreast sunfish 

Lepomis auritus (r = 0.04) were correlated most positively with axis 2, whereas 

blacknose dace (r = -0.59), common shiner Luxilus cornutus (r = -0.50), and American 

eel (r = -0.40) were correlated most negatively with axis 2 (Figure 1.6).   
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Figure 1.6.  NMDS Ordinations of Fish Species.  Fish species ordinations on first two 
non-metric multidimensional scaling axes.  Species abbreviations: ATS (Atlantic 
salmon), BBH (brown bullhead), BKT (brook charr), BND (blacknose dace), BNM 
(bluntnose minnow), CHP (chain pickerel), CMS (common shiner), CRA (black crappie), 
CRC (creek chub), EEL (American eel), FF (fallfish), FHM (fathead minnow), FSD 
(finescale dace), GSH (golden shiner), LMB (largemouth bass), NRBD (northern 
redbelly dace), NSS (ninespine stickleback), PKS (pumpkinseed sunfish), RBS (redbreast 
sunfish), SMB (smallmouth bass), WHP (white perch), WHS (white sucker) and YLP 
(yellow perch).  
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The August sampling ordination scores of site S1 originated in the lower-left 

quadrant pre-dam removal but trended strongly positive on both axes into the upper-right 

quadrant immediately post-dam removal in 2009 (Figure 1.7).  Subsequently, site S1 

ordination scores followed negative trajectories in both dimensions trending back towards 

the pre-dam removal score in 2010 and 2011 (Figure 1.7).  The ordination scores of sites 

S3 and S4 remained relatively consistent in two-dimensional space, and were located in 

the lower-left quadrant throughout the study period (Figure 1.7). The August 2008 pre-

dam removal ordination score of site S2 was distinctly separated from all the neighboring 

Sedgeunkedunk Stream impact sites in two-dimensional space but was closest to the 

isolated headwater reference site S5 in the upper-left quadrant (Figure 1.7).  However, 

immediately following dam removal, site S2 trended negatively on both axes where it 

converged with sites S3 and S4 in the lower-left quadrant and followed a trajectory 

similar to those of sites throughout the duration of the study (Figure 1.7).  Site S5 

remained consistent in the upper-left quadrant throughout the duration of the study but 

trended towards the Sedgeunkedunk impact sites in 2011 (Figure 1.7).  The Johnson 

Brook reference sites were correlated most strongly with the x-axis, but site J1 trended 

more negatively along the y-axis and was distinctly separated from sites J2 and J3 (Figure 

1.7). 
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Figure 1.7.  NMDS Ordinations of Each Site Over Time.  Ordinations of first two non-
metric multidimensional scaling axes scores for fish density data in Sedgeunkedunk 
Stream (upper panel) and Johnson Brook (lower panel) within each site over time (2008-
2011; limited to August sampling for consistency and clarity).  Arrows illustrate trends 
over time beginning August 2008 pre-Mill Dam removal.  Arrowheads represent two-
dimensional location of data from final sampling episodes (August 2011).  Solid lines are 
representative of impact sites affected by restoration efforts and broken lines represent 
reference sites not affected by restoration efforts.  Axis orientations differ between panels 
for clarity.  
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Discussion 

Prior to dam removal, the furthest downstream site (S1) was the only site 

accessible to migrating fish from the Penobscot River and the Atlantic Ocean.  

Connectivity to larger river networks provides for a more diverse pool of colonizing fish 

species (Smith and Kraft 2005), and therefore the  increased abundance, species richness 

and diversity observed at site S1 pre-dam removal was likely explained by connectivity 

with the Penobscot River.  The study site located immediately upstream of the dam (S2) 

arguably was most affected by the presence of the dam.  Site S2 reflected a legacy of 

impoundment with incised banks and a relatively straight channel with a slow moving 

current.  Fine sediments that accumulated along the streamside banks of site S2 hosted 

the subsequent colonization of grasses, and resulted with a riparian zone relatively devoid 

of shade providing trees.  These factors in concert with the direct lack of connectivity 

caused by the dam resulted with a fish assemblage that was quite distinct from the other 

Sedgeunkedunk Stream sites.  Although all of the species found at site S2 were found 

elsewhere in the system, the pre-dam removal assemblage at this site consisted primarily 

of fallfish, white sucker, brown bullhead and redbreast sunfish, all of which benefit from 

deeper pools associated with dam impoundments (Petts 1980, Swink and Jacobs 1983).  

Not only was site S2 dominated by larger bodied, pool-dwelling fishes more typically 

associated with lentic systems, but the site had fewer fish, lower species richness and 

diversity, and was more dissimilar to neighboring Sedgeunkedunk Stream sites. 

Prior to dam removal, sites S1 and S2 were consistently the most dissimilar to one 

another even though the two sites were separated by a distance of less than 100 meters.  

However, immediately following dam removal, patterns in fish community metrics at 
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sites S1 and S2 changed drastically.  Species richness, fish density and fish biomass 

declined precipitously at site S1 concomitantly with considerable increases in the same 

metrics upstream of the former barrier at site S2.  Although we observed relatively 

moderate increases to fish density coincidental with the dam removal at the two most 

upstream impact sites (S3 and S4), immediate changes to species richness, diversity and 

biomass were negligible with exception to biomass at site S4.  Given that connectivity to 

lakes also provides a diverse source of colonizing species (Smith and Kraft 2005), the 

biomass increase observed at site S4 was likely driven by downstream movement of 

larger-bodied lentic species including chain pickerel and redbreast sunfish through the 

Meadow Dam Fishway.   

At nine months post-dam removal (May 2010), we observed continued declines in 

all community metrics at site S1, however most metrics returned to pre-dam removal 

levels at site S2, and metric values at sites S3 and S4 continued to deviate from trends 

established pre-dam removal.  Despite the extreme variation in metric values exhibited at 

all impact sites post-dam removal, we observed general increasing trends beginning one-

year post-dam removal in August 2010.  Moreover, most metric values at impact sites 

were more similar to one another than they had previously been by May 2011, and by the 

end of this study in August 2011, most values converged around the narrowest ranges 

recorded both pre- and post-dam removal.  For example, during the August prior to dam 

removal (2008), fish densities at impact sites followed a consistent pre-dam removal 

pattern and were greatest at site S1 (3.1 fish/m2) and lowest at site S2 (1.4 fish/m2) for a 

difference of 1.7 fish/m2 among all four impact sites.  Conversely, by August 2011 (two-

years post-removal) densities converged around a narrower range in which site S2 was 
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greatest (2.3 fish/m2) and site S1 was lowest (1.4 fish/m2) for a difference of just 0.9 

fish/m2 among all four impact sites.  Furthermore, Shannon Diversity Index (H') values 

during August 2008 followed a consistent pre-dam removal pattern and ranged between 

1.22 at site S1 and 0.60 at site S3 for a difference of 0.62, but by August 2011 the range 

narrowed to just 0.27 between 1.19 and 0.92 at sites S2 and S1 respectively.  The 

convergence of community metrics in August 2011 suggests that the Sedgeunkedunk 

Stream fish assemblage stabilized two years following the dam removal disturbance and 

these data may provide a baseline for assessing whether the system transitions into an 

alternative stable state (Hobbs and Cramer 2008). 

The observed changes at impact sites are likely due to dam removal rather than 

regional environmental fluctuations as evidenced by the consistency observed at the 

reference sites.  Species richness, diversity and density metrics at the headwaters 

reference site (S5) were remarkably consistent throughout the entire course of this study.  

However, standing stock of fish biomass was extremely variable over time and the 

striking increases in biomass observed during the 2010 and 2011 spring sampling 

episodes may be attributed simply to the presence of relatively few large-bodied 

spawning white suckers migrating the short distance upstream from Brewer Lake (Figure 

1.1.)  Mass measurements of some spawning phase white suckers encountered at this site 

exceeded 1000g, which was an order of magnitude greater than the heaviest of fishes 

captured at all other sites.  In relation to the impact sites, total fish density at site S5 was 

always lowest while species richness was moderately low throughout the duration of this 

study.  Meanwhile, diversity (H') at site S5 was consistently greater than impact sites and 

this was perplexing given the geographical isolation of the site.  Because H' is influenced 
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by both richness and evenness, the measure may be overly sensitive to a homogenous 

assemblage of relatively few species (Patil and Taillie 1982).  Therefore, the uniform 

distribution of relatively few species observed at site S5 may have resulted with inflated 

H' scores.  The relatively low fish densities and species richness values observed at site 

S5 likely resulted from reduced connectivity to downstream reaches (Lienesch et al 

2000), which probably denied access to potential migrants or colonizers (Smith and Kraft 

2005), except from a relatively small pool of species in Brewer Lake.  Additionally, the 

location of this headwaters reference reach is characterized by steeper, more forested 

terrain with lower temperatures and lower conductivity in comparison with downstream 

impact sites.  Thus, the fish assemblage at site S5 is more representative of a lightly 

impacted headwaters reach with little influence from anadromous fishes thereby resulting 

with minimized potential for abundance and diversity of fishes (Schlosser 1982, Danehy 

et al. 1998). 

Patterns of fish community metrics in Johnson Brook remained consistent over 

the five-year course of this study and essentially mirrored those of Sedgeunkedunk 

Stream prior to the removal of the Mill Dam.  The site below the natural waterfall barrier 

(J1) always had greater total fish densities in comparison with the upstream sites and this 

pattern was likely due to connectivity with Penobscot River.  The reduced density in the 

upstream Johnson Brook sites is likely due to habitat disconnectivity imposed by the 

Clark Falls barrier and these effects are similar to those exerted upon Sedgeunkedunk 

Stream by the presence of the Mill Dam.  Among the Johnson Brook reference sites, the 

site immediately upstream of the Clark Falls barrier (J2) was consistently lowest in all of 

the fish community metrics and these declines along the longitudinal stream gradient 
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were analogous to patterns observed upstream of the Mill Dam in Sedgeunkedunk Stream 

prior to removal.  Although the most upstream site in Johnson Brook (J3) consistently 

had greater fish biomass, species richness and species diversity, these patterns were likely 

due to the site’s immediate proximity with the Swetts Pond lake-outlet dam.  Site J3 

routinely harbored larger-bodied fishes including brown bullhead, chain pickerel and 

white perch.  These species are more commonly associated with lentic systems and it is 

likely that individuals washed downstream during spring floods where they persisted in 

pools associated with a road crossing culvert.  Additionally, the presence of these 

piscivorous fishes at site J3 may explain the observed low density of small-bodied 

cyprinid species including blacknose dace that were otherwise ubiquitous in downstream 

reaches. 

Locations of survey sites and fish species in NMDS ordination space provide 

hypotheses regarding the observed patterns in species richness and diversity.  Although 

Axes 1 and 2 in NMDS ordination space do not yield definitive interpretations, they do 

provide for rather simplistic assessments of a complex community data set.  The upper-

right quadrant of the ordination solution was dominated by lentic, pool-dwelling native 

species most closely associated with the furthest upstream Johnson Brook sites.  

Dominant species associated with the upper-right quadrant included pumpkinseed 

sunfish, redbreast sunfish, chain pickerel and white perch.  The lower-right quadrant of 

the ordination was most closely associated with the Johnson Brook site downstream of 

the Clark Falls barrier and was dominated primarily by native stream-dwelling and 

migratory species.  Dominant species associated with the lower-right quadrant included 

native creek chub, common shiners, brook charr and northern redbelly dace as well as 
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migratory American eel and ninespine sticklebacks.  The lower-left quadrant of the 

ordination contained the Sedgeunkedunk Stream impact sites and was dominated 

primarily by the presence of native blacknose dace, white suckers, fallfish and juvenile 

Atlantic salmon.  The upper-left quadrant contained the isolated reference site located in 

the headwaters to Sedgeunkedunk Stream.  However, the upper-left quadrant was 

dominated by just a single non-native species, the black crappie.  Black crappie, which 

are typically associated with lentic systems, were never observed at the headwaters 

reference site but they are ubiquitous in Fields Pond (S. Coghlan, unpublished data).  

Therefore, the geography of the reference site S5, which eventually drains into Fields 

Pond, may explain the positioning in NMDS ordination space. 

All sites from within the Johnson Brook watershed occupied ordination space 

primarily in the right quadrants while all sites within the Sedgeunkedunk Stream 

watershed occupied ordination space primarily in the left quadrants.  These differences in 

ordination space are likely due to the predominance of creek chub and brook charr in 

Johnson Brook as opposed to fallfish and Atlantic salmon in Sedgeunkedunk Stream.  

Prior to the 2009 dam removal, the impounded site S2 most closely resembled the 

isolated reference site S5, likely due to the lentic nature of the impoundment and the 

influence of pool-dwelling species including pumpkinseed sunfish, redbreast sunfish, 

chain pickerel and white perch.  Immediately following the 2009 dam removal, site S2 

crossed the x-axis into the lower-left quadrant likely due to the release of the dam 

impoundment and the site’s return to a more lotic flow regime that resulted in the 

redistribution of stream-dwelling species like blacknose dace, fallfish and juvenile 

Atlantic salmon.  Accompanying the rapid post-dam removal change to the fish 
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assemblage at site S2 was the departure of site S1 from the lower-left quadrant across 

both axes into the upper-right quadrant.  Again, the dramatic assemblage change 

observed at site S1 was likely due to the release of the former impoundment and 

subsequent redistribution of lentic pool-dwelling fishes.  Despite the dramatic changes to 

the fish assemblages at sites S1 and S2 following the dam removal, all the 

Sedgeunkedunk Stream impact sites eventually converged near the lower-left quadrant in 

proximity to ordination space correlated with juvenile Atlantic salmon density. 

Fish community metrics declined precipitously at site S1 following dam removal 

(2009) and have failed to recover to pre-removal levels two years later (2011).  Extreme 

declines in fish richness and abundance are to be expected immediately following the 

removal of dam or weir structures due to the increased siltation and turbidity associated 

with the release of impounded fine sediments (Doeg and Koehn 1994).  Although 

abnormally dry conditions were observed during the 2010 summer season (Rippey 2010), 

2011 marked a return to more typical seasonal flow regimes and therefore the effects of 

increased siltation in reaches downstream of the former impoundment had dissipated.  

Colonization of former dam impoundments by species inhabiting downstream reaches 

has been demonstrated (Catalano et al. 2007) and our data suggest that decreases in fish 

community metrics at site S1 may be a function of the persistent upstream movements of 

fishes rather than sediment related mortality (Gardner et al. 2011).  Small-bodied cyprinid 

fishes including blacknose dace (the numerically dominant fish species in 

Sedgeunkedunk Stream) have demonstrated the ability to travel more than 1 km in a day 

(Albanese et al. 2003).  Fish densities at sites S2, S3 and S4 reached their highest levels 

recorded during this study in a stepwise progressive pattern following the 2009 dam 
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removal thereby suggesting a cascading effect of displacement in which fish were 

continually pushed upstream in response to increasing downstream densities.  Fish 

density at site S2 reached its highest level immediately following the August 2009 dam 

removal, while density at site S3 reached its high in May 2010, and density at site S4 

reached its high in August 2010.  Although not as clearly defined as patterns in density, 

the other community metrics appeared to follow similar trajectories until converging in 

August 2011.  Other than the drastic seasonal increases in biomass at site S5, which we 

attributed to spawning-phase white suckers, we did not observe any deviations from the 

prevailing patterns in abundance or community structure at reference sites unaffected by 

the Sedgeunkedunk Stream restoration efforts. 

In addition to the habitat connectivity provided to the resident fish community, 

dam removal in Sedgeunkedunk Stream reestablished an unimpeded migratory corridor 

between the Atlantic Ocean and Fields Pond for andromous fishes.  Juvenile age 0+ 

Atlantic salmon responded immediately to the 2009 dam removal by colonizing 

previously inaccessible upstream sections of the stream (Gardner et al. 2011).   Although 

landlocked Atlantic salmon are stocked routinely in Brewer Lake to provide angling 

opportunities, evidence of spawning escapement into Sedgeunkedunk Stream has not 

been documented (Greg Burr, Maine Department of Inland Fisheries and Wildlife, 

Jonesboro, ME, personal communication).  However, anadromous adults have been 

observed spawning in reaches downstream of the former Mill Dam prior to removal (Joan 

Trial, Maine Department of Marine Resources, Bangor, ME, personal communication). 

Therefore, it is assumed that the Atlantic salmon parr observed in the upstream reaches 

immediately post-removal were either juveniles moving up from the Penobscot River or 
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offspring of anadromous adults that had spawned in Sedgeunkedunk Stream (Gardner et 

al. 2011).  We did not detect evidence of Atlantic spawning in Sedgeunkedunk Stream 

during the autumn of 2009 and all of the parr captured during our sampling efforts in 

2010 appeared to be age 1+ pre-smolts based on size (McCormick and Saunders 1987).  

Whereas all of the parr captured in 2010 appeared to represent a single age-class, the parr 

captured in May 2011 distinctly represented a minimum of two age-classes.  At site S3, 

which is 2.5-km upstream of the Penobscot River confluence, we captured nine newly 

emerged Atlantic salmon fry with TL averaging 31 ± 1 mm (mean ± SD) and three larger 

parr averaging 179 ± 12 mm TL.  Again, we did not detect evidence of Atlantic salmon 

spawning during the autumn of 2010, but the presence of emergent fry this far upstream 

in the watershed provides unequivocal evidence of  natural reproduction.  Otolith-

branded Atlantic salmon eggs were planted in a 1.85-km reach of the River 

Bjornbettelva, Cental Norway downstream of an impassable waterfall barrier and the 

movement patterns of the fry were quantified two-months post-emergence (Einum and 

Nislow 2005). Researchers found that most of the fry movement was directed upstream 

and that the median absolute dispersal distance from nest analogs was 92-m during the 

first year of the study and 41-m during the second year (Einum and Nislow 2005).  This 

strengthens the assertion that Atlantic salmon spawned in previously inaccessible habitat 

of Sedgeunkedunk Stream because site S3 is approximately 1.8-km upstream of the 

former Mill Dam, and this distance is well beyond the reported extreme of upstream fry 

dispersal from redds.   

In addition to the detection of Atlantic salmon in previously inaccessible habitat 

patches of Sedgeunkedunk Stream, our electrofishing surveys afforded us the opportunity 
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to document recolonization by other andromous species.  Migrating adult alewife were 

captured in previously inaccessible reaches during spring-time spawning runs both years 

post-dam removal in 2010 and 2011, and we encountered juvenile alewife at the furthest 

upstream impact site (S4) during the August 2011 sampling episode.  We found that the 

upstream blocking net had been impeding a large school of juvenile alewife from their 

downstream migration.  The observation of this school prompted us to investigate the 

upstream plunge pools of the Meadow Dam Fishway where we subsequently witnessed 

hundreds of juvenile alewife (~100-mm TL) descend from the Fields Pond outlet into 

Sedgeunkedunk Stream.  Additionally, although companion studies revealed that adult 

sea lamprey spawned in previously inaccessible reaches (Chapter 2), the August 2011 

electrofishing capture of a 20-mm ammocoete at site S3 confirmed successful 

reproduction upstream of the former Mill Dam.  Collectively, these observations provide 

supporting evidence that three anadromous species responded to restoration efforts in less 

than two years by spawning successfully in habitats where they had previously been 

excluded for over a century. 

Resident fish community metrics also demonstrated that the barrier removals in 

Sedgeunkedunk Stream created an undisrupted stream gradient linking diverse habitat 

sources including a small headwaters lake, a small headwaters tributary, a large coastal 

river and estuary, and finally, the Atlantic Ocean.   Anadromous fishes have 

demonstrated the ability to penetrate relatively far into headwaters, thus providing a 

gradient of marine-derived nutrients and energy subsidies to otherwise oligotrophic 

freshwater systems (Mitchell and Cunjak 2007, Flecker et al. 2010).  Now that restoration 

of these natural gradients in hydrology and migratory corridors have been initiated, it will 
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be interesting to see how the structure and function of the resident fish assemblage 

continues to respond in Sedgeunkedunk Stream. 
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CHAPTER 2 

ANADROMOUS SEA LAMPREY (PETROMYZON MARINUS) RECOLONIZE 

A COASTAL RIVER TRIBUTARY AFTER DAM REMOVAL 

Introduction 

Dams are ubiquitous throughout Maine providing hydroelectric power generation, 

flood control, municipal water supplies, and recreational opportunities.  Historically, 

dams were built without forethought of ecological impacts, and some early dams have 

outlived their utility.  Dams constructed without fish passage systems have blocked 

anadromous fish migrations, and are a leading cause of fish declines in Maine and around 

the world (Limburg and Waldman 2009).  Evidence shows that dams contribute to 

declines in the biodiversity and productivity of stream system fauna (Freeman et al. 

2003), and that dam removal may provide rapid (less than one year) ecosystem responses 

given high water events move impounded sediment downstream (Hart et al. 2002, 

Gardner et al. 2011). 

The Penobscot River is Maine’s largest river and the watershed once supported as 

many as eleven co-evolved diadromous species (Saunders et al. 2006).  However, 113 

dams throughout the watershed have severed marine-freshwater connectivity and led to 

declines in all sea-run fishes (Penobscot River Restoration Trust 2012).  Efforts to restore 

marine-freshwater connectivity along the Penobscot River are underway with main-stem 

dam removal projects anticipated to proceed from June 2012 – November 2013 

(Penobscot River Restoration Trust 2012).   

Sedgeunkedunk Stream, a small tributary to the Penobscot River below head-of-

tide typifies small streams in Maine impacted by dams (Figure 2.1).  Recent restoration 
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efforts in Sedgeunkedunk Stream have provided opportunities to assess fish community 

responses to dam removal, and the system provides ideal conditions for predicting the 

recovery of other upstream tributaries influenced by main-stem Penobscot River dam 

removals (Gardner et al. 2010, 2011).  Sedgeunkedunk Stream is one of only three major 

tributaries flowing into the Penobscot River downstream of the lowermost main-stem 

dam (i.e., Veazie Dam), which is slated for removal during 2013-2014 (Penobscot River 

Restoration Trust 2012).  Therefore, recovery of anadromous species in Sedgeunkedunk 

Stream may provide a glimpse towards predicted restoration outcomes on the main-stem 

Penobscot River. 

Efforts to restore marine-freshwater connectivity in Sedgeunkedunk Stream 

culminated August 2009 with removal of the lowermost Mill Dam at stream km 0.7 

(Figure 2.1) allowing access to an additional 4.7 km of high quality spawning and rearing 

habitat for sea lamprey and Federally Endangered Atlantic salmon.  Additionally, the 

removal of Mill Dam coupled with construction of a rock-ramp fishway bypassing 

remnants of the former Meadow Dam provided a corridor for migrating alewife to access 

lentic spawning habitat in Fields Pond (Figure 2.1).  Previous studies within 

Sedgeunkedunk Stream indicated the annual occurrence of sea lamprey spawning runs, 

which were limited to the lower 700 m of stream below the former Mill Dam (Gardner et 

al. 2012).  Sea lamprey were the only anadromous species known to consistently spawn 

in Sedgeunkedunk Stream prior to dam removal and now serve as a focal species for 

evaluating the short term efficacy of restoration efforts.  

Anadromous sea lampreys begin their life history in freshwater streams and rivers 

where fertilized eggs settle into gravel and cobble nests.  Embryos incubate for three to 
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eight days before larvae (ammocoetes) emerge, drift downstream, settle in silty substrate, 

and ammocoetes filter feed for as many as eight years (Beamish 1980).  Following this 

prolonged period of larval filter feeding, ammocoetes undergo a suite of behavioral, 

physiological, and morphological changes as they prepare to leave the freshwater 

environment.  These transformers (or macrophthalmia) develop large eyes, an oral disc 

and saltwater tolerance as they exit freshwater and become parasitic in the open ocean.  

Sea lampreys are parasitic in the Atlantic Ocean for two to three years after which they 

cease feeding, and migrate back into freshwater rivers to spawn (Beamish 1980). 

Anadromous lampreys select spawning streams by cueing on photoperiod, 

temperature and flow  (Andrade et al. 2007, Keefer et al. 2009, Binder et al. 2010), but 

chemical compounds released by ammocoetes are extremely influential (Wagner et al. 

2009, Vrieze et al. 2010).  The observed reliance upon chemical and environmental cues 

in selection of spawning habitat, instead of strict philopatry as exhibited by Atlantic 

salmon (Hansen and Quinn 1998) or alewife (Jessop et al. 1994), suggests that sea 

lampreys may recolonize newly-accessible habitat more rapidly than the other co-evolved 

andromous species of Sedgeunkedunk Stream.   The rapid expansion of sea lampreys into 

the upper Laurentian Great Lakes during the 1930s following the construction of 

navigation channels further demonstrates the ability for rapid colonization (Smith and 

Tibbles 1980). 

Because sea lampreys in the upper Great Lakes parasitize valuable sport fishes, 

research in North America has largely been driven by mitigating negative impacts upon 

recreational and commercial fisheries (Christie and Goddard 2003).  However, within 

their native range anadromous sea lampreys are a focus of concern due to declining runs.  
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Sea lamprey declines and local extirpations in Europe have been documented (Renaud 

1997), and the species has received conservation attention on both sides of the Atlantic 

Ocean (Maitland 2003, Connecticut River Atlantic Salmon Commission 2011).  

Additionally, in recognition of the unique ecological functions that anadromous species 

may perform, current restoration efforts have shifted away from single-species 

approaches to more community-based and ecosystem-based approaches.  Operating under 

this community-based paradigm, resource managers have recognized that sea lamprey 

may be an ecologically important constituent to stream ecosystems and therefore sea 

lamprey recovery may be critical to restoration of native anadromous fish assemblages in 

Maine (Saunders et al. 2006).   

Sea lamprey are semelparous and die within days after spawning (Beamish 1980).  

Post-spawning mortality typically occurs during periods of declining discharge and 

increasing summer temperatures, thereby translating into rapid carcass decomposition.  

Therefore, carcasses may provide pulses of marine-derived nutrients in otherwise 

oligotrophic headwater streams at a favorable time to support instream production 

(Nislow and Kynard 2009;Guyette 2012). 

Sea lamprey spawners use their suctorial disc mouths to rearrange gravel and 

cobble substrate during nest construction.  Essentially, they excavate rocks from the tails 

of pools and deposit them slightly downstream to form pit and mound nest structures.  

Male and female pairs spawn from a remnant “anchor rock” in the pit where they vibrate 

vigorously against one another and release gametes.  Finally, the fertilized eggs settle 

downstream in the mound.  Spawning related activities detach fine sediments from 

coarser substrates (Kircheis 2004) and these modifications to stream-bed topography may 
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reduce substrate armoring and embeddedness, similar to the effects of redd building 

Pacific salmon (Montgomery et al. 1996).  Hence, sea lamprey nest construction and 

spawning activities may “condition” spawning habitat for Atlantic salmon (Kircheis 

2004, Saunders et al. 2006), provide prey in the form of displaced eggs and dislodged 

benthic invertebrates (Scott and Crossman 1985), and potentially create physical structure 

for drift-feeding fishes. 

This study expands on previous research conducted prior to dam removal 

(Gardner et al. 2011, 2012) and serves to quantify efficacy of dam removal as a 

restoration tool.  Primarily, this study focuses on the hypothesized expansion of sea 

lamprey into previously inaccessible habitat of Sedgeunkedunk Stream.  Our project goal 

was to compare and contrast the abundance, distribution, and behavior of spawning sea 

lampreys pre- and post-dam removal.  Specifically, our objectives were to: 1) provide 

annual population estimates of spawning phase sea lampreys using mark-recapture data; 

2) quantify and compare the distributions and abundances of nesting sites pre- and post-

dam removal; 3) characterize attributes, behaviors and movement patterns of spawning-

phase sea lampreys in response to dam removal; and 4) describe annual patterns in sea 

lamprey spawning run timing as related to stream temperature and discharge.  

Study Area 

Sedgeunkedunk Stream is a third-order tributary to the Penobscot River, 

Penobscot County, Maine that flows through the town of Orrington and city of Brewer 

(Figure 2.1).  Sedgeunkedunk Stream drains Fields Pond at the Meadow Dam Fishway 

(UTM 19 T 0518563E 4953509N) and flows 5.3-km downstream to the confluence of the 

Penobscot River near head-of-tide at river km (RKM) 36.5 (19 T 0517013E 4957300N).  
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The lower 90-m of Sedgenkedunk Stream experiences tidal fluctuations due to its 

proximity with the Penobscot River head-of-tide.  The Sedgeunkedunk Stream watershed 

drains approximately 5400-ha and includes several ponds in the headwaters.  The 

watershed is mostly forested, but some urban and industrial development exists primarily 

in downstream reaches.  The relatively low gradient stream has a median bank full width 

of approximately 5-m, with peak discharge of 5 m3s-1 immediately following early spring 

ice-out, and base-flow discharge of 0.1 m3s-1during late summer.  The lowermost dam 

(Mill Dam: 19 T 0517432E, 4956900N) was located 700-m upstream of the Penobscot 

River confluence and 610-m upstream of head-of-tide.  Although the Meadow Dam 

Fishway provides marine-freshwater connectivity between the Atlantic Ocean and Fields 

Pond, access through the fishway is inconsequential to sea lamprey because spawning 

requirements limit them to lotic habitats.  Therefore, this study is focused on the 5.2-km 

reach of lotic habitat from the Meadow Dam Fishway downstream to Sedgeunkedunk 

Stream head-of-tide.  However, we note that a beaver dam obstruction near RKM 4 and a 

natural waterfall (Tannery Falls) located at RKM 4.8 may be substantial barriers to 

migration especially during low flow years (Figure2.1). 
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Methods 

Mark-Recapture Surveys 
 

Sea Lamprey Capture and Tagging.  Our methods were similar to those of 

Gardner et al. (2012).  We captured migrating sea lamprey as they entered 

Sedgeunkedunk Stream with an Indiana-style trap net (fyke net) anchored 90-m upstream 

from the confluence with the Penobscot River thereby minimizing tidal effects.  The 2.5-

m long fyke net was constructed of 3-mm-square mesh, with a 1.3-m x 1.6-m (height x 

width) mouth, and a 1-m diameter cod end.  The trap was centered longitudinally in the 

0.8-m deep thalweg (± 0.2-m dependent on tidal cycle and discharge) with wings 

spanning the entire 4.5-m width of the stream (± 0.5-m dependent on tidal cycle and 

discharge).  We deployed the fyke net from 15-May to 26-June 2010 and 22-May to 6-

July 2011.  Two submersible light-emitting diode (LED) lamps were sewn into entrances 

of fyke net during 2011 to increase trap efficiency (Purvis et al. 1985).  

Upon capture, each lamprey received two tags.  A full duplex (12-mm x 2-mm) 

passive integrated transponder (PIT) tag was implanted within the dorsal musculature via 

a hypodermic injector and an externally visible t-bar anchor tag (uniquely coded) was 

inserted into dorsal musculature on opposite side to assess PIT tag retention on future 

dates.  We recorded mass, length, and sex for each lamprey before release.  Fully mature 

sea lamprey exhibit sexual dimorphism and males are accurately identified by the 

presence of a thickened dorsal ridge, or “rope” (Hardisty and Potter 1971).  However, 

this dorsal characteristic may not be fully developed in early arriving males.  Therefore, 

we used a suite of primary and secondary sexual characteristics including the gentle 

expression of gametes, female post anal fin development, and male genital papilla or 
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“penis” in addition to the dorsal “rope” to verify sex (Percy et al. 1975).  If we lacked 

confidence in sex determination based on all of these characteristics, we recorded sex as 

unconfirmed.  Out-of-water processing generally took less than 40 seconds and 

individuals re-acclimated in live-wells for at least 15 minutes prior to release back into 

stream.  No adverse effects were witnessed after the tagging process, and often we 

observed recently tagged fish building nests within hours of tagging. 

Spawning Surveys.  We conducted daily foot surveys to track the activity of 

tagged individuals and identify lamprey nests along the entire reach of stream from the 

fyke net to the Meadow Dam Fishway.  Foot surveys were performed by two crews; one 

crew worked upstream from the fyke net and the other worked downstream from the 

fishway.  Surveys generally began shortly after dawn and no later than 0700 hours.  

Surveys were completed by 1800 hours.  We captured non-tagged individuals with dip 

nets or by hand and processed them as described previously.  A portable PIT tag antenna 

coupled with a battery powered reader was used to identify previously tagged individuals 

without repeated handling (Hill et al. 2006), thus minimizing disruption of spawning 

activity (Gardner et al. 2012).  Upon each sea lamprey encounter we recorded identity 

(unique tag code), tag retention, condition (live or dead; carcass recoveries recorded as 

losses-on-capture), behavior, nest attendance and location. 

Nest Surveys.  We marked each nest location with a coded stake driven into the 

stream bank and recorded UTM coordinates with a handheld GPS device (eTrex Legend 

H, Garmin, Inc.).  Many sea lampreys exhibit photophobic nocturnal behavior and 

abandon nests in favor of sheltered areas during daylight hours (Kelso and Gardner 

2000).  Furthermore, male lampreys typically initiate nest construction but will often 
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abandon a particular nest if not joined promptly by a receptive female (Manion and 

Hanson 1980).  Therefore, nest identifications were based on obvious substrate 

disturbances in addition to direct observations of spawning activity.  

Spawning Run Timing: Temperature and Discharge 
 

We adopted the remote stream gauging methodology of Lundquist et al. (2005) 

and deployed a combination pressure and temperature sensor (Solinst Levelogger Junior, 

http://www.solinst.com) encased in a protective PVC standpipe anchored to a concrete 

bridge at RKM 0.6 of Sedgeunkedunk Stream.  We programmed the level-logger to 

record temperature and water levels continuously at one-hour intervals from May until 

the November expected onset of winter icing during 2010 and 2011.  The bridge location 

provided ideal conditions with relatively uniform depth across a fixed stream width of 

4.2-m.  We used a propeller-driven current velocity meter (Swoffer, Model 2100) and US 

Geological Survey Top-Set wading rod to gauge the stream at minimum one-week 

intervals.  Individual gauging measurements were regressed to average daily water levels 

to estimate a continuous daily discharge record.   A third-order polynomial (R2 = 0.998, p 

< 0.001) was used to build an average daily discharge curve in 2010 and because the 

standpipe was damaged by ice-scour and subsequently replaced, a second-order 

polynomial (R2 = 0.984, p < 0.001) was used in 2011.  

Data Analysis 
 

Dataset.  We incorporated Gardner’s et al. (2012) archived 2008 pre-dam 

removal data to make direct post-dam removal comparisons unless otherwise stated.  We 

note that no sea lamprey spawning activity was observed during the 2009 pre-dam 

removal season due to flood conditions throughout the month of June (Gardner et al. 
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2012).  Therefore, we report no data from 2009.  All means are reported ± one standard 

error (SE) and statistical tests were conducted using SAS version 9.2 (SAS Institute 

2010) at the significance level of α = 0.05 unless otherwise noted. 

Abundance Estimates.  We estimated abundance of spawning sea lampreys in 

Sedgeunkedunk Stream for one year pre-dam removal (2008) and two years post-dam 

removal (2010 and 2011) using a Jolly-Seber Population Analysis (POPAN) model 

developed for open populations (Arnason and Schwarz 1999) in the program MARK 

(White and Burnham 1999).  We recorded carcasses as losses-on-capture (Schwarz et al. 

1993) and following enumeration, carcasses were removed from analyses.  The POPAN 

model is appropriate for estimating the abundance of spawning sea lamprey in 

Sedgeunkedunk Stream because the following assumptions were likely met: 1) animals 

retained their tags throughout the duration of the studies; 2) tags were read properly; 3) 

sampling was consistent with daily encounter histories; sampling was not instantaneous 

but model developers claim that departures of less than 2-3 days are small enough to 

avoid violation (Schwarz et al. 1993); 4) study area was held constant; and 5) constant 

trap and survey efforts provided equal catchability amongst marked and unmarked 

animals at each sampling occasion (Pledger and Efford 1998).  We used Akaike 

Information Criterion corrected for small sample sizes (AICc) for evaluation and selection 

of the best candidate models for each spawning run (Burnham and Anderson 2002).  

Candidate models included probability of capture (p), probability of apparent survival 

(Φ), and probability of entering the study system (pent) as parameters.  Parameters were 

set to vary at daily time steps or remain constant, but because models incorporating time-

dependent capture parameters are inherently unable to estimate abundance at the first or 



53 
 

last sampling occasions (Schwarz et al. 1993), we  limited the probability of capture 

parameters to constant values in all model iterations. 

Nesting Site Distributions.  In the context of newly available habitat, we 

expected a relatively slow rate of sea lamprey range expansion due to the purported 

reliance upon conspecific chemical cues (ammocoete pheromones) for selection of 

spawning habitat.  We anticipated comparatively fewer nests upstream of the former Mill 

Dam during the first year of recolonization (2010), but expected to observe an increase in 

upstream nesting sites during 2011 following larval recruitment from the prior year.  To 

test these hypotheses, we conducted χ2 goodness-of-fit tests for 2010 and 2011, in which 

the null hypotheses stated that nesting site selection would be proportionately equivalent 

to habitat available in both the historically accessible reach downstream of the former 

Mill Dam and the newly accessible upstream reach. 

We used the following rationale for setting up the χ2 analyses.  Sea lampreys 

accessed approximately 3,000-m2 (length: 610-m x median width: 5-m) of lotic habitat 

prior to the August 2009 removal of Mill Dam.  Restoration efforts provided sea 

lampreys with an additional 23,000-m2 (4.6-km stream length) of available lotic habitat, 

but 2010 drought conditions confined sea lampreys to habitat below a beaver dam located 

near RKM 4.0 (Figure 1).  Therefore, sea lampreys accessed 17,000-m2 (3.4-km stream 

length), and the return to a more typical flow regime during 2011 resulted with an 

additional 1,000-m2 of habitat ending at Tannery Falls (Figure 2.1).  We note that, 

although the distance between the beaver dam and Tannery Falls is approximately 800-m 

in stream length, the beaver dam impoundment renders approximately 600-m unsuitable 

for spawning. 
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Sea Lamprey Capture, Biological Measures and Behavior.  We surmised that 

individual sea lampreys captured in the fyke net would be heavier than those tagged 

further upstream.  Additionally, we anticipated that the 2011 addition of LED lights at the 

fyke net entrance would increase the trap efficiency.  Therefore, we employed two-way 

ANOVA models incorporating the interaction of year and trap as factors to investigate 

differences in size distributions of males and females separately.  Furthermore, we 

questioned whether the sex ratio would be skewed towards exploratory males during 

recolonization following dam removal, so we used Chi-squared (χ2) goodness-of-fit tests 

to determine if there were differences in gender distributions.  Furthermore, if 

recolonization was driven by the exploratory behavior of males, we would expect to see 

more male initiated nest construction.  Therefore, we organized active nest observation 

data into categories of single, paired, or communal nesting behaviors.  We set up χ2 

goodness-of-fit tests to compare the observed gender of a single sea lamprey against an 

expected equal probability of the individual being male or female for the 2010 and 2011 

spawning seasons.  Additionally, we set up χ2 tests to compare the observed genders of 

paired lampreys against expected equal probabilities that pairs were either engaged in 

male-female courtship or same sex nest construction. 

To quantify individual movements, successive detections were organized 

chronologically and minimum pathway distances traveled between detections were 

estimated using the measurement tool in ArcGIS version 9.3 (ESRI Inc., Redlands, CA).  

In total, we observed 57% (2008: n = 27), 48% (2010: n = 63), and 49% (2011: n = 76) of 

tagged lampreys after initial capture date and although most were subsequently detected 

only once, some were detected as many as six times after tagging date.  We observed a 
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small percentage of same-day repeat detections (< 5%) and found that most of these 

individuals fell back relatively short distances downstream (range: 12-m to 242-m).  For 

consistency, we removed all same-day fall-back distances and used only the furthest 

upstream daily detection in analyses. Because initial capture locations were so variable, 

we limited statistical analysis of movement patterns to detections of maximum upstream 

distances for individuals encountered at least two times (Max RKM).  We used a two-

factor ANOVA on ranked Max RKM data incorporating the interaction of year and 

gender to explore differences in movement patterns.  We did not include 2008 Max RKM 

data in statistical analysis because the presence of the Mill Dam limited the potential for 

sea lamprey movements to downstream reaches below RKM 0.7 (Gardner et al. 2012).  

However, we do report gender-specific 2008 medians and ranges of Max RKM for pre- 

and post-dam removal comparisons. Furthermore, we simply plotted gender-specific 

point measurements of upstream and downstream movements for individuals that were 

detected more than once to elucidate gender-specific post-dam removal movement 

patterns. 

Spawning Run Timing: Temperature and Discharge.  We used a one-way 

ANOVA with year as factor and average daily temperature during the periods of sea 

lamprey spawning as response variable to detect inter-annual stream temperature 

variation.  Additionally, a Student’s t-test assuming unequal variances was employed to 

detect inter-annual variation in stream discharge.  The Student’s t-test was appropriate 

because we only estimated discharge during the 2010 and 2011 spawning runs. 

We used generalized least squares (GLS) regression models to explore how run 

timing was related to both temperature and discharge.  Daily sea lamprey counts of initial 
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captures in the study system were used as response variables.  Mean daily discharge, 

change in discharge from previous day, mean daily temperature, and change in 

temperature from previous day were used as predictor variables.  GLS modeling offers an 

alternative to ordinary linear regression by accounting for correlative, non-independent 

residuals (Trepanier et al. 1996), and has been used for comparable time series migration 

data (Andderson and Quinn 2007). We followed Anderson and Quinn’s (2007) GLS 

modeling protocol by specifying the error structure as a first-order autoregressive process 

and utilized maximum likelihood techniques for parameter estimation (R Development 

Core Team 2010).  Reported GLS p-values are from t-tests of each environmental 

predictor variable and reported R2-values are calculated by comparing the log-likelihood 

of each fitted model to the log-likelihood of the null (intercept only) model (Nagelkerke 

1991).  Sea lamprey spawning runs in Maine are extremely abbreviated and usually last 

between three and six weeks (Kircheis 2004).  Therefore, to pinpoint discharge and 

temperature influences on daily counts of immigrating spawners, we limited our analyses 

from one week prior to initial detection to the final detection in both 2010 and 2011 

spawning runs (n = 31 days in 2010, and n = 33 days in 2011). 

Results 

Sea Lamprey Capture and Abundance Estimates 
 

We observed a considerable increase in the number of sea lampreys captured and 

the duration of spawning runs following the removal of Mill Dam (Table 2.1; Figure 2.2).  

Post-dam removal captures were 2.8 times greater in 2010 and 3.3 times greater in 2011 

compared with 2008 pre-dam removal captures (Table 2.1).  Spawning run durations in 

Sedgeunkedunk Stream more than doubled following the Mill Dam removal (Table 2.1).  
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We note that a solitary female sea lamprey was captured in the trap net on 10 June 2011, 

but it was a victim of snapping turtle Chelydra serpentina predation upon capture (fyke-

net bycatch).  Therefore, we considered the 2011 spawning run duration as a 20-day 

period because no subsequent evidence of spawning was observed in the system until 16 

June 2011.  The 2011 trap efficiency increased by 12% and 16% in comparison with 

2008 and 2010 respectively (Table 2.1).  Males were numerically greater than females in 

all three years, but 2010 was the only spawning run in which a statistically significant 

gender bias was observed (p = 0.046; Table 2.1). 
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Table 2.1.  Sea Lamprey Summary Statistics.  Total number of sea lampreys captured, number captured in fyke-net trap (% of 
annual capture), number of males (M), number of females (F), number of unconfirmed gender (U), the observed gender ratio 
(M:F), run duration, mean average daily temperature and mean average daily discharge during annual spawning runs pre-dam 
removal (2008) and post-dam removal (2010 & 2011) in Sedgeunkedunk Stream.  Means are presented ± 1SE, variables that 
are significantly different at the 0.05 α-level are bolded, and we note that no sea lampreys were observed in the system during 
2009 due to flood conditions. 

Year 
Captures 

Nests M F UF M:F  Days 
Temp Discharge 

Total Trap (oC) (m3s-1) 

2008 47 16 (34%) 31 26 21 - 1.24 10 19.3 ± 0.6 - 

2009 0 0 - - - - - - - - 

2010 131 39 (30%) 128 72 50 9 1.44 24 19.0 ± 0.4 0.21 ± 0.02 

2011 156 72 (46%) 131 86 67 3 1.28 20 19.9 ± 0.4 0.28 ± 0.02 
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Figure 2.2.  Sea Lamprey Spawning Run Summaries (2008-2011).  Counts of tagged sea 
lamprey on initial date of capture, mean daily water temperature, and mean daily 
discharge for Sedgeunkedunk Stream spawning runs pre-dam removal (2008) and post-
dam removal (2010 and 2011).  Note: no lamprey were observed in the system during 
2009 pre-dam removal spawning season due to flood conditions and discharge data are 
not available for 2008.  
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POPAN models incorporating constant probability of capture {p(.)}, constant 

probability of apparent survival {Φ(.)}, and time-dependent probabilities of entering the 

system {pent(t)} parameters were consistently the models with the most support based on 

Akaike Information Criterion corrected for small sample sizes (AICc) and model 

weighting (Wi) scores (Table 2.2).  The {p(.), Φ(.), pent(t)} models estimated annual 

spawning run sizes of 59 ± 4 in 2008, 223 ± 18 in 2010, and 242 ± 16 in 2011 (Figure 

2.3).  The {p(.), Φ(.), pent(t)} models reasonably estimated a four-fold increase in annual 

run size abundances based on approximate three-fold increases in the number of 

individuals tagged both years post-dam removal (Figure 2.3). 
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Figure 2.3.  Sea Lamprey Abundances.  Sea lamprey spawning run size per year in 
Sedgeunkedunk Stream estimated from mark-recapture encounter histories (gray bars) of 
tagged individuals (black diamonds).  Dashed vertical line represents the August 2009 
removal of Mill Dam and error bars represent the standard error of each estimate.  Note: 
sea lampreys were not observed in the system during 2009 spawning season.  
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Table 2.2.  AIC Table for POPAN Model Selection.  Akaike Information Criterion corrected for small sample sizes (AICc), the 
difference between AICc value for the ith and the best model (∆AICc), the relative probability that the ith model is the best model 
(Wi), number of parameters (Ki), and abundance estimates (N ± SE)  for candidate models estimating annual sea lamprey 
spawning run sizes in Sedgeunkedunk Stream.  Candidate models are defined by three distinct probabilities including probability 
of capture (p), probability of apparent survival (Φ), and probability of entering the study system (pent) where individual 
probabilities are set to either vary by daily time step (t) or remain constant throughout annual study period (.).  p(.) and Φ(.) 
parameter values ± SE are given for the best-fit models. 

Year and model AICc  ∆AICc Wi Ki N p(.) Φ(.) 

2008   

p(.),Φ(.),pent(t) 296.82 0.00 0.99 12 59 ± 4 0.63 ± 0.06 0.80 ± 0.04 

p(.),Φ(t),pent(t) 306.85 10.03 0.01 21 56 ± 4 

p(.),Φ(t),pent(.) 7,013.71 6,716.89 0.00 11   361 ± 111 

p(.),Φ(.),pent(.) 7,022.70 6,725.88 0.00 3 144 ± 20 
2009 

No lampreys tagged                        
2010 

p(.),Φ(.),pent(t) 676.84 0.00 1.00 21 223 ± 18 0.30 ± 0.03 0.79 ± 0.03  

p(.),Φ(t),pent(t) 703.98 27.14 0.00 43 226 ± 21 

p(.),Φ(t),pent(.) 12,031.93 11,355.09 0.00 20 2722 

p(.),Φ(.),pent(.) 17,586.68 16,909.84 0.00 2 3081 ± 438 

2011 

p(.),Φ(.),pent(t) 654.00 0.00 0.98 17 242 ± 16 0.41 ± 0.04 0.76 ± 0.03 

p(.),Φ(t),pent(t) 662.15 7.92 0.02 37  326 ±153 

p(.),Φ(.),pent(.) 3,471.69 2,817.46 0.00 2 4414 ± 261 

p(.),Φ(t),pent(.) Non-estimable        
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Nesting Site Distributions 
 

Evidence of sea lamprey nesting was not observed upstream of the former Mill 

Dam until the sixth day of the 2010 spawning run when we observed a previously tagged 

male engaged in solitary nest construction less than 100-m beyond the remnant structure.  

Sea lampreys penetrated further upstream at a pace of approximately 400-m per day until 

we observed a burst of activity on the ninth day of the 2010 spawning run.  On that day 

we marked multiple nests in newly colonized habitat including a nest that was located 

slightly downstream of a beaver dam near RKM 4 (Figure 2.1).  This nest marked the 

extent of sea lamprey range expansion during the 2010 spawning run (Figure 2.4). 

Whereas sea lampreys took nine days to access a 4-km extent of linear stream habitat 

during the 2010 spawning run, they expanded their range 800-m further to Tannery Falls 

at RKM 4.8 (Figure 2.4) in just three days during the 2011 spawning run. 

Post-dam removal abundances of sea lamprey nesting sites increased over 400% 

from the 2008 pre-dam removal count.  Nest counts rose from thirty-one in 2008 to 128 

and 131 in 2010 and 2011 respectively (Table 2.1).  Sea lamprey nesting sites were 

predominately located in historically accessible habitat downstream of the former Mill 

Dam during both 2010 and 2011.  Forty-eight of the 128 nests (38%) observed during 

2010 and thirty-nine of the 131 nests (30%) observed during 2011 occurred in 

approximately 15% of the available habitat during both years (Figure 2.4).  Chi-squared 

analyses revealed that a sea lamprey nest was more likely to be observed downstream of 

the former Mill Dam than in newly accessible upstream reaches (p < 0.001, both years).  



63 
 

4

8

12

16

20

4

8

12

16

20

Kilometers upstream of trap
0.1 0.5 0.9 1.3 1.7 2.1 2.5 2.9 3.3 3.7 4.1 4.5

4

8

12

16

20

S
ea

 la
m

p
re

y 
n

es
t 

ab
u

n
d

an
ce

2008

2010

2011

Dam Site

BD Falls

 
Figure 2.4.  Sea Lamprey Nest Distributions (2008-2011).  Distribution of sea lamprey 
nesting sites in Sedgeunkedunk Stream observed pre-dam removal (2008: n = 31) and 
post-dam removal (2010: n = 128 and 2011: n =131).  Dashed vertical lines demark 
former Mill Dam (Dam Site), beaver dam (BD), and Tannery Falls (Falls). Note: no 
lampreys were observed in the system during the 2009 pre-dam removal spawning season 
due to flood conditions.
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Sea Lamprey Biological Measures and Behavior 
 

There were no discernible differences in lengths of sea lampreys between genders 

or among years, but body masses were comparatively lighter during the 2010 spawning 

run (Table 2.3).  The two-way ANOVA for body-mass of male lampreys indicated a 

difference among years (p = 0.047) but no effects were detected at the trap level (p = 

0.512) or interaction between year and trap (p = 0.825).  Post-hoc comparisons revealed 

that a gender-specific difference in mass of males existed only between the 2008 and 

2010 spawning runs (p = 0.05; Table 2.3).  Likewise, the two-way ANOVA for body-

mass of female lampreys indicated a difference among years (p = 0.04) but again, no 

effects were detected at the trap level (p = 0.323) or interaction between trap and year (p 

= 0.951).  Post-hoc comparisons revealed that a gender-specific difference in mass of 

females existed only between the 2010 and 2011 spawning runs (p = 0.039; Table 2.3). 

We observed active lamprey nests on eighty-four and ninety separate occasions 

during 2010 and 2011 respectively.  It was common to observe sea lampreys engaging in 

communal nesting behavior.  Communal nest attendance ranged between three and eight 

individuals with a maximum of three males or seven females at a given nest.  25% (n = 

22) and 29% (n = 26) of the active nests observed during 2010 and 2011 were communal 

respectively (Figure 2.5).  Chi-squared analyses for the 2010 season revealed that if we 

observed only a single lamprey on a nest, it was more likely to be a male (p = 0.008), and 

if we observed a pair, they were more likely to be engaged in strictly male-female 

courtship (p = 0.003; Figure 2.5).  However, Chi-squared analyses for the 2011 season 

revealed that if only one lamprey was observed on a nest, it was just as likely to be a male 
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as it was to be a female, and if a pair was observed it did not necessarily translate into 

strict male-female courtship (Figure 2.5). 
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Figure 2.5.  Sea Lamprey Nest Attendance (2010-2011).  Abundance of active nests 
observed during the 2010 and 2011 annual sea lamprey spawning runs in Sedgeunkedunk 
Stream.  Nests were categorized by gender and number of individuals in attendance 
where M = males, F = females, Single = solitary individual, Paired = two individuals, and 
Communal = three or more individuals.  Asterisks indicate distributions that are 
significantly different from 1:1 at the α = 0.05 significance level. 
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Table 2.3.  Summary of Sea Lamprey Length and Mass Measures (2008-2011).  Mean body length and mass of sea 
lampreys tagged in Sedgeunkedunk Stream during annual spawning runs 2008-2011.  Means are presented ± 1SE, 
asterisks indicate variables that were significantly different from one another at the 0.05 α-level, and we note that no 
sea lampreys were observed in the system during 2009 due to flood conditions. 

2008 607 ± 21 (10) 750 ± 60 (8) 631 ± 12 (16) 740 ± 60 (11) 622 ± 11 (26) 740 ± 40 (19) *
2010 634 ± 9 (27) 640 ± 60 (27) 622 ± 6 (44) 590 ± 30 (44) 627 ± 5 (71) 610 ± 30 (71) *
2011 636 ± 7 (43) 670 ± 30 (43) 632 ± 7 (39) 650 ± 20 (39) 634 ± 5 (82) 660 ± 20 (82)
Pooled 632 ± 5 (80) 670 ± 30 (78) 627 ± 4 (99) 630 ± 20 (94) 629 ± 3 (179) 650 ± 20 (172)

2008 600 ± 19 (5) 700 ± 70 (4) 614 ± 16 (13) 680 ± 60 (8) 610 ± 12 (18) 680 ± 50 (12)
2010 602 ± 13 (12) 630 ± 50 (12) 610 ± 7 (37) 590 ± 30 (37) 608 ± 6 (49) 600 ± 20 (49) *
2011 636 ± 8 (27) 720 ± 30 (27) 618 ± 7 (38) 660 ± 20 (38) 625 ± 6 (65) 690 ± 20 (65) *
Pooled 622 ± 7 (44) 700 ± 30 (43) 614 ± 5 (88) 630 ± 20 (83) 617 ± 4 (132) 650 ± 20 (126)

Upstream Captured Total Captured

Females

Gender & Year

Males
Length (n ) Mass (n ) Mass (n )Length (n ) Mass (n )

Trap Captured
Length (n )
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Female sea lampreys that were detected at least once subsequent to the initial 

tagging procedure penetrated further upstream than their male counterparts in both years 

of the study following dam removal as indicated by median Max RKM values (p = 0.025; 

Table 2.4).  As mentioned previously, no evidence of spawning activity beyond remnants 

of the former Mill Dam (RKM 0.610) was observed during the first several days of the 

2010 recolonization event and exploratory plots of all detected upstream and downstream 

movements aid in illustrating this phenomenon (Figure 2.6).  Upstream movements 

increased rapidly after 7 June 2010 and interestingly, females appeared to move upstream 

at a faster rate than males (Figure 2.6).  Downstream movements were not prevalently 

detected in the system until after nesting was observed in the upstream reaches directly 

below the beaver dam located near RKM 4 on 9 June 2010.  Early movements during the 

2011 spawning run did not appear to follow the pattern observed during the previous 

year. Instead, there were multiple movements greater than 0.6 km/day detected within the 

first week of the 2011 spawning run (Figure 2.6).  Additionally, most of the rapid 

upstream movements during the second week of the 2011 spawning run were detected 

from females (Figure 2.6). These patterns coincide with the statistical difference observed 

between male and female Max RKM values.  
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Table 2.4.  Sea Lamprey Maximum Upstream Distances Detected.  Gender-specific 
median and range values of maximum upstream movements (Max RKM) observed from 
tagged sea lampreys detected at least once subsequent to initial tagging procedure in 
Sedgeunkedunk Stream, Penobscot Co., ME.  Sea lampreys tagged in 2008 were 
excluded from statistical analysis because the presence of the Mill Dam limited their 
movements to the lower 0.610 km of stream.  Asterisks indicate median values that were 
significantly different from one another at the α = 0.05 level. 

Median (Range)
Males

2008 (n  = 14) 0.341 (0.146 - 0.529)

2010 (n  = 34) 0.875 (0.000 - 3.865)
2011 (n  = 39) 0.407 (0.000 - 3.737)

2010-2011 (n  = 73) * 0.621 (0.000 - 3.865)

Females
2008 (n  = 13) 0.381 (0.146 - 0.529)

2010 (n  = 28) 2.232 (0.056 - 3.690)
2011 (n  = 36) 2.049 (0.000 - 3.725)

2010-2011 (n  = 64) * 2.050 (0.000 - 3.725)

Max RKM Detected
Gender & Year 
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Figure 2.6.  Sea Lamprey Minimum Distances Traveled Between Detections.  Detected 
minimum pathway distances of tagged sea lamprey in Sedgeunkedunk Stream during 
2010 (upper panel) and 2011 (lower panel) spawning runs.  Point measurements are 
standardized to km/day using the midpoint day of successive observations; positive 
values represent upstream movements and negative values represent downstream 
movements.
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Spawn Run Timing: Temperature and Discharge 

Spawning run timing was variable among years and did not appear to be 

influenced by the presence or absence of the Mill Dam.  Annual spawning runs began as 

early as June 1 in 2010 and as late as June 18 in 2008 (Figure 2.2).  Spawning run 

durations, however, did appear to be affected by the dam and were at least ten days 

longer in both years post-dam removal (Table 2.1).  There was no discernible difference 

in average daily water temperatures during pre- and post-dam removal spawning runs 

(Table 2.1).  However, average daily discharge was comparatively greater during the 

2011 spawning run than it was during the 2010 run (p = 0.024; Table 2.1).  Although 

GLS models revealed no significant relations linking daily sea lamprey counts with 

temperature, change in temperature, discharge, or change in discharge during both 2010 

and 2011 spawning runs (p > 0.05), the 2011discharge model indicated that a descending 

limb in the hydrograph had marginal explanatory power (R2 = 0.27, p = 0.055) in 

describing the arrival of sea lampreys into Sedgeunkedunk Stream during the 2011 

spawning run (Figure 2.2).  

Discussion 

Abundance Estimates 

The primary objective of this study was to document abundance patterns of 

spawning-phase sea lampreys as they responded to the August 2009 removal of the Mill 

Dam in Sedgeunkedunk Stream.  The spring of 2010 marked the first opportunity in over 

a century for migrating adult sea lampreys to access historic spawning habitat beyond the 

former Mill Dam.  Sea lampreys responded rapidly to this opportunity by recolonizing 

approximately 3.3-km of newly accessible habitat during 2010 and expanding their range 

an additional 0.8-km in 2011 (Figure 2.5).  In correspondence with an approximate six-
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fold increase in available habitat, our most well supported POPAN models estimated a 

nearly four-fold increase in the abundance of migrating adult sea lampreys;  = 59 in 

2008 pre-dam removal, increasing to   = 223 in 2010 and   = 242 in 2011 post-dam 

removal (Figure 2.3).  

Our POPAN estimates of annual Sedgeunkedunk Stream spawning populations 

were biologically plausible given the seasonally predictable and semelparous nature of 

sea lamprey spawning events.  First off, constant probability of capture (p) parameters 

were plausible given that our survey protocols were extremely consistent within and 

among years; traps were set in advance of all spawning runs and daily foot surveys were 

conducted at regular hours in advance of and throughout the entire durations of spawning 

runs.  Although there was considerable inter-annual variation amongst the probability of 

capture (p) parameters (Table 2.2), this variation was expected given the increased 

amount of survey habitat following dam removal and the increased trap efficiency during 

2011.  Probability of capture (p) was greatest in 2008 (0.63; Table 2.2) when surveys 

were limited to 0.610 RKM of accessible habitat, but declined precipitously in 2010 

(0.30; Table 2.2) when available habitat increased by nearly 600% and trap efficiency 

was at its lowest (30%).  Probability of capture rose to an intermediate level in 2011 

(0.41; Table 2.2), and this rise may be explained by the increased trap efficiency (46%).  

Secondly, constant probability of apparent survival (Φ) parameters were plausible given 

the semelparous nature of spawning sea lampreys; spawning related mortality typically 

occurs within a week upon arrival to the spawning grounds and the observed similarity 

between inter-annual values (range: 0.76 – 0.80) reflected this phenomenon (Table 2.2).  

Finally, time-dependent probability of entering the system (pent) parameters were 
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plausible given the observed daily variation in the number of individuals tagged within 

and among years (Figure 2.2). 

Historical sea lamprey abundance data for the Penobscot River and its tributaries 

are lacking (Kircheis 2004, Saunders et al. 2006), so we don’t know whether the 

observed four-fold post-dam removal increase of spawning lampreys in Sedgeunkedunk 

Stream represents a return to historic levels.  Spawning runs in Lake Ontario tributaries 

with comparable discharge (mean annual < 1.0 m3s-1) have been estimated over the 

course of eight years (1997-2004) to range between 207 ± 30 (  ± SE) in a 1.22 km reach 

of Port Britain Creek and 798 ± 98 (  ± SE) in a 0.55 km reach of Shelter Valley Creek 

(Binder et al. 2010).  Port Britain Creek, with mean annual discharge of 0.5 m3s-1 (Binder 

et al. 2010), appears to be somewhat comparable to Sedgeunkedunk Stream.  Given that 

Port Britain Creek regularly experiences spawning sea lamprey densities of 

approximately 0.03/m2, one may anticipate comparable densities in Sedgeunkedunk 

Stream after the system experiences multiple year classes of ammocoete recruitment.  

Therefore, an annual spawning run of over 500 sea lampreys may be realistic for the 

18,000 m2 of lotic habitat presently available in Sedgeunkedunk Stream. 

Nesting Site Distributions 

The greater than four-fold increase in nests observed during the two years 

following the removal of the Mill Dam essentially mirrored the nearly four-fold increase 

in our POPAN abundance estimates.  An interesting pattern was uncovered after 

combining the raw nest count data with the corresponding POPAN estimates in the 

development of annual sea lamprey per nest ratios.  Annual lamprey per nest ratios 

displayed minimal variation ranging from a high of 1.9 in 2008 to a low of 1.7 in 2010, 
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and a median value of 1.8 calculated from the 2011 data.  The consistent relation between 

raw nest counts and POPAN estimates (R2 = 0.998; p = 0.001; Figure 2.7) suggests that 

nest enumeration may provide a proxy for abundance estimates when mark-recapture 

studies are cost prohibitive.   

Sea lamprey nest counts
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Figure 2.7.  Relation Between Raw Nest Counts and POPAN Estimates.  POPAN 
generated sea lamprey spawning run abundance estimates as a function of raw annual 
nest counts in Sedgeunkedunk Stream, Penobscot County, ME, 2008-2011.  Point 
measurement error bars represent the standard error of each POPAN estimate and dashed 
line represents the regression line (y = 1.787x + 1.472).   
 

Sea lampreys in Sedgeunkedunk Stream continued to predominantly select 

nesting locations downstream of the former Mill Dam in both years subsequent to dam 

removal.  However, the 2011 nesting site distribution trended towards a more equitable 

longitudinal distribution of nesting sites.  Nest abundances downstream of the former 

Mill Dam declined from forty-eight (38%) in 2010 to thirty-nine (30%) in 2011, and 
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twenty of the nests observed in 2011 were in the lowermost 200-m of stream.  With 

exception to the twenty nests observed in the lowermost 200-m of stream (15%), the 

2011 longitudinal distribution of sea lamprey nesting sites was more evenly dispersed 

relative to the 2010 distribution (Figure 2.5).   

Sea Lamprey Capture, Biological Measures and Behavior 

Our fyke-net trap was not as effective as we had anticipated, but the addition of 

waterproof LED lights sewn into the entrance during 2011 did improve trap performance.  

Our study was not designed with the intention of statistically examining the effectiveness 

of illuminated traps, but we did desire to improve trap efficiency as a means to intercept 

lampreys as they entered the system to reduce our disturbance to spawning activities.   

Additionally, a standardized tagging location could have potentially improved our ability 

to investigate movement patterns.  For these purposes we report limited success in sea 

lamprey capture using illuminated trap entrances. 

 Variation in trap efficiency may explain the observed differences in 2010 gender 

specific body masses compared with the other two years.  Although trap efficiency was 

comparable in 2008 and 2010 (34% and 30% respectively), body mass of males in 2010 

was lower than 2008, and this discrepancy may have resulted from the striking 

differences in total captures between the two years.  Masses were recorded upon initial 

capture, sometimes far upstream of trap (maximum: 4-km) for forty-five males in 2010 as 

opposed to only thirteen initially captured a maximum distance of just 0.6-km in 2008.  

The analysis had low discriminatory power at the levels of trap (10%) and trap-year 

interaction (8%).  Therefore, the disparity in male body masses between 2008 and 2010 
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may simply be a reflection of a small sample size in 2008 combined with variable capture 

locations in both years.  

Accompanying the overall rise in trap efficiency between 2010 and 2011 (30% 

and 46% respectively), the number of ripe females initially captured in the trap more than 

doubled from only twelve in 2010 to twenty-eight in 2011.  Females initially captured 

upstream of the trap usually were intercepted following bouts of spawning and likely 

experienced some degree of decreased body mass due to release of gametes and 

starvation.  The absolute increase in captures of pre-spawning females from the trap may 

explain why body masses of females were greater in 2011, but again the analysis had low 

discriminatory power at the levels of trap (17%) and trap-year interaction (6%).  

Sea lamprey range expansion into previously inaccessible habitat during the 2010 

spawning run appeared to be driven by the exploratory behavior of males.  Male sea 

lampreys are sensitive to a “larval migratory pheromone” that serves as a conspecific cue 

drawing migrants towards tributaries with habitats adequate for offspring rearing 

(Wagner et al. 2009).  In turn, females are sensitive to the “male mating pheromone,” a 

bile acid compound released by spermiating males that attracts females towards the 

vicinity of potential mates (Siefkes et al. 2005).  This conspecific pheromone 

communication system may explain why sea lampreys took six days to move just 0.65 

km past the former dam site in 2010.  The lack of ammocoetes and larval migratory 

pheromone signals from newly accessible upstream reaches likely provided little 

motivation for spawning males to venture into previously inaccessible habitat.  However, 

males display antagonistic behavior during the establishment of nesting territory (Manion 
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and Hanson 1980), and therefore range expansion may have resulted from brief 

exploratory searches for vacant spawning habitats. 

Whereas it took sea lampreys six days to expand their range beyond the former 

Mill Dam and an additional three days to penetrate the furthest upstream reaches in 2010, 

activity was observed throughout the system up to the Tannery Falls boundary in only 

three days during 2011.  Perhaps a cohort of one-year-old ammocoetes spawned during 

the 2010 run settled in rearing habitats upstream of the former Mill Dam and these 

individuals released larval pheromones that cued 2011 adult migrants immediately to the 

furthest upstream reaches.  Prior lines of evidence from sea lamprey studies in the Great 

Lakes suggested that adult spawning runs were extremely responsive to ammocoete 

populations.  Moore and Schleen (1980) reported that the removal of ammocoetes from a 

stream reduced the number of spawning adults in subsequent migrations.  Additionally, 

Sorensen and Vrieze (2003) found that streams with relatively large ammocoete 

populations attracted larger adult spawning runs than neighboring streams with smaller 

larvae populations.  Therefore, the increased activity observed in the upstream reaches of 

Sedgeunkedunk Stream during the early stages of the 2011 spawning run may have 

resulted from the prior year’s establishment of ammocoete recruits, and the subsequent 

release of larval conspecific chemical cues.  Although we lack ammocoete data to 

confirm the “larval migratory pheromone” hypothesis in Sedgeunkedunk Stream, subtle 

differences between 2010 and 2011 nesting site distributions provide additional indirect 

support. 

The male biased sex ratio and the prevalence of active nests occupied by single 

males observed during the 2010 spawning run further support the contention that range 
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expansion was driven by the exploratory behavior of males. We also detected a 

prevalence of shorter maximum upstream movements among males compared with 

females and this subtle gender-specific difference provides additional support.  Morbey 

(2000) defined protandry as, “the earlier arrival of males to the spawning grounds than 

females”, in describing the reproductive life histories of anadromous Pacific salmon 

populations.  Morbey (2000) argued that protandry is a valuable reproductive strategy for 

male salmon because they are semelparous, and owing to their semelparous life history, 

intraspecific competition for access to spawning females is fierce.  Sea lamprey share 

many mating system attributes with Pacific salmon, so it follows that protandry may be 

an equally valuable strategy for them as well.  Our data suggest that sea lamprey 

exhibited protandry during the 2010 recolonization event and that the potandry 

phenomenon provides a parsimonious explanation for observing a male biased sex ratio, 

a statistical preponderance of solitary males at nesting sites, and a relatively slow 

progression of movement into previously unoccupied habitats.  

Spawn Run Timing: Temperature and Discharge 

Our intensive monitoring of sea lamprey spawning runs in Sedgeunkedunk 

Stream revealed that spawning-phase migrants arrived at least two to four weeks later 

than in most streams of the lower Penobscot River watershed in all years studied (O. Cox, 

Maine Department of Marine Resources, Bangor, ME, personal communication).  

Additionally, the 2009 spawning season appeared anomalous when Gardner et al. (2012) 

was unable to detect sea lampreys entering Sedgeunkedunk Stream at all, even though 

they were found in neighboring tributaries.  The lack of detections in 2009 may be 

explained by unusually extreme precipitation events throughout the month of June that 
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inhibited spawning activities with unusually high discharge in the lower portion of 

Sedgeunkedunk Stream.  Regardless, the initiation of spawning activity in 

Sedgeunkedunk Stream was extremely variable among years, initiating as early as June 1 

in 2010 or as late as June 18 in 2008. 

Sea lamprey spawning activities in Maine typically occur during late May and 

early June when mean daily water temperatures range between 17oC and19oC (Kircheis 

2004).  However, our data show that Sedgeunkedunk Stream temperatures exceeded this 

range for periods of days to weeks prior to the arrival of spawning-phase sea lampreys in 

all three years (Figure 2.2).  Mean daily temperatures averaged 19oC or greater during all 

three spawning runs (Table 2.1), thereby suggesting additional or alternative 

environmental cues to migration in Sedgeunkedunk Stream.  Perhaps the observed 

statistical difference in stream discharge between 2010 and 2011 spawning runs (Table 

2.1) can partially explain some of the variability in run timing. 

Binder et al. (2010) found significant stream-dependent differences in the relative 

importance of environmental variables as predictors of sea lamprey spawning runs in six 

Lake Ontario tributaries.  Although water temperature was the best predictor among all 

six streams, water level, a surrogate measure for stream discharge, was an equally reliable 

explanatory variable but only in the two smallest streams, Port Britain Creek and Shelter 

Valley Creek (Binder et al. 2010).  As alluded to earlier, these two streams compare well 

with Sedgeunkedunk Stream and results from our GLS modeling exercises support 

Binder’s et al. (2010) findings regarding the importance of water level in relation to sea 

lamprey migratory activity.  Our GLS results, although not significant at the level of α = 
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0.05, indicated that stream discharge during 2011 had some explanatory power in 

describing the arrival of spawning migrants to Sedgeunkedunk Stream. 

Perhaps, temperature and discharge must reach a combination of threshold levels 

before sea lampreys enter the spawning grounds.  Close inspection of Sedgeunkedunk 

Stream hydrographs in relation to daily sea lamprey counts offers a simplistic explanation 

regarding the observed variation in the timing of annual Sedgeunkedunk Stream 

spawning runs.  Mean daily temperatures throughout the peak of the 2010 spawning run 

(1 June – 14 June) were within the 17-19oC range reported for Maine streams (Kircheis 

2004), while discharge was consistently below 0.45 m3s-1 during the same period (Figure 

2.2).  In contrast, the 2011 hydrograph was vastly different.  2011 mean daily discharge 

was above 1.0 m3s-1 until midway through the first week of June and did not decline 

below 0.45 m3s-1 until 12 June (Figure 2.2).  Consequently, the peak of the 2011 

spawning run (21 June – 1 July) was delayed in comparison with 2010 and mean daily 

temperatures were consistently above 20oC during that period (Figure 2.2).  The complete 

absence of spawning lamprey in Sedgeunkedunk Stream during the flood of 2009 and the 

relative delay in 2011 run timing are not surprising given that high discharge events have 

inhibited migratory activity in other anadromous (Masters et al. 2006) and potadromous 

lampreys (Malmqvist 1980). 

Additionally, because Sedgeunkedunk Stream converges with the Penobscot 

River near head-of-tide, late arriving migrants may have displayed phenotypic plasticity 

in their migratory behavior as a response to a relatively short (36.5-rkm) upstream 

migration distance.  Quinn and Adams (1986) reasoned that anadromous fishes that 

spawn shortly after entering freshwater are more likely to have evolved adaptations to 
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fluctuating temperatures than long distance migrants because those migrating short 

distances likely experience the same conditions as developing larvae.  Whereas spawning 

sea lamprey enter the Fort River (tributary to Connecticut River at rkm-159) consistently 

earlier in the season (Nislow and Kynard 2009), late migrants to Sedgeunkedunk Stream 

may be displaying an adaptation that favors arrival at spawning grounds consistent with 

temperatures that are optimal (18.4oC, range: 15.5 – 21.1oC) for embryonic development 

(Smith et al. 1968). 

Conclusion 

Our study has clearly demonstrated that restorative dam removal projects have the 

potential to enhance recovery of declining anadromous fish populations by providing 

access to habitats necessary for completion of migratory life histories.  The rapid 

response to dam removal by sea lamprey in Sedgeunkedunk Stream may produce a 

multitude of beneficial effects by providing sorely missed ecological services.  The 

semelparous life history of sea lamprey translates into consistent delivery of marine-

derived nutrients at a crucial time of the year when many aquatic organisms are at the 

peak of their growing seasons.  Additionally, the nest building activities of sea lampreys 

have the potential to condition habitat degraded by decades of increased sedimentation.  

The literature is replete with evidence suggesting that redd-digging Pacific salmonines 

(Oncorhynchus spp.) improve the quality of riverine habitats by sweeping fine sediments 

downstream, coarsening the stream bed, and reducing cobble embeddedness 

(Montgomery et al. 1996).  Sea lamprey nest construction may produce similar effects in 

coastal New England systems and ongoing research in Sedgeunkedunk Stream is 

currently addressing these questions.  The synergistic interactions of multiple co-evolved 
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diadromous and freshwater fishes may be a necessary ingredient to recovery of high 

functioning aquatic ecosystems throughout Maine and northern New England (Saunders 

et al. 2006).
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CHAPTER 3 

ANADROMOUS SEA LAMPREY (PETROMYZON MARINUS) SERVE AS 

ECOSYSTEM ENGINEERS IN A FRESHWATER SPAWNING STREAM 

Introduction 

Disturbance is an important factor in driving community dynamics and ecosystem 

processes in streams (Resh et al. 1988).  For example, flood disturbances may be a source 

of mortality to some aquatic insects (Lytle 2002), change the dynamics of the food web 

across multiple trophic levels (Wootton et al. 1996), or increase lotic productivity through 

ephemeral connections with riparian wetlands (Shah and Dahm 2008).  Historically, 

disturbances were considered abiotic factors, but contemporary studies have expanded 

the view to encompass biotic effects, such as organisms that modify physical habitats as 

sources of disturbance across a diverse set of habitats (Jones et al. 1994).  The iconic 

North American beaver Castor canadensis is perhaps the most widely recognized aquatic 

organism that modifies its physical habitats. Studies have shown that beaver dams  

influence their environment by increasing carbon storage in flooded upstream reaches 

(Naiman et al. 1986), while adding habitat complexity (Wright et al. 2002) resulting with 

greater fish diversity (Snodgrass and Meffe 1998). 

Jones et al. (1994) introduced the term “ecosystem engineer” to describe 

bioturbating organisms that directly or indirectly influence the allocation of resources for 

other organisms by causing changes in biotic or abiotic materials.  Although initially the 

term was criticized as a ‘buzzword” that implied intent (Power 1997), the original 

ecosystem engineering article (Jones et al. 1994) has been cited more than 470 times in 

peer-reviewed literature (Wright and Jones 2006), and the concept has been well 
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established in describing the processes by which habitat modifying organisms affect both 

biotic and abiotic conditions in the environment. 

Most of the contemporary studies investigating the ecosystem engineering effects 

of anadromous fishes have focused on relatively robust and intact populations of Pacific 

salmon Onchorhynchus spp. in nearly pristine habitats (e.g. Bristol Bay region Alaska: 

Moore et al. 2004, Peterson and Foote 2000; Prince of Whales Island region Alaska: 

Tiegs et al. 2008; and Puget Sound region Washington: Montgomery et al. 1996, 

Minakawa and Gara 1999, 2003, Honea and Gara 2009).  The Pacific salmon literature is 

replete with evidence suggesting net ecosystem benefits not only from the freshwater 

deposition of marine-derived nutrients, but also stream-bed “conditioning” associated 

with mass spawning activities.  Studies indicate that spawning Pacific salmon condition 

freshwater habitats by rearranging substrate during nest excavation (Montgomerey et al. 

1996), and salmon nests (redds) are characterized by lower levels of fine sediments than 

adjacent unmodified stream beds (Kondolf et al. 1993).   

Montgomery et al. (1996) suggested that salmon play an active role in the creation 

and maintenance of their own habitat.  More specifically, recurring mass spawning events 

alter stream-bed topography, which in turn influences embryo survival.  Spawning-

related bed surface coarsening and sorting reduces particle mobility; thereby lessening 

the probability that high-water events scour redds and excavate salmon embryos during 

incubation.  These habitat modifying activities imply a positive feedback between salmon 

spawning and bed mobility, in which persistent stream-bed conditioning could potentially 

reduce bed scour, reducing embryo mortality and potentially increasing recruitment into 

the subsequent cohort of spawning adults.  Alternately, a decline in spawner abundance 
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would result in less habitat conditioning and favor higher embryo mortality due to bed 

scouring events, which then could result in decreased recruitment. 

Anadromous Pacific salmon have been identified as important keystone 

organisms because they provide a direct food source as well as an indirect pathway for 

marine-derived nutrient delivery to both aquatic and terrestrial biota (Willson and 

Halupka 1995).  Although Pacific salmon enhance some ecosystems through habitat 

conditioning and contributions to freshwater and riparian food webs, their redd-building 

activities may devastate aquatic communities including biofilms (Tiegs et al. 2008), 

benthic algae (Minakawa and Gara 1999, Moore et al. 2004), macroinvertebrates 

(Minakawa and Gara 2003, Honea and Gara 2009), or both algae and macroinvertebrates 

(Field-Dodgson 1987, Peterson and Foote 2000, Moore and Schindler 2008).  However, 

little is understood regarding the effects of periodic redd-building disturbances contrasted 

with pulses of marine-derived nutrients. 

Some studies suggest that life histories of aquatic insects have evolved in 

response to the predictable disturbance regimes of spawning salmon.  Minakawa and 

Gara (2003) found that total benthic invertebrate densities decreased by greater than 80% 

during chum salmon O. keta spawning in Kennedy Creek, Washington, but densities of 

short-lived multivoltine (multiple broods within a season or year) insect populations such 

as black flies (Simuliidae) and minnow mayflies (Baetidae) recovered beyond  pre-

disturbance levels within thirty days after spawning.  Interestingly, these simuliid 

densities recovered to a level over twenty times greater than the densities at nearby 

salmon-excluded reference sites (Minakawa and Gara 2003).  Perhaps filter-feeding 

simuliids benefited from a combination of newly exposed bare rocks suitable for 
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attachment in proximity to decomposing salmon carcasses that provided food particles 

directly (Minakawa and Gara 2003).  Additionally, Moore et al. (2004) found that 

mayflies (Ephemeroptera) and stoneflies (Plecoptera) were scarce during sockeye salmon 

O. nerka spawning at sites where redds were excavated but also at sites where salmon 

were excluded, suggesting that these co-evolved invertebrate taxa have adapted over 

millennia by timing their adult emergence just in advance of annual salmon spawning. 

Historically, Maine’s rivers and lakes sustained spawning runs of anadromous 

fishes including Atlantic salmon Salmo salar, alewife Alosa pseudoharengus, blueback 

herring Alosa aestivalis and sea lamprey Petromyzon marinus (Saunders et al. 2006).  

However, many of these populations are currently at or near historical lows with Atlantic 

salmon populations listed as endangered under the Federal Endangered Species Act.  

Similar to Pacific salmon, Maine’s anadromous fishes likely provided valuable ecological 

functions by fertilizing otherwise oligotrophic freshwater systems with marine-derived 

nutrients (Guyette 2012) and also providing some level of habitat conditioning.  Although 

data from Maine are lacking, some researchers suggest that anadromous sea lamprey in 

their native range may be an essential component to the optimum functionality of 

freshwater ecosystems (Kircheis 2004, Saunders et al. 2006).   

Sea lamprey spawners use their suctorial disc mouths to rearrange gravel and 

cobble substrates during nest construction.  Essentially, they excavate rocks from the tails 

of pools and deposit them slightly downstream to form pit and mound structures 

somewhat reminiscent of Pacific salmon redds.  Paired male and female sea lampreys 

spawn from a remnant “anchor rock” in the pit where they attach via their suctorial disc 

mouths and vibrate vigorously against one another to release gametes.  Finally, the 
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fertilized eggs settle downstream in the mound where they are subsequently buried by the 

placement of additional rocks.  The spawning related activities of sea lampreys modify 

the stream-bed topography and these effects may be analogous to those exerted by redd-

building Pacific salmon.   

Sea lamprey pit and mound nests visibly influence stream-bed topography 

through changes in water depth, water velocity, particle sizes and cobble embeddedness 

while nest excavations likely affect the intragravel permeability of the hyporheic zone.  

All of these variables are important in determining the quality of spawning and rearing 

habitats of Atlantic salmon in Maine streams (Stanley and Trial 1984).  Additionally, the 

energetic profitability of juvenile Atlantic salmon foraging habitat is dictated by the 

availability of drifting prey in concert with water velocity (Nislow et al. 1999).  Sea 

lamprey spawning runs in Maine streams typically occur during May and June (Kircheis 

2004), while Atlantic salmon spawning runs typically occur during October and 

November (Stanley and Trial 1984).  Although these annual spawning runs are separated 

by five months in Maine streams, both species select riffle habitats for spawning and 

there may be extensive spatial overlap in nesting sites.  Therefore, sea lamprey nest 

excavations have the potential to impact Atlantic salmon during multiple life history 

stages.  Atlantic salmon fry in Maine streams typically emerge from redds during mid to 

late May and establish nearby foraging stations (Gustafson-Marjanen 1982).  Hence, sea 

lamprey nest excavations may provide prey in the form of displaced eggs (Scott and 

Crossman 1985) or dislodged benthic invertebrates, and potentially create physical 

structure for Atlantic salmon fry or parr and other drift-feeding fishes.  Additionally, if 
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sea lamprey induced changes to the stream-bed topography persist into the fall season 

then spawning habitat for Atlantic salmon may be improved.   

Sea lamprey spawning runs in Sedgeunkedunk Stream, a third-order tributary to 

the Penobscot River, Maine were closely monitored during 2010 and 2011 as a means to 

evaluate recent restoration efforts (Chapter 2).  128 and 131 sea lamprey nests distributed 

throughout Sedgeunkedunk Stream were identified in 2010 and 2011 respectively 

(Chapter 2).  The rigorous cataloging of these sea lamprey nests afforded us the 

opportunity to return to exact nesting sites and explore the role of sea lampreys as 

potential ecosystem engineers in freshwater spawning streams.  In this paper, we describe 

a field study in which we tested for the effects of physical disturbance by spawning sea 

lampreys on stream-bed topography and invertebrate assemblages.  Specifically, our 

objectives were to: 1) Quantify physical changes to stream-bed topography including 

differences in depth, velocity, surface fine-sediment loadings, cobble embeddedness, 

interstitial spaces and intragravel permeability; 2) Determine if any such changes 

persisted four months after sea lamprey spawning into the fall season; and 3) Quantify 

differences in abundance, biomass and diversity of aquatic invertebrate assemblages at 

the time of sea lamprey spawning, immediately after and four months post-spawning.   

Study Area 

Sedgeunkedunk Stream is a third-order tributary to the Penobscot River, 

Penobscot County, Maine that flows through the town of Orrington and city of Brewer.  

Sedgeunkedunk Stream drains Fields Pond at the Meadow Dam Fishway (UTM 19 T 

0518563E 4953509N) and flows 5.3-km downstream to the confluence of the Penobscot 

River near head-of-tide at river km (RKM) 36.5 (19 T 0517013E 4957300N).  The 
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watershed is mostly forested, but some urban and industrial development exists primarily 

in downstream reaches.  The stream has a median low-flow wetted width of 

approximately 5 m, with peak discharge of 5 m3s-1 immediately following early spring 

ice-out, and base-flow discharge of 0.1 m3s-1during late summer.  Before its removal in 

2009, the lowermost dam (Mill Dam: 19 T 517432E 4956900N) was located 700 m 

upstream of the Penobscot River confluence and 610 m upstream of head-of-tide.  Access 

through the Meadow Dam Fishway into Fields Pond is inconsequential to sea lamprey 

because spawning requirements limit them to lotic habitats.  Therefore, this study is 

focused on the 5.2 km reach of lotic habitat from the Meadow Dam Fishway downstream 

to Sedgeunkedunk Stream head of tide.   

Sedgeunkedunk Stream may be broadly characterized by three breaks in stream 

habitat.  The lower 0.7-km portion of stream from the Penobscot River upstream to the 

former Mill Dam has experienced industrial and urban development, but because marine-

freshwater connectivity has been maintained, sea lamprey spawned regularly in this reach 

prior to dam removal (Gardner et al. 2012).  We refer to this historical downstream 

habitat reach as HR1 henceforth (Figure 3.1).  The middle 1.5-km portion of stream is 

characterized by moderate urban development with noticeable impacts from the legacy of 

the former Mill Dam including incised channelization, an early-successional riparian 

forest, and increased sedimentation.  A remnant pool from an abandoned beaver dam, 

greater than 1-m deep at summer base flows, presents a natural break in predominant 

habitat types and therefore was considered the upstream boundary of this middle habitat 

reach.  We hereafter refer to this former Mill Dam impoundment habitat reach as HR2 

(Figure 3.1).  The remaining 3.1-km of lotic habitat has experienced very little urban 
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Methods 

Sea Lamprey Tracking and Nest Identification Surveys 

We captured migrating sea lamprey as they entered Sedgeunkedunk Stream with 

an Indiana-style trap net (fyke net) anchored 90-m upstream from the confluence with the 

Penobscot River thereby minimizing tidal effects.  We deployed the fyke net from 15-

May to 26-June-2010 and 22-May to 6-July-2011.  Upon capture, each lamprey received 

two tags.  A full duplex (12 x 2 mm) passive integrated transponder (PIT) tag was 

implanted within the dorsal musculature via a hypodermic injector and an externally 

visible t-bar anchor tag (uniquely coded) was inserted into dorsal musculature on 

opposite side to assess PIT tag retention on future dates.  We recorded mass, length, and 

sex for each lamprey before release.  We conducted daily foot surveys to track the 

activity of tagged individuals and identify lamprey nests along the entire reach of stream 

from the fyke net to the Meadow Dam Fishway.  Foot surveys were performed by two 

crews; one crew worked upstream from the fyke net and the other worked downstream 

from the fishway.  Surveys generally began shortly after dawn and no later than 0700 

hours.  Surveys were completed by 1800 hours.  We captured non-tagged individuals 

with dip nets or by hand and processed them as described previously.  A portable PIT tag 

antenna coupled with a battery powered reader was used to identify previously tagged 

individuals without repeated handling (Hill et al. 2006), thus minimizing disruption of 

spawning activity (Gardner et al. 2012). 

Many sea lampreys exhibit photophobic nocturnal behavior and abandon nests in 

favor of sheltered areas during daylight hours (Kelso and Gardner 2000).  Furthermore, 

male lampreys typically initiate nest construction but will often abandon a particular nest 
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if not joined promptly by a receptive female (Manion and Hanson 1980).  Therefore, nest 

identifications were based on obvious substrate disturbances in addition to direct 

observations of spawning activity. 

We marked each nest location with a coded stake driven into the stream bank and 

recorded UTM coordinates with a handheld GPS device (eTrex Legend H, Garmin, Inc.).  

Coded stakes were always affixed to stream bank in alignment with the center of the pit 

perpendicular to stream flow.  We recorded the distance between the coded stake and the 

center of the pit to enable our return to exact nest locations at future dates.   

Physical Characteristics of Nests 

Nest Sampling.  Data pertaining to physical changes associated with sea lamprey 

nests are lacking, so a survey of the salmonine literature was conducted to estimate the 

sample sizes necessary to detect differences in fine-sediment loadings attributed to sea 

lamprey nest constructions.  Post-hoc power analyses on data compiled from a sockeye 

salmon Onchorhynchus nerka spawning study (Chambers et al. 1954) and various other 

Pacific salmon (Oncorhynchus spp.) and brown trout (Salmo trutta) spawning studies 

(Kondolf et al. 1993) revealed that a sample size of twenty-five nests was necessary to 

detect fine-sediment changes ranging from 4.6% to 6.2%.  Because our methods required 

destructive sampling, we needed to stratify our annual sampling regime to include a 

minimum of twenty-five unique nests during the summer and another twenty-five unique 

nests in the fall season in order to determine if physical changes persisted.  Additionally, 

to adequately represent the longitudinal distribution of nests, we stratified our random 

sampling proportional to the abundance of nests within the three distinct habitat reaches 

(HR1-HR3; see Figure 3.1).  Therefore, HR1 was represented with nine nests, HR2 with 
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eight nests and HR3 with eight nests per seasonal sampling episode during 2010, while 

HR1 was represented with seven nests, HR2 with eight nests and HR3 with ten nests per 

seasonal sampling episode during 2011.  We initiated our summer sampling ten days after 

spawning activity ceased in both years to allow sufficient time for sea lamprey egg 

incubation, larval emergence and dispersal.  Therefore, we initiated summer sampling on 

7-July-2010 and 15-July-2011.  Fall sampling occurred during the last week of 

September and first week of October in both years. 

For sampling purposes, each individual nest was delineated into three distinct 

categories including the excavated pit, the gravel-cobble mound, and an unmodified 

reference location (Figure 3.2).  Nest categories (pits, mounds and references) will 

hereafter be referred to as spawning treatments (treatments).  Treatments were demarked 

by individual sampling hoops constructed of 8-mm coated wire ropes with the 

dimensions of a typical nest measuring 1.5-m in circumference, 0.48-m in diameter, and 

approximately 1800 cm2 in area.  Sampling hoops were similar in size to those used by 

the State of Maine Department of Marine Resources (DMR) for the sampling of Atlantic 

salmon redds (E. Atkinson, Maine DMR, Jonesboro, ME, personal communication).  

Reference locations were selected through a random draw of thirteen possible 15o angles 

() ranging between 0o and 180o from the center of the pit (Figure 3.2).  The placement of 

reference hoops never extended 1-m beyond the boundary of the corresponding pit hoops.  

Due to the uncertainty in our ability to adequately capture a true reference condition, we 

sampled from two reference hoops during 2010.  Comparisons revealed no statistical 

differences between variables among paired reference hoops in 2010, so we limited our 
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sampling to a single reference hoop in 2011 and averaged the two reference values from 

2010 for all subsequent statistical analyses.   

Mound

Stream Flow

Pit

Reference  

Stream Flow
Longitudinal
Transect

0‐m

1.25‐m



Sample Hoops ≈ 1800 cm2

 
Figure 3.2.  Schematic Diagram of Nest Sampling Protocol.  Overhead view diagram 
illustrating the placement of hoops delineating the sampling of physical characteristics at 
an individual sea lamprey nest.  Hoops were placed over mounds, pits and randomly 
selected reference locations that were chosen through a draw of thirteen possible 15o 
angles () ranging between 0o and 180o from the center of the pit.  The diagram provides 
an example of a reference hoop placement corresponding with a random draw of  = 45o.  
The diagram also provides a representation of a longitudinal transect in which a depth 
profile was constructed by taking fourteen point measurements every 0.25-m beginning 
1-m upstream of the pit and ending 1-m downstream of the mound.  Note: diagram not to 
scale.    
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 Surface Fine-Sediments.  We define fine-sediment as inorganic minerals 

measuring less than 2-mm in diameter.  The fine sediment benchmark of 2-mm was 

chosen because particles 2-mm or less are considered detrimental to developing Atlantic 

salmon embryos (Kondolf 2000).  We laid a wire sampling grid consisting of 225 (15 x 

15) individual squares, measuring 2.54-cm per side, over each sampling hoop, and used a 

viewing scope to count the number of squares containing 50% or more fine sediment 

coverage. We divided the number of squares by 225 to estimate proportional coverage of 

fine sediments.   

Embeddedness.  We used a modified Burns quantitative embeddedness method 

(Burns and Edwards 1985, Sennatt et al. 2006) to estimate the percent embeddedness of 

each nest category.  Thirty particles greater than 40-mm in diameter were selected from 

within the boundaries of each sampling hoop.  Free matrix particles were removed first, 

and embedded particles were removed by placing one’s thumb and index finger at the 

plane of embeddedness and freeing the rock.  For each particle, the entire plane 

perpendicular to substrate or total depth (Dt), the depth of that plane which was 

embedded (De), and the length of the longest primary axis (Dm) were measured to the 

nearest 1-mm. 

A variety of computational methods have been developed for application to the 

original Burns method and have been cited in various publications (Burton and Harvey 

1990, Sylte and Fischenich 2002, Sennatt et al. 2006) as the Burns, Skille and King 

(BSK) method as derived from an unpublished technical report (Skille and King 1989).  

The BSK method considers all particle measurements from within a hoop as a single 

sample because particles are not independent of one another (Burton and Harvey 1990).  
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Although the original BSK method excluded free matrix particles from the embeddedness 

calculation (Sennatt et al. 2006), we modified the percent embeddedness equation to 

include free matrix particles:  

 		100	 	 ∑
∑ 																																																									(1) 

 where EBSK is percent embeddedness, De is depth of particle embedded in fine sediment 

and the value of free matrix particles is equal to zero, and Dt is total depth of particle 

perpendicular to surrounding substrate.  However, Torquemada and Platts (1988) suggest 

that percent embeddedness is underestimated if fine sediments dominate the sample hoop 

and few larger particles are exposed.  Therefore, we used a corrected value known as 

weighted embeddedness for all further analyses (MacDonald et al. 1991): 

 100	 	 1 	 																																																		(2) 

where Ew is percent weighted embeddedness, and F is proportion of hoop area containing 

surface fine sediments 2-mm or less. 

Interstitial Spaces.  Finstad et al. (2007) developed a simple method for 

measuring interstitial spaces using flexible PVC tubes as probing devices.  Experimental 

microcosm results suggested that the creation of 13-mm diameter interstitial shelters 

through physical manipulations to the stream bed could explain 24% of the observed 

variation in juvenile Atlantic salmon specific growth rates (Finstad et al. 2007).  We 

modified Finstad’s et al. (2007) technique and used a cylindrical PVC probing device 

with color-contrasting ends measuring 13-mm in diameter and 24-mm in length (typical 

size of a stocked ATS fry) to identify interstitial spaces large enough to provide shelter 

for an emergent young-of-the-year Atlantic salmon.  We viewed potential shelters 
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contained within sampling hoops with a viewing scope.  An interstitial space was counted 

if the colored end of the probe was completely obscured from visual detection from any 

angle.  

Intragravel Permeability.  Terhune (1958) developed and Barnard and McBain 

(1994) further expanded a standpipe method that directly measures intragravel 

permeability in field conditions.  We used a similar method to measure intragravel 

permeability during sampling in 2010. We drove the conical tip of a permeameter 

standpipe 20-cm below the surface of the stream-bed.  A pump was then used to evacuate 

the water contained within, and the rate of recharge was measured in units of mL per 

second.  The inflow recharge rate (mL/s) was converted to permeability (K, in cm/hr) 

using a calibration curve and standardized with a 10o C temperature viscosity correction 

factor (Terhune 1958).  The average of two 10-second interval inflow recharge rates was 

used to calculate K if the rates were within 10% agreement.  A third 10-second interval 

recharge rate was used to calculate average if agreement criteria was not reached with the 

first two draws.  No more than three inflow rates were measured from an individual 

sampling hoop because Mackey (2005) reported skewed results from samples in which 

more than three draws were made.  

Depths and Current Velocities.  We measured water depths and current 

velocities at three haphazardly selected points from within each sampling hoop using a 

propeller-driven current velocity meter (Swoffer, Model 2100) attached to a US 

Geological Survey Top-Set wading rod.  Velocity measurements were taken at the 

surface, mid-column (60% of water depth) and bottom of the water column 

corresponding to each depth measurement.  We calculated a complexity metric by 
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subtracting the bottom velocity from the surface velocity and hereafter refer to this metric 

as differential water velocity.  Additionally, we measured water depths at fourteen points 

every 0.25-m along a longitudinal transect that dissected each nest.  The longitudinal 

transect began 1-m upstream of the pit at point 0-m and ended 1-m downstream of the 

mound at point 3.25-m (Figure 3.2).  In summary, four depth measurements were taken 

upstream of each nest, three from the pit, three from the mound and four downstream of 

each nest.  Transect depths were standardized by calculating the average of all fourteen 

depth-at-point measurements specific to each nesting location, then taking the difference 

of the original measurement value and the transect average.  The distributions of all 

standardized depth-at-point measurements within seasons and years were plotted in order 

to elucidate patterns in the longitudinal stream-bed topography as influenced by sea 

lamprey spawning and to determine if changes persisted into the fall season. 

Benthic Invertebrate Abundance and Diversity 

Initially during 2010 sampling, we collected benthic invertebrates from sea 

lamprey nests (mounds, pits, references) with a backpack electroshock unit combined 

with a modified Hess sampler (Taylor et al. 2001).  However, companion studies revealed 

that some benthic organisms were underrepresented by the passive electroshock sampling 

technique.  Therefore, we present no data for 2010 and note that we abandoned the 

method in favor of a more traditional time and area constrained sampling regime in 2011. 

We utilized Surber Samplers for the collection of benthic invertebrates at twenty-

five unique nesting sites during the summer of 2011 and another twenty-five unique 

nesting sites during the fall of 2011.  We chose reference locations for Surber Samplers 

by using the same random selection process as previously described in the selection of 
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reference sampling hoops for physical characteristics (see Figure 3.2).  We sampled 

benthic invertebrates by working the Surber’s 0.097-m2 frame into the stream-bed and 

manually disturbing the substrate for 30-seconds thereby inducing animals to drift into a 

500-μm mesh collection net.  We preserved samples in the field with a 70% ethanol 

solution and separated organisms from detritus at a later date in the laboratory via a 

flotation technique using a 300-g per liter sucrose solution (Anderson 1959).  We keyed 

all benthic insects to the family level (Merritt et al. 2009) and non-insect invertebrates to 

class or order levels (Voshell and Wright 2002, Merritt et al. 2009).  Following 

identification and enumeration, all samples were placed in a drying oven at 68o C for 36-

hours and weighed to the nearest 0.1-mg to generate biomass estimates.  We also 

calculated aquatic insect community metrics of family richness, Shannon Diversity Index 

(H') values, and percent Ephemeroptera, Plecoptera and Trichoptera (% EPT) for each 

sample. 

Drifting Invertebrate Abundance and Diversity 

The opportunistic sampling of macroinvertebrate drift downstream of active sea 

lamprey nests was extremely variable and dependent on observations of spawning during 

daily mark-recapture and nest identification surveys.  We deployed paired 

macroinvertebrate drift nets downstream of twenty-four active nesting sites during 2010 

and fifteen active nesting sites during 2011.  Drift nets had a mouth area of 1200-cm2, a 

length of 1-m, and a mesh size of 500-μm.  One drift net was anchored 1-m downstream 

of the mound tailspill and directly in the sediment plume produced by spawning fish.  A 

companion net was anchored slightly across and upstream but out of the sediment plume 

to provide a reference drift sample not affected by spawning.  We collected drift for a 
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minimum duration of 30-minutes, but some sample durations extended as long as 4-

hours.  Drift samples were preserved in the field and processed in the laboratory 

following procedures described previously for Surber samples.  Triplicate depth and 

water velocity measures were taken from points across the mouth of each drift-net set and 

averaged to calculate densities and accompanying biomass estimates (Smock 2006).  As 

with Surber samples, we also calculated aquatic insect community metrics of family 

richness, H' values, and % EPT for each drift sample. 

Statistical Analyses 

Physical and Benthic Invertebrate Data.  We analyzed physical and benthic 

invertebrate data with hierarchical three-factor ANOVA models.  The “treatment” main 

effect contained three levels (mound, pit, reference), the “season” main effect contained 

two levels (summer, fall), and the “reach” main effect contained three levels (HR1, HR2, 

HR3).  To control for variability arising from differences among individual sea lamprey 

nests due to pre-existing physical conditions and number of attending fish, we used 

individual nest as a blocking variable and adjusted the error terms accordingly (see Table 

3.1).  Depth and velocity data were distributed normally and therefore did not require 

transformations to meet the ANOVA assumptions.  Proportion data including percent 

weighted embededdness, percent surface fine-sediments and percent EPT were arcsine 

transformed to meet assumptions of normality.  However, percent surface fine sediments 

and percent EPT data were rank transformed because arcsine transformations failed to 

improve normality of distributions.  Likewise, most other data required rank 

transformations because they were non-parametric index values or traditional 

transformations failed to meet normality assumptions with the exception of benthic 
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invertebrate density.  Benthic invertebrate density data were square root transformed for 

statistical analyses.  We report least squares means ± two standard errors (2SE) and used 

SAS version 9.2 (SAS Institute 2010) at the significance level of α = 0.05 for all 

hierarchical three-factor ANOVA models. 

Invertebrate Drift Data.  We analyzed invertebrate drift data with Wilcoxon 

signed-rank tests for paired data on each community metric individually within both 

sample years. We used the non-parametric equivalent to the paired sample Student’s t-

test because the community metrics were calculated as index values, proportions, or were 

distributed non-normally.  We report medians and arithmetic means ± two standard errors 

(2SE) and used R version 2.12.1 (R Development Core Team 2010) at the significance 

level of α = 0.05 for all Wilcoxon signed-rank tests. 
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Table 3.1.  Example ANOVA Table.  Analysis of changes in percent fine sediments for sea 
lamprey nests sampled in Sedgeunkedunk Stream, Maine during 2010. Sources of variation 
include Treatment (Tx: Mound, Pit, Reference), Season (Summer, Fall), Reach (HR1, HR2, 
HR3), and Nest (fifty unique sample locations).  Sources of variation are numbered and the 
denominators used as error terms to test each effect are indicated.  Significant effects (α = 0.05) 
are bolded. 

Source DF Denom # Type III SS MS F Value P
1 Season 1 8 0.00067 0.00067 4.2 0.0464
2 Tx 2 9 0.00414 0.00207 22.55 <.0001
3 Reach 2 8 0.00006 0.00003 0.18 0.8336
4 Season*Tx 2 9 0.00017 0.00008 0.92 0.4038
5 Reach*Tx 4 9 0.00044 0.00011 1.2 0.3146
6 Season*Reach 2 8 0.00006 0.00003 0.2 0.8175
7 Season*Reach*Tx 4 9 0.00024 0.00006 0.65 0.6278
8 Nest(Season*Reach) 44
9 Nest*Tx(Season*Reach) 88
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Results 

Physical Characteristics 

Nest Dimensions.  Nest dimension measurements incorporating archived 2008 

data revealed that pit and mound structures of sea lamprey nests were typically less than 

1-m in both length and width (Table 3.2).  However, for pits, we recorded a maximum 

length of 2.13-m and a maximum width of 2.08-m, and for mounds, we recorded a 

maximum length of 1.52-m and a maximum width of 2.78-m.  Although the typical total 

nest area was less than 1-m2 with a mean value of 0.85-m2 (Table 3.2), we recorded a 

maximum total nest area of 5.19-m2 from a communal nest constructed during the 2011 

spawning run.  Additionally, all of the nests measured had surface areas larger than our 

0.18-m2 sampling hoops. 
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Table 3.2.  Nest Dimensions. Mean lengths, widths and surface areas of sea lamprey nests sampled from Sedgeunkedunk Stream. 
Means are presented ± 2 SE and archived data from 2008 is included for annual comparisons and increased pooled sample size. 

2008 (21) 0.77 ± 0.12 0.57 ± 0.09 0.47 ± 0.13 0.59 ± 0.11 0.57 ± 0.09 0.38 ± 0.12 0.85 ± 0.24
2010 (50) 0.52 ± 0.05 0.57 ± 0.09 0.33 ± 0.08 0.49 ± 0.06 0.67 ± 0.12 0.39 ± 0.13 0.72 ± 0.21
2011 (50) 0.70 ± 0.09 0.64 ± 0.07 0.51 ± 0.12 0.59 ± 0.07 0.70 ± 0.09 0.48 ± 0.12 0.99 ± 0.24
Pooled (121) 0.64 ± 0.05 0.60 ± 0.05 0.43 ± 0.07 0.55 ± 0.04 0.66 ± 0.06 0.42 ± 0.08 0.85 ± 0.14

Total nest area
Year (n )

(m) (m) (m2) (m) (m) (m2) (m2)

Pit length Pit width Pit area Mound length Mound width Mound area
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Surface Fine-Sediments.  The three-factor ANOVA for the 2010 percent surface 

fine-sediments metric revealed significant main effect differences at the treatment level 

(p < 0.001), the season level (p = 0.031) and the reach level (p = 0.005), but no 

interactions were detected.  Treatment effects within both 2010 seasons were assessed 

with Bonferroni corrected multiple comparison tests.  In the summer of 2010, percent 

surface fine-sediments in mounds was less than in pits (p < 0.001) and references (p < 

0.001), but pits and references did not differ from one another (Figure 3.3).  This trend 

persisted into the fall of 2010 with percent surface fine-sediments in mounds continuing 

to be less than in pits (p < 0.001) and references (p = 0.018), but as in the summer season, 

pits and references did not differ from one another (Figure 3.3).  

The three-factor ANOVA for the 2011 percent surface fine-sediments metric 

revealed significant main effect differences at the treatment level (p < 0.001) and season 

level (p = 0.011),  but no differences were detected at the reach level.  Treatment effects 

within both 2011 seasons were assessed with Bonferroni-corrected multiple comparison 

tests.  In the summer of 2011, the percentage of surface fine-sediments in mounds was 

less than in pits (p < 0.001) and references (p = 0.003), but pits and references did not 

differ from one another (Figure 3.3).  A similar trend was detected in the fall of 2011, 

albeit not as pronounced with mounds continuing to have a lower percentage of surface 

fine-sediments than in pits (p = 0.001), yet references became statistically 

indistinguishable from both pits and mounds (Figure 3.3). 
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Figure 3.3.  Fine-Sediment, Embeddedness and Interstitial Spaces.  Mean percent fine 
sediment less than 2mm (upper panel), mean weighted percent embeddedness (middle 
panel) and mean count of interstitial spaces (lower panel) as measured from sea lamprey 
nests (mound, pit and reference) during summer and fall sampling episodes in 2010 and 
2011.  Twenty-five unique sea lamprey nests were sampled during each seasonal episode, 
error bars represent 2 SE and shared letters above bars within each season indicate no 
statistical difference at α = 0.05.  If letters are absent, then no differences were detected 
between mound, pit and reference categories during that season.  
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Embeddedness.   The three-factor ANOVA for the 2010 weighted percent 

embeddedness metric revealed significant main effect differences at the treatment level (p 

< 0.001) and the season level (p = 0.046), but no differences were detected at the reach 

level.  Additionally, no significant interactions were detected during 2010.  Treatment 

effects within both 2010 seasons were assessed with Bonferroni corrected multiple 

comparison tests.  In the summer of 2010, weighted percent embeddedness in mounds 

was less than in pits (p < 0.001) and references (p < 0.001), but pits and references did 

not differ from one another (Figure 3.3).  This trend persisted into the fall of 2010 with 

weighted percent embeddedness in mounds continuing to be less than in pits (p = 0.021) 

and references (p = 0.024), but again pits and references did not differ from one another 

(Figure 3.3). 

The three-factor ANOVA for the 2011 weighted percent embeddedness metric 

detected significant main effect differences at the treatment level (p < 0.001) and the 

reach level (p = 0.027), but no differences were detected at the season level.  

Additionally, the 2011 ANOVA detected an interaction between treatment and reach (p = 

0.015).  Treatment effects within both seasons were assessed with Bonferroni corrected 

multiple comparison tests.  References did not differ from mounds or pits in the summer 

of 2011, but weighted percent embeddedness in mounds was less than in pits (p = 0.027; 

Figure 3.3).   This trend persisted into the fall of 2011 when references did not differ 

from either mounds or pits, but weighted percent embeddedness in mounds remained less 

than in pits (p = 0.019; Figure 3.3). 
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Interstitial Spaces.  The three-factor ANOVA for the 2010 count of interstitial 

spaces revealed a significant main effect difference at the treatment level (p = 0.004), but 

no other main effect differences or interactions were detected.  We assessed treatment 

effects within both 2010 seasons with Bonferroni-corrected multiple comparison tests.  In 

the summer of 2010, counts of interstitial spaces in mounds nearly doubled those in pits 

(p = 0.033) and references (p = 0.030), but pits and references were statistically 

indistinguishable from one another (Figure 3.3).  This pattern of increased interstitial 

spaces in mounds relative to pits and references did not persist into the fall of 2010 

(Figure 3.3).  No main effect differences were detected with the three-factor ANOVA for 

the 2011 count of interstitial spaces but an interaction between season and reach was 

revealed (p = 0.043). 

Intragravel Permeability.  The three-factor ANOVA for the 2010 intragravel 

permeability metric revealed a significant main effect difference at the reach level (p = 

0.003), but no other main effect differences or interactions were detected.  Intragravel 

permeability measures (cm/hr) consistently declined along a downstream to upstream 

gradient (HR1: 980±160 > HR2: 812±190 > HR3: 575±161).  We assessed reach effects 

during 2010 with Bonferroni-corrected multiple comparison tests and found a statistical 

difference only between HR1 and HR3 (p =0.002).  We abandoned the intragravel 

permeability sampling method in 2011 because it was unable to detect differences at the 

finer-scale treatment levels.  

Mid-Column Velocity.  The three-factor ANOVA for 2010 mid-column velocity 

revealed a significant main effect difference at the treatment level (p < 0.001), but no 

differences were detected at season and reach levels.  A significant interaction between 
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treatment and season was detected (p = 0.036).  Treatment effects within both 2010 

seasons were assessed with Bonferroni-corrected multiple comparison tests.  In the 

summer of 2010, mid-column velocity in mounds was greater than in pits (p < 0.001) and 

references (p < 0.001), but pits and references did not differ from one another (Figure 

3.4).  This trend persisted into the fall of 2010 with mid-column velocity in mounds 

continuing to be greater than in pits (p < 0.001) and references (p = 0.002), but again pits 

and references did not differ from one another (Figure 3.4). 

The three-factor ANOVA for 2011 mid-column velocity revealed significant main 

effect differences at the treatment level (p < 0.001), the season level (p = 0.001) and the 

reach level (p = 0.002), along with an interaction between treatment and season (p = 

0.038).  Treatment effects within both 2011 seasons were assessed with Bonferroni-

corrected multiple comparison tests.  In the summer of 2011, mid-column velocity in 

mounds was greater than in pits (p < 0.001) and references (p < 0.001), but pits and 

references did not differ from one another (Figure 3.4).  This trend persisted and became 

more pronounced in the fall of 2011 with mid-column velocity in mounds continuing to 

be greater than in pits (p < 0.001) and references (p = 0.034), but pits and references also 

differed from one another (p < 0.001; Figure 3.4). 
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Figure 3.4.  Mid-Column Velocity, Differential Velocity and Depth.  Mean mid-column 
(60% depth) water velocity (upper panel), mean differential  water velocity (middle 
panel) and mean water depth (lower panel) as measured from sea lamprey nests (mound, 
pit and reference) during summer and fall sampling episodes in 2010 and 2011.  Twenty-
five unique sea lamprey nests were sampled during each seasonal episode, error bars 
represent 2 SE and shared letters above bars within each season indicate no statistical 
difference at α = 0.05.  If letters are absent, then no differences were detected between 
mound, pit and reference categories during that season.
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Differential Velocity.  The three-factor ANOVA for 2010 differential velocity 

revealed significant main effect differences at the treatment level (p < 0.001) and reach 

level (p = 0.011), but no differences were detected at the season level.  However, 

significant interactions were detected between season and treatment (p = 0.034) in 

addition to season and reach (p = 0.017).  Treatment effects within both 2010 seasons 

were assessed with Bonferroni-corrected multiple comparison tests.  In the summer of 

2010, differential velocity in pits was greater than in mounds (p < 0.001) and references 

(p < 0.001), but mounds and references did not differ from one another (Figure 3.4).  This 

pattern did not persist into the fall of 2010 when differential velocities in mounds, pits 

and references were statistically indistinguishable from one another (Figure 3.4). 

The three-factor ANOVA for 2011 differential velocity revealed significant main 

effect differences at the treatment level (p < 0.001) and reach level (p = 0.006), but no 

differences were detected at the season level.  A three-way (treatment*reach*season) 

interaction was also detected (p =0.032).  Treatment effects within both 2011 seasons 

were assessed with Bonferroni-corrected multiple comparison tests.  In the summer of 

2011, all three treatments were distinctly different from one another.  The differential 

velocity in pits was greater than in mounds (p < 0.001) and references (p = 0.002), and 

the differential velocity in references was greater than in mounds (p = 0.013; Figure 3.4).  

A similar trend was detected in the fall of 2011, albeit not as pronounced with pits 

continuing to have greater differential velocities than mounds (p < 0.001) and references 

(p < 0.001), yet references and mounds became statistically indistinguishable from one 

another (Figure 3.4). 
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Water Depth.  The three-factor ANOVA for 2010 depths revealed a significant 

main effect difference at the treatment level only (p < 0.001) and no interactions were 

detected.  Treatment effects within both 2010 seasons were assessed with Bonferroni-

corrected multiple comparison tests and these tests revealed that all three treatments were 

distinctly different from one another in both summer and fall.  Multiple comparisons 

revealed that pits were deeper than mounds (p < 0.001) and references (p < 0.001), and 

that references were deeper than mounds (p < 0.001) in both seasons (Figure 3.4).  Nearly 

identical patterns were observed in 2011, as once again, the three-factor ANOVA for 

depths revealed a significant main effect difference at the treatment level only (p < 

0.001).  Treatment effects within both 2011 seasons were assessed with Bonferroni-

corrected multiple comparison tests and these tests revealed that all three treatments were 

distinctly different from one another in both summer and fall.  Multiple comparisons 

revealed that pits were deeper than mounds (p < 0.001) and references (p < 0.001), and 

that references were deeper than mounds (p < 0.001) in the summer (Figure 3.4).  This 

pattern persisted into the fall with pits remaining deeper than mounds (p < 0.001) and 

references (p < 0.001), and references remaining deeper than mounds (p = 0.003; Figure 

3.4). 

Longitudinal Depth Transect.  The distributions of standardized transect depths 

upstream and downstream of sampled sea lamprey nests were consistently centered on 

the average depth values (standardized point zeroes) in both seasons of both years (Figure 

3.5).  This consistency enabled us with the discriminatory power to detect the localized 

influence of sea lamprey spawning activities on depth patterns along a dynamic 

longitudinal gradient.  The excavated pits of sea lamprey nests left conspicuous 
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depressions that were 5 to 10-cm deeper than upstream substrates and these depressions 

persisted into the fall seasons of both years (Figure 3.5).  Likewise, the mounds of sea 

lamprey nests left conspicuous elevated structures that were approximately 5-cm 

shallower than downstream substrates and these gravel-cobble accumulations persisted 

into the fall seasons of both years (Figure 3.5).  



 

 
 

113

2010

-10

0

10

Transect distance (m)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

-10

0

10

S
ta

n
d

ar
d

iz
ed

 d
ep

th
 (

cm
)

2011

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Summer Summer

Fall Fall

Pit
Mound

 
Figure 3.5.  Longitudinal Depth Transects.  Distributions of depth-at-point measurements along a longitudinal transect 
through sea lamprey nests (see Figure 3.2).  Individual depth measurements are standardized per season to change in 
average depth for each of 25 nests.  Box plots indicate 25th and 75th percentiles, and whiskers indicate 5th and 95th 
percentiles.  Light gray boxes represent pits and dark gray boxes represent mounds.
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Benthic Invertebrates 

Benthic invertebrate samples collected during 2011 were characterized largely by 

three orders contributing 81% of the assemblage.  Trichoptera contributed 35% of the 

total abundance, while Diptera and Ephemeroptera contributed 28% and 18% 

respectively.  Five insect families from within these orders contributed 74% of the 

benthic invertebrate assemblage.  Chironomidae larvae and pupae and Hydropsychidae 

alone accounted for 27% and 26% of the abundance at the family level respectively.  

Heptageniidae, Philopotamidae, and Ephemerellidae were also relatively abundant 

contributing 8%, 7%, and 6% respectively to the benthic invertebrate assemblage. 

Benthic Invertebrate Density.  The three-factor ANOVA for 2011 benthic 

invertebrate density revealed a significant main effect difference at the treatment level 

only (p < 0.001) and no interactions were detected.  Treatment effects within both 2011 

seasons were assessed with Bonferroni-corrected multiple comparison tests.  In the 

summer of 2011, benthic invertebrate density in mounds was greater than in pits (p < 

0.001) and references (p = 0.001), but pits and references did not differ from one another 

(Figure 3.6).  This trend persisted into the fall of 2011 with benthic invertebrate density 

in mounds continuing to be greater than in pits (p < 0.001) and references (p = 0.001), but 

again pits and references did not differ from one another (Figure 3.6).  

Benthic Invertebrate Biomass.  The three-factor ANOVA for 2011 benthic 

invertebrate biomass revealed significant main effect differences at the treatment level (p 

< 0.001), the season level (p = 0.005) and the reach level (p = 0.008), but no interactions 

were detected.  Treatment effects within both 2011 seasons were assessed with 

Bonferroni-corrected multiple comparison tests.  In the summer of 2011, benthic 
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invertebrate biomass in mounds was greater than in pits (p < 0.001), but no other pairwise 

differences were detected (Figure 3.6).  This trend persisted into the fall of 2011 with 

benthic invertebrate biomass in mounds continuing to be greater than in pits (p < 0.001), 

but no other pairwise differences were detected (Figure 3.6).  

Benthic Invertebrate %EPT.  The three-factor ANOVA for 2011 benthic 

invertebrate %EPT  revealed significant main effect differences at the treatment level (p 

< 0.001), and the season level (p < 0.001), but no interactions were detected.  Treatment 

effects within both 2011 seasons were assessed with Bonferroni-corrected multiple 

comparison tests.  In the summer of 2011, no pairwise differences were detected among 

treatments, but in the fall of 2011 benthic invertebrate %EPT was greater in mounds than 

in pits (p < 0.001) and references (p < 0.001), but pits and references did not differ from 

one another (Figure 3.6). 

Benthic Insect Family Richness.  The three-factor ANOVA for 2011 benthic 

insect family richness revealed significant main effect differences at the treatment level 

(p < 0.001), the season level (p < 0.001) and the reach level (p = 0.011), but no 

interactions were detected.  Treatment effects within both 2011 seasons were assessed 

with Bonferroni-corrected multiple comparison tests.  In the summer of 2011, benthic 

insect family richness in mounds was greater than in pits (p < 0.001), but no other 

pairwise differences were detected (Figure 3.6).  This trend persisted into the fall of 2011 

with benthic invertebrate biomass in mounds continuing to be greater than in pits (p = 

0.022), but no other pairwise differences were detected (Figure 3.6).  
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Figure 3.6.  Benthic Invertebrate Community Data.  Mean benthic invertebrate density 
(upper left panel), mean benthic invertebrate dry mass (middle left panel), mean percent 
EPT (lower left panel), mean benthic insect family richness (upper right panel), and mean 
benthic insect Shannon Diversity Index (H') values (lower right panel) as collected from 
Surber samplers at sea lamprey nests (mound, pit and reference) during summer and fall 
sampling episodes in 2011.  Twenty-five unique sea lamprey nests were sampled during 
each seasonal episode, error bars represent 2 SE and shared letters above bars within each 
season indicate no statistical difference at α = 0.05.  If letters are absent, then no 
differences were detected between mound, pit and reference categories during that 
season. 
 
 

Benthic Insect Shannon-Diversity Index.  The three-factor ANOVA for 2011 

benthic insect Shannon Diversity Index (H') values revealed significant main effect 

differences at the treatment level (p = 0.033) and the season level (p < 0.001), but no 

interactions were detected.  Treatment effects within both 2011 seasons were assessed 
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with Bonferroni-corrected multiple comparison tests, but no pairwise differences were 

detected at that level (Figure 3.6).  Bonferroni-corrected multiple comparison tests at the 

treatment main effect level revealed that H' values in mounds were greater than pits (p = 

0.039), but no other pairwise differences were detected. 

Aquatic Invertebrate Drift 

2010 Invertebrate Drift.  We identified forty-six aquatic insect families as 

collected from paired drift nets at sea lamprey nesting sites during the 2010 spawning 

run.  Chironomidae larvae and pupae made up 49% of the aquatic insect drift community.  

Other notable families included Saldidae (chironomid predators) at 7%, Ephemerellidae 

at 6%, and Hydropsychidae at 5%.  Seven other families including Empididae, 

Simuliidae, Veliidae, Elmidae, Baetidae, Glossosomatidae, and unidentified Trichopteran 

pupae contributed between 1% and 5% to the aquatic insect drift community.  

Additionally, sea lamprey eggs were collected from nest samples at densities as high as 

3-eggs/m3 whereas eggs were absent from all paired reference sample locations. 

Statistical analyses of drift community metrics calculated from 2010 sampling 

revealed very little variation between collections made immediately downstream of active 

sea lamprey nests and paired reference locations (Table 3.3).  However, insect family-

level diversity metric values were comparatively greater at nest locations and statistical 

differences were detected in both the Richness (p = 0.002) and H' (p =0.007) indices 

(Table 3.2).  Additionally, we note that terrestrial density and biomass contributions to 

the drift were nominally greater in reference nets albeit not statistically different (Table 

3.3).
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Table 3.3.  Invertebtate Drift Samples Collected During 2010.  Summary of macroinvertebrate drift samples collected at sea 
lamprey nesting sites in Sedgeunkedunk Stream during the 2010 spawning run including mean ± 2 standard errors (2SE), 
median values, sample sizes (n), Wilcoxan signed-rank test statistics (T+ and T-), and probability values (p) associated with 
test statistics.  Note that Richness, Shannon Index, and percent Ephemeroptera, Plecoptera and Trichoptera (EPT) values are 
based on family-level identifications of aquatic life history stages specific to insects only, whereas density and biomass 
estimates include all macroinvertebrates.  Aquatic biomass estimates include incidental sea lamprey eggs. 

Community Metrics 
Nest Reference n T+ T- p 

Mean(2SE) Median Mean(2SE) Median

Aquatic Density (no./m3) 0.47(0.12) 0.38 0.49(0.24) 0.41 24 169 131 0.603 

Aquatic Biomass (mg/m3) 0.20(0.10) 0.10 0.18(0.08) 0.09 23 158 118 0.560 

Richness 9.4(0.16) 9 6.9(0.16) 6 24 239 37 0.002 

Shannon Index (H') 1.58(0.18) 1.67 1.29(0.20) 1.29 24 243 57 0.007 

Percent EPT 24.7(5.8) 26.3 23.8(7.6) 18.7 24 168.5 131.5 0.607 

Terrestrial Density (no./m3) 0.61(0.32) 0.37 0.97(0.58) 0.65 21 69 162 0.111 

Terrestrial Biomass (mg/m3) 0.15(0.04) 0.11 0.27(0.14) 0.13 23 88 188 0.134 
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2011 Invertebrate Drift.  We identified thirty-three aquatic insect families as 

collected from paired drift nets during the 2011 spawning run.  Chironomidae larvae and 

pupae, and Hydropsychidae larvae contributed 21% and 22% to the aquatic insect family 

community respectively.  Other notable families included Baetidae at 11%, 

Ephemerellidae at 7%, and Elmidae at 6%.  Furthermore, sea lamprey eggs were 

collected from nest samples at densities as high as 14-eggs/m3 whereas eggs were absent 

from all paired reference samples.  

Statistical differences were detected for many of the aquatic drift community 

metrics, whereas differences were not detected for terrestrial drift community metrics 

(Table 3.4).  Metric values that were comparatively greater from nest samples included 

aquatic biomass (p = 0.025), Richness (p = 0.007), and H' (p = 0.018). Although not 

statistically different (p = 0.055), aquatic macroinvertebrate density was also nominally 

greater in samples collected downstream of nests (Table 3.4).
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Table 3.4.  Invertebtate Drift Samples Collected During 2011.  Summary of macroinvertebrate drift samples collected at sea 
lamprey nesting sites in Sedgeunkedunk Stream during the 2011 spawning run including mean ± 2 standard errors (2SE), 
median values, sample sizes (n), Wilcoxan signed-rank test statistics (T+ and T-), and probability values (p) associated with test 
statistics.  Note that Richness, Shannon Index, and percent Ephemeroptera, Plecoptera and Trichoptera (EPT) values are based 
on family-level identifications of aquatic life history stages specific to insects only, whereas density and biomass estimates 
(aquatic and terrestrial) include all macroinvertebrates. Aquatic biomass estimates include incidental sea lamprey eggs. 

Community Metrics 
Nest Reference n T+ T- p 

Mean(2SE) Median Mean(2SE) Median 

Aquatic Density (no./m3) 0.40(0.18) 0.37 0.26(0.10) 0.25 15 94 26 0.055 

Aquatic Biomass (mg/m3) 0.61(0.74) 0.09 0.08(0.02) 0.07 14 88 17 0.025 

Richness  7.5(0.16) 7 4.7(0.10) 5 15 74 4 0.007 

Shannon Index (H’) 1.68(0.20) 1.69 1.31(0.12) 1.31 15 101 19 0.018 

Percent EPT 58.9(11.4) 63 47.0(12.6) 46 15 85.5 34.5 0.156 

Terrestrial Density (no./m3) 0.37(0.18) 0.27 0.48(0.18) 0.39 15 40 80 0.277 

Terrestrial Biomass (mg/m3) 0.16(0.10) 0.17(0.12) 0.11 12 33 45 0.677 
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Discussion 

Our study demonstrated that bioturbation processes associated with sea lamprey 

nest excavations produce a suite of abiotic effects that persist months after the completion 

of spawning runs.  With exception to the intragravel permeability measures in 2010 and 

the counts of interstitial spaces in 2011, statistically significant differences were detected 

among mound, pit and reference treatments for all of the physical variables that we 

measured.  Persistent statistical differences among the three spawning treatments were 

found for the percent fine-sediment metric, the percent embeddedness metric, mid-

column current velocity, differential current velocity and finally stream depth.  For 

consistency, our sampling protocol was limited to discrete 0.18-m2 units from within each 

of the nest treatments (sampling hoops), but the effects we detected likely extended 

beyond those boundaries.  The typical sea lamprey nest sampled during this study had a 

mean surface area of slightly less than a square meter, but some larger communal nests 

encompassed areas in excess of five square meters and none of the nests sampled were 

smaller than our sampling hoops.  Therefore, it is safe to assume that sea lamprey 

bioturbation effects have considerable influence on small-scale riffle habitats, especially 

in spawning streams less than five meters in width. 

 Although sea lampreys in Sedgeunkedunk Stream appeared to select nesting sites 

where surface fine-sediment accumulations were relatively low (< 10%; Figure 3.3), their 

nest-building behaviors consistently produced mounds with reduced levels of fine-

sediment coverage relative to both pits and reference locations (Figure 3.3).  Although 

not statistically different from reference locations, fine-sediment coverage in pits was 

always numerically greatest among the three spawning treatments.  However, this was to 
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be expected given that sea lampreys essentially strip away most of the localized gravel 

and cobble from pits and redistribute these substrates downstream to form mounds during 

nest construction.  In summary, fine-sediment coverage in pits did not statistically differ 

from values observed in reference locations, but the consistent 2% reduction observed in 

mounds relative to reference locations resulted in a statistical difference.  These sea 

lamprey induced reductions in fine-sediment coverage were not as dramatic as the 4.6% - 

6.2% reductions reported from spawning activities of salmonines (Chambers et al. 1954, 

Kondolf et al. 1993), but differing body morphology and size between sea lamprey and 

salmonines may offer an explanation for the discrepancy. 

The percent embeddedness metric was greatly reduced in mounds relative to pit 

and reference locations during both seasons in 2010, but the trend was not as prevalent 

during 2011. Results revealed that reference locations were not statistically different from 

pits or mounds in either of the seasons sampled in 2011.  Seasonal embeddedness values 

progressively declined over the course of this study from 33% in the summer and 29% in 

the fall of 2010 to 24% in the summer and 20% in the fall of 2011.  Interestingly, percent 

embeddedness in mounds was always 10% lower at minimum when compared with pit 

and reference locations during all seasons barring the fall of 2011.  An 8% difference 

between mounds and references was observed during the fall of 2011.  Embeddedness 

values during the fall of 2011 were at the lowest observed during the course of this study 

with mounds at 14%, pits at 25%, and reference locations at 22%.  Contrasting these 

values with the observed highs of 24% in mounds and 38% in both pit and reference 

locations during the summer of 2010 generates hypotheses regarding the persistent 

“conditioning” effects of repeated inter-annual mass spawning events.  Sea lampreys 
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appeared to select nesting sites during 2011 that were in close proximity to nesting sites 

from the previous year.  A detailed research program investigating the inter-annual 

superimposition of sea lamprey nests has the potential to elucidate spawning related 

conditioning effects similar to those detected from the repeated mass spawning events of 

Pacific salmon (Montgomery et al. 1996). 

Sea lamprey nest excavations appeared to influence the abundance of interstitial 

spaces as measured during the summer of 2010, but this trend dissipated into the fall 

season.  Although the mean count of interstitial spaces among mounds during the summer 

of 2011 (3.7 ± 1.2) was comparable to that of the previous summer (3.4 ± 0.8), extreme 

variability among pits and references precluded a statistical difference.  Cylindrical 

interstitial spaces measuring 13-mm by 24-mm (size of typical emergent Atlantic salmon 

fry) among mound, pit and reference locations remained statistically indistinguishable 

during the fall of 2011.  Gravel and cobble substrates were loosely packed in mounds 

relative to pit and reference locations as evidenced by the aforementioned differences in 

embeddedness, but interstitial spaces large enough to shelter emerging Atlantic salmon 

fry were relatively rare.  Perhaps the use of smaller interstitial probing devices that better 

represent the size of shelters for other benthic organisms (macroinvertebrates, 

salamanders, etc.) could elucidate the purported ecosystem engineering effects of 

spawning-phase sea lampreys at the community level.  

Sea lamprey nest excavations appeared inconsequential to intragravel 

permeability at the level of spawning treatment even though mounds consistently had 

faster rates (854 ± 188 cm/hr) than pit (827 ± 204 cm/hr) or reference locations (710 ± 

128 cm/hr).  Permeability values less than 1000 cm/hr are considered low, while values 
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up to 10,000 cm/hr are considered medium and values exceeding 10,000 cm/hr are 

considered high (McBain and Trush 2000).  Among mound treatments, we found that 

30% were in the medium permeability range with a maximum rate of 2601 cm/hr.  We 

found that 34% of the pit treatments (maximum: 2978 cm/hr) and 32% of the reference 

treatments (maximum: 1872 cm/hr) were within the medium permeability range.  McBain 

and Trush (2000) recommended a sample size of seventeen locations to detect a 

difference in mean permeabilities by a factor of two (e.g. from 1000 cm/hr to 2000 

cm/hr) and our sampling design exceeded this recommendation.  Our sampling regime 

provided us with sufficient discriminatory power to detect a difference at the reach level 

and the furthest upstream reach (HR3) clearly had lower permeability rates than HR1, 

which is located downstream of the former Mill Dam.  HR3 may exhibit degraded 

benthic habitat stemming from a century long lack of spawning from anadromous fishes 

due to the former Mill Dam.  Again, a research program including multiple years of 

permeability sampling at the reach level may elucidate if sea lamprey spawning activities 

have the ability to alleviate degraded permeability conditions.  

Our study also demonstrated that sea lamprey nest excavations influenced the 

streambed topography by creating heterogeneous habitat patches in otherwise 

homogenous glide to riffle transition zones.  Pits were distinctly deeper with slower mid-

column currents in comparison with mound and reference locations, whereas mounds 

were distinctly shallower with the fastest mid-column currents.  Reference locations 

remained intermediate to pits and mounds in both depth and velocity.  Other multi-patch 

mesocosm experiments have revealed that isolated populations of benthic invertebrates 

responded negatively to small scale bioturbations but overall community-level responses 



 

125 
 

were positive when multiple heterogeneous patches were linked (Godbold et al. 2011).  

Therefore it follows that small-scale variations to habitat structure stemming from sea 

lamprey bioturbation may enhance ecosystem processes and functions at larger scales. 

For example, although bioturbations in pits decimated many attributes of the 

benthic invertebrate community, the remnant physical structure created in these 

microhabitats may provide refuge for resident drift-feeding fish.  Moore and Gregory 

(1988) reported that low velocity, heterogeneous substrates, and structural protection 

from high discharge were important components of habitats selected by young of the year 

drift feeding salmonines.  Pit habitats in our study consistently displayed similar 

characteristics such as comparatively lower mid-column velocities, heterogeneous 

substrate composition with remnant cobbles providing structural protection, and extreme 

contrasts between surface and bottom velocities (i.e. differential velocity).  Pits had the 

greatest differential velocity values which could potentially translate into energetically 

profitable foraging stations for drift feeding fishes.  The greater differential velocity 

values in pits demonstrate an extreme contrast between slow flowing bottom currents and 

fast flowing surface currents.  This extreme contrast could potentially create an 

environment that lessens the energetic demands of maintaining a foraging station by 

allowing individuals to select locations in a slower current velocity without disrupting the 

delivery rates of drifting invertebrate prey nearer to the surface. 

Although the nest excavation process devastated the benthic invertebrate 

community in pits, the subsequent downstream construction of cobble mounds provided 

microhabitats relatively free of surface fines, with reduced embeddedness and increased 

interstitial spacing.  These abiotic alterations to the stream-bed environment produced 
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mound microhabitats where the benthic invertebrate community appeared to thrive.  

Although the observed increases to benthic invertebrate density, biomass and diversity in 

mound habitats immediately following the 2011 spawning run may simply be explained 

by involuntary drift displacement from pits into mounds during nest construction, the 

persistent increase in these same metrics four months post-spawn suggests that benthic 

invertebrates preferentially selected mound habitats.  Additionally, the persistent density, 

biomass and diversity trends were accompanied by a rise in the proportion of sensitive 

EPT species, particularly common net-spinning caddisflies (Hydropsychidae), which 

have shown a propensity for inhabiting the interstitial spaces between loosely packed 

cobble substrates (Mackay and Waters 1986). 

Results from the opportunistic sampling of invertebrate drift downstream of active 

sea lamprey nests provided some evidence that nest excavations displaced benthic 

organisms into the drift.  Although density and biomass estimates from paired samples 

collected during 2010 were equivocal, statistical differences in diversity metrics were 

detected.  Family-level richness and H' values were considerably greater in the samples 

collected downstream of nests as opposed to samples collected from nearby reference 

locations.  The increased diversity of drifting organisms downstream of nests suggests a 

supplementary effect attributable to sea lamprey activities.  Family-level richness and H' 

values from paired drift samples collected during 2011 continued to demonstrate the 

diversity trends observed during the previous year, but a difference in the biomass of 

aquatic organisms offered further support to the notion that nest excavations influenced 

invertebrate drift.  Aquatic biomass estimates in 2011 were comparatively greater from 

nest samples than from reference samples. 
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Although some statistical differences in drift community metrics were detected 

during both years of the study, we were surprised by the paucity of differences in the 

density of invertebrate drift given that we routinely observed blacknose dace Rhinichthys 

atratulus and common shiners Luxilus cornutus congregating immediately downstream 

feeding on drifting eggs in the sediment plumes of spawning sea lampreys.  Reports of 

blacknose dace feeding on drifting sea lamprey eggs in tributaries to Cayuga Lake, New 

York (Wigley 1959), and a more contemporary account of speckled dace Rhinichthys 

osculus, juvenile Oncorhynchus spp. and larger bodied cutthroat trout (O. clarkia) 

clustering downstream of Pacific lamprey Lampreta tridentate nests (Brumo 2006) led us 

to believe that densities of invertebrate drift collected downstream of nests would be 

exceptionally high.  Sea lampreys exhibit primarily nocturnal behavior during the early 

stages of their spawning runs (Kelso and Gardner 2000).  Most of our drift net sampling 

occurred during the morning hours as we happened upon sea lampreys completing their 

spawning activities in well defined nests.  Therefore we suspect that sea lamprey nest 

construction does dislodge benthic organisms into the drift, but the mismatched timing of 

our sampling gave us inadequate snapshot representations of that phenomenon. 

In summary, our study demonstrated that the disturbances associated with sea 

lamprey nest excavations generated a suite of persistent abiotic effects that appeared to 

impact the benthic invertebrate community.  Through the excavation and redistribution of 

gravel and cobble substrates, sea lamprey nest constructions reduced surface fine-

sediments and alleviated embeddedness in mound habitats.  This disturbance process 

seemingly led to increased abundances of benthic invertebrates relative to adjacent 

undisturbed habitat patches.  Whereas  high embeddedness correlated with reduced 
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abundances of  benthic organisms in lower-order New Hampshire tributaries (Lowe and 

Bolger 2002), our study demonstrated that the reduced embeddedness observed in sea 

lamprey mounds of Sedgeunkedunk Stream resulted with greater abundances of benthic 

organisms.  Sea lamprey nest construction in Sedgeunkedunk Stream directly influenced 

the allocation of abiotic resources at a small-scale habitat level and the observed physical 

changes to the environment clearly impacted other organisms.
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