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Introduction 

Water quality in inland waters is inextricably linked to the loading of nutrients, 
particularly phosphorus.  It is now well established that excessive nutrient loading causes the 
rapid eutrophication of lakes and the degradation of water quality (National Academy of 
Sciences 1969, Vollenweider 1979, Edmondson and Lehman 1981, Harper 1992, Carpenter et al. 
1998).  Symptoms of eutrophication include increased noxious algae blooms, extending periods 
of hypolimnetic anoxia, and changes in  aquatic biodiversity, including shifts in fish 
communities from popular recreational fisheries to undesirable “course” fish fisheries, all of 
which influence human use and the aesthetic value of aquatic resources (National Academy of 
Sciences 1969, Harper 1992, Carpenter et al. 1998). While the link between excess phosphorous 
loading and eutrophication is now well established, considerable recent research has highlighted 
the role of fish in aggravating or alleviating the symptoms of eutrophication (Shapiro et al. 1975, 
Carpenter et al. 1987, Benndorf 1990, Carpenter et al. 1991, Kitchell 1992, Carpenter and 
Kitchell 1993, Rudstam et al. 1993, Carpenter et al. 1996, Post et al. 1997, Post and Kitchell 
1997).   Indeed, fish have a dual role in the regulation of lake water quality.  First, they directly 
influence nutrient loading and internal nutrient cycling through the excretion of nitrogen and 
phosphorous while alive (Kitchell et al. 1979, Brabrand et al. 1990, Kraft 1992, Schindler 1992, 
Kraft 1993, Schindler et al. 1993) or the release of N and P after death (Donaldson 1969, Durbin 
et al. 1979).  Second, they mediate the effects of eutrophication through their regulation of 
pelagic food web structure (Shapiro et al. 1975, Carpenter et al. 1987, Mills et al. 1987, Benndorf 
1990, Luecke et al. 1990, Carpenter et al. 1991, Kitchell 1992, Carpenter and Kitchell 1993, 
Rudstam et al. 1993, Carpenter et al. 1996, Post et al. 1997, Post and Kitchell 1997).  These food 
web effects, or trophic cascades, are the key to many biomanipulation efforts aimed at reducing 
the symptoms of eutrophication through food web manipulation (Shapiro et al. 1975, Benndorf 
1990, Kitchell 1992).   
 Zooplanktivorous fishes, such as alewife, Alosa pseudoharengus, are of particular 
importance to lake water quality both because they strongly affect the biomass and size structure 
of zooplankton communities (Hrbácek et al. 1961, Brooks and Dodson 1965, Carpenter et al. 
1987) and because they transport, store, and recycle large quantities of nutrients (Kitchell et al. 
1975, Durbin et al. 1979, Kitchell et al. 1979, Kraft 1993, Schindler et al. 1993, Vanni 2002).  
High densities of zooplanktivorous fishes can seriously exacerbate the symptoms of 
eutrophication by extirpating population of large bodied zooplankton, such as Daphnia spp., 
which could otherwise hold phytoplankton biomass to levels well below those establish by 
phosphorus limitation alone (Carpenter et al. 1995, Carpenter et al. 1996).  Water quality can be 
further degraded by zooplanktivorous fishes as they redistribute nutrients within a lake, for 
example by moving nutrients from benthic to pelagic regions of the lake where the nutrients can 
promote algal growth (e.g., Schindler et al. 1993, Vanni 2002) or, in the case of anadromous 
fishes such as alewife, shad, and salmon, import large quantities of new nutrients into lakes (e.g., 
Donaldson 1969, Durbin et al. 1979) further increasing rates of eutrophication in the lakes they 
inhabit. 
 
Human modifications of coastal watersheds 
 The impact of fish on water quality in inland waters is often mediated by human 
modifications of coastal watersheds.  The construction of dams on rivers throughout North 
America for agriculture, milling, flood control and recreation represents a considerable 
perturbation of the aquatic landscape (Poff and Hart 2002).  Along the Atlantic coast, low head 
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dams built in the 1700s through the early 1900s isolated inland lakes and ponds from historically 
important biological linkages to the coastal ocean food web (Gregory et al. 2002, Poff and Hart 
2002).  The loss of access to freshwater habitats caused by the construction of dams is one of the 
causes for the decline in many species diadromous fishes (Gregory et al. 2002, Poff and Hart 
2002), including Atlantic Salmon (Salmo salar), freshwater eels (Anguilla rostrata), and the 
river herring (a term used collectively to refer to the alewife and the blueback herring, Alosa 
aestivalis).  In recognition of the ecological impacts associated with the damming of rivers, local 
and regional resource management agencies are removing low head dams (often based on both 
ecological and social-economic tradeoffs) or requiring the addition of fish ladders during 
recertification (Gregory et al. 2002, Hart and Poff 2002, Poff and Hart 2002, Whitelaw and 
MacMullan 2002).  For the first time in years, many inland lakes and ponds are now or soon will 
once again be open to the annual migration of diadromous fishes into and out of these systems 
(Poff and Hart 2002; Stephen Gephard personal communication).  River herring, in particular 
alewives, are expected to benefit greatly from these human modifications of the coastal aquatic 
landscape (Moffitt et al. 1982).  Once inland lakes and ponds are again linked to the coastal 
ocean, management decisions that affect the coastal ocean food webs (e.g., management of 
striped bass and bluefish fisheries) will influence alewife population dynamics and, through their 
impacts upon alewife populations, have the potential to affect water quality in lakes and ponds 
10s to 100s of miles inland. 
 
Alewife 
 Alewives are anadromous fish that were historically abundant along the Atlantic coast 
from Labrador to the Carolinas, and the alewife fishery is one of the oldest documented 
commercial fisheries in North America.  Alewives spawn in freshwater systems and spend the 
first summer of their life in lakes and ponds.  Most alewives migrate to the ocean in the fall of 
their fist year of life, grow to a mature size in three to four years, and return to freshwater each 
spring thereafter to spawn.  Alewife spawning usually begins when the temperature is between 5 
to 10 C, which occurs in late March to mid-April in southern New England (Loesch 1987).  
There are, now, a considerable number of landlocked alewife populations that have lost the 
anadromous lifestyle and spend their entire lives in freshwater systems.  Landlocked alewife 
populations have been spread to many inland lakes primarily by intentional human introductions 
to augment forage fish densities.  Although it is suspected that alewives become naturally 
landlocked, as do populations of many other anadromous fish species (McDowall 1988), the 
evolutionary origin of landlocked alewives is not known. 
 Alewives are consummate size selective predators and provide the archetypal example 
for the importance of fish predation in structuring zooplankton communities (i.e., Brooks and 
Dodson 1965).  The effects of alewife on food web structure are well studied in the Laurentian 
Great Lakes, particularly Lake Michigan into which they were introduced in the early twentieth 
century (Mills et al. 1993), where they are both primary prey for salmon (Stewart et al. 1981, 
Stewart and Ibarra 1991, Madenjian et al. 2002) and important zooplanktivores implicated in 
regulating pelagic primary production and water quality (Kitchell and Carpenter 1987, 
Johannsson et al. 1991, Mills et al. 1995, Madenjian et al. 2002).  Indeed, introduced alewives 
are among the best studied pelagic planktivores, in part because they are an invasive species that 
has strongly impacted lake communities in the Great Lakes region.   

In contrast to the large literature on the effects of landlocked alewives, much less is 
known about the ecological role of anadromous alewife, including their role in regulating food 
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web structure and water quality in the inland lakes and ponds.  This is, perhaps, because 
anadromous alewives have been excluded from many systems by dams for most of the past 
century.  It is likely that anadromous alewives also affect zooplankton community structure, (i.e., 
Brooks and Dodson 1965, although it is now clear that many of these populations were 
landlocked populations) and therefore water quality, but this link has not been clearly 
demonstrated.  Furthermore, adult anadromous alewives can be a significant source of new 
nutrients to the lakes and ponds where they spawn.  One estimate suggests that anadromous 
alewife contribute nearly 120 kg of phosphorus and 72 kg of nitrogen to Pausacaco Pond, RI, for 
a per unit area loading rate greater than that seen for many salmon runs in pacific north west 
(Durbin et al. 1979).  This study also suggests that nitrogen and phosphorus from spawning 
alewife mortality, which may be around 50% in Connecticut (Kissel 1974), may stimulate the 
microbial breakdown of leaf litter, thereby possibly reducing lake sedimentation rates (Durbin et 
al. 1979).  This demonstrates the huge potential impact of anadromous alewives on nutrient 
fluxes in coastal freshwater systems, but more studies are needed to examine the generality of 
these findings.   

 
Challenges for a changing landscape 

Restoration efforts in CT (and throughout New England) aimed at removing dams or 
adding fish ladders to existing dams will once again provide access for river herring to lakes and 
ponds along the Atlantic coast.  There is growing concern by local lake associations and land 
owners that the recovery of anadromous herring, in particular alewife, will cause water quality 
problems in their lakes.  At the same time, EPA restrictions on total daily loads of nutrient 
pollutants are increasing pressure to limit non-point source nutrient pollution.  The addition of 
anadromous herring to this mix causes lake managers to cringe when they think about the 
potential new nutrient vector they must consider, and lake residents become resistant to 
restoration efforts when they see images of algal blooms and fish die-offs that occur in lakes with 
landlocked populations of alewife.  Yet, river herring were a natural part of these ecosystems for 
thousands of years, and are an important prey for fish, birds and mammals (Loesch 1987).  
Furthermore, it is not clear that anadromous herring have the same impacts upon water quality as 
landlocked population.  Young-of-the-year anadromous alewives are resident in lakes for just a 
few months and adults on spawning runs probably do not feed (although this is not clearly 
documented). This could reduce their impact upon food web structure as compared to landlocked 
alewife populations, which are feeding year round in lakes and ponds.  Likewise, the life history 
shift from an anadromous to an entirely freshwater lifestyle represents a significant ecological 
shift, with important implications for body size, abundance, and foraging efficiency (e.g., 
landlocked alewives typically grow to just half the maximum body size of and mature one to two 
years earlier than anadromous alewives; Graham 1956).  Such changes in life history traits could 
diminish or exacerbate the influence of alewife populations on food web structure and lake water 
quality. 

Finally, with the removal of dams and the construction of fish passages, the recovery of 
anadromous alewives, in some cases, will occur in systems that currently contain landlocked 
populations.  This secondary contact (when two species or populations that have had time to 
evolve separately come back into contact) has important implications for the reestablishment of 
anadromous populations.  Where secondary contact occurs, anadromous populations may 
interbreed with landlocked populations – but they may not.  Reproductive isolation, or the 
inability of co-occurring populations to interbreed, may evolve rapidly in populations where 
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multiple traits are under divergent selection.  For example, freshwater populations of threespine 
sticklebacks appear to have repeatedly evolved from anadromous populations (McKinnon and 
Rundle 2002).  If anadromous and landlocked populations are unable to interbreed, anadromous 
young-of-the-year will face strong competition with well-established landlocked populations.  
The ability of anadromous herring to compete with landlocked herring is unclear, but there are 
several interesting potential outcomes when populations with distinct life histories make 
secondary contact after decades of separation.  Because of their greater number and/or because 
of local adaptations to life in freshwater lakes with very low zooplankton densities (a result of 
the intense predation) landlocked alewives may strongly out compete young-of-the-year 
anadromous alewives.  Alternatively, if young-of-the-year anadromous alewives can hold their 
own, the presumed advantages of greater growth and survival of migrating to the coastal ocean 
could enable anadromous herring to rapidly increase in abundance and swamp out landlocked 
populations.   

Alternatively, both landlocked and anadromous alewives could coexist in lakes, either 
ecologically, with distinct gene pools, or as a single gene pool with some individuals displaying 
an anadromous lifestyle and others remaining in freshwater their entire lives.  Such 
polymorphisms (situations in which two or more traits are expressed simultaneously in a single 
population) with regard to anadromy are not uncommon among temperate fishes, especially 
salmonids (Northcote 1967). 

 
Project goals: 

The general goal of this proposal is to test the ecological role and evolutionary past of 
river herring within the context of restoration efforts.  To begin this process, I propose to address 
following issues: 

 
1) What are the ecological and evolutionary implications of the shift from an 

anadromous to an entirely freshwater lifestyle? 
1a) Are there differences in the relative roles of young-of-the-year anadromous and 

landlocked alewife on food web structure and water quality? 
1b) What are the evolutionary implications of this major life history shift (e.g., changes in 

size and age of first reproduction, extent of time spent in lakes and ponds) and how 
do those evolutionary changes affect ecological processes such as impact of alewife 
predation on zooplankton densities and community composition? 

 
2) What is the biogeographically history of landlocked herring. 

2a) Do the many landlocked populations of alewife derive from just a few original 
populations, or has the loss of anadromy emerged multiple times? 

 
3) What is the outcome of secondary contact between populations exhibiting these two 

divergent life history strategies? 
3a) How successful are young-of-the-year anadromous herring when in direct 

competition with landlocked herring in lakes where landlocked herring have strongly 
structured the zooplankton community? 

3b) When anadromous runs are restored to lakes in which landlocked populations reside, 
such as Rogers Lake, Laysville, CT, will landlocked and anadromous populations 
interbreed? 
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4) What is the net role of anadromous alewife as nutrient vectors at different stages of 

population recovery? 
4a) What are the nutrient loading rates from adults that die after spawning? 
4b) What are the rates of nutrient export by juvenile as they emigration from inland lakes 

and ponds?   
4c) What are the rates of nutrient excretion by adult herring while they are in lakes and 

ponds to spawn?   
4d)  How might rates of nutrient loading and export change during different stages of 

population recovery?   
   
1) What are the ecological and evolutionary implications of the shift from an anadromous 
to an entirely freshwater lifestyle? 
 The shift from an anadromous to an entirely freshwater lifestyle is a significant 
ecological shift with important consequences for life history evolution.  These life history shifts 
likely have important consequences for ecologically important traits such as body size, foraging 
efficiency, abundance, and phenology (e.g., when alewife are in the lakes and ponds to prey upon 
zooplankton).  Indeed, it is already clear that landlocked alewife populations mature at a younger 
age and a smaller size than anadromous populations (Graham 1956).  Such dramatic changes in 
key organismal traits could produce large differences in the ecological role of different 
populations.  For example, the eutrophication of lake Constance, Germany, caused the rapid 
evolution (<20 years) of grazing performance of Daphnia which could, in turn, affect important 
ecosystem functions (Hairston et al. 1999, Hairston et al. 2001).   
 Similar changes are possible among anadromous and landlocked populations of alewife.  
There are widespread reports of water quality problems associated with landlocked populations 
of alewife, but few if any reports of water quality problems caused by anadromous populations 
of alewife (Stephen Gephard personal communication; Maine DEP fact sheet on alewife). The 
difference between landlocked and anadromous populations could emerge from two sources.  
First, there may be phenotypic differences between landlocked and anadromous alewife, such as 
feeding efficiency or gill raker size and spacing, that increase the ability of landlocked alewife to 
suppress zooplankton populations.  Indeed, given the large impact landlocked alewife can have 
on the size structure of zooplankton communities (e.g., Brooks and Dodson 1965), there is every 
reason to believe that there is strong evolutionary pressure on foraging ability in landlocked 
populations.  Second, differences in ecological impacts might derive from the extended period of 
time landlocked alewives spend in lakes and ponds.  Of particular importance is the presence of 
landlocked alewife in the spring of the year.  In contrast to anadromous alewife, which do not 
feed in lakes and ponds in the early spring (Moring and Mink 2002) (anadromous alewife 
typically migrate from lakes and ponds in the fall), landlocked alewife can maintain high 
biomass year round and are actively feeding as water temperature increases and zooplankton 
populations emerge after the winter.  Even relatively low predation in the spring or early summer 
can “cap” zooplankton populations at low densities through the summer, while extremely high 
levels of predation might be required to reduce zooplankton population late in the summer (e.g., 
Johnson and Kitchell 1996, Post et al. 1997, Post and Kitchell 1997).  This pathway for food web 
impacts is not possible for anadromous populations because of their out migration and represents 
a potentially important phenotypic difference between landlocked and anadromous alewife. 



6 

 Testing ecological impacts (1a) – I will test for differences in the ecological impacts of 
young-of-the-year using replicate mesocosm experiments.  I will conduct these experiments in 
Rogers Lake, CT, which already contains a landlocked population of alewife and is expected to 
become open to anadromous alewife when a fish ladder is built in 2004 or 2005.  We will stock 
15 solid walled polyethylene bags (2m diameter x 10 m deep; 3 treatments x 5 replicates each) 
with young-of-the-year landlocked or anadromous herring, or no fish.  Our treatments are, 
therefore, no fish, landlocked herring, or anadromous herring.  We will stock the mesocosm in 
the early summer, about when young-of-the-year herring first enter the water column, and end 
the experiment in early fall when young-of-the-year anadromous herring are expected to 
emigrate from inland waters.  Herring will be stocked at densities approximating those found 
naturally for anadromous herring populations.  Estimates of escapement in lakes in CT and RI 
suggest an end of the summer densities of between 0.5 and 3 young-of-the-year alewife per m2  
(Kissil 1974, Richkus 1975, Durbin et al. 1979).  Because we expect very high mortality, 95 to 
99% is not unreasonable (Kissil 1974) given that there will be no predators in these bags, we will 
stock each of our fish treatment mesocosms with 300 larval alewives producing an expected end 
of the summer density of around 1 to 5 alewives m2 (3 to 15 alewife per mesocosm).  Young-of-
the-year alewife for this experiment will be hatchery reared because young-of-the-year 
anadromous and landlocked alewife are indistinguishable to the naked eye and because young-
of-the-year alewife are extremely susceptible to mortality during capture and handling with 
standard fishery gear (e.g., beach and purse seines).  We will take our spawning stock from 
landlocked alewife in Rogers Lake and an anadromous population in the adjoining watershed.  
Rearing will be outsourced by contract to an aquiculture expert in Maine (Sam Chapman at the 
Waldoboro Shad Hatchery) that has extensive expertise working with anadromous alosids 
(primarily American shad, Alosa sapidissima).  Hatchery rearing of river herring is extremely 
rare and currently beyond the expertise of my lab and the CT DEP (Stephen Gephard personal 
communication).  We hope that our efforts to rear river herring in hatcheries will facilitate a 
technology transfer to local aquiculture schools (e.g., Hew Haven’s Regional Vocational 
Aquaculture and Agriculture High School) that could eventually produce fish for research and 
restoration, and provide for new outreach and teaching opportunities (Stephen Gephard personal 
communication).  Young-of-the-year will be stocked into our experimental mesocosm just prior 
to final yoke sack absorption in order to allow first feeding to occur under ambient conditions.  
Thus, all fish will be of approximately the same size (~6 mm) and age.  All fish addition 
treatments will be stocked with the same number of individuals. 
 We will follow standard design for our mesocosm experiments.  We will suspend 2 m 
diameter by 10 m long clear polyethylene bags (3.14 m2; ~15500 L) in the middle of the Rogers 
Lake.  Clear polyethylene provides a solid barrier to isolate a packet of water while allowing a 
light environment similar to that in the lake as a whole.  We will fill each mesocosm with 
unfiltered lake water; producing replicates containing ambient zooplankton and phytoplankton 
communities (we will use a large mesh size to exclude ichthyoplankton).  In each mesocosm we 
will measure, weekly, zooplankton community structure, including body size, sechi depth, 
chlorophyll a concentrations, the abundance of bluegreen algae (cyano bacteria), and standard 
physical-chemical parameters (TN, TP, DO, temperature, etc.).  We will collect samples of the 
phytoplankton community, but will only enumerate phytoplankton community structure 
(biovolume) if the chlorophyll a and bluegreen algae data suggest dramatic changes in the 
phytoplankton community structure.  Our response variables of primary interest are zooplankton 
biomass and mean crustacean and cladocerans size, all direct indicator of the affect of alewife on 
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the zooplankton community, and chlorophyll a. concentrations and sechi depth, both indicators 
of the indirect affects of alewife on water quality.   We will also measure growth, survival, and 
phenotypic traits (e.g., gape size and gill raker size) of the anadromous and landlocked strains of 
alewife grown in these initially identical environments.  Our expectation is that the young-of-the-
year landlocked alewife will have a greater impact on zooplankton community structure and 
therefore water quality than anadromous alewife.  
 Whether or not our mesocosm experiments suggest phenotypic differences between 
young-of-the-year landlocked and anadromous alewife, the extended period of time landlocked 
alewife spend in lakes and ponds could strongly influence food web structure and water clarity.  
There is strong observational evidence that even relatively low levels of predation in the spring 
or early summer can “cap” zooplankton populations at low densities through the summer, while 
extremely high levels of predation might be required to reduce zooplankton population late in the 
summer (e.g., Johnson and Kitchell 1996, Post et al. 1997, Post and Kitchell 1997).  This type of 
effect has been called a priority effect.  I will explore the possibility of priority effects in the 
alewife-zooplankton interaction using theoretical predator-prey models (e.g., Ludwig et al. 1978, 
Post unpublished) adapted for the specific ecology of alewife in lakes.  The results of this 
modeling effort will inform future experimental tests of these ideas (i.e., preliminarily planed for 
the summer of 2006) and help resource managers evaluate potential reasons for the different 
affects of landlocked and anadromous alewife on lake food webs and water quality. 

Testing evolutionary implications (1b) –Life history traits such as growth rate, age and 
size at maturity, egg size, clutch size, and lifetime fecundity are known to respond adaptively to 
novel ecological conditions such as changes in resource abundance and changes in predation 
pressure (Stearns 1992).  We propose to examine differences in life history traits, including 
growth rate, longevity, maximum size, size at maturity, age at maturity, clutch size and egg size 
for female alewives from both anadromous and landlocked populations.  In addition we will 
examine phenotypic traits related to feeding mode and efficiency, including gape size and gill 
raker size and number.  We will employ two approaches to address these potential changes.  
First, we will collect observational data to document population differences in these traits across 
multiple lakes containing anadromous and landlocked populations in isolation.  Then we will 
conduct common garden (environment) experiment to discriminate phenotypic plasticity from 
evolutionary change for young-of-the-year alewives from anadromous versus landlocked 
populations.  These common garden experiments will be the same experiments we use to look 
for differences in the ecological effects of young-of-the-year landlocked and anadromous alewife 
on zooplankton community structure and water clarity (described above). 

Expected results – Results from the mesocosm experiment will answer a crucial 
question about the possibility for different effects on anadromous and landlocked alewife on 
food web structure and, through their impact on food web structure, water quality.  These 
experiments will not answer the question “how will anadromous alewife affect inland water 
quality” but are designed to explore one of the most important mechanisms through which 
anadromous alewife could have whole lake impacts that differ from landlocked alewife.  We 
expect that young-of-the-year landlocked alewives will have a greater impact on zooplankton 
and hence phytoplankton abundance than will anadromous alewives.  The first summer 
experiments will also lay the ground work for experiments in the second summer to explore 
competition between landlocked and anadromous alewife.  Results from models of priority 
effects will provide hypotheses for future experiments to test the idea that different food web 
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effects could emerge from difference in the time landlocked and anadromous alewife spend 
resident in lakes and ponds. 

 
2)  What is the biogeographically history of landlocked herring. 
 One of the major concerns expressed by lake associations and lake property owners is 
that the restoration of anadromous herring population will provide a mechanism for the 
establishment of local landlocked populations of alewife.  This concern derives from the strong 
affects of landlocked alewife on zooplankton community structure and water quality in lakes 
across North America.  The origin of landlocked herring is not clear.  An initial genetic analysis 
suggests that the Great Lakes populations of alewife are most closely related to the landlocked 
populations found in the Finger Lakes region of up state New York (i.e., Cayuga Lake, Ihssen et 
al. 1992) but has not provided much guidance for where these landlocked populations first 
evolved, how often they have evolved, or whether anadromy is a plastic trait and therefore these 
life history shifts are ecologically determined rather than genetically programmed.  Land locked 
populations in Connecticut are likely to derive from stocking lakes from a single “natural” 
population of land locked alewife found in Amos Lake, CT (Stephen Gephard personal 
communication).  The origin of the Amos Lake population is not certain, but a dam currently 
blocks access to this lake for anadromous fish. 

It is also important to account for historical processes when examining life history 
variation in natural populations.  Since life history traits are subject to phylogenetic constraints, 
the genealogical relationships among populations must be taken into account when investigating 
the evolution of life histories.  In addition, the amount of genetic diversity within a population 
and gene flow between populations are important sources of life history variation. Molecular 
genetic markers are powerful tools for reconstructing historical population processes (Avise 
2000).  Mitochondrial DNA (mtDNA) is commonly used to examine population differentiation 
and to investigate population-level genealogical relationships.  Nuclear microsatellites may be 
used to assess genetic diversity within populations and to estimate rates of gene flow between 
populations.  We propose to use mtDNA sequence data and microsatellite allele frequency data 
to 1) determine whether landlocked alewife populations are derived from downstream 
anadromous runs or if they have a distinct evolutionary origin (e.g. different glacial refugium), 2) 
examine genetic divergence between anadromous and landlocked populations, 3) assess levels of 
genetic diversity within anadromous and landlocked populations, and 4) estimate rates of gene 
flow between populations.  These data will place the life history information into an appropriate 
historical context and allow us to appropriately account for patterns of genetic diversity and 
relatedness. 

Expected results – Much of the resistance to opening up inland waters to anadromous 
alewife populations derives from the possibility that anadromous alewife might become 
landlocked, initiate the water quality declines now widely associated with landlocked alewife 
populations.  In the first year of this study we will collect and analyze the samples required to 
address the origin of landlocked populations in the northeast.  As has been found in landlocked 
populations of salmonids (Salmo, Salvelinus, Oncorhynchus) and sticklebacks (Gasterosteus), 
we expect that landlocked alewives have evolved from downstream anadromous runs.  This will 
provide the first step towards understanding the likelihood of new landlocked populations 
emerging from restored anadromous populations. 
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3) What is the outcome of secondary contact between populations exhibiting these two 
divergent life history strategies? 

Competition between anadromous and landlocked herring (3a) – The success of 
restoration efforts depends, in part, upon the ability of anadromous alewife to “invade” the 
system under restoration.  In many cases, recovery will occur in systems that currently contain 
landlocked populations of alewife, and young-of-the-year anadromous alewife may face strong 
competition with well-established landlocked populations.  The ability of anadromous herring to 
compete with landlocked herring is unclear, but there are several interesting potential outcomes 
when populations with distinct life histories make secondary contact after decades of separation.  
Because of their greater number and/or because of local adaptations to life in freshwater lakes 
with very low zooplankton densities (a result of the intense predation) landlocked alewives may 
strongly out compete young-of-the-year anadromous alewives.  Alternatively, if young-of-the-
year anadromous alewives can hold their own, the presumed advantages of greater growth and 
survival of migrating to the coastal ocean could enable anadromous herring to rapidly increase in 
abundance and swamp out landlocked populations.   

We will test the competitive abilities of young-of-the-year anadromous and landlocked 
alewife in experimental mesocosm during the second summer of this project.  Our experimental 
design will be similar to that used for detecting differences in the ecological impact of these two 
groups of alewife, but we will replace the no fish treatment with a mixed anadromous and 
landlocked treatment.  Our response variable of interest is alewife biomass at the end of the 
summer.  Our goal is to evaluate differences between anadromous alewife growth and survival 
when grown in competition with landlocked alewives versus when grown in isolation.  
Furthermore, because local zooplankton community structure could strongly alter the outcome of 
competition, we will conduct these experiments both in Rogers Lake where zooplankton 
densities are low and zooplankton size is small (because of the large existing population of 
landlocked alewife), and in Linsley Pond, North Branford, CT, where zooplankton densities are 
high and zooplankton size is large (in part because there are currently no pelagic planktivores in 
Linsley Pond; Post personal observation).  A fish ladder is planed for the Linsley Pond watershed 
within the next few years and anadromous alewife invading Linsley Pond should experience 
little competition (the pelagic zooplankton community is currently dominated by Daphnia pulex, 
which is rarely found when pelagic planktivores inhabit a lake).  Results from this experiment 
will inform resource managers of the need to manage existing pelagic planktivore populations in 
order to facilitate the establishment of anadromous alewife and suggest the potential for long-
term replacement of landlocked alewife with anadromous alewife. 

Interbreeding between landlocked and anadromous populations (3b) – The second 
consequence of secondary contact is the potential for interbreeding between landlocked and 
anadromous populations of alewife.  This is a potentially important issue because reproductive 
isolation can evolve rapidly in populations where multiple traits are under divergent selection – 
which is the case for landlocked and anadromous alewife.  The interaction between reproductive 
isolation and the outcome of direct competition has important implications for both restoration 
efforts and local water quality.  For example, both landlocked and anadromous alewives could 
coexist in lakes, either ecologically, with distinct gene pools, or as a single gene pool with some 
individuals displaying an anadromous lifestyle and others remaining in freshwater their entire 
lives.  In this case, lakes could be detrimentally impacted both through intense year round 
zooplaktivory by anadromous and landlocked alewife (potentially at higher densities than 
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previously observed in lakes with landlocked alewife along) and through the introduction of new 
nutrients by anadromous alewife during their spawning run. 

Exploring the potential for interbreeding between landlocked and anadromous 
populations of alewife is a long-term proposition.  We request modest support in the summer of 
2003 to generate some of the baseline data required to answer this question by comparing the 
genetic differences between currently isolated landlocked populations in Rogers Lake and Amos 
Lake to anadromous populations found lower in those watersheds.  Of particular interest is a 
comparison between Amos and Rogers Lake because the Amos population is the proported 
progenitor population for the Rogers Lake and other regional landlocked populations (although, 
Rogers is one of about 10 alewife lakes in Connecticut with no records of stocking, Phillips et al. 
1987).  We will use mtDNA sequence data and microsatellite allele frequency data to address the 
long-term patterns of population interbreeding lakes recently opened to anadromous populations.  
Data will be gathered on landlocked adults, returning adults, and resident young-of-the-year 
which could be from landlocked or anadromous parents.  

Expected results – The first year of this study will lay the groundwork for our work on 
secondary contact.  The mesocosm experiments (section 1) proposed in year one will provide us 
valuable preliminary data to plan our competition experiments in year two.  In the competition 
experiments planned for year two, we expect that young-of-the-year landlocked alewives will 
have higher growth and survival rates than young-of-the-year anadromous alewives under low 
resource conditions because of local adaptation by landlocked alewife for foraging under low 
resource conditions.  In contrast, we expect to see no differences in growth or survival between 
landlocked and anadromous alewives when resources are high.  The molecular genetics data 
collected in year one will set the stage for the many years of work required to explore 
interbreeding. 

 
4) What is the net role of anadromous alewife as nutrient vectors at different stages of 
population recovery? 
 It is now clear that mobile organisms can be a significant source of new nutrients to 
aquatic ecosystems (Post et al. 1998, Vanni 2002), and large populations of anadromous alewife 
could have substantial affects upon water quality through nutrient loading (Durbin et al. 1979).  
The three mechanism through which alewife may affect nutrient are 1) nutrient inputs by adult 
mortality and egg production, 2) direct excretion of nutrients by spawning adults, and 3) the 
export of nutrients by young-of-the-year alewife as they emigrate in the fall of each year.  We 
will attempt to produce a mass balance model to predict net nutrient addition to Rogers Lake 
during different stages of anadromous herring recovery.  Our goal is to produce a model with 
sufficient generality that it can provide guidance for the management of others lakes targeted for 
alewife restoration. 
 Nutrient loading by adult mortality and egg production (4a) – The two key parameters to 
estimate nutrient loading by adult mortality and egg production are the number of adults entering 
a lake and the adult mortality rates.  Adult mortality has been estimated to be around 50% in 
Bride Lake, Connecticut (Kissel 1974), and a second study of adult mortality funded by the CT 
DEP is currently underway (Stephen Gephard, personal communication).  Estimates of adult 
mortality are quite time consuming and these are, likely, the best estimates we will have for 
anadromous alewife populations.  As part of the alewife restoration efforts on Rogers Lake, the 
CT DEP is planning to put in place a fish counter on the fish ladder.  Over the course of the next 
several years, this fish counter should provide an accurate estimate of the number of anadromous 
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adults entering Rogers Lake.  Using allometric relationships between adult alewife size and 
fecundity, and estimate of the number of returning adults, we will be able to estimate the mass of 
nitrogen and phosphorus added to Rogers Lake in eggs.  Using mortality estimates (even though 
quite rough) we will be able to provide rough estimates of the mass of nitrogen and phosphorus 
added to Rogers Lake by dead adult alewives.   
 Rates of nutrient excretion (4c) – There is very little know about the rates of nutrient 
excretion by adult alewife returning to lakes and ponds to spawn.  Even adults that do not feed 
(adults are not thought to feed, however see Moring and Mink (2002) for evidence to the 
contrary) are excreting nutrients.  There are two ways to estimate excretion rates: indirectly using 
bioenergetic models (e.g., Kitchell et al. 1977, Kraft 1992, 1993) and directly using nutrient 
excretion experiments (e.g., Vanni and Layne 1997, Vanni et al. 1997).  Bioenergetic models are 
advantageous because they can incorporate seasonal growth and consumption dynamics better 
than static nutrient excretion experiments.  Unfortunately, they can be difficult to implement 
when fish are not eating and growing.  Nutrient excretion experiments (placing fish in an 
appropriate container and measuring nutrient excretion rates over time) are a bit artificial 
because the fish are not allowed to feed, but can offer a direct measure of nutrient excretion 
rates.  Because of the drawback of each method, I will use bioenergetic based nutrient excretion 
models to both evaluate direct estimates of nutrient excretion and to extend them seasonally.   
 Direct estimates – During the spring run of anadromous alewife at Bride Lake, 
Connecticut (which contains a large anadromous population) I will make direct measurement of 
nutrient excretion in collaboration with the CT DEP.  We will make estimates using two 
methods.  The first method will use the DEP’s herring transportation truck with a circulating 
water tank to minimize stress on the alewife and reduce errors in our excretion estimates 
associated with handling stress. This method, however, requires too much water to use highly 
filtered water (e.g., <1 µm filers to remove all but the smallest plankton).  Instead, we will fill the 
tank with low nutrient content water filtered through a small micron mesh (30 µm) to remove 
large particles, including zooplankton.  We will stock into the take ~100 adult alewives and 
measure TN and TP concentrations in the water just prior to stocking and after 24 hours.  We 
will replicate this measurement twice.  For our second method, we will place one fish in 5 
replicate 15 gallon tanks filled with highly filtered water (<1 µm filers to remove all but the 
smallest plankton).  The smaller tanks will likely cause stress for the fish and therefore produce 
biased nutrient excretion estimates, but they allow us to use clean water that should improve our 
analytical sensitivity for estimating nutrient enrichment.  These experiments will be run for just a 
few hours each.  Cumulatively, these estimates will provide, for the first time, an estimate of 
direct nutrient excretion by anadromous alewife.     
 Modeling results – In addition to the direct estimate of nutrient excretion, I will use the 
Kitchell et al. (1977), as modified by Kraft (1992) for nutrient loading, to estimate the average 
nutrient excretion of spawning anadromous alewife.  As mentioned previously, these models are 
not particularly effective for fish that are not feeding, but they can provide seasonal estimate of 
nutrient loading to complement and bound our direct estimates of nutrient excretion.  By linking 
these models and our direct nutrient excretion estimates to estimates of adult immigration (from 
fish ladder counts), adult mortality (estimates from Brides Lake) and residence time (from direct 
observation of emigration) we will be able to estimate the mass of nutrients loaded by 
anadromous alewife through nutrient excretion. 
 Nutrient export by juvenile (4b) – This is perhaps the most difficult number to estimate 
for our mass balance nutrient budget because it requires both estimates of mean size and the 
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number of young-of-the-year leaving a lake. The CT DEP is currently evaluating the possibility 
of adding a second fish counter to the Rogers Lake fish ladder to count the number of young-of-
the-year alewife leaving the lake, but many young-of-the-year alewife will leave the lake over 
the dam rather than through the fish ladder.  Regardless, we can make some estimate of young-
of-the-year abundance in each fall using pelagic purse seining and gillnetting.  We will begin this 
process in the summers of 2003 and 2004.  It is unlikely we will be able to provide more than a 
general empirical estimate of the biomass of nitrogen and phosphorous exported in the near 
future. 
 Changes in nutrient export during population recover (4d) – Although nutrient input and 
export rates may be difficult to estimate, we can employ basic population models and general 
assumptions about mortality and emigration (which can be linked to the demographics driving a 
population recovery model) to estimate the net rates of nutrient input into a lake.  These modes 
should provide general guidance for temporal changes in the impacts of recovering anadromous 
alewife populations and help guide monitoring efforts to document impacts of nutrient inputs.  
 Expected results – In the first year of this research I will accomplish two major goals in 
collaboration with the CT DEP.  First we will produce estimates of direct nutrient loading by 
anadromous alewife using a combination of direct nutrient excretion assays and bioenergetic 
based nutrient loading models.  Secondly, we will produce a general model of nutrient loading 
by anadromous alewife at various stages of population recovery (taking into account shifts in 
immigration rates, emigration rates and fecundity with population growth), and a model specific 
to the management of Rogers Lake, CT.  Of particular importance to the management of Rogers 
Lake is a nutrient loading model that allows for the adaptive management of that anadromous 
alewife population to reduce potential water quality problems resulting from external nutrient 
loading. 
 
Long-term monitoring – The long-term goal is of this research is to evaluate the influence of 
recovering anadromous alewife populations on ecosystem function at the whole lake scale.  Most 
of the work outlined in this proposal represents intermediate steps towards understanding the 
mechanisms through which alewife effects could be manifest.  In Rogers Lake and Linsley Pond, 
CT we have the opportunity to directly observe the effects of recovering alewife as fish ladders 
are put into those watersheds during the next few years.  Of particular interest is the contrasting 
current conditions of Rogers Lake and Linsley Pond: Rogers Lake has a resident population of 
landlocked alewife while Linsley Pond appears to have no current alewife population (although 
alewife were resident in the lake as recently as the 1960; Brooks and Dodson 1965).  In the 
summer of 2004, we will begin basic limnological sampling of Linsley Pond and Rogers Lake 
both to complement our experimental research in Rogers and Linsley, and to provide data on 
ecosystem condition prior to alewife recovery.  In addition, we will start sampling at least two, 
possibly three, other lakes to provide reference data.  We are considering Bride Lake, CT, which 
has a resident population of anadromous alewife already under study by the CT DEP.  We are 
working with William Forman in the CT DEP to find an appropriate reference lake near Rogers 
Lake, and are considering one of the drinking water reservoirs near Linsley Pond as a third 
reference system. 
 We will sample Linsley and Rogers every week and each of the reference lakes every 
other week during the growing season (approximately early May to late September).  On each 
sampling date we will measure zooplankton community structure (including body size), sechi 
depth, chlorophyll a concentrations, the abundance of bluegreen algae (cyano bacteria), and 
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standard physical-chemical parameters (TN, TP, DO, temperature, etc.).  TN and TP will be 
sampled from epilimnion through the summer, and from the lake early in the spring during 
spring mixis.  We will collect samples of the phytoplankton community, but will only enumerate 
phytoplankton community structure (biovolume) if the chlorophyll a and bluegreen algae data 
suggest further analysis is warranted. 
 
Timetable 
 The goals of this project extend well beyond the scope of that envisioned by the 104b 
competitive grant program through the Connecticut Institute of Water Resources.  I have a 
graduate student (Eric Palkovacs) with fellowship support from Yale University that will pursue 
most of the life history evolution portion of this research for his dissertation research.  Eric’s 
master thesis involved the application of molecular systematic techniques, including those 
outline in this proposal.  Many of the questions outlined above may take several years to answer 
as alewife populations recover in our study systems.   Funding from the Connecticut Institute of 
Water Resources 104b program will provide my lab with the initial funding required to begin our 
research.  Accordingly, I request fund for the following research plan: 
 
Year 1 (2003-2004): 

1) In collaboration with Stephen Gephard and the CT DEP, work with Sam Chapman at 
the Waldoboro Shad Hatchery to develop methods for the artificial rearing of alewife.  
This is crucial to our experiments in the first and subsequent years of this proposed 
research. 

2) Conduct mesocosm experiments in Rogers Lake to test for the differential ecological 
impacts of young-of-the-year landlocked versus anadromous alewife on food-web 
structure and water clarity. 

3) Conduct nutrient excretion experiments with adult anadromous alewife on spawning 
runs (in collaboration with CT DEP).  Use bioenergetic based nutrient excretion models 
to first evaluate direct nutrient excretion estimates and to expand the nutrient excretion 
estimates to seasonal estimates.   

4)  Use nutrient excretion estimates, juvenile emigration estimates, and a population 
projection model to produce mass balance models for the net input of nutrients by 
anadromous alewife populations at different stages of recovery.  Apply that model to 
Rogers Lake and estimate the net flux of nutrients in to Rogers Lake at different levels of 
adult passage through the planned fish ladder. 

5) Begin theoretical efforts to explore priority effects in the alewife-zooplankton 
interaction using theoretical predator-prey models adapted for the specific ecology of 
alewife in lakes. 

6) Begin comparative life history and population genetics work 

7) Gather basic limnological data on Rogers Lake and Linsley Pond, and three reference 
lakes, in preparation for anadromous alewife recovery into those systems. 
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Year 2 and beyond (2004-2005 and beyond): 

1) Continue artificial rearing work and, in collaboration with CT DEP, work towards a 
technology transfer to local aquiculture organizations. 

2) Conduct competition experiments between young-of-the-year landlocked and 
anadromous alewife in Rogers Lake and Linsley Pond. 

3) Continue comparative life history and population genetics work; expand research to a 
broader region (e.g., inclusion of Great Lakes populations) 

4) Monitor the establishment and ecological effects of anadromous alewife in Rogers 
Lake and Linsley Pond, and continue to monitor the three regional reference lakes. 

 
 
 
Conclusions 
 The removal of dams and addition of fish ladders on smaller rivers provides the 
opportunity to reestablishing historically important linkages between the coastal ocean and 
inland waters.  The recovery of anadromous alewife into inland waters is an important part of 
this regional restoration effort and has major implications for local food-web structure and water 
quality.  Anadromous alewife are a pathway through which management of coastal ocean 
systems could impact water quality of lakes and ponds 10s to 100s of miles inland.  Here I have 
outlined a research agenda to explore the ecological and evolutionary consequences of the 
recovery of anadromous alewife.  Of particular interest to inland waters are differences between 
and interactions among anadromous and landlocked populations of alewife.  This research will 
aid state and regional restorations efforts by addressing some of the most pressing public 
concerns.  It will also expand our basic understanding of the ecological consequences of life 
history evolution.  Finally, our efforts to rear river herring in hatcheries should facilitate a 
technology transfer to local aquiculture schools that could eventually produce fish for research 
and restoration, and provide for new outreach and education opportunities.   
 
 
Permits and animal care certification 
 I currently have CT DEP permission (collectors permit) to collect anadromous and 
landlocked alewife (in collaboration with the CT DEP and Stephen Gephart) and Yale University 
Institutional Animal Care approval for work with wild caught fish species, including alewife, 
using all of the techniques outlined in this proposal. 
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