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Abstract.  Conservation and restoration of animal populations in the face of disruptions to 

migrations is a growing problem.  Anthropogenic barriers along migration paths can 

delay migrations or increase their duration, which may result in a mismatch with 

migration timing adaptations.  To understand the interaction of dams (as barriers along a 

migration path), seasonally changing environmental conditions, timing of Atlantic 

salmon (Salmo salar) downstream migration, and ultimate migration success, we used ten 

years of river temperature and discharge data as a template upon which we simulated 

downstream movement of salmon.  Atlantic salmon is a coolwater species whose 

downstream migrating smolts must complete migration before river temperatures become 

too warm. We found that dams had a local effect on survival as well as a survival effect 

that was spatially and temporally removed from the encounter with the dam.  By delaying 

smolts until temperatures downstream had reached lethal or near-lethal temperatures, 

dams served to disrupt the match between completion of migration and the window of 

appropriate migration conditions.  Our simulations show that the strength of this spatially 

and temporally removed effect is at least comparable to the local effects of dams in 

determining smolt migration success in the presence of dams.  We also considered smolts 

from different tributaries, varying in distance from the river mouth, to assess the potential 

importance of locally adapted migration timing on the effect of barriers.  Our results 

demonstrate that migration-initiation temperature affected modeled smolt survival 

differentially across tributaries, with the success of smolts from upstream tributaries 

being much more variable across years than that of smolts with a shorter distance to 

travel. As a whole, these results point to the importance of broadening our spatial and 

temporal view when managing migrating populations. We must consider not only how 
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many individuals never make it across migration barriers, but also the spatially and 

temporally removed consequences of delays at the barriers for those individuals that 

successfully navigate them.   

 

Keywords: migration; migration barriers; migration delay; Atlantic salmon; dams; 

smolts; movement barriers. 

 

INTRODUCTION 

Anthropogenic barriers along migration paths can completely block migration 

routes (Ito et al. 2005; Epps et al. 2007; Wilcove and Wikelski 2008) or can delay 

migration (Brown et al 2003; Acou et al. 2008), disrupting evolutionarily selected timing 

of arrival at migration destinations.  Changes in environmental conditions along 

migration routes, as a result of changes in climate (Musiega et al. 2006; Wilcove and 

Wikelski 2008) and land use, are further eroding the effectiveness of migration-related 

adaptations (Dolman and Sutherland 1995; Callaghan et al. 2004; Crozier et al. 2008). 

The interaction among migration barriers, disruptions of local adaptations, and changing 

environmental cues and conditions represents a problem for species conservation and 

restoration (Wilcove and Wikelski 2008).  

 Anadromous fish present an appropriate model with which to study this 

interaction.  Altered discharge because of water withdrawals and changes in land use, 

increased temperatures related to climate change, and fragmentation and delays caused by 

dams can upset both the effectiveness of evolved cues to migration timing as well as 

successful completion of migration.  While the effect of migration barriers has been well 
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studied in the upstream-migration phase of anadromous fish life cycles (e.g., Moser et al. 

2002; Caudill et al. 2007; Lundqvist et al. 2008), their effect in the downstream-migration 

phase has received focused attention in only a few specific systems (e.g., salmon in the 

Pacific northwest: Welch et al. 2008).   

 Salmonidae, a widely distributed, anadromous family with locally adapted stocks, 

embody several key characteristics that make them well suited to inform this problem. 

When a parr (juvenile freshwater life stage) transforms into a smolt (juvenile transition 

between fresh and salt water life stages), a complex suite of changes in body 

morphometry, behavior, and physiology occurs (Thorpe and Morgan 1978; McCormick 

et al. 1998) such that smolts are physiologically able to survive the migration and 

transition to seawater as they move downstream.   In adapted populations, these changes 

and the initiation of downstream migration are cued by environmental conditions, 

resulting in a high likelihood of a match between timing of smolt arrival at the marine 

system and timing of appropriate conditions for survival.  Cues for timing of migration 

can differ across populations. For example, Atlantic salmon (Salmo salar) smolts from an 

upper tributary begin migration earlier than those from a lower tributary (River Tay, 

Scotland; Stewart et al. 2006), allowing them to arrive at their destination at similar 

times.  The timing of the suite of physiological and behavioral changes associated with 

the smolt stage produces a “window” of smolt readiness (McCormick et al. 1998). A 

successful transition from freshwater to seawater depends on the coupling of 

physiological readiness, ecological constraints (e.g., predators), and environmental 

conditions (e.g., temperature, discharge, salinity) (McCormick et al. 1998). 
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 To help understand consequences of anthropogenic impediments to migration on 

the migration success of smolts in large rivers, we focused on the Atlantic salmon. The 

Atlantic salmon is critical for the function of stream and river ecosystems and has 

substantial value to human populations.  As such, they are the object of widespread 

conservation and restoration efforts.  Historically, Atlantic salmon populations existed in 

rivers as far south as Long Island Sound (USA, 41°N Lat) and the Douro River (Portugal, 

41° N Lat) up to arctic regions of the North Atlantic (Collette and Klein-McPhee 2002).  

The life cycle of Atlantic salmon varies (Marschall et al. 1998), with fish typically 

spending 1 to 5 years in freshwater and 1 to 3 years at sea before returning to their natal 

river to spawn.   

 We used a modeling approach to study the interaction between migration-timing 

cues, presence of dams along the migration route, distance from migratory destination, 

and annually varying patterns of river temperature and flow.  We used temperature and 

discharge data from the Connecticut River as a template upon which we simulated 

downstream migration of smolts.  While we are seeking to uncover general patterns, the 

interaction of flow, temperature, location on the river, season, and annual variation are 

too complex to represent in a simple hypothetical model.  Thus, we use empirical data 

from the Connecticut River to provide a coarse representation of flow and temperature 

over the course of a large river over multiple spawning seasons.  The downstream 

migrating smolts, however, are represented more generally as they simply respond to 

flow, temperature, and dams in the simulated system.  

Smolts in this system must complete migration before downstream river 

temperatures become too warm (McCormick et al. 1998). While the Atlantic salmon 
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population in the Connecticut river is currently a genetic mix, resulting from a stocking 

program designed to restore the once extirpated population, we are interested in the 

general question of how local adaptations, which may have existed historically and 

certainly continue to exist in other systems, may play a role in the effect of migration 

delays.  Because of their homing ability, salmon have the potential for rapid adaptation to 

local environmental conditions.  As such, we asked about the importance of local 

adaptations in migration timing and the interaction between migration timing and barriers 

along the migration route.  Our objectives were to use the model to answer the following 

questions: Given the present highly altered state of the flow of the river, what would be 

the consequence to survival of Atlantic salmon smolts migrating in response to different 

temperature cues, across a range of tributaries with different distances from the migration 

destination?  How does the delay in migration associated with dams interact with 

temperature cues and tributary of origin to affect survival of smolts?  Conservation of 

migrating Atlantic salmon often has been focused on management of the barrier itself.  

This study seeks to understand how barriers interact with potential local adaptations to 

drive ultimate migration success, expanding the way we consider management of the 

system.  

METHODS 

We simulated downstream movement of migrating Atlantic salmon smolts on a 

spatially and temporally explicit template of flow and temperature along the course of a 

long river. We simulated smolt movement out of tributaries positioned along much of the 

length of this river.  The model of environmental conditions along the course of the 

Connecticut River was based on a patchwork of empirical data representing conditions 
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over a span of ten years and 428 river kilometers (RK). We suspect that the optimal time 

to begin downstream migration may differ according to how far from the mouth of the 

river a smolt begins its journey and whether it encounters delays at dams.  To test the 

relative effect of delay at dams on smolts from different tributaries, we ran all simulations 

over a range of migration-initiation temperatures for eight tributaries.  And because we 

suspect that year-to-year variability in flow and temperature conditions may give rise to 

annual variability in smolt downstream migration success, we included ten years of year-

specific flow and temperatures. 

Study system 

The Connecticut River, the largest river in New England (660 km; 29,100 km2; 

Fig. 1), is an excellent watershed in which to examine interactions among anthropogenic 

barriers, disruption of historical local adaptation, and environmental variability in a large, 

altered river.  The Connecticut River basin contains more than 1,000 dams basinwide 

(Gephard and McMenemy 2004).  Our study reach extended from Wells River to the 

mouth, a distance of 428 km. In this reach, there are five mainstem dams (RK 349, 280, 

229, 192, and 138, Fig. 1), all of which have downstream fish passage facilities.  Atlantic 

salmon were extirpated from the system in the early 1800s (Moffitt et al. 1982). A 

restoration program is currently underway (Meyers 1994; Connecticut River Atlantic 

Salmon Commission 1998) in which adults are captured upon return to the river and 

spawned in hatcheries, allowing up to 10 million genetically mixed juveniles (25-50 mm) 

to be stocked into about 38 tributary systems at known densities.  After spending two 

winters (on average, Orciari et al. 1994; Whalen et al. 1999) in the streams, these 

juveniles transform into smolts and begin migrating downstream in the spring. Although 
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adult Atlantic salmon returns to the Connecticut River have been consistently low (for 

example, adult returns from 1995-2004 averaged 230, range = 40-300), Connecticut 

River Atlantic salmon are not listed as an endangered species because the native stock is 

extinct. 

Structure of the model 

 We developed an individual-based model of downstream migrating smolts. We 

modeled the river in 1.61-km segments, with temperature and flow rate in each segment 

updated daily from ten years of empirical data interpolated over the entire 428-km study 

reach (Appendix A). For each simulation year, we simulated 500 smolts leaving each of 

eight tributaries to begin the migration down the Connecticut River to the mouth at Long 

Island Sound.  We tracked the location of each simulated smolt each day; a smolt’s 

location on a given day was determined by its location the previous day, current speed at 

its previous location, movement speed (a constant) in relation to current speed, and 

whether the smolt was delayed at a dam.  Smolts experienced mortality risk due to 

background natural mortality, mortality directly at the dam, and mortality from extreme 

temperatures. In the methods below, we provide details on the structure of each piece of 

the model and how parameters were estimated. 

Modeling flow and temperature 

Our goal was to represent the large-scale spatial patterns in flow and temperature over the 

course of a long river and the intraseasonal and interannual variation in these large-scale 

patterns.  Flow data, in the form of river discharge values, were obtained from the United 

States Geological Services (USGS) National Water Information System 

(http://waterdata.usgs.gov/nwis) and converted into current velocity (linear distance per 184 
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time).  We used flow data from each of 10 years (1993-2002) from four sites (RK 428, 

346, 191, and 101) and interpolated between sites.  (See Appendix A for additional 

details of flow data.) Upon this flow template, we added the five mainstem dams in our 

study area.  In practice, rather than modeling a dam’s effect on current velocity, we 

modeled its effect on smolt movement rates relative to the background flow of the river 

(see “Delay at Dams” below).  We were interested in understanding dams as barriers to 

smolt movement rather than understanding how dams affect flow and temperature 

dynamics of the river. 

 To model temperature, we used mean daily temperature data from eight sites 

along the course of the river (RK 605, 554, 272, 192, 138, 101, 21, and 0). Temperature 

data were supplied by USGS National Water Information System, Vermont Agency of 

Natural Resources, Massachusetts Division of Fisheries and Wildlife, NOAA, and 

Connecticut Yankee Nuclear Power Plant (currently decommissioned).  (See Appendix A 

for additional details of temperature data.)  The model of 10 years of current velocity and 

temperature over the length of the river is included in the online Supplementary Material. 

Modeling salmon smolts 

 Downstream migration cues.  We simulated movement of smolts entering the 

mainstem Connecticut River from eight tributaries located along much of the length of 

the river (Fig. 1).  We assumed that smolts use temperature to cue initiation of 

downstream movement out of their tributaries and into the mainstem of the river (Jonsson 

and Ruud-Hansen 1985; Whalen et al. 1999). We simulated a large range of possible 

migration trigger temperatures, from 2 to 15 °C, at 0.5 to 1 °C intervals.  We used this 

large range to allow us to produce a survival reaction norm across a range of trigger 
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temperatures.  For any given migration temperature-cue scenario, we assumed all smolts 

used the same cue but that there would be some random variability in actual leaving date; 

thus, we modeled the number leaving on any date as a Poisson distribution, with the 

mean leaving date being the first occurrence of the specific temperature cue.  

 Mortality rate. We assumed that temperature influenced mortality rate, either 

directly (above lethal temperatures) or indirectly, by influencing physiology, behavior, 

and ecology, including presence and consumption by predators. We do not know the 

ultimate fate of smolts that are present in the river at very high or low temperatures but 

we assume that swimming ability and other physiological responses are impaired at low 

temperatures and that high temperatures increase metabolic costs, risk of disease, and 

adversely affect other smolt characteristics.  To account for temperature effects, our 

simulations included a temperature-dependent reduction in daily probability of survival, 

in the form of a proportional multiplier τ.  We assumed a graduated mortality effect as 

temperatures dropped below 7 °C or rose above 16 °C, such that τ increased linearly from 

0 to 1 across temperatures from 2 to 7 °C and decreased linearly from 1 to 0 across 

temperatures from 16 to 20 °C.  We refer to this set of functions as the “base” 

temperature cost functions.  We chose to impose the cost of high temperatures at 

temperatures above 16 °C because McCormick et al. (1996) showed that salmon may 

lose their smolt characteristics and be unable to make the successful transition from fresh 

to sea water as temperatures exceed 16 °C.  We know much less about the effect of cold 

temperatures.  We know that development of smolt physiology is severely reduced at low 

temperatures (2 °C compared to 10 °C, McCormick et al. 2000),  and this would restrict 

successful migration, but we do not have estimates of the magnitude of this effect at 
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temperatures between 2 and 10 °C.  Fortunately, our simulation results are remarkably 

insensitive to the specific function we use to represent the cost of cold temperatures (see 

RESULTS and Appendix D).   

 Because we do not have good estimates of mortality as a direct or indirect 

function of temperature and because these functions will have obvious importance in 

determining simulated smolt success, we repeated simulations using different temperature 

cost functions to assess the effect of temperature-dependent mortality estimates on the 

qualitative and quantitative patterns in our results.  Because of uncertainty in how low 

temperatures affect physiology, behavior, and ecology and how these effects may lead 

indirectly to effects on mortality, we also ran simulations in which mortality effects were 

limited to very low temperatures: τ increased linearly from 0 to 1 from 2 to 5 °C (“cold” 

scenario).  Because there is also uncertainty as to the fate of smolts at high temperatures, 

we ran simulations in which τ increased linearly from 0 to 1 across temperatures from 18 

to 22 °C (“warm” scenario).  We chose this as an extreme, allowing smolts to be 

successful even at temperatures above which their smolt physiology has been shown to 

degrade..  Because we expected that many of our results would be driven by the cost of 

being a smolt in the river when the river gets warm, we used this “warm” scenario to 

compare our Base model results to a case of extreme tolerance of warm water.   

 Smolts traveling through, over, or around dams experience an increase in risk of 

mortality (Stier and Kynard 1986; Amiro et al. 2000; Aarestrup and Koed 2003).  Most 

obvious is the increase in predation risk below the dam, but other sources of mortality 

that may each contribute a small amount to mortality at dams include predation risk in the 

pool above the dam (Jepsen et al. 1998), direct effects of passage at the dam, and never 
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actually moving past the dam.  While the last of these does not end in immediate 

mortality, it prohibits the smolt from progressing all the way to the mouth of the river.  

Data on mortality at dams in similar systems are scarce.  We assumed a conservatively 

low loss of 2.5% (i.e. 2.5% risk of mortality) in passing from the upper reaches of the 

dam pool to the river below, as these dams all had downstream passage facilities.  This 

estimate is similar to that measured by Amiro and Jansen (2000), but much less than the 

53% measured by Aarestrup and Koed (2003) and the 30% measured by Croze and 

Larinier (1999).  To assess the importance of this loss rate to our overall conclusions, we 

also ran the model with loss rates at dams of 5%, 10%, and 25%. 

 In addition to all of the sources of mortality described above, we assumed there 

was also some background natural mortality.  In our base simulations, we assumed a 

background daily mortality rate of 0.001.  Applied over a year, this would be equivalent 

to a 30% mortality rate, within the range of natural annual mortality commonly assumed 

in fish populations.  Few data exist on natural mortality during downstream migration in 

undammed rivers.  Recently, Kocik et al (2009) estimated river mortality as 9-32% for 

Atlantic salmon smolts in a small river in Maine. While we have no data on background 

mortality rates during downstream migration in the Connecticut River or similar rivers, 

we considered the possibility that the smolt migration is a naturally high-mortality 

process, so we also ran the model with daily mortality rates of 0.005 and 0.01, giving 

one-month mortality estimates of 3%, 14% and 26%.   

 Swimming speed.  In our base model runs, we assumed smolts travel downstream 

at the rate of the current, i.e. they move with the velocity of the water (swimming speed, 

ρ = 1).  For a 15-cm smolt swimming the entire course of the simulated river on an 
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average day, this is equivalent to moving at about 3.6 body lengths per second.  Because 

we do not have good estimates of swimming speed in nature, we repeated the simulations 

using swimming speeds of one-half (ρ = 0.5) and twice (ρ = 2) the rate of the current to 

assess the effect on the qualitative and quantitative patterns in our results. As a 

comparison, Stira reported smolts traveling about 56 km in 24 h (R. Stira, Northeast 

Utilities Service Company, personal communication).  Without any delay at dams, that 

rate would be comparable to our simulated smolts moving at about 0.6 times current 

speed, whereas Fangstam (1993) reported average smolt speeds of two times the current 

velocity.  Thus, our values of ρ = 0.5, 1, and 2 span an appropriate range. 

 We assumed smolts moved through the river primarily at night (Thorpe and 

Morgan 1978; Moore et al. 1998), so we simulated 12 h of swimming each day.  Given 

evidence of temperature-dependent daily swimming duration (Ibbotson et al. 2006), we 

also simulated smolts swimming 12 h/d until temperatures rose above 12 °C, and then 

swimming 24 h/d (Table 1, Model Y). 

 When smolts approach dams, their swimming speeds decline, reflecting the 

decrease in current velocity and the confusion of navigating through or around the 

structure (Nettles and Gloss 1987; Croze and Larinier 1999; Aarestrup and Koed 2003).  

We modeled this as a delay at the dams.  We refer to this throughout as "delay" even 

though in many altered systems, data are not available on pre-dam conditions.  In the 

base runs, delay (δ) at an individual dam was set at 0, representing a system without 

dams.  To assess the effect of delay at dams, we increased δ to 0.5, 2, 4, and 8 d. As a 

comparison, Aarestrup and Koed (2003) reported delays of 0-9 d at a small weir and 

Croze and Larinier (1999) reported delays of 0-12 days.  For any given dam-delay 
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scenario, we assumed random variation in actual time until passage, in the form of a 

Poisson process, with mean delay = ρ.  While the actual delay at a dam depends on many 

factors, one of the most important of which is the characteristics of the dam itself (Castro-

Santos and Haro 2003), we have modeled all dams in a given model run as having the 

same Poisson distribution of delays. 

Simulation scenarios 

Our responses of interest in these simulations were 1) rate of survival of smolts, 

where survival was defined as reaching the mouth of the river (i.e., Long Island Sound) 

alive and in a condition that would allow successful transition to the sea and 2) optimal 

downstream migration-trigger temperature.  We designed our “base” model run (model 

B, Table 1) to have smolts experiencing no delay at dams (δ = 0), traveling at the speed 

of the current (ρ = 1), and having daily background mortality rate of 0.001.  For this 

scenario and all other scenarios, we simulated smolt downstream movement under 

different assumptions of migration-trigger temperatures, from 2 to 15 °C.  For each 

trigger temperature, we simulated smolt movement through ten year-specific templates of 

temperature and flow (1993-2002), with five replicate simulations on each annual 

template.  Within each of these model runs, we simulated 100 smolts leaving a given 

tributary, for each of the eight modeled tributaries.  We calculated tributary-specific 

survival rate from these 100 smolts, for each simulation.  To calculate smolt survival over 

the entire system of eight tributaries, rather than assuming 100 smolts arise from each 

tributary, we weighted the number of smolts from each tributary by the relative number 

expected, based on tributary-specific parr population estimates the previous fall (J. 

McMenemy, Connecticut River Atlantic Salmon Commission Wild Smolt Estimates, 
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unpublished data).  We used a mean of fall estimates from 1996-2002 to arrive at the 

relative proportional contribution of each tributary into the pool of downstream migrating 

smolts (Appendix B).  We present some of the model results for only three tributaries 

(Salmon RK 29, West RK 241, and Wells RK 428 rivers; see Fig. 1) that span a broad 

range of distance from the mouth of the Connecticut River to allow us to illustrate 

specific details of latitudinal trends within the watershed, though all simulations were 

carried out for smolts from all tributaries.  Data do not exist on numbers of smolts that 

successfully exit the river into the estuary, so validating the model with actual smolt 

survival data is not possible. 

 Tributary-specific migration cues and effects of dams.  We generated tributary-

specific survival responses over a range of migration-initiation temperatures for the case 

in which no dams were present.  We also calculated the whole-system best trigger 

temperature, using proportional representation from individual tributaries.  We repeated 

this set of simulations, incorporating the effects of dams.  We included both delay at 

dams (0.5, 2, 4, or 8 d delay per dam) and direct mortality at dams (2.5% per dam 

encountered).  To distinguish the effect of delay from the effect of direct mortality, we 

also completed scenarios in which we included delay without the added mortality (Table 

1, scenarios FF and II) and direct mortality without delay (Table 1, scenario D). 

 Effect of swim speed and temperature cost functions.  To test the effects of our 

assumptions about swim speed and temperature costs, we completed simulations in which 

we varied each of these factors.  With delays at dams of 0 (Table 1, scenarios A, B, and 

C) and 4 (Table 1, scenarios H, I, and J) days, we simulated smolts swimming at 0.5, 1.0, 

and 2.0 times the speed of the current.  All other simulations were done with smolts 
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swimming at 1.0 times the speed of the current. With delays at dams of 0, 2, and 4 days, 

we simulated smolts experiencing either the “cold” (Table 1, scenarios M, O, and P) or 

the “warm” (Table 1, scenarios S, U, and V) temperature cost functions.  All other 

simulations were done with the “base” temperature costs functions.  

 For all scenarios, results included the optimal trigger temperature (temperature 

cue that gave the maximum average survival for the entire system), whole-system 

maximum survival (the survival associated with the optimal trigger temperature), whole-

system survival of smolts using a trigger temperature of 7.5 (the optimal trigger 

temperature for the Base model, B, with no dams), and tributary-specific survival of 

smolts using a trigger temperature of 7.5 °C for three tributaries.  We emphasize trigger 

temperatures at which survival exceeds 75%. 

 Effect of mortality rates.  To understand how background daily mortality rate and 

rate of direct mortality at dams influenced our conclusions, we ran additional simulations 

at higher mortality rates.  Changes in background mortality rate obviously will cause 

changes in total number of survivors, but we were interested in any qualitative effects 

these changes might cause.  For example, increasing background daily mortality rate may 

enhance the difference in the leaving-time effect on survival between smolts leaving from 

upstream tributaries and those leaving from downstream tributaries.  Thus, in addition to 

our baseline daily mortality of 0.001, we simulated background mortality of 0.005 

(Models 9-11, Table 2) and 0.01 (Models 12-14, Table 2) at 0, 2, and 4-d delay at dams, 

specifically to see its effect on optimal temperature-cue differences between upstream 

and downstream tributaries. Similarly to changes in background mortality rates, changes 

in direct mortality at dams obviously will cause changes in total number of survivors in 
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the presence of dams, but we were interested specifically in how these changes would 

affect relative numbers of fish dying directly at the dams compared to numbers dying at a 

time and location removed from the dam.  Thus, in addition to our baseline 2.5% 

mortality at dams, we simulated direct dam mortality of 5% (Models 15-18), 10% 

(Models 19-22), and 25% (Models 29-32) at 0, 2, 4, and 8 d delay at dams (Table 1). 

 

RESULTS 

Water temperatures in the Connecticut River varied across dates, locations, and 

years in a way that potentially affected juvenile salmon survival.  Water temperature 

increased rapidly during the spring in the Connecticut River (Appendix A).  Across years, 

water temperature at any given site varied on any date (Appendix A), such that a smolt 

using a temperature cue to begin migration might begin at very different times in 

different years. While temperature generally increased from upstream to downstream on 

any given date (Appendix A), there were many individual dates in individual years in 

which breaks from this pattern occurred, with irregular warm or cold spots occurring 

within the longitudinal temperature gradient. 

Smolt survival varied with temperature that cued migration and with tributary of 

origin.  Smolts from tributaries that entered the mainstem at lower river kilometers (i.e., 

closer to Long Island Sound) had a broad range of temperatures at which they could 

begin migration (Fig. 2C).  This range was reduced in the uppermost tributaries (Fig. 2A, 

2B).  If we arbitrarily pick 75% survival as representing good survival, the range of 

appropriate migration-cue temperatures increased from 5-10 o C for smolts from the 

Wells River (RK 428) to 6-16 o C for smolts from the Salmon River (RK 29).  When we 
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consider overall survival for all smolts in the system, weighted by proportional 

contributions from each tributary, the range of successful migration-cue temperatures was 

still fairly broad, from 5-10.5 o C (Fig. 2D).   

Even a small delay at dams reduced the range of temperature cues that yielded 

high survival for smolts.  With a 2-d delay at dams, smolts from upstream tributaries had 

no temperature cue that guaranteed high (>75%) survival across all years (Fig. 2E).  The 

range of temperatures that yielded 75% survival across all years was reduced 

substantially at the West River with a small dam delay (Fig. 2F). At the most downstream 

tributary, there was no effect of dams because the Salmon River entered the mainstem 

river below the first dam (Fig. 2G).  With a 2-day delay in dams, over all tributaries, only 

a very narrow range of temperature cues (6-8 oC) resulted in at least 75% survival in 9 of 

10 years; no temperature cue guaranteed high survival across all years (Fig. 2H).   

As fish were delayed at dams, survival decreased and the incidence of poor year 

classes increased, especially for smolts coming from upriver tributaries. When no delay at 

dams (Fig. 3, Model B) was compared to only a 0.5-d delay at dams (Fig. 3, Model K), 

mean survival decreased from 97 to 76% for the Wells River (Table 1), and, with this 

slight delay at dams, some years had survival near zero.  For smolts from the West and 

Salmon Rivers, which encountered fewer or no dams, this half-day delay had little or no 

effect on survival (Fig. 3, Models B and K).  As we increased delays at dams from 0.5 to 

8 days (Fig. 3, Models K, F, I, and L), overall survival decreased substantially for Wells 

River (from 76% to 0%) and the West River (from 92% to 42%), and not at all for the 

Salmon River (as these smolts encounter no dams).  For the Wells River and, to a lesser 
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extent, the West River, the number of years with very poor survival increased with the 

extent of dam delay.   

Optimal trigger temperatures varied little across scenarios.  For smolts from all 

tributaries, in scenarios without dams, either the optimal time to leave was when the 

mainstem reached 7.5 °C, or this temperature cue resulted in survival within 10% of the 

optimal survival (Table 1).  In many cases, a range of temperature cues offered survival 

rates very close to that of the optimal temperature, illustrated by the broad plateaus of 

high survival in Fig. 2.  There was a shift in the absolute optimal migration temperatures 

from downstream to upstream tributaries, with optimal leaving times being at lower 

temperatures for smolts from upstream tributaries than for smolts from downstream 

tributaries.  But just as strong was the result that the range of temperatures that yielded 

high success narrowed (Fig. 2A-C) from downstream to upstream tributaries.  These 

patterns were robust to changes in background mortality rate (Appendix C). With a delay 

at dams (2 and 4 days, Models F and I), the optimal trigger temperature was the same as 

with no delay at dams (7.5 °C; Model B; Table 1).  Consequently, the lower survival with 

the inclusion of dam delays was the result of both inappropriate migration times and 

delays caused by dams.   

We considered both the direct effect of dams on mortality (modeled as 2.5% 

additional mortality with each dam encountered) and the indirect effect of dams on 

mortality, which resulted from smolts being delayed at the dams.  Both direct and indirect 

dam mortality reduced survival of outmigrating smolts.  Alone, the 2.5% direct mortality 

associated with dams reduced survival for smolts from the Wells River from 97% (Fig 3, 

Model B) to 86% (Fig. 3, Model D).  Combining this 2.5% direct mortality at dams with 
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a 2-d delay at dams resulted in survival of 65% for smolts from the Wells River (Fig. 3, 

Model F).  Including only the 2-d delay at dams, but not the 2.5% direct mortality at 

dams, resulted in survival of 73% (Model FF, Table 1), suggesting that the indirect effect 

of delaying the outward migration of smolts (25% reduction in survival) was at least as 

important as the direct effect of mortality at dams (11% reduction in survival).  For a 4-d 

delay at dams, for smolts from the Wells River, including both the delay and direct effect 

of dams resulted in 29% survival (Model I, Table 1). Removing direct mortality increased 

survival only to 32% (Model II, Table 1), again suggesting that the indirect effect of dam 

delay was a major source of mortality.  A similar but smaller effect occurred in the West 

River (Model F vs. FF and Model I vs. II, Table 1).   

Clearly our choice of 2.5% mortality at dams affects the relative numbers of 

deaths at dams and away from dams.  We see this most strongly in the survival of fish 

from the tributaries far upstream.  When we considered higher levels of direct mortality 

at dams, we found that rate of mortality at dams interacted with delay at dams to 

determine the proportion of total deaths occurring at dams for Wells River (RK 428) 

smolts (Fig. 4).  With increasing rate of direct mortality at each dam, the total number of 

deaths at dams increased while the non-dam deaths decreased.  With increasing delays at 

dams, the non-dam deaths increased relative to the at-dam deaths (Fig. 4).  Of the Wells 

River smolts surviving direct mortality at dams, non-dam mortality took 10% of these 

survivors with a 2-d delay at dams, 37% with a 4-d delay, and 98% with an 8-d delay, 

regardless of level of direct dam mortality. 

To better understand the strong effect of delay at dams on survival, we plotted 

temperatures encountered by smolts as they moved through the river.  As an illustration 
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of the indirect effect of delay at dams, we show temperatures encountered by 10 smolts 

leaving the West River at 10 °C in 2001, with and without dams (Fig. 5).  Indirect 

mortality was related not just to time in the river but also to increased chances of 

encountering “warm patches” downstream (Fig. 5).  Given the temperature mosaic that 

occurs between the West River and Long Island Sound in the spring, smolts that left the 

West River at 10 oC and encountered no dam delays exited the river quickly and 

experienced moderate temperatures (Fig. 5A).  When the same fish were delayed by 

dams, mortality occurred (Fig. 5B).  Some fish died at the dams, but many more died 

after they successfully negotiated the dams, as they encountered warm patches of water 

downstream. Consequently, it is the combination of the delay and increasing water 

temperatures through the season that is responsible for the indirect mortality associated 

with dam delay.  

To assess how sensitive our simulation results were to our choice of swim speed, 

we re-ran the simulation with different swim speeds.  Altering swim speed had a limited 

effect on survival, except for smolts coming from the most upstream tributaries.  

Reducing swim speed by half had little effect on survival in most years in most tributaries 

(Fig. 6, Model B vs. Model A), although it increased the likelihood of having years of 

very poor survival in smolts from the most upstream tributary (Wells River, Fig. 6, 

Model A). With no dams, doubling swim speed affected survival little, probably because 

survival was high already (Fig. 6, Model B vs. Model C).  The reduction in survival 

associated with a 4-d delay at dams was exacerbated by a slower swim speed (Fig. 6, 

Model I vs. Model H), with year-class failures occurring in most years in smolts from the 

Wells River (Fig. 6, Model H). A doubling of swim speed, with 4-d delays at dams, 
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increased survival of smolts from the Wells River, but only to a mean survival of 52% 

(Fig. 6, Model J).  When we included an environmentally cued increase in swim time 

(Fig. 6, Model Y), we saw survival patterns similar to those with a doubling of swim 

speed (Fig. 6, Model J).  Overall, the choice of swim speed used in the simulations 

affected mean survival of smolts only from upper tributaries, but it did not change the 

pattern of the effect of dams on survival in these smolts. 

To assess how sensitive our results were to the parameters in our temperature-cost 

functions, we re-ran the simulations using different cost functions.  In Models M, O, and 

P, we made very cold temperatures (2-5 °C) more costly and somewhat cold temperatures 

(5-7 °C) less costly than in our original models B, F, and I.  Changing the cold-cost 

function changed survival very little, regardless of delay at dams (Table 1; Appendix D).  

In Models S, U, and V, we made smolts less sensitive to warm temperatures, specifically 

including no costs of moderately warm temperatures (16-18°C), at which smolts incurred 

survival costs in other simulations.  When there were no dams, the warm-cost function 

did not alter results (Table 1; Appendix D).  When the warm-cost function was combined 

with delays at dams, survival still decreased as a result of the delay, but not as much as in 

models using the original temperature cost functions (Appendix D). 

 

DISCUSSION 

Dams can cause mortality of downstream migrating fish at or near the dam at the 

time of passage as well as under circumstances spatially and temporally removed from 

the dam.  In our model, when a multi-day delay occurred at multiple dams, the number of 

Atlantic salmon smolts dying downstream of the dams was comparable to the number 
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dying at the dams themselves because of the likelihood of encountering warm 

temperatures in the lower river following dam delay.  Fish can be delayed at dams 

because reduced velocity above dams creates reservoirs 
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Søndergaard and Jeppesen 2007) that slow downstream migration (Clarke et al. 

and alter flow paths, concealing appropriate migratory routes past dams.  Much research 

has focused on how to design dam passageways that attract downstream migrants (e.g

Pacific lampreys Lampetra tridentata, Moser et al. 2002; eels Anguilla anguilla, Go

et al. 2005; Atlantic salmon and American shad Alosa sapidissima, Haro et al. 1998), as 

hydropower regulations typically focus on mortality at the immediate dam site (e.g

spillway, turbines, bypass).  The results from our larger-scale downstream-moveme

model suggest that delay at dams can cause mortality at a time and place removed from 

the dam, a result also suggested by the analysis of Chinook salmon in the Columbia R

by Kareiva et al. (2000).  Dam impacts must be considered at a broader spatial and 

temporal scale than is currently the standard p

 Dams that delay migration can reduce migrant success by (1) requiring additional 

energy expenditure, making the migration energetically impossible to complete or 

resulting in the migrant arriving to its destination with low energy reserves, or (2) causing 

a mismatch between the evolutionarily selected timing of migration and environmental 

conditions en route or at the migration endpoint.  Caudill et al. (2007) suggested that the 

first of these mechanisms may have been at least partially responsible for their observed 

field pattern of a negative correlation between duration of time spent at dams and 

ultimate success of the migrant (upstream migrating adult Pacific salmon Oncorhynchus 

spp.).  Similarly, Acou et al. (2008) propose that the ultimate cost of delays at dams 
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experienced by downstream-migrating eels is poor energetic condition by the time they 

reach the sea.  Budy et al. (2002) demonstrate that downstream migrating salmonids in 

the Snake River suffer delayed mortality as a result of accumulated stress from 

navigating multiple hydroelectric dams on their journey to the ocean.  Our model results 

provide one of the few examples of the second mechanism by which delays at dams 

reduce migration success, that is, by introducing mismatches between timing and 

environmental conditions.  Similar mismatches have been suggested to be a significant 

contributor to the decline of Pacific salmon (e.g., Waples et al. 2007).  Understanding and 

quantifying the potential costs associated with taking extra time to successfully navigate a 

migration-route barrier requires further attention for both anadromous fish and other taxa 

encountering barriers to migration. 

 Indirect effects of delays at barriers may affect a range of migratory taxa in both 

aquatic and terrestrial systems. Much recent work has focused on the direct effects that 

occur when anthropogenic barriers stop individuals from completing migrations, either as 

a result of behavioral avoidance of barriers (e.g., road avoidance by terrestrial reptiles, 

Shepard et al. 2008; road/pipeline avoidance by caribou Rangifer tarandus granti, 

Cameron et al. 2005) or as a result of mortality (e.g., road mortality of turtles, Aresco 

2005).  These direct effects are obvious and often very strong.  For example, Aresco 

(2005) predicted that 98% of turtles crossing a Florida highway would have been killed in 

the absence of human intervention. The east-west migration of Mongolian gazelle 

(Procapra gutturosa) may have been completely shut down by the construction of a 

railroad (Ito et al. 2005).  In those systems, researchers have not yet addressed the 

potential indirect effect of barriers on the ultimate success of migrants that make it past 
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them.  Insights from our simulations suggest that current efforts to construct passageways 

over, under, or around barriers, such as underpasses on Arctic oil pipeline to allow 

passage of migrating caribou, may benefit from considering these potential indirect 

effects of successful, but delayed passage.  For example, when seaward migration of land 

crabs is interrupted by roads, they take a longer migration route and experience 

energetically expensive exposure to high temperatures and desiccation (Adamczewska 

and Morris 2001).  So while many of the crabs survive the road crossing, their ultimate 

endurance may be reduced (Adamczewska and Morris 2001).  To develop analyses 

similar to ours to understand the relative importance of direct and indirect effects of 

barriers in other taxa would require an understanding of (1) what selection pressures 

drive timing of migration as well as the consequences of altering that timing and/or (2) 

the consequences of reduced energetic condition upon completion of migration that may 

result from delay  

 High temperatures are particularly important to coldwater (McCullough et al. 

2009) and diadromous species (Lassalle et al. 2008), especially Atlantic salmon smolts 

that must exit freshwater before downstream river temperatures become too warm.  In the 

Connecticut River, a system which has a long north to south trajectory in which water 

temperatures increase from upstream to downstream, Atlantic salmon are at the southern 

edge of their range in North America (Parrish et al. 1998) and timing of smolt migration 

is critical.  Our study suggests that temperature “hot spots” in the Connecticut River, 

possibly caused by water entering from warmer tributaries in sub-basins with agricultural 

and urban riparian areas, may play an important role in the influence of dams on smolt 

migration success.  Unpredictable heterogeneities in temperature are likely to develop 
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when tributaries drain areas with different land uses that are subjected to variable degrees 

of solar heating.  It is also possible that smolts use cool spots in the river as refuges from 

warm temperatures, though it is not clear how long smolts would be able to stall their 

migration in these refuges.  In addition to the hot spots included in our simulations, the 

Connecticut River has hot spots arising from river water being used as cooling water for 

power plants; we chose not to include these hotspots in our simulations.  The fact that 

temperature hotspots arose in our simulated river, even with a coarse spatial 

representation of temperature and omission of extreme effects on temperature from 

power plants, points to the simulation as being a conservative reflection of the actual 

potential for hotspots. Smolts that encounter these warm temperature patches may lose 

their smolt characteristics (McCormick et al. 1996), cease downstream movement 

(Zydlewski et al. 2005), and are presumed to die shortly thereafter. With climate change 

models predicting higher Connecticut River water temperatures in the future, this 

problem will only intensify in severity.  

 When we began this study, we expected to see optimal timing of migration to be 

earlier (i.e., cued by lower temperatures) for smolts from upstream tributaries than those 

beginning their journeys much closer to the mouth of the river.  This pattern was seen in 

Atlantic salmon in Scotland and was shown to have a genetic basis (Stewart et al. 2006).  

Other studies have shown genetically based population-specific migration timing in 

Atlantic salmon smolts, though these data have not been analyzed in relation to distance 

of the population from the mouth of the river (Orciari and Leonard 1996; Nielsen et al. 

2001).  In addition to seeing this shift in optimal migration timing from upstream to 

downstream, we also saw a shift in the breadth of temperature cues that resulted in high 
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survival.  Only a narrow range of migration temperatures gave good survival for smolts 

from upper tributaries; these same temperatures also gave excellent survival for smolts 

from lower tributaries, but smolts from lower tributaries had a broad range of 

temperatures at which they could begin a successful migration.  This suggests the 

potential for stronger selection for specific migration timing in some populations (those 

with farther to travel) than in others, rather than for equally strong selection for different 

timing among populations.  The narrowness of the range of appropriate migration-

initiation temperatures for smolts from upstream tributaries is a function of the year-to-

year variation in flow and temperature conditions.  In any given year, there may be a 

broad range of migration times that would result in high survival, even for smolts from 

upstream tributaries. However, across years, this temperature range shifts, resulting in 

only a narrow range of migration times that are appropriate in all years.  Thus, these 

upstream populations are extremely vulnerable to longterm changes in patterns of 

temperature and flow in the river.  The template of historical and current environmental 

variation is essential context for the interpretation of within- and across-system migration 

timing and cues. 

 Successful long distance migration requires that evolutionary adaptations be 

matched with environmental conditions.  For salmon smolts, physiological and 

behavioral “smolt windows” must mesh so that organisms are ready to survive saltwater 

at the same time they reach the estuary, using cues that allow them to successfully transit 

existing environmental pathways.  Where restoration programs have used hatcheries or 

translocation across systems, physiological and behavioral “smolt windows” may have 

become decoupled, and cues for movement no longer match the environmental conditions 
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that provide the best survival (Hendry et al. 2003).  Where possible, restoration programs 

should allow for local adaptations in migration timing, though this is often not feasible.  

Even for locally adapted populations, optimal migration timing may shift if there has 

been a consistent shift in temperatures from historical means (e.g., Atlantic salmon, 

Kennedy and Crozier 2010; pied flycatcher Ficedula hypoleuca Both et al. 2006).  

Barriers to migration and consequent delays will further complicate the difficulty of 

matching evolutionary adaptations, as will environmental changes associated with 

climate change.  For example, we would not necessarily expect populations that were 

locally adapted for successful migration from specific tributaries to maintain that local 

advantage in the face of changing temperature and flow regimes.  Interactions among 

migration barriers, disruption of local adaptation, and changing cues and conditions have 

widespread implications for conservation. 

 Our results showing adverse consequences for migrating animals, even after they 

successfully pass a barrier, suggest different ways of thinking about restoration of salmon 

and other anadromous fish into coastal watersheds.  Fullerton et al. (2009) suggest that 

managers consider a suite of potential targets of their actions in addressing the negative 

impact of migration barriers.  First, and most obvious, removal of the barriers themselves 

would eliminate the adverse consequences for migrating animals, but this is often either 

impossible or impractical, so we must consider alternatives.  Because delays at dams 

cause salmon smolts to encounter too-warm temperatures upon their arrival at the estuary 

later in the season, selecting for stocks having earlier downstream movements has been 

suggested as a possible solution.  Our simulation results show, however, that the effects 

of dams is not due only to inappropriate migration-initiation cues, but also to year-to-year 
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unpredictability in timing and location of patches of warm water, with extended river 

residence times increasing the chances of encountering one of these patches. A third 

solution is to reduce the delay associated with the barriers.  For downstream migrating 

salmon, survival and immediate transit time through different fishway, bypass, and 

spillway configurations has been intensively examined.  However, time that animals take 

to transit the larger dam impact area, from the first slowing of current velocity upriver of 

the dam to resumption of river habitat below the dam, has not been a focus of fish 

passage and river restoration efforts for Atlantic salmon (though this has begun to be 

studied in Pacific salmon, e.g., Welch et al. 2008).  Our results suggest that a larger 

spatial and temporal definition of dam impact is needed.  Delays in this larger impact 

zone must be quantified and reduced where possible.  Finally, environmental managers 

can address environmental conditions encountered after and as a result of the delays at 

barriers.  For downstream migrating fish, occurrences of temperature hotspots may be 

affected by landuse and runoff, a potential link that requires further study.  

 Our simulations provided us with strong qualitative insight into the potential 

effects of dams on smolt migration success, including the strength of the effect of delay at 

dams on survival, the effect of annual variation in river conditions on optimal migration 

temperatures, and the pattern of survival and optimal temperature cues expected among 

populations originating in different tributaries, but it did not give us precise quantitative 

estimates of these responses for the Connecticut River.  Our simulations were a 

simplification of the spatial heterogeneities along the course of the river, presenting only 

a coarse spatial picture of flow and temperature and treating the effect of all dams as 

equivalent. In fact, salmon movements are surely affected by smaller-scale patterns in 
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flow, and we expect that dams differ in their effect on mortality and delay of smolts 

(Laine et al. 2002), based on the specific structure of the dam and the rate of discharge.  

Changing to a finer spatial scale would only increase the patchiness of the thermal 

environment, and using more dam-specific parameters would not change the general 

result that dams cause delays and delays have effects on likelihood of completing 

migration.  Our estimates of direct mortality at dams and extent of delay at dams were 

conservative in comparison to many of the published values, reflecting what the local 

biologists and managers felt were more appropriate for this system.  Despite using these 

conservative estimates, we saw strong negative effects of dams on smolt success. 

SUMMARY 

Disruption of migrations due to barriers is being recognized across taxa and 

ecosystems. Population conservation and restoration has been focused on removing 

barriers or facilitating animal movement around or through these barriers.  Our study 

suggests that this local view of the effect of barriers, while important, may be 

insufficient.  Even in the face of successful passage around barriers, migrants may be 

delayed sufficiently to cause a mismatch in their physiological and energetic state and the 

environmental conditions en route and at the migration destination.  To successfully 

manage these migrating populations, our results suggest that we should consider effects 

over a broad geographic and temporal footprint of the barrier, and not limit ourselves to 

management only of the barrier itself. 
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Table 1.  Model scenarios and survival results.  Scenarios are defined by downstream 

swimming speed of smolts (multiplier of ambient current speed), swimming delay at 

dams (d), temperature-dependent survival multiplier (both warm and cold temperatures), 

amount of time spent swimming each day, and mortality probability at each dam (%).  

Survival results include the trigger temperature that produced the maximum whole-

system survival (“optimal trigger temperature”), the whole-system survival associated 

with this trigger temperature (“maximum survival”), whole system survival with a trigger 

temperature of 7.5° C (optimal trigger temperature with no dams in the base model run, 

scenario B), and tributary-specific survival with a trigger temperature of 7.5°C for the 

Wells (RK 428), West (RK 241), and Salmon (RK 29) rivers. 



Model 

 
Model scenarios 

 

 

 
 

Survival Results 
 

Swim 
Speed 

Dam 
Delay 

(d) 

COLD 
Cost 

Function

WARM 
Cost 

Function
Swim 
Time 

Mortality 
at Dam 

(%) 

optimal 
trigger 
temp 

maximum 
survival 

Survival at 7.5° trigger 
whole 

system
Wells 

R. 
West 

R. 
Salmon 

R. 
A 0.5 0 base6 base7 12 h/d 0.0  6.5 96 95 69 97 98 
B 1 0 base base 12 h/d 0.0  7.5 99 99 97 99 98 
C 2 0 base base 12 h/d 0.0  9.5 99.5 99 99 99.7 97 
D 1 0 base base 12 h/d 2.5  8.5 96 96 86 92 97 
F 1 2 base base 12 h/d 2.5  7.5 88 88 65 83 98 

FF 1 2 base base 12 h/d 0  7.0 92 92 73 90 98 
H 0.5 4 base base 12 h/d 2.5  6.5 72 70 6 63 97 
I 1 4 base base 12 h/d 2.5  7.5 80 80 29 75 98 
II 1 4 base base 12 h/d 0  7.5 84 84 32 80 98 
J 2 4 base base 12 h/d 2.5  7.5 84 84 52 77 98 
K 1 0.5 base base 12 h/d 2.5  7.0 93 93 76 92 98 
L 1 8 base base 12 h/d 2.5  6.5 60 60 0 42 98 
M 1 0 cold8 base 12 h/d 0.0  6.0 99 99 98 99 99.9 
O 1 2 cold base 12 h/d 2.5  5.5 93 88 65 83 99.8 
P 1 4 cold base 12 h/d 2.5  6.0 87 81 29 74 99.8 
S 1 0 base warm9 12 h/d 0.0  9.0 99 99 99 99 98 
U 1 2 base warm 12 h/d 2.5  8.0 94 93 85 90 98 
V 1 4 base warm 12 h/d 2.5  7.5 92 92 68 89 98 

Y 1 4 base base 
temp-
dep10 2.5  7.5 85 85 98 79 48 

                                                 
6 Base: temperature-dependent multiplier on daily probability of survival increased linearly from 0 to 1 across temperatures from 2° to 7° 
7 Base: temperature-dependent multiplier on daily probability of survival decreased linearly from 1 to 0 across temperatures from 16° to 20° 
8 Cold: temperature-dependent multiplier on daily probability of survival increased linearly from 0 to 1 across temperatures from 2° to 4° 
9 Warm: temperature-dependent multiplier on daily probability of survival decreased linearly from 1 to 0 across temperatures from 18° to 22° 
10 Temperature dependent: smolts swam 12h/d until the temperature rose above 12° C, then swam 24 h/d 
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Table 2.  Mortality sensitivity model scenarios.  Scenarios are defined by background 

daily mortality, swimming delay at each dam (d), and mortality probability at each dam 

(%).  All other parameters are as in the Base model (B).  Several of the mortality 

sensitivity models are identical to previously described models; these are denoted 

parenthetically with the model designation from Table 1. 

 

Model 

Mortality Model Scenarios 

 

 
Background 

Mortality 
Dam 

Delay (d) 

Mortality 
at Dam 

(%) 
1 (B)  0.001 0 0 
2 (FF)  0.001 2 0 
3 (II)  0.001 4 0 

4  0.001 8 0 
5 (D)  0.001 0 2.5 
6 (F)  0.001 2 2.5 
7 (I)  0.001 4 2.5 
8 (L)  0.001 8 2.5 

9  0.005 0 2.5 
10  0.005 2 2.5 
11  0.005 4 2.5 
12  0.01 0 2.5 
13  0.01 2 2.5
14  0.01 4 2.5
15  0.001 0 5.0 
16  0.001 2 5.0 
17  0.001 4 5.0 
18  0.001 8 5.0 
19  0.001 0 10.0 
20  0.001 2 10.0
21  0.001 4 10.0
22  0.001 8 10.0
29  0.001 0 25.0 
30  0.001 2 25.0
31  0.001 4 25.0
32  0.001 8 25.0

917 
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Fig. 1.  Location of the Connecticut River drainage within the four basin states, 

Connecticut, Massachusetts, Vermont, and New Hampshire.  The eight drainages (and 

the distance upstream from the mouth of the Connecticut River, km, for each) from which 

our simulated salmon initiated downstream migration to the ocean are indicated with 

labels on the left.  Dams (and their distance from the mouth, km) potentially affecting 

smolt movement through our study reach are indicated with labels on the right. 

  

Fig. 2.  Percent survival associated with smolts leaving their tributaries at specific 

temperature cues, for simulations without dams (left panels) and with 2-d delay at dams 

(right panels).  Results are shown for smolts migrating from the Wells River (RK 428; 

panels A, E), West River (RK 241; panels B, F), Salmon River (RK 29; panels C, G), and 

the mean for all tributaries combined (panels D, H).  Solid lines represent results for 

separate years of flow and temperature conditions; dashed lines represent means of all 

years.  Horizontal bars on the x-axis show trigger temperatures that resulted in at least 

75% survival of downstream migrating smolts. 

 

Fig. 3.  Survival frequency histograms for simulated smolts from three tributaries (Wells, 

West, and Salmon rivers) to illustrate the effects of dams on smolt downstream migration 

survival.  Survival frequencies for each panel include results from five replicate runs for 

each of 10 year-specific flow and temperature conditions.  Panels are referred to by the 

models they represent (Table 1).  Percents in the figure legends refer to mean survival 

over all replicates and years.  Model B is the base model, with no dams.  Models K (0.5-d 

delay), F (2-d delay,), I (4-d delay), and L (8-d delay) include both delay at dams and a 
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2.5% mortality at each dam encountered.  Model D includes only the 2.5% mortality and 

no delay at dams. 

 

Fig. 4. Number of deaths (of 500 initial simulated migrants) directly at dams and at times 

and locations removed from dams for smolts from the Wells River (RK 428) at five 

levels of direct mortality at dams.  From top to bottom, panels represent simulations with 

2-d, 4-d, and 8-d delays at each dam.  Note that Wells River smolts must pass five dams 

on their migration down the Connecticut River. 

 

Fig. 5. Spatial-temporal “map” of temperatures encountered by 10 simulated smolts 

leaving the West River at 10 °C to migrate downstream, in temperature and flow 

conditions representing 2001.  Light horizontal lines indicate locations of dams.  Red 

lines represent the location of smolts on each day. Note that some paths of some smolts 

overlap such that all paths are not visible.  Red circles with an X indicate the date and 

location of a simulated smolt mortality.  A) no dams; in this example, all 10 smolts 

survived the migration.  B) 2-d delay and 2.5% mortality at dams; in this example, at 

least 1 smolt died at a dam, at least 3 smolts died in warm spots downstream of the dams, 

and at least 3 smolts survived the migration. 

 

Fig. 6.  Survival frequency histograms for simulated smolts from three tributaries (Wells, 

West, and Salmon rivers) to illustrate the effects of swim speed on smolt downstream 

migration survival without dams (left panels) and with 4-d delay at dams (right panels).  

Survival frequencies for each panel include results from five replicate runs for each of 10 
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year-specific flow and temperature conditions.  Panels are referred to by the models they 

represent (Table 1).  Percents in the figure legends refer to mean survival over all 

replicates and years.  Models A, B, and C have no dams, with swim speeds of 0.5, 1, and 

2 times the current.   Model H, I, and J have a 4-d delay at dams, with swim speeds of 

0.5, 1, and 2 times the current. Model Y has a temperature dependent swim time in which 

smolts swim 12 h/d until the temperature rises above 12 °C, after which smolts swim 24 

h/d.  
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 53 

Appendix A 1 

We modeled the river as consisting of 1.6-km segments, with temperature and flow 2 

updated daily.   3 

Modeling flow 4 

Our goal was to represent the large-scale spatial patterns in flow over the course of a long 5 

river and the intraseasonal and interannual variation in these large-scale patterns.  As 6 

such, we were not interested in representing flow on a fine spatial scale, but focused on 7 

representing how it changed over the migration season and how this varied across years. 8 

Flow data, in the form of river discharge values, were obtained from the United States 9 

Geological Services (USGS) National Water Information System 10 

(http://waterdata.usgs.gov/nwis).  Although some discharge data exist for many sites, we 11 

were limited to using those sites that had sufficient data over the spring migration period 12 

(April-June) for each of the years 1993-2002.  This span of years was chosen because it 13 

was the ten-year period with the most complete data available.  We ultimately used data 14 

from four sites: Ryegate, VT (near mouth of Wells River, RK 428); West Lebanon, NH 15 

(below White River, RK 346); Montague City, MA (Turners Falls, RK 191); and 16 

Thompsonville, CT (RK 101).  Because current velocity (linear distance per time) is 17 

more relevant to smolt movement than is discharge (volume per time), we converted 18 

discharge data to current velocity by dividing by the cross-sectional area of the river near  19 

each discharge monitoring site.  The USGS data include measurements that allow 20 

calculation of cross-sectional stream area at different discharge levels, allowing 21 

estimation of a function converting discharge to velocity at each site (Table A1).  We 22 

used linear interpolation over RK to coarsely represent spatial patterns in current velocity 23 



 54 

along the course of the river, ignoring dams, between monitoring sites.  We used velocity 24 

from our most downstream site (RK 101) to represent velocity between this site and RK 25 

0.  Upon this flow template, we added dams.  We included Wilder Dam (RK 349), 26 

Bellows Falls (RK 280), Vernon Dam (RK 229), Turners Falls (RK 192), and Holyoke 27 

Dam (RK 138).  In practice, rather than modeling a dam’s effect on current velocity, we 28 

modeled its effect on smolt movement rates relative to the background flow of the river.  29 

In all simulations, we included a short delay, modeled as a Poisson distribution with a 30 

mean of 0.5 d, at the mouth of the river, as the smolts entered the estuary.  31 

Modeling temperature 32 

Our goal was to represent the large-scale spatial patterns in temperature over the course 33 

of a long river and the intraseasonal and interannual variation in these large-scale 34 

patterns.  As with flow, we were not interested in fine-scale spatial patterns in 35 

temperature.  We focused on characterizing the general trends from upstream to 36 

downstream in temperature as well as how temperature changed over the migration 37 

season and varied across years.  We used mean daily temperature data from seven sites 38 

along the course of the river.  Data sets for some sites were missing certain days, weeks, 39 

and, in some cases, years. If the gaps in data were short (less than seven days), we 40 

interpolated between values from surrounding days.  For longer data gaps, which tended 41 

to occur very early and very late in the season, we took advantage of the fact that daily 42 

temperatures at a given site were correlated with temperatures at the next closest site 43 

during individual seasons. For each two-week period, we calculated the mean 44 

temperature difference between two sites and used this to fill temporal gaps in the 45 

temperature data.  We used data from the USGS National Water Information System for 46 
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sites at Connecticut River below Indian Stream, near Pittsburg, NH (RK 605.9) and 47 

Connecticut River at North Stratford, NH (RK 554) and at Thompsonville (RK 101).  48 

Temperatures for Holyoke (RK 138) and Turners Falls (RK 192) were given to us by the 49 

Massachusetts Division of Fisheries and Wildlife. Temperatures for Long Island Sound, 50 

the mouth of the Connecticut River (RK 0), came from a NOAA buoy.  Connecticut 51 

Yankee, located at RK 21, provided us with those temperatures, and the Vermont Agency 52 

of Natural Resources gave us temperature data for RK 272 (above Vermont Yankee).  53 

The model of 10 years of current velocity and temperature over the length of the river is 54 

included in the online Supplementary Material. 55 

 Water temperatures in the Connecticut River varied across dates, locations, and 56 

years in a way that potentially affected juvenile salmon survival.  Water temperature 57 

increased rapidly during the spring in the Connecticut River (Fig A1A).  Across years, 58 

water temperature at any given site varied on any date (Fig A1A, A1B ), such that a smolt 59 

using a temperature cue to begin migration might begin at very different times in 60 

different years. While temperature generally increased from upstream to downstream on 61 

any given date (Fig A1B), there were many individual dates in individual years in which 62 

breaks from this pattern occurred, with irregular warm or cold spots occurring within the 63 

longitudinal temperature gradient. 64 

 65 

 66 

Table A1.  Conversion of discharge (x, ft3/s) to velocity (y, cm/s) using discharge and 67 

cross-sectional area data from USGS Water Information System at 4 sites along the 68 

course of the Connecticut River, identified by river kilometer. 69 



 56 

RK Conversion function  R2 

428 425 1007.166.51083.2 ×++×−= − xxy  935.02 =R  

346 425 1031.666.51066.5 ×++×−= − xxy  802.02 =R  

191 426 1076.255.21051.8 ×++×−= − xxy  916.02 =R  

101 425 1003.183.21013.1 ×++×−= − xxy  977.02 =R  

 70 
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 73 
Figure A1.  Example of Connecticut River water temperatures in years 1993-2002. A) 74 
Interpolated temperature data from RK 241 (near the inflow of the West River) from 75 
April 1 to June 30, the time period when Atlantic salmon smolts migrate from tributaries 76 
to the ocean.  B) Interpolated temperature data for May 15 from RK 0 to RK 425. 77 

B

A
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Appendix B 78 
 79 
Table B1. Tributaries from which simulated smolts originated, the distance upstream 80 

from the mouth of the river (km), and the mean relative proportion of smolts originating 81 

from each tributary, based on parr estimates the previous fall in each tributary 82 

(Connecticut River Atlantic Salmon Commission Wild Smolt Estimates). 83 

 

Tributary 

 

RK 

Relative 

Proportion 

Wells River 428 0.03 

White River 346 0.10 

Williams River 286 0.09 

West River 241 0.32 

Deerfield River 190 0.13 

Westfield River 125 0.17 

Farmington River 93 0.12 

Salmon River 29 0.04 
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Appendix C 85 

Figure C1.  Range of temperature cues yielding at least 75% total survival across all years 86 

(vertical bars) and absolute optimal temperature cue (circles) for smolts migrating from 87 

each of three tributaries, with no dams or 2 or 4 day delay at dams, at three levels of 88 

background mortality rate.  Within each panel, within each mortality rate grouping, bars 89 

represent smolts from different tributaries, from left to right: Salmon River (RK 29), 90 

West River (RK 241), and Wells River RK (428).  Circles with no bars indicate optimal 91 

temperature cues, but not cues that result in at least 75% survival. 92 
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Appendix D 94 
 95 
Figure D1.  Percent survival (mean ± S.D.) of smolts from three tributaries (Wells, West, 96 

and Salmon rivers) in simulation with dams (panel A), with a 2-d delay at dams (panel 97 

B), and with a 4-d delay at dams (panel C).  Data are shown for the original temperature 98 

cost functions (Models B, F, and I; black circles), the alternative cold-cost function 99 

(Models M, O, and P; gray circles), and the alternative warm-cost function (Models S, U, 100 

and V; white circles). 101 
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