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Abstract.—Successful restoration of Atlantic salmon Salmo salar to New England rivers involves
the identification and management of mortality sources at different life history stages. The purpose
of this study was to examine the effects of mortality during migration on Atlantic salmon smolts
exiting the Merrimack River. Our objective was to review data pertaining to smolt production,
migration, passage at hydroelectric facilities, and predation in the Merrimack River and construct
a simulation model of smolt migration. We constructed a migration model incorporating river-
flow-based decision rules affecting migration rate, delay at dams, dam passage mortality, and
migration mortality. Mean model estimates of in-river survival ranged from 0.7% to 23.5%. Es-
timated transit times generally increased in migration scenarios in which smolts began migration
later in the season; beginning migration later in the season also resulted in lower in-river survival.
The model was evaluated by comparing records of returns of two-seawinter adults to the Merrimack
River to a likely range of marine survival rates. For 9 of 14 smolt years, model estimates for the
number of smolts exiting the river were comparable with the range of smolt output necessary to
achieve the corresponding adult returns. Model estimates of in-river survival that fell below the
the lower threshold for 5 of the 14 smolt years could be explained in part by relatively high marine
survival experienced by these cohorts. We argue that this model can have important applications
in population assessment, river management, and salmon restoration.

In precolonial New England, at least 28 major
rivers contained populations of Atlantic salmon
Salmo salar (MacCrimmon and Gots 1979). The
largest populations in New England were in the
Connecticut, Merrimack, Androscoggin, Kenne-
bec, and Penobscot rivers (USFWS 1989). Yet, by
the end of the 19th Century, dam construction and
overfishing had extirpated most of these popula-
tions (Moring 1987). Persistent habitat loss threat-
ened the remaining Atlantic salmon runs through-
out the first half of the 20th Century. However,
over the last half century, cooperative efforts be-
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tween state and federal conservation agencies have
succeeded in revitalizing portions of the original
spawning and nursery habitat, protecting remain-
ing habitat, and improving passage facilities at
dams (Baum 1983; Moring 1987; Stolte 1994).

Although conservation of freshwater habitat is
critical, it is important to recognize that adult re-
cruitment is affected not only by in-river survival
of smolts but by at-sea events as well. The com-
bination of effects was illustrated by Scarnecchia
et al. (1989), who examined yields of Atlantic
salmon from 59 Icelandic rivers relative to stream-
flows and sea and air temperatures. They found
that yields fluctuated most in stocks that experi-
enced variable spring and summer ocean temper-
atures, but seasonal streamflow also was an im-
portant explanatory variable. Friedland et al.
(1993) reported that stocks from different loca-
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FIGURE 1.—Map of the main stem of the Merrimack
River, showing location of dams.

tions, and thus experiencing different migration
obstacles and estuarine effects, exhibited coher-
ence in the return rates for two-seawinter (2SW)
adults. They concluded that broadscale effects dur-
ing the postsmolt year regulated annual recruit-
ment in this group of stocks. More specifically,
rates of 1SW and 2SW returns are related to post-
smolt growth, which is dependent upon environ-
mental conditions at sea (Gudjonsson et al. 1995;
Friedland and Haas 1996; Friedland et al. 1996).

Neighboring (and distant) stocks may have sig-
nificantly different mean rates of return but show
correlated year-to-year variability in return rate
(Friedland et al. 1996). The correlation indicates
a broadscale forcing function that acts on all stocks
in the group; the differing mean return rates in-
dicate that smolt survival during river and estua-
rine residencies varies among rivers. Such a co-
herence pattern can persist only if marine influ-
ences on survival dominate earlier influences and
if marine effects are similar among stocks in a
group. In the northeastern United States, return
rates to some rivers remained nearly constant frac-
tions of rates to neighboring rivers even after com-
mercial marine fisheries for Atlantic salmon were
closed (Friedland and Haas 1996). Thus, discrep-
ancies in adult return rates among rivers imply
differing rates of smolt emigration among rivers.
The purpose of this study was to examine the ef-
fects of smolt loss in the Merrimack River during
migration on the rate of smolts exiting the system.
Our objective was to construct a simulation model
of smolt migration based on a review of data on
smolt production, migration, passage of hydro-
electric dams, and predation in the Merrimack Riv-
er.

Methods

Study area.—The Merrimack River basin drains
an area of 12,975 km2, 76% of which is in central
New Hampshire and the rest in northeastern Mas-
sachusetts (Stolte 1994). The Merrimack River has
nine major tributaries, the largest of which, the
Pemigewasset River, has five principal tributaries.
Since 1975, restoration of Atlantic salmon in the
Merrimack River has focused primarily on annual
stockings of cultured fry during April and May.
Over 60% of habitat suitable for smolt production
in the Merrimack River basin is in the Pemige-
wasset River subbasin (Stolte 1994). From the
mouth of the Pemigewasset to the mouth of the
Merrimack (Figure 1), migrating smolts encounter
seven hydropower facilities and one earthen flood
control dam (Table 1). The Merrimack tributary

system, apart from the Pemigewasset River, con-
tains over 100 dams (Stolte 1994).

Model construction.—The number of smolts ex-
iting a river obstructed by dams can be viewed, in
its simplest form, as resulting from a sequence of
survival functions associated with the number of
smolts migrating past and between successive
dams. We constructed a smolt migration model for
the main stem of the Merrimack River consisting
of river-flow-based decision rules affecting migra-
tion rate, mortality at time of dam passage, and
site-specific mortality during migration between
dams (Figure 2). Smolts began migration above
the Ayers Island Dam (Figure 1), from which each
individual was monitored relative to day (1 April–
30 June) and location (e.g., dam or interval be-
tween dams) until it died or exited to the sea. Day
and location were also used to assign the appro-
priate river flow. River flows (m3/s) incorporated
in decision rules reflected mean daily rates mea-
sured at the closest of three U.S. Geological Sur-
vey (USGS) gauges: above Ayers Island Dam, be-
tween Ayers Island and Eastman Falls dams, and
in the lower Merrimack River at Lowell.

The numbers of smolts migrating during 1980–
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TABLE 1.—Dams on the main stem of the Merrimack River.

Dam
River
kma

Turbine capacity
(m3/s)

Fish passage facilityb

Upstream Downstream

Ayers Island 210 46.2 None Spill gate
Franklin (flood control) 196 72.8 None None
Eastman Falls 188 140.0 None Bypass
Garvin Falls 142 151.2 None Bypass
Hooksett 132 42.0 None Bypass
Amoskeag 119 140.0 Vertical slot Bypass
Pawtucket 67 196.0 Vertical slot Bypass
Essex 48 224.0 Lift Bypass

a From the mouth of the Merrimack River.
b U.S. Fish and Wildlife Service, unpublished data.

1993 were derived from the combination of pro-
duction estimates of age-1 parr at index sites with-
in the Pemigewasset region of the Merrimack Riv-
er (U.S. Fish and Wildlife Service, unpublished
data) and the assumption of 65% overwinter sur-
vival (Symons 1979). Parr abundance was esti-
mated by stratified sampling of Atlantic salmon
habitats and equal-effort catch–removal by elec-
trofishing. The majority of Atlantic salmon smolts
in the Merrimack River begin migration at age 2
(USFWS 1989). Precision estimates for the num-
ber of smolts migrating per year were unavailable.

Smolt migration was started in the model ac-
cording to river temperature cues patterned after
observations made for Atlantic salmon popula-
tions in the region and elsewhere (McCleave 1978;
Solomon 1978; Jonsson and Ruud-Hansen 1985;
McMenemy and Kynard 1988; Jonsson et al.
1989). The exact temperature threshold appears to
vary by river, but most smolt runs begin when
water temperatures above 108C are sustained. In
arctic regions where temperatures vary little after
the initial spring snowmelt, smolts migrate at low-
er temperatures under the influence of river flow
(Österdahl 1969; Hesthagen and Garnås 1986).
This type of migration response does not appear
relevant to the Merrimack River stock. Therefore,
from comparison with other temperate rivers in
North America and Europe, we modeled the mode
of the smolt migration as the first day after five
consecutive days of water temperatures greater
than or equal to 108C. This decision is generally
consistent with observations of McMenemy and
Kynard (1988), who reported that migration of
smolts in the Connecticut River extends from early
April through mid-May. We modeled the balance
of the run as a normal distribution over 21 d each
year (Figure 2).

Lacking a complete river temperature time se-
ries for the study period, we relied on a correlated

time series from a neighboring river system. We
used mean daily river temperatures measured at
the Connecticut Yankee generating station on the
lower Connecticut River (Northeast Utilities, un-
published data). The usefulness of Connecticut
River data for deriving a temperature-based mi-
gration modal date was evaluated by regressing
mean daily river temperatures measured on the
Merrimack at Ayers Island, Eastman Falls, and
Garvin Falls dams on Connecticut River temper-
atures for the period 1 April–30 June 1990–1993
(Figure 3). Merrimack River temperatures were
significantly (P , 0.01) correlated to Connecticut
River temperatures and exhibited, as suspected,
the greatest correspondence at the southernmost
dam. The migration modal dates for the base or
standard scenario were 1, 4, 9, 13, 7, and 3 May
(1980–1985); 26 and 27 April (1986–1987); and
13, 4, 1, 3, and 10 May and 28 April (1988–1993).

Migration parameters.—Because of potential
entrainment of smolts in headponds at Ayers Is-
land and Eastman Falls dams (R. Dumore, Public
Service of New Hampshire [PSNH], personal com-
munication) we incorporated river-flow-based mi-
gration delays into the decision rules (Table 2).
Decision rules defining smolt mortality during pas-
sage of the six uppermost dams and migration be-
tween those dams were based on observations of
smolt route selection during dam passage and sub-
sequent detection of surviving smolts at sites
downstream (PSNH 1992). We assumed a linear
relationship between observed mortalities due to
passage of Ayers Island Dam and migration to
Eastman Falls Dam and the associated rates of
river flow (Table 2). Observational data relating
passage and migration mortality to specific ranges
of river flow at dams downstream of Ayers Island
were unavailable. Instead, we assumed that pas-
sage mortalities at Eastman Falls (except under
migration delay conditions), Garvin Falls, and
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FIGURE 2.—Schematic for modeling the migration of Atlantic salmon smolts in the Merrimack River, including
a normal distribution of migrating smolts over time and sites for input of river-flow-based dam passage and migration
mortality.
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FIGURE 3.—Regression of water temperatures mea-
sured at three dams on the Merrimack River on water
temperatures measured at the mouth of the Connecticut
River.

Amoskeag dams were equal to zero and that mi-
gration mortalities (PSNH 1992) were fixed. Spe-
cific data for passage of Franklin Falls and Hook-
sett dams were not reported by PSNH; instead,
these dams were included within migration inter-
vals bounded by other dams (Figure 1). We note
that the PSNH smolt movement data did not gen-
erate accurate estimates of survival because biases
reflecting mortality from radio-tagging, tag mal-
function, tag regurgitation, battery expiration, pre-
dation, and failure to migrate were not accounted
for in the study design. Therefore, we assumed that
the statistics for passage and migration success
represented minimum estimates of survival.

At the two lowermost dams, Pawtucket and Es-
sex, migration delays were incorporated because
of the potential entrainment of smolts in canal sys-
tems (Consolidated Hydro., Inc., unpublished data;
J. Warner, USFWS, personal communication). Fur-
ther, we assumed that passage mortality reflected
the combination of entrainment and turbine mor-
tality. This mortality was set to a level of 10%
(Table 2) after we inspected the facilities and con-
ferred with passage experts (R. Iwanowicz, Mas-
sachusetts Division of Marine Fisheries, and War-
ner, personal communications). Also, although we
had no data concerning smolt mortality in free-
flowing areas of the lower Merrimack River, we
assumed that migration mortality occurred be-
tween the Pawtucket and Essex dams and within
the estuarine area below Essex Dam at levels of
5% (Table 2).

We assigned rates of migration relative to river
flow and location in the river. Migration rates were
based on unpublished observation of smolts in the
Merrimack River itself indicating that transit of
the system can take as little as 5 d and as many
as 35 d (USFWS, unpublished data). From this
bracketing of transit times, we developed linear
relationships between migration rate and flow (Ta-
ble 2). Migration rates used in this model are gen-
erally corroborated elsewhere. For example, Fried
et al. (1978) reported a mean rate of travel of 22
km/d for hatchery-reared age-2 smolts released
within the Penobscot River estuary. Spicer et al.
(1995) found that age-1 smolts released approxi-
mately 91 km upstream from the mouth of the
Penobscot River traveled at a mean rate of 3.7
km/d (range, 0.5–15.7 km/d). Finally, Fängstam
(1993) reported a downstream displacement of less
than 20 km/d for Baltic Atlantic salmon smolts at
water velocities of 19.3–20.5 cm/s.

Survival during dam passage and migration be-
tween dams was determined by a comparison of
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TABLE 2.—River-flow-based decision rules used in modeling the migration of Atlantic salmon smolts in the main stem of
the Merrimack River.

Location and river flow (m3/s) Parameter value

Ayers Island Dam
Pemigewasset River flow

,46.2 The smolt is held for up to 10 d awaiting a higher river flow. After 10 d,
passage mortality 5 1.0

46.2 to ,56.0 Passage mortality 5 (river flow·20.1019368) 1 5.7084608
$56.0 Passage mortality 5 0.0

Migration to Eastman Falls Dam
Pemigewasset River flow

,46.2 Migration mortality 5 0.55
46.2 to ,56.0 Migration mortality 5 (river flow·20.005103) 1 0.7856151
56 to ,100.8 Migration mortality 5 (river flow·20.0055804) 1 0.8125

$100.8 Migration mortality 5 0.25

,46.2 Migration rate 5 10 km/d
46.2 to ,672.0 Migration rate 5 (river flow·0.05194805) 1 7.090909

$672.0 Migration rate 5 42 km/d
Eastman Falls Dam

Merrimack River flow above Eastman
,72.8 The smolt is held for up to 5 d awaiting a higher river flow. After 5 d,

passage mortality 5 1.0
$72.8 Passage mortality 5 0.0

Migration to Garvin Falls Dam
Merrimack River flow above Eastman Migration mortality 5 0.20 at all flows

,46.2 Migration rate 5 10 km/d
46.2 to ,672.0 Migration rate 5 (river flow·0.05194805) 1 7.090909
$672.0 Migration rate 5 42 km/d

Garvin Falls Dam
Merrimack River flow above Eastman Passage mortality 5 0.0 at all flows

Migration to Amoskeag Dam
Merrimack River flow above Eastman Migration mortality 5 0.25 at all flows

,46.2 Migration rate 5 10 km/d
46.2 to ,672.0 Migration rate 5 (river flow·0.05194805) 1 7.090909
$672.0 Migration rate 5 42 km/d

Amoskeag Dam
Merrimack River flow above Eastman Passage mortality 5 0.0 at all flows

Migration to Pawtucket Dam
Merrimack River flow above Eastman Migration mortality 5 0.29 at all flows

,46.2 Migration rate 5 10 km/d
46.2 to ,672.0 Migration rate 5 (river flow·0.05194805) 1 7.090909

$672.0 Migration rate 5 42 km/d
Pawtucket Dam

Merrimack River flow at Lowell
,196.0 The smolt is held for up to 5 d awaiting a higher river flow. After 5 d,

passage mortality 5 1.0
$196.0 Passage mortality 5 0.90

Migration to Essex Dam
Merrimack River flow at Lowell Migration mortality 5 0.05 at all flows

,46.2 Migration rate 5 10 km/d
46.2 to ,672.0 Migration rate 5 (river flow· 0.05194805) 1 7.090909

$672.0 Migration rate 5 42 km/d
Essex Dam

Merrimack River flow at Lowell
,224.0 The smolt is held for up to 5 d awaiting a higher river flow. After 5 d,

passage mortality 5 1.0
$224.0 Passage mortality 5 0.10

Migration to sea
Merrimack River flow at Lowell Migration mortality 5 0.05 at all flows

,46.2 Migration rate 5 10 km/d
46.2 to ,672.0 Migration rate 5 (river flow·0.05194805) 1 7.090909

$672.0 Migration rate 5 42 km/d
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the mortality factor and a random variable. Each
mortality factor, either fixed or flow dependent,
was used as a threshold value and was compared
to a uniform random number to determine whether
a mortality occurred at that location. The date of
each passage event was tracked for individual fish
in order to incorporate the appropriate river flow,
mortality parameter, delay time, and migration
rate. Results represent the mean values of 200 re-
alizations for each smolt year (1980–1993) and for
each of five migration scenarios testing the
temperature-derived modal migration date plus or
minus 7 and 14 d.

Model sensitivity and evaluation.—Because pas-
sage and migration mortalities were arranged se-
quentially within the model (Figure 2), their effect
on the proportion of smolts exiting the river was
multiplicative. Thus, a change in the probability
of mortality during passage of a particular dam or
migration between dams produced (given excep-
tions created by randomly generated comparison
values) a nearly equal change in the proportion of
smolts surviving migration. However, by varying
migration modal dates (i.e., the midpoint of the
21-d normal distribution of migrating smolts), we
could vary the river flows encountered by smolts,
which in turn affected the probability of mortality
during dam passage and movement between dams.
The sensitivity of the model to variation in modal
migration date was assessed by shifting the date
plus or minus 7 and 14 d, while other parameters
were held constant.

To evaluate the decision rules incorporated in
the migration model, we used records of 2SW adult
returns to the Merrimack River for 1982–1995.
State and federal agencies counted returning adults
at the Essex Dam fish lift from early May through
July and from mid-September through October
each year. Included in records of returning adults
were fish that were incidentally landed and killed
by sport anglers downstream from Essex Dam.
Scale samples were used to age returning adults.
Typically, over 80% of adult returns to the Mer-
rimack River were 2SW individuals (USFWS, un-
published data). We assumed that all 2SW returns
originated from fry stocked in the Pemigewasset
River. We validated the model by comparing the
number of successful migrants from annual model
runs to a range of smolts necessary to achieve the
given numbers of 2SW returns, assuming a marine
survival range of 0.5–5.0% (Bley and Moring
1988).

Because we assumed a normal distribution for
the estimated number of migrating smolts for

1980–1993 and created decision rules that were
based on river flow, we assessed the role of these
variables in the recruitment of returning 2SW
adults. We first regressed returns of 2SW salmon
from the 1980–1993 smolt cohorts on the number
of smolts beginning migration and the average of
the mean daily river flows for May measured be-
tween Ayers Island and Eastman Fall dams. The
independent variables were not transformed. Next,
we calculated Pearson’s product-moment correla-
tion coefficient (Conover 1980) between the ob-
served 2SW returns and the predicted values from
the regression model (a 5 0.05).

Results

Model Estimates

For all annual simulations considered in this
study, river flows within the headwaters of the
Merrimack River directly affected smolt passage
at Ayers Island Dam, the first dam on the main
stem. During early May, river flows generally ex-
ceeded the turbine capacity (46.2 m3/s) at Ayers
Island Dam (Figure 4), a flow rate below which a
migration delay was incorporated (Table 2). Fur-
ther, for 12 of the 14 years, modal dates for the
standard migration scenario fell within periods
when river flow exceeded turbine capacity. How-
ever, with the exception of 1983–1984 and 1989–
1990, river flows had decreased below the turbine
capacity at Ayers Island Dam before the first week
of June.

Over the range of migration scenarios simulated,
the time required to complete migration, which
also was affected by river flow, varied annually.
For 8 of the 14 years, smolts migrating under the
earliest-migration scenario (14 d before the stan-
dard migration modal date) were predicted to exit
the river in less time (averaging #18 d) than smolts
migrating under the other scenarios (Figure 5). Un-
der the standard migration scenario, smolts mi-
grating in 1984 and 1989 experienced the lowest
transit times (averaging ,14 d) but those migrat-
ing in 1981, 1985, and 1986 required the longest
periods (25–27 d). Over all migration scenarios,
smolts migrating in 1983, 1984, 1989, and 1990
had the smallest range of transit times (averaging
11–18 d). The largest range of transit times, across
all migration scenarios, occurred in 1980, 1986,
and 1992 (averaging 12–35 d). During years with
marked decreases in river flows before and during
June, particularly 1980, 1985, 1986, and 1992
(Figure 4), the mean time required to complete
migration ranged from less than 12 d to approxi-
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FIGURE 4.—Rates of river flow above Ayers Island Dam in the headwaters of the Merrimack River from 1 April
(day 90 of the year) to 30 June. The broken horizontal line represents turbine capacity (46.2 m3/d) at the dam, a
rate below which migrating Atlantic salmon smolts were assumed to be delayed for lack of spill. The vertical hatch
mark represents the standard migration modal date, the midpoint of the simulated 21-d migration period. Migration
was normally distributed about the mode, which was set at the first day after five consecutive days of water
temperatures greater than or equal to 108C.
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FIGURE 5.—Estimates of the mean number of days required by Atlantic salmon smolts to complete migration
from the headwaters to the mouth of the Merrimack River for five migration modal dates: 14 or 7 d before the
standard migration modal date (‘‘start’’), on the standard modal date, and 7 or 14 d after the standard modal date.

mately 35 d. Under the latest-migration scenario
(i.e., the standard modal date plus 14 d), transit
time averaged approximately 29–35 d.

Mean rates of in-river survival varied little ex-
cept under the later-migration scenarios. Yearly in-
river survival rate averaged 0.7–23.5% over the
range of years and migration scenarios simulated
(Figure 6). The highest rates of mean in-river sur-
vival (22.5–23.5%) occurred within the earliest
migration scenario, while the largest range of mean
survival rates (0.7–23.1%) were for smolts begin-
ning migration 14 d after the standard modal date.
Under the standard migration scenario, survival
averaged 19.4–23.3%. During 1985–1988 and
1991–1993, years in which survival averaged 3.2–
23.0% under the later two later-migration scenar-
ios, smolts experienced late-season river flows that
were low or decreasing rapidly relative to turbine
capacity at Ayers Island Dam (Figure 4). In con-
trast, during 1983–1984 and 1989–1990, years
when late-season river flows were generally at or
above the turbine capacity at Ayers Island Dam
through May, survival decreased only slightly with
later-migration scenarios. Survival during 1980–
1982 averaged 16.6–20.1% under the latest-mi-
gration scenario, although river flows decreased
below the Ayers Island turbine capacity before the
end of May.

Model Evaluation

The number of surviving smolts required to
achieve a 0.5–5.0% rate of 2SW return varied de-
pending on the number of 2SW adults used to
back-calculate the smolt cohort size range. For ex-
ample, in 1980 the threshold extended from 40 to
400 smolts; in 1989 the range was 5,080–84,667
smolts (Figure 7). For 9 of the 14 years, the es-
timated number of smolts surviving the in-river
migration was sufficient to achieve rates of adult
returns falling within the 0.5–5.0% range. Further,
with the exception of 4 of the 9 years (1987, 1988,
1991, and 1993), the number of surviving smolts
across all migration simulations was within the
threshold range. However, the number of smolts
surviving migration under the scenario of the stan-
dard modal date plus 7 d (1987) or plus 14 d (1987,
1988, 1991, and 1993) fell below the minimum
threshold value. For 1981 and 1983–1986, the
number of surviving smolts (averaging 135–436)
under all migration scenarios fell below the 0.5–
5.0% threshold range (760–28,333 smolts).

Finally, the two main variables in the model, the
number of smolts beginning migration and river
flow, together proved to be critical components in
the production of returning adults (Table 3). Al-
though neither variable was uniformly distributed
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FIGURE 6.—Estimates of the mean rate of in-river sur-
vival of Atlantic salmon smolts migrating from the head-
waters to the mouth of the Merrimack River for migra-
tion modal dates (A) 14 d before, (B) 7 d before, (C)
on, (D) 7 d after, and (E) 14 d after the standard mi-
gration modal date.

(Figure 8A), the residuals were not correlated with
the predicted values (r 5 0.20, P 5 0.153). Further,
there was a significant (P , 0.002) correlation
between the observed numbers of 2SW adult re-
turns (1982–1995) to the Merrimack River and the
numbers predicted from the regression model (Fig-
ure 8B).

Discussion

Model Construction

The migration model developed in this study is
a basic representation of the factors affecting the
mortality of smolts during emigration from the Pe-
migewasset region of the Merrimack River basin.
Parameterization of the model was a direct inter-
pretation of the primary data describing fish pas-
sage and emigration on the river, thus it represents
a first step to modeling this system. Because the
data were in the form of tagged performance stud-
ies of fish in the river, more complex interactions
were not included. Data on the exact nature of
predation on smolts in the river is unavailable.
Thus, to explicity incorporate predation models,
such as encounter rate functions, would be an in-

appropriate extension of the data at this time. How-
ever, as new information is contributed, this model
will provide a framework into which more detailed
and site-specific submodels can be incorporated to
better estimate in-river survival of migrating
smolts.

The migration model can be improved with pre-
cision estimates of smolt production in the head-
waters of the Merrimack River, which would result
in better estimates of the number of migrating
smolts. Working on a tributary to the Connecticut
River, Orciari et al. (1994) found density effects
on growth of yearling parr and, subsequently, in-
creased overwinter mortality. They attributed their
findings to competition for substrate chambers as
water temperatures dropped in the fall. Because
density and environmental factors might affect
smolt production in the Merrimack, the assump-
tion of a constant overwinter mortality rate would
appear unrealistic. Currently, the effects of parr
density, early winter floods, and overwinter mor-
tality of age-1 parr as related to the production of
age-2 smolts in the Merrimack River have not been
assessed.

The model also can be refined by fully speci-
fying the effects of river flow on migration success
of smolts. The effects of river flow and obstruction
on the migration of anadromous fish are well doc-
umented (Ruggles and Watt 1975; Raymond 1979,
1988; Williams and Matthews 1995). For example,
Hvidsten and Hansen (1988) demonstrated a pos-
itive and significant relationship between total
adult recapture rate and maximum river flow at
time of smolt release in the rivers Surna and Gaula,
Norway. Hvidsten and Johnsen (1993) and Hvid-
sten et al. (1995) reported that the magnitude of
river flow, as well as increased flow, affected the
initiation of smolt migration and shoal formation.
These studies showed that shoal formation during
periods of increased water discharge resulted in
increased survival of both hatchery and wild
smolts and subsequent adult returns. In the present
model, only the upper dam and interval between
Ayers Island and Eastman Falls dams were cali-
brated with river-flow-dependent data. Although
river flow and the number of smolts migrating ex-
plained a significant amount of the variation in
2SW returns to the Merrimack, our model vali-
dations suggest that flow was insufficiently ac-
counted for as a site-specific variable affecting the
number of smolt migrants.

River flows used in this study were not specific
for each dam because records of water discharge
(the volume of water released via spill and through
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FIGURE 7.—Estimates of the mean number of Atlantic salmon smolts surviving migration from the headwaters
to the mouth of the Merrimack River under early-, standard, and late-migration scenarios. The broken lines denote
the ranges of surviving smolts necessary to achieve 0.5–5.0% at-sea survival over two seawinters.

TABLE 3.—Analysis of variance statistics for the re-
gression of observed number of two-seawinter (2SW) At-
lantic salmon returning to the Merrimack River during
1982–1995 on number of smolts beginning migration 2
years previously and average mean river flow between Ay-
ers Island and Eastman Falls dams during May in the out-
migration year.a

Source of
variation df

Sum of
squares

Mean
square F

Significance
F

Regression 2 42,644 21,322 39.56 9.464E206
Residual 11 5,929 539
Total 13 48,573

a The regression was: number of 2SW adults 5 217.8066 1
0.002204(number of smolts) 1 0.243952(flow, m3/s); multiple R
5 0.94; R2 5 0.88; adjusted R2 5 0.86; SE 5 23.22; N 5 14.
For the intercept, SE 5 16.28, t 5 21.094, and P 5 0.297. For
the smolt coefficient, SE 5 0.0004, t 5 5.654, and P , 0.001.
For the flow coefficient, SE 5 0.0802, t 5 3.043, and P , 0.012.

the turbines) over the smolt migration period,
which might differ from actual river flow, were
unavailable. Further, we incorporated river-flow-
related trends in passage mortality at Ayers Island
Dam only. However, the combined effects of river
flow and passage opportunities at dams affected
annual variation in model estimates of transit time
between migration scenarios (Figure 5). Ruggles
and Watt (1975) and Raymond (1979) stressed that

prolonged delay in passage of dams increases ex-
posure time of anadromous fish to predators and
disease. Further, prolonged migration periods ex-
pose smolts to increasing river temperatures and
loss of physiological smolt characters (e.g., gill
Na1, K1-ATPase activity) which might result in
decreased survival, growth, and swimming per-
formance in seawater (McCormick et al. 1997).

Though we assumed that migration mortality in-
cludes predation, we were unable to specify the
contribution to overall mortality at each dam or
interval between dams. Despite the absence of spe-
cific predation rate data for the Merrimack River,
the nature of predation on juvenile salmonids is
becoming more fully described. On some Euro-
pean rivers smolt losses to predation exceed 20%
(Larsson 1985; Hvidsten and Møkkelgjerd 1987).
Reitan et al. (1987) reported that predation by gulls
Larus spp. on smolts in the River Eira, Norway,
was negatively correlated with recapture rate of
adults. Researchers working on the Columbia Riv-
er, Oregon–Washington, identified predation by
resident fish as causing mortality equal to or higher
than that attributed to dam passage (Rieman et al.
1991). Blackwell and Krohn (1997) reported that
double-crested cormorants Phalacrocorax auritus
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FIGURE 8.—(A) The number of Atlantic salmon smolts migrating in the Merrimack River during 1980–1993 as
related to river flow and (B) the observed number of two-seawinter Atlantic salmon returning to the Merrimack
River versus the predicted number resulting from a regression of two-seawinter Atlantic salmon returns on the
number of smolts beginning migration and the average mean river flow during May, measured between Ayers
Island and Eastman Falls dams.

that used the Penobscot River selectively foraged
in areas adjacent to main-stem dams during May,
the period of smolt migration. Moreover, of the
prey items recovered from stomachs of double-
crested cormorants collected during May in areas
adjacent to dams and in free-flowing sections of
the Penobscot River, smolts were among the two
most important prey species (Blackwell et al.
1997). These and other reports will provide the
basis of future model modifications that partition
mortality between predation and other sources.

Model Evaluation

Though new information concerning smolt mi-
gration in the Merrimack would improve estimates
of in-river survival, it was necessary to validate
the estimates under the current migration param-
eters. Bley and Moring (1988) reported marine sur-
vival rates of 0.2–5.7% for wild and hatchery-
reared smolts entering a commercial marine fish-
ery. More recently, Friedland et al. (1996) reported
a return rate (including in-river mortality) for 2SW

Penobscot River Atlantic salmon of 0.20–1.27%.
Return rates of 2SW adults from the Connecticut
River (also including in-river mortality) ranged
from 0.03% to 0.51%. Multiplying the range of
model mean yearly in-river survival estimates by
0.5–5.0% yielded a composite survival range of
0.003–1.18%. Thus, given model estimates of in-
river survival and the assumption of 0.5–5.0% ma-
rine survival, composite survival for migrating
smolts in the Merrimack River overlapped survival
estimates for the Penobscot and bounded those for
the Connecticut. Moreover, if all returning 2SW
Atlantic salmon (1982–1995) were not of Pemi-
gewasset origin, the smolt output necessary for
adult recruitment, given 0.5–5.0% marine surviv-
al, is decreased.

However, if marine survival ranges from 0.5%
to 5.0% and all returning 2SW Atlantic salmon
were of Pemigewasset origin, then the model un-
derestimated in-river survival for smolt years 1981
and 1983–1986 (Figure 7). Possible reasons for
the underestimates include the distribution of mi-
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FIGURE 9.—The rate of return (relative to estimated
smolt production) of two-seawinter Atlantic salmon to
the Merrimack River.

grating smolts and the parameterization of river-
flow effects at each dam. As independent variables,
both factors explained a significant amount of the
variance associated with annual returns of 2SW
fish to the Merrimack River (Figure 8). Another
reason for the underestimates might be migration
success parameters that reflected the behavior of
the hatchery-reared smolts used by PSNH. Smolts
produced from stocked fry, being better adapted
to riverine conditions (Moring et al. 1995), might
exhibit greater migration success. Finally, the pos-
sibility of improved marine survival due to vari-
ability in climatic conditions at sea must be con-
sidered. The rates of 2SW returns (returning
adults/estimated number of smolts produced) for
these smolt cohorts peaked relative to other years
(Figure 9). Evidence of improved marine survival
for individuals from these smolt cohorts is also
indicated by records of adult returns to neighbor-
ing New England rivers (Friedland et al. 1993,
1996).

Thus, although factors affecting survival during
the marine phase of Atlantic salmon life history
cannot be dismissed as unimportant, the combi-
nation of multiple obstructions to migration, a
managed flow regime on most New England At-
lantic salmon rivers, and in-river predation indi-
cates that mortality before smolts reach the marine
system might be substantial. Given that over 60%
of nursery habitat in the Merrimack River system
lies above eight main-stem dams, utilities and
managers must continue to work cooperatively in
developing adequate measures to insure successful
migration. Realistic modeling of rates of smolt em-
igration and subsequent passage of dams requires
multiple sampling stations where frequent mea-
surements of river flow, rates of smolt migration,

and estimates of smolt survival can be obtained.
We suggest that future work be directed toward
improvements in the monitoring of smolt migra-
tion, measuring sources of in-river mortality, and
the further development of predictive models that
allow evaluation of proposed management strate-
gies.
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