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Abstract: Our study used historic marine-derived nutrient (MDN) delivery timing to simulate potential effects of restored
connectivity on juvenile Atlantic salmon (ATS; Salmo salar) growth and condition. Four headwater streams were stocked with ATS
young of the year (YOY) and received carcass analog additions (0.10 kg·m–2 wetted area) in treatment reaches to match the timing
of sea lamprey (Petromyzon marinus) spawning. Individual ATS mass was 33%–48% greater and standard length was 9%–15% greater
in treatment reaches relative to control reaches for 4 months following nutrient additions. Percent total lipids in YOY ATS were
twice as great in treatment reaches 1 month following carcass analog additions and remained elevated in treatment ﬁsh for
2 more months. Absolute growth rates, based on otolith microstructure analysis, correlated with water temperature ﬂuctuations
in all reaches and were elevated by an average of 0.07 mm·day–1 in treatment reaches for 1 month following carcass analog
additions. Simulated sea lamprey MDNs increased juvenile ATS growth, which, via potential increases in overwinter survival and
decreases in smolt age, may contribute to population persistence and ecosystem productivity.
Résumé : Notre étude fait appel à des données historiques sur le moment de l’apport de nutriants de source marine (MDN) pour
simuler les effets potentiels du rétablissement de la connectivité sur la croissance et l’embonpoint des saumons atlantiques (ATS;
Salmo salar) juvéniles. Quatre cours d’eau d’amont ont été empoissonnés avec des jeunes de l’année (YOY) d’ATS et ont fait l’objet
d’ajouts d’analogues de carcasses (0,10 kg·m–2 de surface mouillée) dans des tronçons traités pour simuler le moment du frai des
lamproies (Petromyzon marinus). La masse d’ATS individuels était de 33 % à 48 % plus importante et leur longueur standard, de 9 %
à 15 % plus grande dans les tronçons traités que dans les tronçons témoins pour les 4 mois suivant l’ajout de nutriants. Le
pourcentage de lipides totaux dans les YOY d’ATS était deux fois plus élevé dans les tronçons traités 1 mois après l’ajout
d’analogues de carcasses et est demeuré élevé dans les poissons de tronçons traités pendant 2 autres mois. Il y avait une
corrélation entre les taux de croissance absolue, tirés de l’analyse de microstructures d’otolites, et les ﬂuctuations de la
température de l’eau dans tous les tronçons, et ces taux étaient de 0,07 mm·jour–1 en moyenne plus élevés dans les tronçons
traités pendant le mois suivant les ajouts d’analogues de carcasses. Les MDN de lamproies simulés se sont traduits par une
croissance accrue des ATS juvéniles ce qui, par l’entremise d’augmentations potentielles de la survie hivernale et de réductions
de l’âge des saumoneaux, peut contribuer à accroître la persistance des populations et la productivité des écosystèmes. [Traduit
par la Rédaction]

Introduction
Atlantic salmon (ATS; Salmo salar) populations have declined
precipitously across much of their historic range largely because
passage between marine and freshwater habitats has been reduced or blocked, decreasing connectivity (Moring 2005). This
connectivity loss similarly has reduced or eliminated populations
of other co-evolved diadromous ﬁshes (Limburg and Waldman
2009). Growth opportunities are great in the highly productive
marine environment (McCormick et al. 1998), and the majority of
anadromous ﬁsh biomass is gained in the ocean (Flecker et al.
2010; Thorpe 1984). As a result, anadromous ﬁsh act as vectors of
marine-derived nutrients (MDNs) into freshwater systems during
their spawning runs, when metabolic waste, unsuccessful eggs,
and carcasses may be deposited within the spawning grounds.
Many streams in Maine are oligotrophic (Danielson 2010), and this
in part may be due to the absence of anadromous ﬁsh runs. Restoring anadromous ﬁsh populations may increase productivity,
creating a positive feedback loop (Chaloner et al. 2002; Wipﬂi
et al. 1998) as productivity increases the success of juvenile Atlantic salmon and other anadromous ﬁsh.

The diversity of anadromous species' life histories and spawning event timing inﬂuences the magnitude of MDNs entering
freshwater environments and the subsequent potential effects of
these MDNs on the ecosystems (Flecker et al. 2010). In western
North American ecosystems, MDNs imported by Paciﬁc salmon
(Oncorhynchus spp.) have resulted in increases in periphyton biomass (Johnston et al. 2004); taxa-speciﬁc increases and decreases
in macroinvertebrate abundance, biomass, and secondary production (Chaloner et al. 2004; Lessard and Merritt 2006; Lessard
et al. 2009); site-speciﬁc variability in response by juvenile salmonids (Lang et al. 2006); increases in growth and survival of
juvenile salmonids (Stockner and MacIsaac 1996); and increases in
adult salmonid recruitment (Michael 1995). The role of ATS as
nutrient vectors between marine and freshwater environments
has been studied in Europe (Jonsson and Jonsson 2003; Lyle and
Elliott 1998); however, the effects of MDNs on eastern North American ecosystems have received less study (Garman and Macko
1998; Nislow and Kynard 2009; Walters et al. 2009).
There are clear differences between western and eastern North
American anadromous ﬁsh assemblages and life histories such
that extrapolating Paciﬁc MDN research results to the northwest
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Fig. 1. Location of study sites within Penobscot River watershed (outlined), Maine, USA. Four study streams (A, B, C, and D) are within
Kingsbury Plantation township and are tributaries of Kingsbury Stream, which ﬂows west to east from Kingsbury Pond to the Piscataquis
River (not shown). Each study stream contains a control reach, a buffer, and a treatment reach.
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Atlantic may be inappropriate. In contrast with Paciﬁc salmon,
ATS are iteroparous, and nutrient delivery occurs primarily as
metabolic waste products and unsuccessful eggs. In addition, ATS
spawning occurs in the fall, when temperature and productivity
are reduced in lotic systems (Huryn and Wallace 2000; Morin et al.
1999). Unlike ATS, sea lamprey (Petromyzon marinus) spawn in the
spring, are semelparous, and nutrient delivery includes carcasses.
Spawning in much of the same habitat as ATS, sea lamprey may be
a major vector for MDNs into ATS nursery streams.
Improving juvenile ATS condition is a management objective
throughout its range, because growth and survival of juvenile ATS
affect smolt production and persistence of ATS populations
(McCormick et al. 1998). MDNs may indirectly affect juvenile ATS
by increasing productivity of the freshwater community and the
prey base for ﬁsh (Bilby et al. 1996; Kohler et al. 2008; Wipﬂi et al.
1999), as well as through direct ingestion of eggs and carcass material (Bilby et al. 1998). The timing of the sea lamprey spawning
event may be particularly advantageous for juvenile ATS, because
it occurs concurrently with ATS emergence and the advent of
feeding (Saunders et al. 2006). Sea lamprey spawning events likely
will increase ATS growth and survival more than nutrient loading
in the fall from ATS spawning events because the magnitude of
nutrient inﬂux is greater and ﬁsh growth potential increases with
increasing temperature (Brett 1979).
Restoring nutrients to freshwater environments that have lost
the annual nutrient contribution from spawning salmon is a conservation goal in western North American lotic systems. Artiﬁcial
delivery of nutrients as inorganic fertilizers (Peterson et al. 1993;

Slaney et al. 2003; Wipﬂi et al. 2010) and ﬁsh carcasses (Giannico
and Hinch 2007; Wipﬂi et al. 2010) has been used experimentally
to assess effects of elevated nutrient concentrations on recovery of aquatic systems, and nutrient supplementation has been
adopted as a restoration strategy in systems with depleted anadromous ﬁsh runs (Griswold et al. 2003; Oregon Watershed
Enhancement Board 2006). While carcass analogs do not simulate all aspects of spawning run contributions and effects to
freshwater ecosystems, they can be used as a potential nutrient
source to simulate MDN delivery (Kohler et al. 2008; Martin
et al. 2010; Wipﬂi et al. 2004). Carcass analogs added to Paciﬁc
salmon streams have increased productivity analogous to that
from carcass additions (Martin et al. 2010; Wipﬂi et al. 2004).
We determined effects of carcass analog application timed to
match sea lamprey spawning on juvenile ATS. We hypothesized
that carcass analog application in sea lamprey spawning habitat
in headwater streams would (i) increase juvenile ATS size and
growth rates and (ii) increase lipids in the ﬁrst year of ATS growth.
As connectivity is restored in the region, the diverse life histories
of anadromous species in these systems likely will beneﬁt their
recovery. Our approach explores the potential effects of one anadromous species on the juvenile life stages of another, which may
have far-reaching consequences for restoration efforts.

Materials and methods
Study area
We conducted this study in four headwater tributaries of Kingsbury Stream (Kingsbury Plantation township, Piscataquis County,
Published by NRC Research Press
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Table 1. Physical characteristics in control (C) and treatment (T) reaches in the four study streams.
Stream A

Mean bankfull width (m)
Gradient (%)
Gravel–cobble (%)
Water temperature (°C)
Elevation (m)
Riparian overstory vegetationⴱ
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Canopy openness (%)

Stream B

Stream C

Stream D

C

T

C

T

C

T

C

T

2.9 (2.2–3.8)
3.8 (2.7–5.5)
68 (10–100)
13.4 (4.0–20.7)
334

3.5 (2.3–4.7)
3.2 (1.5–6.2)
57 (10–100)
13.9 (4.0–22.1)

5.4 (3.8–6.9)
2.2 (1.0–4.3)
73 (10–100)
14.3 (3.2–22.3)

3.9 (3.4–4.7)
4.6 (1.5–8.1)
49 (0–100)
13.0 (3.9–19.4)
306

3.7 (2.6–5.0)
3.7 (1.8–5.2)
53 (0–100)
13.8 (3.6–21.5)

Fagr

33 (25–43)

27 (21–35)

Fagr
Tsca
36 (33–40)

Fagr
Tsca
34 (29–38)

Fagr
Bepa
29 (23–35)

3.8 (2.5–5.9)
4.4 (3.4–5.0)
58 (10–100)
13.1 (3.8–20.9)
308
Abba
Bepa
Pima
30 (24–37)

5.3 (3.6–7.5)
3.1 (1.6–5.2)
63 (5–100)
12.7 (3.8–19.9)

Fagr

5.4 (4.8–6.6)
2.9 (1.9–3.5)
59 (10–100)
14.0 (3.3–22.4)
346
Fagr
Bepa
Tsca
35 (31–40)

Abba
Fram
Fagr
29 (24–34)

Note: Values are reported as means with ranges in parentheses (minimum to maximum).
ⴱDominant overstory vegetation: Fagus grandifolia (Fagr, American beech), Abies balsamea (Abba, balsam ﬁr), Fraxinus americanus (Fram, white ash), Tsuga canadensis
(Tsca, eastern hemlock), Betula papyrifera (Bepa, white birch), Picea mariana (Pima, black spruce).

Maine, USA) in the Penobscot River basin (Fig. 1). Small dams on
the river's tributaries inhibited ﬁsh passage beginning in the late
1700s, and the ﬁrst large main stem dam was built in the 1820s
(MDMR and MDIFW 2007). The basin contains thousands of culverts and at least 116 dams, 24 of which are federally licensed for
hydropower (Fay et al. 2006). These barriers greatly limit anadromous species' access to spawning habitat. The region primarily is
mixed deciduous forest with a long logging history. Brook trout
(Salvelinus fontinalis) dominate the resident ﬁsh populations in
these streams; eastern blacknose dace (Rhinichthys atratulus) are
found in low densities.
We established an upstream control reach (300 m) and a downstream treatment reach (300 m) in each stream, with a 100–500 m
buffer between these reaches (Fig. 1). The maximum distance
young-of-the-year (YOY) ATS move upstream 4 months after stocking in Maine is ⬃500 m in systems with few physical barriers
(Mike Loughlin, Maine Department of Marine Resources, MDMR,
USA, personal communication). The buffer length in each stream
was determined by the stream gradient and height of physical
barriers between control and treatment reaches. Stream A had a
100 m buffer that contained two >40 cm tall falls that created a
barrier for upstream YOY ATS movement. Stream B had a longer,
500 m buffer; there were no physical barriers >30 cm tall that
would limit YOY ATS movement upstream. Both Streams C and D
had 400–500 m buffers with multiple physical barriers >30 cm.
Physical characteristics of reaches within and between streams
were similar (Table 1). Gradient of each reach was measured with
a laser transit (Rugby 100, Leica Geosystems, Switzerland). Substrate characterization included visual estimates of percent cover
of silt, sand, gravel, cobble, boulder, leaf litter, and moss within
0.25 m2 survey plots sampled in the center of rifﬂes at 25 m
intervals. Water temperature was recorded at 5 min intervals for
the duration of the study with HOBO loggers (UA-001-64 Pendant
Temp, Onset Computer Corporation, Bourne, Massachusetts,
USA) submerged and anchored to the substrate in ﬂowing water in
shaded sections of each reach. Canopy cover was measured with
hemispherical photography. Photographs were taken at 25 m intervals with a Canon Powershot G3 (Canon U.S.A. Inc., Lake Success, Massachusetts, USA) with a ﬁsheye lens placed on a platform
on a tripod in the center of the stream 1 m above the water surface.
Percent openness was measured with Winphot 5.0 (ter Steege
1996). The study streams were oligotrophic prior to nutrient manipulations (total dissolved nitrogen (TDN): 0.10–0.32 mg·L–1; total
dissolved phosphorus (TDP): 4–28 g·L–1), and conductivity was
low (10–35 S·cm–1).
Experimental design
Atlantic salmon marking and stocking
First ﬁlial generation (F1) hatchery-raised ATS otoliths were
marked thermally before hatching in January and February 2010
as two separate groups at the US Fish and Wildlife Service Craig

Brook National Fish Hatchery, East Orland, Maine, USA. One
group received a series of four marks in a chilled recirculating
system by exposing the eggs to alternating cycles of 36 h with a
4 °C increase in temperature and 36 h at ambient temperature
(1.7 °C). The second group received a series of two marks, a 72 h
ambient period, and a series of two more marks. The procedure
used for marking otoliths in 2009 was not effective, and thermal
marks on the 2009 year class ATS were indistinguishable.
Salmon fry were stocked throughout the streams from 100 m
above to 12.5 m below each control and treatment reach during
conditions speciﬁed by the MDMR, Bureau of Sea-Run Fisheries
and Habitat, Bangor, Maine, USA. Control and treatment sections
were stocked with ﬁsh from different thermally marked groups.
Fry density in the research streams was increased to 400 fry per
100 m2 wetted area, which is four times the typical stocking density in Maine (Fay et al. 2006), to maximize the potential number
of surviving fry. Unfed fry were stocked on 18 May 2009, and fed
fry were stocked on 14 May 2010. The developmental index (Kane
1988), which is 0 at fertilization and 100 at ﬁrst feeding, was ⬃93 in
2009 and ⬃123 in 2010. Fry were distributed evenly every 12.5 m
throughout the control and treatment reaches.
Carcass analog addition
Carcass analogs were applied to treatment reaches (Fig. 1) at a
density of 0.1 kg analog·m–2 on 14 July and 31 October 2009 and
1 July 2010 (Fig. 2). July delivery matched sea lamprey spawning
timing, and October delivery matched ATS spawning timing. The
same application density was used for all dates to facilitate comparisons. Carcass analogs were placed in Vexar 6.35 mm mesh
bags, anchored to bags ﬁlled with rocks collected from the streambed, randomly distributed throughout each treatment reach, and
left in place until analog pellets had dispersed. Each mesh bag was
ﬁlled with ⬃800 g of carcass analog material. Carcass analog material, produced by BioOregon, Inc. (Warrenton, Oregon, USA),
primarily was derived from fall run Chinook salmon (Oncorhynchus
tschawytcha) of hatchery origin from the Paciﬁc Northwest; the
pellets were approximately 10% nitrogen (N), 2% phosphorus (P),
13% lipids, and 56% crude protein (Pearsons et al. 2007).
Field sampling
Water samples were collected (Fig. 2) in ﬂowing water in the
center of the stream at three locations within each control and
treatment reach in 2010. Duplicate samples were collected with a
60 mL syringe and ﬁltered through 0.40 m polycarbonate membrane ﬁlters (GE Osmonics, Minnetonka, Minnesota, USA) with a
Millipore Swinnex ﬁlter holder (Millipore Corporation, Billerica,
Massachusetts, USA) into clean amber glass jars. One sample was
acidiﬁed with 50% sulfuric acid and held at 4 °C prior to N analysis.
The other sample was frozen (–20 °C) or held at 4 °C for less than
48 h prior to P analysis.
Published by NRC Research Press
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Fig. 2. Timing of carcass analog additions (black vertical bars) and ﬁsh and water sampling (grey vertical bars) in experimental streams.
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Fish

Juvenile ATS were collected (Fig. 2) by backpack electroﬁshing
conducted at 100 m increments from downstream sections to upstream sections in each control and treatment reach. Sampling
continued until the target sample size (eight to nine YOY and four
age 1 per 100 m section) was reached, which usually occurred
within the ﬁrst 25 m of the section. Atlantic salmon were euthanized on dry ice individually and stored at –20 °C prior to preparation for stable isotope analysis (Guyette 2012) or –80 °C prior to
preparation for lipid analysis.
Laboratory analysis
Water nutrient analysis
TDN was measured with the automated cadmium reduction
method after persulfate digestion (APHA 1999; Delia et al. 1977).
TDP was measured with the ascorbic acid method after persulfate
oxidation (APHA 1999). Water analyses were performed at the
Sawyer Environmental Chemistry Research Laboratory (University of Maine, Orono, Maine, USA). Detection limits for these analyses were determined by the laboratory (0.1 mg TDN·L–1 and 1.0 g
TDP·L–1).
Sample preparation
We measured the blotted mass of each thawed ATS to the nearest 0.1 mg. Each ﬁsh was photographed, and the standard length
was measured to the nearest 0.01 mm with ImageJ (National Institutes of Health, Bethesda, Maryland, USA). Sagittal otoliths were
dissected from all sampled ﬁsh with ﬁne forceps and a dissecting
microscope under cross-polarized light (EMZ-13TR, Meiji Techno
America, Santa Clara, California, USA). Otoliths were mounted on
microscope slides with clear nail polish.
Otolith microstructure analysis
Prepared otoliths were sanded with microﬁnishing and lapping
ﬁlm to level the core of the otolith. Otoliths were viewed under
100× and 200× magniﬁcation with a compound microscope to
distinguish thermal marks (Fig. 3a). All ﬁsh with thermal marks
indicating movement between control and treatment reaches or
with indistinguishable thermal marks were excluded from the
study. Otoliths were photographed under 80× magniﬁcation with
a compound microscope linked to a high-resolution camera and
tiled together with Image-Pro Insight version 8.0 software (Media
Cybernetics, Bethesda, Maryland, USA). Increments were counted
and measured with the line proﬁle tool in Image-Pro Insight in
one of each pair of otoliths along a transect starting in the nucleus
and forming a 45 degree angle from the posterior axis in the
ventral region (Johnston et al. 2005; Fig. 3b).
Computations
The standard length of ATS at each measurable otolith increment was back-calculated with the time-varying growth (TVG)
method (Sirois et al. 1998):
t

(1)

Lt ⫽ L0 ⫹

兺 [W ⫹ R(W ⫺ W)](L ⫺ L )(O ⫺ O )
i

i⫽1

i

c

0

c

0

⫺1

where L is the length at age t (Lt), capture (Lc), and the biological
intercept (L0), and O is the otolith radius at capture (Oc) and the
biological intercept (O0; Fig. 3c). Wi is the increment width at age i,
and W is the mean increment width. No differences were detected
between using values of W based on shorter averages (1 or 2 weeks)
or longer averages (the entire range; paired t test: t2060 = 1.03, p =
0.30); therefore, a global mean W was used for each individual
ﬁsh. The growth effect (R) was calculated as described in Sirois
et al. (1998) with a linear regression using all measured individual
ﬁsh:
(2)

S ⫽ b ⫹ RG

(3)

S ⫽ (Lc ⫺ L0)(Oc ⫺ O0)⫺1

(4)

G ⫽ (Lc ⫺ L0)t⫺1

where S is the estimated slope of the ﬁsh size – otolith size relationship, b is the estimated y intercept, and G is the linear growth
rate in length for each ﬁsh.
The TVG method requires continuous increment measurements from the biological intercept to the point of backcalculation. The biological intercept for salmonids usually is
identiﬁed as the day of hatching (Campana 1990; Meekan et al.
1998); however, increments between hatching and stocking on
the otoliths in this study were indistinct, reﬂecting consistent
ambient daily temperature and light in the hatchery. Daily increments were distinct following stocking, and we used a sample of
ﬁsh (n = 72) collected on the day of stocking to establish the biological intercept (mean ± 1 SD: L0 = 26.6 ± 0.13 mm; O0 = 218.2 ±
10.61 m). Stocking checks were veriﬁed on a minimum of ﬁve
ﬁsh per July and August sampling period by counting increments
from the stocking check to the outer edge. The assumptions of
daily increment formation and proportionality between somatic
growth and otolith growth for this back-calculation technique
have been validated for juvenile Atlantic salmon (Meekan et al.
1998).
Back-calculated lengths at each increment were used to calculate absolute growth rate, in m·day–1:
(5)

AGR ⫽ Lt ⫺ Lt⫺1

where the time increment measured is always 1 day.
Lipid analysis
We measured total lipids of 11–14 individual YOY ATS from control and treatment sections of Stream C on each sample date in
2010. We chose to analyze ﬁsh from a single stream because of
time and budget limitations. After otolith extraction, we measured ATS wet mass, dried the whole ﬁsh at 60 °C for 24 h, measured dry mass to the nearest 0.1 mg, and ground the dried ﬁsh
with a mortar and pestle into a ﬁne powder. Whole body total
lipids were extracted following the Folch method (Folch et al.
Published by NRC Research Press
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Fig. 3. (a) Young-of-the-year Atlantic salmon otoliths collected on stocking day (14 May 2010) under 100× magniﬁcation. Otoliths (i) and (ii)
display the two thermal mark patterns used in this study. (b) The measurement transect starts in the center of the nucleus of the otolith and
forms a 45 degree angle from the posterior axis in the ventral region. (c) Measurements indicated on the transect are the otolith radius at
capture, Oc, and otolith radius at the biological intercept, O0.

(a)
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(i)

(ii)

(b)

200 µm
(c)

O0
Oc

1957) with 0.5 g aliquots of dried whole ﬁsh with sample repeats
on 10% of the ﬁsh. The mass of each lipid sample was measured to
the nearest 0.01 mg, and measurements of total lipids were expressed as percentages of the original wet mass of the whole ﬁsh.
Statistical analysis
Response variables for analyses were dissolved nutrient concentrations, ﬁsh mass, standard length, total percent lipid, and absolute growth rate (AGR). We assessed treatment and temporal
effects on ATS mass, length, and AGR with Wilcoxon rank sum
tests because assumptions of normality and homogeneity of variance were not met. We tested for breakpoints in the AGR pattern
over time for both control and treatment datasets with segmented
linear regression (Muggeo 2003, 2008). We assessed treatment and

temporal effects on natural logarithm-transformed ATS total percent lipid with a two-way ANOVA, followed by post hoc pairwise
comparisons with Tukey's honestly signiﬁcant differences. Samples were pooled across all streams, and statistical signiﬁcance
was determined with ␣ of 0.05. All analyses were performed with
the statistical package R, version 2.15.0 (R Development Core
Team 2012), with the R packages “MASS” (Venables and Ripley
2002), “car” (Fox and Weisberg 2011), “fBasics”, and “segmented”
(Muggeo 2003, 2008).

Results
Nutrient concentrations were similar (TDP: F[1,70] = 0.024, p =
0.88; TDN: F[1,60] = 0.006, p = 0.94) in the control and treatment
Published by NRC Research Press
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Fig. 4. (a) Total dissolved nitrogen and (b) total dissolved phosphorus in stream water during the 2010 sampling season. Data
points shown are means ± 1 SE, pooled across all sample streams.
The vertical dashed line indicates the 1 July carcass analog addition,
and shaded regions indicate signiﬁcant differences between control
and treatment reaches.
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stocked in 2010 were clear (Fig. 3a) and were used to exclude ﬁsh
moving between control and treatment sections, as well as ﬁsh
with indistinguishable thermal marks or unreadable otoliths
(6.2% of the ﬁsh sampled from control reaches and 15.5% of the
ﬁsh sampled from treatment reaches).
A signiﬁcant difference before carcass analog addition in one
stream (Stream C) in 2009 resulted in signiﬁcantly larger treatment ﬁsh when control ﬁsh and treatment ﬁsh were pooled across
all streams (mass: p = 0.020, length: p = 0.027). There were no
signiﬁcant differences in mass and standard length before carcass
analog addition when Stream C was excluded in 2009. Treatment
YOY ATS were 39%–48% larger in mass and 11%–12% larger in
length in 2009 than control ﬁsh (n = 99–200, p < 0.001; Figs. 5a, 5c).
Mass and standard length of YOY ATS were not signiﬁcantly different between control and treatment reaches before carcass analog addition in 2010. Treatment YOY ATS were 33%–48% larger in
mass and 9%–15% larger in length in 2010 than control ﬁsh (n =
81–196, p < 0.001; Figs. 5b, 5d). Treatment age 1 ATS were 6% larger
in length in early May 2010, before 2010 YOY stocking (n = 67–71,
p = 0.015; Table 2) and 21% and 19% larger in mass in July (n = 29–30,
p = 0.038) and September (n = 25–28, p = 0.053), respectively
(Table 2).
The estimated magnitude of the growth effect (R) was 0.369
(Fig. 6). Absolute growth rates in 2010 YOY ATS were greater by an
average of 0.07 mm·day–1 in treatment ﬁsh within 1 week after
carcass analog addition (Fig. 7). Breakpoints in the pattern of AGR
change over time were not different between control and treatment ﬁsh; however, the slopes of the segmented lines were different, particularly in the week following carcass analog addition
(Fig. 7). Changes in both control and treatment AGR correlated
with changes in water temperature (Fig. 7).
There were signiﬁcant treatment (F[1,106] = 72.4, p < 0.001) and
temporal (F[4,106] = 7.3, p < 0.001) effects on 2010 YOY ATS percent
total lipid by wet mass, and there was a signiﬁcant interaction
between treatment and time (F[4,106] = 14.3, p < 0.001), reﬂecting
changes in the magnitude of the treatment effect over time. Post
hoc pairwise comparisons revealed signiﬁcant differences in percent total lipid between control and treatment ﬁsh after carcass
analog addition in July (p < 0.001), August (p < 0.001), and September (p = 0.026; Fig. 8).

Discussion

reaches prior to analog addition (Fig. 4). Nutrient concentrations
were 405% (P) and 82% (N) greater in treatment reaches relative to
control reaches 2 days after carcass analog addition (TDP: F[1,22] =
170, p < 0.001; TDN: F[1,20] = 30.0, p < 0.001). There was a signiﬁcant
interaction between treatment and date for TDP samples collected until early August (F[8,198] = 3.04, p = 0.003). TDP was 131%–
151% greater in treatment reaches on all sample dates until
5 August (p < 0.001). There were signiﬁcant treatment (F[1,191] = 164,
p < 0.001) and date (F[8,191] = 2.12, p = 0.04) effects for TDN samples
collected until early August, and TDN was 61%–135% greater until
19 July (p < 0.05), no signiﬁcant differences were detected on 22
July, and TDN was 85% greater on 29 July (p = 0.02). No signiﬁcant
differences between treatment and control reaches were detected
for TDP or TDN after 5 August.
Thermal marks on ATS otoliths stocked in 2009 were not distinct, and analyses of YOY ATS in 2009 and age 1 ATS in 2010
included all sampled ﬁsh. Thermal marks on YOY ATS otoliths

Marine-derived nutrients may play a role in the recovery of
anadromous ﬁsh populations. In western North America, research suggests MDNs in freshwater ecosystems can increase
stream productivity, potentially enhancing juvenile anadromous
salmonid growth and survival (Kiernan et al. 2010; Wipﬂi et al.
1999); however, few studies experimentally examine effects of
MDNs on juvenile anadromous ﬁsh (Giannico and Hinch 2007;
Lang et al. 2006; Michael 1995). Nutrient additions as inorganic
P or ATS carcasses can increase juvenile ATS density and biomass
(Weng et al. 2001; Williams et al. 2009); however, these studies
used inorganic nutrient sources or did not incorporate natural
timing of MDN delivery. Our study simulates potential MDN effects after restored freshwater–marine system connectivity by
considering the timing of MDN contribution by co-evolved anadromous ﬁsh also found in northeastern North American streams.
The sea lamprey spawning event simulated with carcass analog
additions in our four study streams was followed by increased
YOY ATS mass, standard length, percent total lipids, and absolute
growth rates during the ﬁrst growth season, suggesting the potential value of this nutrient source to comparable stream systems in
northeastern North America.
YOY ATS size increased after carcass analog additions, and by
late October YOY ATS were 41% larger in 2009 and 34% larger in
2010 by mass in treatment reaches than in control reaches, which
is consistent with results from studies of Paciﬁc salmon and resiPublished by NRC Research Press
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Fig. 5. Young-of-the-year Atlantic salmon mass (a, b) and standard length (c, d) in 2009 (a, c) and 2010 (b, d). Carcass analog addition (vertical
dashed line) occurred on 14 July 2009 and 1 July 2010. Data points are means ± 1 SE, pooled across all sample streams.

Table 2. Sample sizes (n), means (±1 SD) of mass and standard length, and results of statistical comparisons (p) for age 1 Atlantic salmon in 2010.
n

11 May
22 June
26 July
23 August
27 September
23 October
ⴱReported

Mass (g)

Standard Length (mm)
ⴱ

Control

Treatment

Control

Treatment

p

Control

Treatment

pⴱ

67
31
29
22
25
27

72
34
30
31
28
34

3.0±1.08
4.9±1.59
5.7±2.09
5.6±1.57
6.0±1.30
6.1±1.65

3.5±1.37
5.9±2.26
6.9±2.42
5.2±2.23
7.1±2.08
7.0±2.85

0.064
0.087
0.038
0.212
0.053
0.302

57.5±6.88
71.6±7.37
75.7±8.79
77.5±6.56
80.0±5.54
79.2±6.47

61.2±8.44
75.2±10.46
79.9±10.79
73.5±11.42
83.4±8.31
82.3±13.14

0.015
0.145
0.096
0.133
0.121
0.276

p values reﬂect results from Wilcoxon rank sum tests. Values in bold font indicate statisitically signiﬁcant data (p < 0.05).

Fig. 6. The relationship between the estimated slope (S) of the ﬁsh
size – otolith size relationship (S = (Lc – L0)(Oc – O0)–1) and the linear
growth rate in length (G) for each ﬁsh (G = (Lc – L0)t–1) with data from
all measured ﬁsh (n = 443, F[1,441] = 1042, p < 0.001). Regression is
based on pooled control and treatment ﬁsh.

dent salmonids (Bilby et al. 1998; Wipﬂi et al. 2003). Greater body
size increases overwinter survival for juvenile ATS (Huusko et al.
2007; Johnston et al. 2005) and has been associated with faster
growth rates during winter (Murphy et al. 2006). Fish are able to
consume larger prey as body size increases (Brett 1979), in effect
enhancing diet quality and quantity and creating a positive feedback loop. The physiological decision to smolt strongly depends
on growth (Thorpe et al. 1998). Larger juveniles have a higher
probability of smolting at age, whereas smaller ﬁsh delay their
migration for at least 1 additional year (Heggenes and Metcalfe
1991; Nicieza et al. 1994; Thorpe 1977; Utrilla and Lobon-Cervia
1999). These data are consistent with the view that the parr–smolt
transformation is a physiological threshold of development
(Thorpe et al. 1998). Fall size thresholds for smolting in Atlantic
salmon have been reported as 115–125 mm from passive integrated transponder (PIT) telemetry studies in Maine (Horton et al.
2009). A similar threshold of 112 mm is reported for hatcherystocked parr in the Penobscot River drainage (J. Zydlewski, unpublished data). Thus an early 10% to 15% increase in growth observed
in this study is not likely to result in age 1+ smolts, but this growth
advantage will likely increase the probability that these ﬁsh will
migrate as age 2+ rather than age 3+ smolts if this growth advantage continues into the second year. The data for age 1+ ﬁsh from
this study are suggestive but underscore the need for more assessPublished by NRC Research Press
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Fig. 7. (a) Absolute growth rate means (±1 SE) for young-of-the-year
Atlantic salmon sampled on 23 October 2010 and (b) average daily
water temperature within the stream reaches. Carcass analog
addition (vertical dashed line) occurred on 1 July 2010. Signiﬁcant
differences between control and treatment absolute growth rate
based on Wilcoxon rank sum tests are highlighted in gray. Data are
pooled across all sample streams.

ment of long-term advantages conferred by augmented early
growth. The larger body sizes in treatment YOY ATS documented
in this study may improve long-term success for these populations
by enabling earlier smoltiﬁcation in subsequent growth years.
Few measurable differences were detected in age 1 ATS, and
some inconsistencies were detected in YOY ATS in 2009 in one
stream. Although the buffer between treatment and control
reaches potentially limited movement between the reaches, we
cannot be certain that age 1 ATS did not move between treatment
and control reaches. We were unable to distinguish thermal
marks for this year class of stocked ﬁsh, so that age 1 ATS moving
between treatment and control reaches would be indistinguishable. Alternatively, limited differences between control and treatment age 1 ATS may indicate size-selective mortality. The YOY ATS
in Stream C in 2009 may have included ATS stocked by MDMR in
Kingsbury Stream in 2008 that may have moved into the treatment reach of this stream. The treatment reach of Stream C
is <500 m from Kingsbury Stream, while all other treatment
reaches are ≥1 km from Kingsbury Stream. Movement of age 1 ﬁsh
from Kingsbury Stream into Stream C would account for the signiﬁcant size difference detected between treatment and control
reaches in that stream in 2009.
A measureable increase in ﬁsh size indicates faster growth rates
in treatment ﬁsh, and absolute growth rates in 2010 YOY ATS were
greater in ﬁsh from treatment reaches relative to control reaches.

867

Fig. 8. Percent total lipid by wet mass of Atlantic salmon in Stream
C in 2010. The vertical dashed line indicates the date the carcass
analog addition occurred (1 July 2010). Data points shown are
means ± Tukey's conﬁdence intervals.

We used otolith microstructure analysis to explore daily changes
in juvenile salmonid growth. While otolith microstructure analysis requires lethal sampling, mark–recapture methods describe
changes based only on the interval of time between captures.
Other studies have shown elevated growth rates in coho salmon
(Oncorhynchus kisutch) following carcass additions based on percent
change in mass or length or instantaneous growth rates in mark–
recapture studies (Giannico and Hinch 2007; Wipﬂi et al. 2003).
Others found no change in age 1+ juvenile salmonid growth rates
after carcass additions based on speciﬁc growth rate measurements in mark–recapture designs (Cram et al. 2011; Harvey and
Wilzbach 2010).
Size differences in YOY ATS within the ﬁrst month and growth
rate divergence within the ﬁrst week after nutrient addition indicate direct ingestion of the carcass analog material or a rapid
increase in macroinvertebrate prey availability. The primary macroinvertebrate prey item for YOY ATS in these systems is Chironomidae (Guyette 2012; Keeley and Grant 1995; Martinussen et al.
2011). We found a signiﬁcant increase in Chironomidae density
and biomass 1 week after nutrient addition in one study stream;
however, no change was detected in until 4 weeks after addition
in a second study stream (Guyette 2012). The growth rate divergence occurred in the ﬁrst week in both streams, and these results
suggest that carcass analog material ingestion during this ﬁrst
week led to increased growth rates in YOY ATS. Atlantic salmon
consumed nutrients delivered by the carcass analog, as evidenced
by changes in tissue N and carbon (C) stable isotope values in ﬁsh
collected from treatment reaches; up to 41% of C and 25% of N in
sampled ﬁsh muscle tissue was of analog origin (Guyette 2012).
Percent total lipids in YOY ATS increased after carcass analog
addition. These levels remained elevated for 2 months following
the nutrient addition and then began to decline, corresponding
with changing surface water TDN and TDP concentrations. Our
results are consistent with responses to salmon carcass additions
in Paciﬁc salmon streams in Washington state; juvenile coho
salmon and steelhead (Oncorhynchus mykiss) condition factor remained elevated while carcasses were present (Bilby et al. 1998).
Treatment of Alaskan streams with carcasses and carcass analogs
increased percent total lipid by ⬃225% in resident YOY coho
salmon and ⬃40%–100% in resident cutthroat trout (Oncorhynchus
clarkii) relative to ﬁsh in control mesocosms or natural streams
(Heintz et al. 2004; Wipﬂi et al. 2004), comparable to the ⬃125%
increase 1 month after analog addition in this study. Ingested food
energy is allocated to metabolism, growth, or excretion, and
greater energy stores during a growth period implies that excess
Published by NRC Research Press
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resources are available (Adams 1999). When energy is allocated to
reserves, the probability of overwintering survival increases
(Adams 1999; Henderson et al. 1988; Thompson et al. 1991). The
increase in percent total lipids during the summer months, coupled with the greater body size, suggests that the sea lamprey
spawning could increase the likelihood of success for juvenile
ATS.
A key advantage of the timing of sea lamprey spawning is its
coincidence with increasing water temperatures, which increases
growth opportunities for juvenile ATS. In western North America,
steelhead spawn in the spring before water temperatures have
reached their elevated summer levels, and most other Paciﬁc
salmon species spawn in the fall, when water temperatures are
declining. Pink salmon (Oncorhynchus gorbuscha) may spawn in the
summer; however, timing ranges from August through November, and runs typically do not occur during peak summer temperatures (Heard 1991). Faster growth in YOY ATS was correlated with
increasing water temperature in both control and treatment
reaches. This increased temperature and the nutrient addition
timed to match sea lamprey spawning resulted in a greater rate of
AGR change in treatment reaches for 7–10 days following the
carcass analog addition, demonstrating a causal relationship between the presence of the carcass analog and elevated growth
rates rather than simply a response to changing temperatures.
The positive effects of analog addition on ATS in this study
suggest restoration of anadromous ﬁsh may beneﬁt ATS. There
are, however, several issues involved in restored access for migratory ﬁsh. The experimental design did not incorporate other factors present in natural spawning events. For example, sea lamprey
spawning does not occur on a single day, and carcasses would be
deposited in the streams over an extended period (Nislow and
Kynard 2009). The magnitude of the nutrient delivery from a natural spawning event may differ from the loading rate used in this
study; historical sea lamprey population sizes are unknown. Additionally, the N:P ratio of sea lamprey carcasses in other Maine
streams with natural lamprey spawning is four times greater than
that of the carcass analog we used in this study (Hogg 2012). Carcass or analog supplementation that reﬂects the ecological stoichiometry of the spawning ﬁsh may affect the proportions of
N and P entering the system and subsequently the nutrient limitation status of the ecosystem. Nutrient amendments with the N:P
ratio of sea lamprey may have a greater effect on productivity if
the system is N-limited; however, a larger nutrient addition may
be required to attain the same effects in a P-limited system. Substrate restructuring during Paciﬁc salmon redd building decreases aquatic invertebrate densities (Honea and Gara 2009;
Moore et al. 2007); similar effects from sea lamprey redd building
may reduce the positive effects of MDNs on juvenile ATS by reducing the prey base. Examining incorporation of MDNs into the food
webs of a variety of stream, river, and lake ecosystems with a
history of anadromous species at a variety of nutrient densities
will increase our understanding of the potential effects of restored habitat and connectivity on juvenile anadromous ﬁsh
growth, survival, and persistence.
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