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Abstract

Scale circuli yield valuable information about the life history, age, and growth of a fish. However, 
because circuli formation is influenced by somatic growth, the rate at which circuli are formed and the 
factors influencing these rates must be taken into account for the given life stage of the study species.  
Scales were collected from Atlantic salmon raised in marine net pens off of the coast of Maine in order 
to characterize the formation of scale circuli and the growth of scales during the ocean phase, and to 
relate circulus deposition and scale growth rate to water temperature. Fish were sampled 13 times over 
a period of 25 months. Neither circulus deposition rate nor growth rate were constant through time 
and the same trend held when circulus deposition and growth were related to thermal experience. Both 
rates decreased over the course of the study, presumably related to the fish reaching sexual maturity. 
The results of this study indicate that the pattern of circulus deposition and scale growth of Atlantic 
salmon vary greatly during the early marine phase, and this dynamic should be taken into account 
when assessing growth, especially over short time periods.
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Introduction

In 1910, Lea, who was studying herring at the time, 
showed that scale growth is proportional to body length 
(Lea, 1910). He found that the relative spacing of annuli 
was so consistent for single scales that this spacing could 
be used to back-calculate growth that took place in previ-
ous years of the fish’s life. His detailed observations on 
scale structure and ages were not the first of their kind 
(Dahl, 1907), and nor were they the last. Havey (1959) 
reported that scales represent a reliable method for aging 
Atlantic salmon Salmo salar. Similar observations have 
been made for a range of species, juvenile steelhead 

Oncorhynchus mykiss (Beakes et al., 2014) and northern 
pike Esox lucius (Laine et al., 1991) among them. 
Although other hard structures, such as otoliths, may 
be more reliable especially in older age classes of fish 
(Robillard et al., 1996; Braaten et al., 1999), many state 
and provincial agencies in the United States and Canada 
prefer to use scales over these other hard structures for 
aging common game species (Maceina et al., 2007). 
Scales require relatively little time and expense to age 
(Beakes et al., 2014) and, importantly, can be collected 
non-lethally. This is especially critical when researchers 
are working with threatened or endangered species.
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Atlantic salmon have experienced marked declines across 
their range, particularly in southern North America, 
necessitating non-lethal methods of population assessment 
(Parrish et al., 1998). A recent experimental study by 
Thomas et al. (2019) found that scale growth and circulus 
deposition in Atlantic salmon post-smolts was variable 
and increased with increasing temperatures when food 
was held constant. They concluded that, while there was 
a strong relationship between scale and somatic growth, 
circulus deposition rates must be interpreted in light of the 
fish’s thermal history in order to be more accurately used 
as a proxy for growth (Thomas et al., 2019).

The objective of the current study was to describe the 
scale growth rates and scale circulus deposition rates of 
marine-stage, net-pen raised Atlantic salmon. Growth 
and circulus deposition rates were tracked for two sea-
winters, and related to time and water temperature, as 
well as somatic growth. The scale samples used here were 
collected originally by Sheehan et al. (2005) as part of a 
larger study to assess phenotypic variation among stocks. 
We hypothesized that circulus deposition rates would not 
be constant through time but that they may be related to 
the thermal experience (water temperature) to which the 
fish were exposed. 

Materials and methods

Field sampling

The field portion of this project was initiated in May 1998 
when 6000 1+ Atlantic salmon smolts representing three 
rivers of origin were stocked into two marine net pen 
rearing facilities off the coast of Maine. Smolts originated 
from broodstock that were taken from the Dennys, East 
Machias, and Machias Rivers. The stocks from these rivers 
are all part of the Gulf of Maine Distinct Population Seg-
ment (GOM DPS), which was listed as Endangered under 
the Endangered Species Act (Endangered and Threatened 
Species, 2009) due to continued declines (National 
Research Council, 2004). The original broodstock were 
brought into captivity as parr, raised to maturity, and 
spawned at Craig Brook National Fish Hatchery in East 
Orland, ME during November 1996. Two thousand smolts 
from each stock were randomly chosen to be placed in 
net pens at either Site 1 or 2 (Cross Island or Deep Cove, 
see Sheehan et al. 2005 for more details [Fig. 1]) on 
5 May 1998. The selected smolts were randomly divided 
between the two Sites, for a total of 3 000 smolts in each 
net pen (Sheehan et al., 2005). While they were in the net 
pen the fish were fed to satiation, per industry standards 
(Sheehan et al., 2005).

The salmon were sampled a total of 13 times between May 
1998 and June 2000 (Table 1), with the first sampling event 
(hereafter “Event”) taking place in freshwater rearing 
facilities prior to release into the net pens and Events 
2–13 taking place in seawater. At every Event a seine was 
pulled through the net pen at each site. At least 30 fish 
from each stock at each site were measured (mass [grams] 
and total length [millimeters]) and a sample consisting of 
1–16 scales was taken (Sheehan et al., 2005). Fish were 
sampled only at a single Event and recaptured individuals 
were released back into the net pen without having a 
second scale sample taken to avoid collecting regenerated 
scales from standardized scale sampling areas below the 
dorsal fin. However, recaptured individuals were weighed 
and measured each time they were recaptured. Previ-
ously sampled fish were identified with a uniquely-coded 
colored Visual Implant Elastomer tag (VIE, Northwest 
Marine Technology, Inc.). The colors of these VIE tags 
were specific to each stock and therefore also useful for 
stock identification. Sheehan et al. (2005) also obtained 
hourly water temperatures across the duration of the study 
at each of the two rearing sites using remote temperature 
loggers. At the end of the initial study the adults at Site 1 
were released into the wild. However, disease concerns 
at Site 2 necessitated that the fish be sacrificed rather 
than stocked. The disease in question, infectious salmon 
anemia (ISA), was detected in the same bay as these fish, 
and all fish used in the samples reported by this paper were 
asymptomatic. Because presence of the disease does not 
necessarily imply infection (McBeath et al., 2009), and 
because all of the salmon used in this study were asymp-
tomatic for ISA, it is unlikely that this disease influenced 
growth rates or scale circulus deposition patterns.

Laboratory methods

Scales were air-dried after collection, and cleaned by 
gently rubbing them between the fingertips in a dish of 
soapy water. Before and after mounting, the scales were 
placed in paper scale envelopes and stored in cardboard 
boxes that were kept indoors. Beginning in the fall of 
2017, the slides were photographed under either 2.5x or 
10x magnification on a ZEISS Axioplan 2 microscope 
(ZEISS International, Oberkochen, Germany) with a 
microscope-mounted digital camera (SPOT Insight 2 MP 
Color Mosaic; Diagnostic Instruments, Sterling Heights, 
Michigan). Previous to recording any data from the scales, 
a photograph of a stage micrometer at both 2.5x and 10x 
magnification was used to produce an appropriate calibra-
tion for the images. Each scale was uniquely coded based 
on the fish identifier coupled with a sequential numbering 
on each slide. All scales were photographed regardless 
of condition or regeneration status, but scales with 
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regenerated centers or cracked edges were not processed 
further because they may not be useful for accurately 
determining age or growth (Blair, 1942; McNicol and 
MacLellan, 2010). 

One reader processed each photograph of usable scales, 
which resulted in 1–11 replicates per fish. The number 
of replicates equaled the number of usable (whole, non-
regenerated) scales available for each fish. We did not 
use the same number of replicates for each fish because 
this would have required using only one scale per fish, 
as some fish only had one usable scale available. Instead, 
we averaged the scale size and circulus number of all 
available scales for fish which had multiple usable scales. 
To obtain these measurements, the reader obtained circuli 
counts and spacing for each usable scale using ImagePro 
Premier software (Media Cybernetics, 2012), in which a 

calibrated line, placed by the reader, was applied to the 
scale image that measured the total length from the center 
of the nucleus along the longest axis of the scale. ImagePro 
automatically placed markers on the line at the outside 
edge of every circulus based on the light/dark transition 
in the pixels. These markers could be examined and 
manually shifted or removed by the reader to make sure 
they had been placed on actual circuli. For each image, 
ImagePro also generated a data table that contained the 
number of markers (circuli) attributed to the scale and 
the distance from the nucleus to each circulus, as well as 
the total distance from the nucleus to the outside edge of 
the scale. The distances from the nucleus to each circulus 
were retained but are not reported here. The scale length 
and number of circuli on each scale were averaged among 
individual fish.    

Fig. 1.   Map from Sheehan et al. (2005) showing A) the locations of remnant salmon populations as well as the rivers of origin 
for the stocked smolts and the stocking sites and B) the relative locations of the rivers of origin and Site 1 (gray star) and 
Site 2 (black star). 

A.

B.
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Data analysis

Reading multiple scales from the same individual can 
reduce sampling error, especially when sample sizes are 
low (Haraldstad et al., 2016). We measured all of the  
usable scale available for each fish, which ranged from 
1–11 scales with a median of 2 scales per fish. Circulus 
counts and scale radius measurements among scales 
collected from the same individual fish were averaged. 

Scale radius and fish total length were compared using 
simple linear regression (SLR). Differences in scale 
growth rate and circulus deposition rate between net 
pen sites were compared using a Welch two-sample 
t-test (W-2s t-test) with α = 0.05 because the variances 
in growth rates and circulus deposition rates were found 
to be unequal, and the W-2s t-test should be robust to 
non-normality. Rates were compared as both daily rates, 
and relative to water temperature. Accumulated thermal 
units (ATUs) were used to describe the thermal experience 
of the fish throughout the study. Accumulated thermal 
units were obtained by summing the mean daily water 
temperatures (°C) between Events. All water temperatures 
above 0°C were included in the calculation of ATU and 
negative temperatures were treated as 0°C (Boyd et al., 

2010; Chezik et al., 2014). Scale growth rates and circulus 
deposition rates relative to time and ATUs were also 
compared among stocks of origin using ANOVA with 
α = 0.05.

Scale growth rates and circulus deposition rates were 
averaged among sampling Events across the duration 
of the study and among stocks and sites to ascertain the 
presence of any relationships between these rates and 
either time or water temperature. Growth and circulus 
deposition were calculated between Events, so there are 
a total of 12 growth/ circulus deposition intervals among 
the 13 sampling Events. However, data from Event 1 
were omitted because Event 1 took place in the freshwater 
rearing facilities, leaving a total of 11 growth/circulus 
deposition intervals for the analysis. Using these results 
we also calculated the number of days required for a single 
scale circulus to form.  

Results

A total of 1 525 fish among all stocks and net pen sites was 
sampled over the duration of the project. The difference 
in mean water temperature between Site 1 and Site 2 was 
only 0.15°C (Site 1=7.45°C, Site 2=7.6°C). Therefore, 

Table 1.  Sampling dates for all Events that took place in the marine environment. Days in net pen is the total 
number of days between stocking fish in the net pen (5 May 1998) and the sampling Event. Accu-
mulated thermal units (ATUs) are the averaged cumulative water temperatures for the two sites as of 
the day of the Event. Because the date of the first Event coincided with the day the fish were stocked 
into the net pens, those data have been omitted to include only marine growth. Weight records were 
incomplete for Events 4, 5, 7, 8, and 12.

Event Sample date

Number 
of fish 

sampled

Median total 
length (mm) 

[standard dev.]

Median 
weight (g)  

[standard dev.]
Days in 
net pen ATU (°C)

2 6/17/1998 167 235 [19.6] 109.1 [27.5] 43 285.5

3 7/14/1998 178 258 [17.7] 146.6 [31.4] 70 526.7

4 10/16/1998 52 379 [29.3] NA 164 1488.6

5 11/13/1998 137 383 [39.0] NA 192 1712.4

6 4/16/1999 162 438 [62.1] 790.0 [305.7] 346 2141.7

7 5/14/1999 143 450 [56.4] NA 374 2296.4

8 6/14/1999 159 491 [65.4] NA 405 2544.0

9 7/19/1999 132 521 [73.8] 1310.0 [585.5] 440 2902.6

10 8/17/1999 117 567 [72.5] 1770.0 [784.8] 469 3246.4

11 10/15/1999 68 539 [72.0] 1955.0 [737.0] 528 3994.1

12 11/19/1999 54 561 [79.8] NA 563 4350.3

13 6/14/2000 156 695 [86.4] 3760.0 [1808.7] 771 5461.1
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the temperatures from the two sites were averaged, and 
the resulting temperature time series was used for all 
further analyses (Fig. 2). Additionally, two large gaps 
in temperature data from Site 2 made it impossible to 
calculate reliable scale growth rates or circulus deposition 
rates on a pen-specific basis   

Daily scale growth rate and daily scale circulus deposition 
rate were higher at Site 1 than at Site 2 (daily scale growth: 
W-2s t-test, t=3.6, P<0.05; daily circulus deposition: W-2s 
t-test, t=2.8, P<0.05). As expected, when scale growth and 
circulus deposition rate were related to ATUs both rates 
were higher at Site 1 than at Site 2 (daily scale growth: 
W-2s t-test, t=3.5, P<0.05; daily circulus deposition: W-2s 
t-test, t=2.7, P<0.05). There were no differences in scale 
growth rates or circulus deposition rates among stocks 
for either daily rates or rates compared to ATUs (daily 
scale growth: ANOVA F2,1522=0.42, P>0.05; daily circulus 
deposition: ANOVA F2,1522=0.31, P>0.05; scale growth per 
ATU: ANOVA F2,1522=0.31, P>0.05; circulus deposition 
per ATU: ANOVA F2,1522=0.28, P>0.05). Therefore, the 
data for scale growth rate and circulus deposition rate, 
respectively, were combined for all stocks within a site 
but the sites were treated separately for the remainder of 
the analysis.
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Fig. 2.   Time series of water temperature of the two net pen sites throughout the study period, and their average. Site 1= dashed 
line; Site 2= dotted line; Average of Site 1 and Site 2= solid line.

Relationship of scale growth rate to days spent in net 
pen and water temperature

Scale radius and fish total length showed a strong relation-
ship at both sites when the data were considered as a 
whole (Site 1: SLR, adjusted R2=0.95, P<0.001; Site 2: 
SLR, adjusted R2=0.93, P<0.001 [Fig. 3]). However, daily 
growth rates showed a non-linear, negative trend through 
time (Fig. 4a–b).  Among Events, the daily scale growth 
rate was not consistent (Site 1: ANOVA, F1,692=1207, 
P<0.05; Site 2: ANOVA, F1,829=1272, P<0.05). The same 
trend was evident in the relationship between scale growth 
and water temperature through time (Site 1: ANOVA, 
F1,692=864.8, P<0.001; Site 2: ANOVA, F1,829=1229, 
P<0.001 [Fig. 4c–d]).

Relationship of circulus deposition rate to days spent 
in net pen and water temperature

Circulus deposition rate showed similar patterns to scale 
growth rate through time. Circulus   deposition rate was 
not constant through time (Site 1: ANOVA, F1,692=1183, 
P<0.001; Site 2: ANOVA, F1,829=1030, P<0.001) and 
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showed a sharp decrease throughout the first five sam-
pling Events (192 days post-stocking, [Fig. 5a–b]). The 
relationship between circulus deposition rate and water 
temperature was also not constant among Events, with the 
steepest decrease in circulus deposition rates occurring 
among the first three sampling Events (Site 1: ANOVA, 
F1,692=898.9, P<0.001; Site 2: ANOVA, F1,829=1036, 
P<0.001 [Fig. 5c–d]).

When scale circulus deposition rate was measured on a 
daily interval, each circulus required an average of 2.7 
days to form at Site 1, with a range of 0.79-10.4 days. At 
Site 2, a single circulus formed on average every 3 days, 
with a range of 0.79–12 days. When considered relative to 
water temperature, a single circulus was deposited when 
a fish had experienced 5–75.5 ATU, with a mean of 19 
ATU per circulus at Site 1. The temperature experience 
required for a single circulus to form on fish at Site 2 
was similar, with an average of 20.5 ATU and a range of 
5.3–82 ATU. The highest circulus deposition rates relative 
to both time and ATUs occurred between entrance to the 
marine environment and Event 2, the first marine sampling 
Event, while the lowest rates occurred among the final 
Events of the study.

Discussion

Our study demonstrated that scale growth rates and 
circulus deposition rates in marine-stage Atlantic salmon 
are not constant through time. Daily growth and circulus 
deposition rates decreased over the course of our study, 
with the highest rates occurring during the first year of 
marine habitation and the lowest rates occurring when the 
study was terminated at the end of two and a half growing 
seasons. The same trends were seen when scale growth 
rate and circulus deposition rate were plotted relative to 
thermal experience.

Decreasing somatic growth as fish approach sexual 
maturity could explain the trends seen in scale growth and 
circulus deposition rate. At the end of the original study, 
the salmon were 3+ years old and had spent two winters 
(1998–1999, 1999–2000) in the sea. This is a typical age 
for US Atlantic salmon to make their first spawning migra-
tion (Gardner, 1976). However, the maturity status of the 
fish used in this study was not recorded, so it is not known 
how sexual maturity may have affected scale growth and 
circulus deposition rates for these particular fish.
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Studies of Pacific salmonids have also found that marine 
growth, as evidenced by scale circulus spacing and 
circulus deposition rate, decreases through time, and may 
be at least partially attributable to a reduction in somatic 
growth as the fish ages. Barber and Walker (1988) found 
that scale circulus spacing decreased between the first 
and second year at sea in adult Sockeye salmon O. nerka. 
Fisher and Pearcy (2005) compared circulus deposition 
rates in juvenile and maturing Coho salmon O. kisutch. 
On average, juvenile coho salmon deposited a new scale 
circulus every 5.3 days, whereas maturing fish deposited a 
new circulus every 7.6 days. Thomas et al. (2019) reported 
a rate that ranged between 16.2 days per circulus for 
Atlantic salmon held at low water temperatures (6°C) to 
5.1 days per circulus for fish held at higher temperatures 
(15°C). They found that circulus deposition rate was 
also affected by the consistency of food availability. 
These circulus deposition rates are similar to those seen 
in our study fish when the first five sampling Events, 
which cover the first year at sea, are compared with later 
sampling Events.

Barber and Walker (1988) also found strong correla-
tions between increasing photoperiod and increasing 
fish growth. They attributed some of the patterns in 
circuli spacing that they saw to changes in food availability 
(Barber and Walker, 1988). Neither the photoperiod nor 
the food availability experienced by our fish represented 
natural conditions. Because Atlantic salmon in the wild 
are transient and spend a majority of their time at high 
latitudes, they experience a greater seasonal fluctuation 
in photoperiod than salmon that are confined to the 
Maine coast. In addition, our fish were fed to satiation, a 
condition which undoubtedly does not occur in the wild. 
However, net pen studies such as this one can be useful 
for conducting long term sampling of fish held under 
semi-natural conditions. 

Fish in the current study were only sampled during a 
single sampling Event; any fish that were recaptured at 
subsequent Events were put back in the net pen and a 
new fish obtained in their place. Future studies aimed 
at gaining a detailed understanding of Atlantic salmon 
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post-smolt scale growth rates and circulus deposition 
rates would benefit from frequent, repeated sampling 
of known individuals. Sampling events outside of the 
growing season would also yield beneficial information 
about seasonal changes in growth and circulus deposition 
rates. Such a sampling scheme could retain important 
information about individual variability in growth and 
circulus deposition rates and also allow for a more detailed 
understanding of scale formation and growth relative to 
different aspects of the fish’s life history.

The present study expands upon previous work on Atlantic 
salmon marine-stage growth (i.e., Thomas et al., 2019) by 
tracking growth and circulus deposition rates in the marine 
environment through two sea-winters, under a semi-
natural temperature and photoperiod regime. Under these 
conditions, which more closely mimic those experienced 
by fish in the wild than previous laboratory studies, both 
scale growth and circulus deposition rates were non-
constant and decreased through time. Acknowledgement 
of these fluctuating growth and circulus deposition rates in 
further studies of Atlantic salmon could help researchers 
obtain more detailed information about growth patterns 
in this species. 
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